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Systeme Compact de Télé-alimentation par Ondes RF pour des
Etiquettes Géolocalisables et Autonomes en Energie

Résumé:

L’expansion considérable des systemes électroniques dans un monde de plus en plus connecté
a entrainé un besoin permanent d’énergie pour un fonctionnement en continu, sans nécessiter
d’interruptions fréquentes pour la recharge ou le remplacement de batterie. De plus, les objets
connectés intégrent davantage de fonctionnalités qui nécessitent une consommation d’énergie
croissante. Ainsi, I'autonomie en énergie est devenue un enjeu majeur pour de nombreux systémes
électroniques. Cette limitation de la durée de fonctionnement peut étre résolue grace a des approches
alternatives d’alimentation qui ne dépendent pas des batteries conventionnelles. Ce qui pousse au
développement des dispositifs sans batterie. Par ailleurs, I'’émergence de nouvelles technologies et de
nouveaux secteurs d’activité pour les objets connectés tels que le textile, le médical, I'industrie 4.0, le
transport et les chaines de distribution, incite a la miniaturisation et a I'adaptabilité géométrique de
ces systemes afin de pouvoir s’intégrer et fonctionner efficacement dans des environnements variés
et complexes. Ainsi, 'usage et le développement de matériaux non conventionnelles tels que les
matériaux flexibles, organiques et biodégradables sont souvent privilégiés pour faciliter I'intégration
des dispositifs électroniques.

Cette these s’inscrit dans le cadre d’une collaboration CIFRE entre le LAAS-CNRS et la société
UWINLOC. Grace a son expertise, la société a développé une solution de géolocalisation dédiée a
I'identification et a la tragabilité des actifs au sein d’'une zone industrielle de type entrepét de stockage.
Cette solution permet une meilleure gestion des flux de production et une optimisation de I'inventaire
des objets. Elle se distingue des autres solutions de tracgabilité, par le fonctionnement de son étiquette
géolocalisable sans batterie, et par sa précision de localisation atteignant I'ordre du centimetre grace
a la technologie Ultra-Wide Band (UWB). L’alimentation de I'étiquette géolocalisable est assurée par
la technique de télé-alimentation via les ondes électromagnétiques ou de collecte d’énergie
radiofréquence (RF) au travers d’une source émettrice dédiée. La société vise a réduire la taille de ses
étiquettes géolocalisables et a cibler d’autres secteurs d’activités tels que le commerce de détail, la
santé en produisant une version d’étiquette flexible, robuste et bas colt. Pour relever les défis
scientifiques et industriels, la thése porte sur un systéme compact de télé-alimentation par ondes RF
pour des étiquettes géolocalisables et autonomes en énergie.

L'objectif de la these est d’une part, de miniaturiser et d’intégrer de maniére optimale les
antennes dédiées a la télé-alimentation, et d’autres part d’optimisation les performances
radiofréquences du systeme. Pour cela, il a été nécessaire de se familiariser, voir en revue les types de
dispositifs sans batterie, la technique de récupération d’énergie (RF), les typologies de circuit
redresseur (pour la conversion d’un signal RF en courant continu).

Une partie des travaux de recherche a été dédiée aux activités de recherche au sein du
laboratoire sur les aspects de télé-alimentation par ondes RF et sur les réseaux de capteurs sans fils.
Nous avons donc étudié et congu un circuit de récupération d’énergie RF communément appelé
rectenna (association d’antenne et de redresseur), optimisé pour un fonctionnement dans la bande
ISM 868 MHz a des faibles densités de puissance. Cette rectenna satisfait les exigences en termes de
compacité car elle est considérée comme électriquement petite. Elle offre de bonnes performances
en termes d’ efficacité de conversion a des faibles niveaux de puissance, et présente un colt de
fabrication réduit grace l'utilisation de substrats et composants du commerce. Elle a ensuite été
utilisée pour I'alimentation des réseaux de capteurs sans fil dédiés au suivi de I'état de santé du béton



(mesure des parametres de température et d’humidité de la structure du béton) utilisant les
technologies de communication LoRaWAN ou Bluetooth Low Energy (BLE). La compacité et la
consommation en énergie des réseaux de capteurs ont été prises en compte afin de faciliter
I'intégration et d’assurer un fonctionnement a longue portée. Nous avons pu valider, a travers de cette
étude, la faisabilité de récupérer I'énergie et de faire fonctionner des nceuds de capteurs sans fils
embarqués dans un environnement contraignant tel qu’a l'intérieur d’une cavité d’une structure en
béton armé.

La seconde partie des travaux est consacrée a la problématique de la thése en rapport avec
I’entreprise UWINLOC, autour de I'étiquette géolocalisable et autonome en énergie. A travers le projet
Européen SMARTEES, nous avons d’abord acquis un large savoir-faire dans le processus de
développement de I'étiquette sur un substrat flexible. En effet pour faciliter cette pré-étude, nous
avons uniquement étudié I'étage de récupération d’énergie de I'étiquette. Plusieurs prototypes
d’antenne, de redresseur et de rectenna ont été congu sur un substrat flexible approprié de type PET
a base de matériau polymére, pour le développement de I'étiquette géolocalisable. La caractérisation
préalable des propriétés diélectriques du substrat a été nécessaire afin de garantir la fiabilité des
résultats de simulation et de mesure. Les résultats ont été satisfaisants et nous avons pu garantir un
fonctionnement de I'étiquette associée a la rectenna en PET, comparable a I'étiquette de UWINLOC
sur un substrat rigide. La problématique de la miniaturisation des antennes de I'étiquette a été étudié
a travers des techniques de miniaturisation sans dégrader significativement [I'efficacité de
rayonnement. D’'une part, le choix d’un substrat rigide présentant des propriétés diélectriques
intéressantes, nous a permis d’avoir un degré de liberté sur la conception des antennes plus petites en
sacrifiant légérement les performances. D’autre part, I'utilisation de techniques de fabrication
avancées sur du substrat flexible a permis d’obtenir des antennes de dimensions plus importantes tout
en maintenant une meilleure efficacité, pouvant ainsi étre pliées jusqu’au demi ou au tiers de la taille
normale a plat. La comparaison des résultats expérimentaux des deux solutions nous ont permis de
cerner leurs limites et de conclure sur la solution la plus viable pour la miniaturisation. Dans la méme
perspective de développer des étiquettes flexibles a bas colt, d’autres travaux ont été possible grace
au projet MADRAS. Ce projet a pour objectif, le développement de matériaux innovants pour de
I’électronique flexible. Dans cette thése, nous avons abordé la conception des deux antennes (pour la
télé-alimentation et pour la transmission du signal UWB) de I'étiquette sur différents types de
matériaux en tenant compte des différentes contraintes liées a la dimension, la robustesse et aux
performances souhaitées. Plusieurs expérimentations ont été réalisées, ce qui nous a permis d’aboutir
a une version finale de I'étiquette flexible et compacte avec des résultats satisfaisants.



Compact RF Wireless Power Transmission System for Battery-free
Geolocation Tags

Abstract:

The significant growth of electronic systems in an increasingly connected world has led to a
constant need for energy to enable continuous operation without frequent interruptions for battery
recharging and replacement. Moreover, Internet of things (IoT) objects embed more functionalities
that require increasing power consumption. As a result, energy autonomy has become a major concern
for many electronic systems. The limitation of the life span can be addressed through alternative
power supply approaches that do not rely on conventional batteries, leading to the emergence of
battery-free devices. Additionally, the emergence of modern technologies and sectors for loT objects,
such as textiles, medical applications, Industry 4.0, transportation and retail and transport) calls for
the miniaturization and conformability of these systems to effectively be integrated and operate in
various and complex environments. Therefore, the use and development of unconventional materials,
such as flexible, organic and bio-degradable materials, are often favored to facilitate the integration of
electronic devices.

This thesis is part of a CIFRE collaboration between the LAAS-CNRS and UWINLOC company.
UWINLOC has developed a geolocation solution dedicated to asset tracking and identification in an
industrial area, such as a storage warehouse. This solution enables better production flow
management and optimized inventory of objects. The developed solution distinguishes itself from
other tracking solutions, thanks to the battery-free operation of the geolocation tag and achieving a
high localization accuracy around few centimeters thanks to the Ultra-Wide Band technology (UWB).
The geolocation tag is remotely powered thanks to wireless power transmission (WPT) technique via
a dedicated RF power transmitter. The company aims to reduce the size of its geolocation tag and
target other sectors such as retail and healthcare by developing a flexible, robust, and low-cost version
of the tag. To address scientific and industrial challenges, the thesis focuses on a compact RF wireless
power transmission system for battery-free geolocation tags.

The purpose of this thesis is, on one hand, the miniaturization and the optimal integration of
the antennas dedicated for the RF energy harvesting and on the other hand, the optimization of RF-
to-DC conversion efficiency. Thus, a study of the state of art on battery-free devices, RF energy
harvesting or WPT techniques, different antenna types, and rectifier circuits (for RF-to-DC converter).

A part of this thesis was dedicated to the laboratory-based research activities on RF energy
harvesting and wireless sensor networks. Therefore, we have studied and designed an RF energy
harvesting circuit commonly known as a rectenna (combination of an antenna and a rectifier circuit),
optimized for operation in the 868 MHz ISM frequency band at low power densities level. The
proposed rectenna meets the requirements for compactness as it is considered electrically small. It
offers good power conversion efficiency at low power levels and does not require an expensive and
complex manufacturing process The prototype was then used to supply Wireless Sensor Nodes (WSN)
dedicated for Structural Health Monitoring (SHM) applications. The WSN must measure the physical
parameters of the concrete structure (temperature, humidity and resistivity) and transmit the data
using LoRaWAN or Bluetooth Low Energy (BLE) communication technologies. The compactness and
energy consumption of the WSN were considered to facilitate the integration and ensure long-range
operation. This work enabled us to implement a proof a concept and demonstrate the feasibility of
harvesting energy and transmitting data from the WSN embedded in harsh environments such as into
a concrete cavity.



In addition, other activities focused on the design of antennas and rectennas working at several
frequencies (dedicated to BLE and Wi-Fi applications), to maximize the harvested power, and
prototyped on flexible materials such as polyimide (Kapton) to target applications requiring device
conformability.

The second part of the work addresses the main topic of this thesis related to UWINLOC
company, focusing on the development of a battery-free geolocation tag. Through the European
project SMARTEES, the objective was to acquire crucial knowledge with regard to the development of
the flexible geolocation tag. Thus, it was decided that the studies carried out were to be concentrated
solely on the energy harvesting technology of the tag. Several prototypes of antennas, rectifiers, and
rectennas were designed on a selected flexible substrate, a PET-based polymer material. Prior
characterization of the dielectric properties of the substrate was necessary to ensure reliable
simulation and measurement results. The obtained results were satisfactory, and we were able to
ensure the functionality of the geolocation tag associated with a prototyped PET-based rectenna,
comparable to the current version of the tag on a rigid substrate. The challenge of miniaturizing the
antennas of the tag was addressed through miniaturization techniques without significant degradation
of the radiation efficiency. On one hand, the choice of a rigid substrate with interesting dielectric
properties (lower loss tangent) allowed us to slightly sacrifice antenna performances for a reduction
of the overall size. On the other hand, the use of advanced manufacturing techniques on flexible
materials enabled the design of larger antennas while maintaining better efficiency and allowing them
to be folded to half or one-third of their initial flat size. The comparison of experimental results
between the two proposed solutions helped us identify their limitations and conclude on the most
suitable solution for the antenna miniaturization. In the frame of developing low-cost flexible tag,
further work was performed through the MADRAS project. This project aims to develop innovative and
advanced materials for flexible electronics. In this thesis, we addressed the design of the two antennas
of the tag on several types of materials, considering the requirements related to size, robustness, and
targeted performance. Several experiments were conducted, leading to a definitive full version of the
flexible and compact geolocation tag with satisfactory results.
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Acronyms

AC Alternative Current

Ag Silver

AJWG Arjowiggins

BLE Bluetooth Low Energy

CPW Coplanar-Waveguide

CPWG Coplanar-Waveguide Grounded
any Continuous Wave

DC Direct Current

EH Energy Harvesting

EIRP Effective Isotropic Radiated Power
EM Electromagnetic

ESA Electrically Small Antenna

EUT Eurecat

FCC Federal Communications Commission
FF Far-Field

FF-WPT Far-Field Wireless Power Transmission
FR4 Flame Retardant 4

GNK Genesink

GS Ground-Signal

GSG Ground Signal Ground

HB Harmonic Balance

Ic Integrated circuit

IFA Inverted F-Antenna

IME In-Mold Electronic

loT Internet of Things

ISM Industrial Scientific Medical
McBIM Material communicating with the Building Information Modelling
MPPT Maximum Power Point Tracking
NCF Nanocellulose Foil

NFC Near-Field Communication

NP Nano-Particle

NW Nano-Wire

00K On Off Keying

OLAE Organic and Large Area Electronics
PCB Printed Circuit Board

PCE Power Conversion Efficiency

PEC Perfect Electric Conductor

PET Polyethylene Terephthalat

PMIC Power Management Integrated Circuit
PMU Power Management Unit

PU Poly-Urethane

PVDC Poly-Vinylidene Chloride

RF Radio Frequency

RFEH Radiofrequency Energy Harvesting
RFID Radio Frequency ldentification
SHM Structural Health Monitoring

SMD Surface Mount Device
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SoC System On Chip

UHF Ultra-High Frequency

UGM Uwinloc Geolocation Module
UTAG Uwinloc Tag

uwB Ultra-Wide Band

UWL Uwinloc

TPU Thermoplastic Polyurethane
VNA Vector Network Analyser
WP Work Package

WPT Wireless Power Transmission
WuRx Wake-up Receiver
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Preamble

Preamble

This thesis started in February 2019, was established thanks to a CIFRE funding, involving the
UWINLOC Company and the LAAS-CNRS laboratory in Toulouse. UWINLOC (UWL) is a French company
specialized in the design, production and marketing of an industrial geolocation system able of
continuously identifying and locating a large volumes of assets in both indoor and outdoor
environments. The UWL system comprises a low cost, robust, and reliable battery-free geolocation
tags, beacons for Wireless Power Transmission (WPT) and reception of Ultra-Wide Band (UWB) signals
from tags, and server for calculations and 3D visualization. The developed solution stands out from
others available on the market due to its low cost, low weight, battery-free operation, and localization
accuracy enable by UWB technology.

Faced with the rapid growth of wireless systems and the numerous technological challenges,
the company had to upgrade its technology through this specific collaboration with the laboratory.
Among the major technological challenges, we can note: the integration for electronic devices with
increasingly advanced features, the miniaturization required for portability and space-saving, limited
energy autonomy due to conventional battery usage, manufacturing costs and reliability according to
environmental conditions. In scientific research, the field of Radiofrequency Energy Harvesting (RFEH)
or WPT, is also constantly evolving to provide an alternative to battery-dependent power supply
techniques. Works in this field are mainly focused on indoor environments for low power electronic
devices in the absence of other energy sources, such as solar. The aim of this thesis is to address the
company technological and economical challenges through the study of a compact RF wireless power
transmission for battery-free geolocation tags.

The objectives of the thesis are driven by both the needs of the company for the development
of a competitive geolocation tag and the laboratory’s research topics focused on powering battery-
free wireless devices for Structural Health Monitoring (SHM) in harsh environments. The objectives
involve proposing a battery-free Wireless Sensing Node (WSN) wirelessly powered by a rectenna (a
combination of antenna and rectifier circuit) in order to monitor physical parameters of a concrete
structure. Since they have to be embedded in harsh environments, the rectenna must exhibit high
efficiency for low RF power levels while maintaining a compact size. For UNL requirements, the current
size and the format of the geolocation tag, measuring 70 mm x 50 mm x 10 mm, often pose constraints
in use-cases that require smaller and/or conformable devices to match the shape of the objects to be
located. Another improvement sought is to maximize the operating distance of the tag from the RF
energy source, which depends on the transmission channel and the RF-to-DC power conversion
efficiency of the tag. Therefore, the objective of the thesis is to propose a miniaturization solution for
the geolocation tag by reducing the antenna size, optimizing the integration of its antennas with
electronic parts, and the overall enhancing of the system's radio performance. To fulfill this purpose,
this manuscript presents different chapters that provide the global work carried out during the
research activities.

Chapter 1: Introduction

It highlights a detailed state of the art around the activities carried out during these years of
research: A global review will be proposed around the battery-free devices in order to better target
the needs. Different existing Energy Harvesting (EH) techniques will be presented with particular
emphasis on RFEH and WPT. The origin, functioning principles, and various solutions developed in
these fields will be discussed.
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Chapter 2: Compact Rectenna for Wireless Sensing Applications.

This chapter focused on the development of compact rectennas for wireless devices. We
proposed a highly efficient and miniaturized rectenna operating at 868 MHz. Firstly, the topology of
the rectifier stage will be presented, followed by a comparative study of Schottky diodes.
Subsequently, two electrically small antennas will be designed and characterized for the integration
with the rectifier circuit. The advanced performance of the proposed rectenna was demonstrated
through a comparison with other rectennas in the state-of-the-art operating at the same frequency to
conclude on the added value of our proposition. This rectenna is intended to power supply wireless
sensor nodes embedded in harsh environment. This study will be presented in the next chapter.

Chapter 3: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications.

This chapter discusses the work done to wirelessly power sensing nodes based on Bluetooth
Low Energy or LoRaWAN wireless communication technology. The purpose of this work, which is a part
of another thesis, is to design a « communicating material », embedding WSN which monitor the
physical parameters of the structure. The WSN was designed to be compact and low power and able
to achieve long range communication. Its architecture and operating mode will be presented. To
ensure the operation of the WSN embedded into concrete cavities, techniques for maximizing the
harvested DC power have been investigated. Experimental results will be presented through wireless
power transmission thanks to the highly efficient and compact rectenna developed in chapter 3. We
will subsequently conclude on the feasibility of wireless power transfer through concrete and the
ability to transmit and receive data. A part of this chapter will be focused on the design and
implementation of the first existing tag combining the UWB and BLE technology for harsh
environments.

Chapter 4: Development of an UHF Energy Harvesting Front-end for the Flexible Geolocation Tag.

European projects have facilitated the development of the future geolocation tag. The works
during this thesis also contributed to the FLexUtag project of Smartees, funded by the European Union
Hoziron 2020 research and innovation programme under grant number 761496. The objectives of the
project were to design the first prototype of the flexible geolocation tag based on the current rigid tag
developed by UWL, with a focus on miniaturization, low-cost manufacturing processes, and target new
potential markets. The entire design and integration on a flexible material is focused on the EH part of
the tag. Thus, the tasks were divided into 3 parts:

- To ensure proper functioning of the tag, the first phase involved defining the specifications
and selecting the appropriate polymer-based flexible material. The chosen material need to
exhibit interesting RF performance as well as being suitable for a simple and cost-effective
manufacturing process.

- Thesecond step focused on the characterization and prototyping of the samples. The dielectric
properties of the materials was carefully measured prior to design the antennas and rectifier
circuits for the validation.

- Thefinal phase consisted of gathering the knowledge acquired in the previous phases to design
a conclusive prototype of rectenna on a flexible substrate, and to evaluate its performance
through its integration on the electronic part of the rigid tag.
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Chapter 5: Miniaturization of the Antennas for the Geolocation Tag

This part will present the different steps that enable the miniaturization of the geolocation tag.
The electronic part of the tag has already been reduced on a small module by UWL, so the
miniaturization efforts will focus on the antennas dedicated to the EH and UWB features. Three
solutions were proposed. The first approach was focused on reducing the size of antennas based on a
rigid substrate. A second approach involved modifying the tag’s geometry using a semi-flexible
substrate to achieve an overall size reduction when it is bent. The design and characterization of the
new antennas to facilitate the curvature of the tag will be presented in this chapter. The third approach
was about switching to the same design on a full flexible material. The results of these flexible
prototype will also be presented. Finally, a comparison of all prototypes will allow for a discussion on
the advantages and drawbacks of each approach, and leading to conclusions regarding the
technological and economic progress compared to the current UWL tag.

Chapter 6: Development of a flexible battery-free geolocation tag based on advanced materials.

The development of a compact and low-cost tag for UWL purposes was carried out through
the Madras project. funded by the EU Horizon 2020 program under grant agreement No. 862492. The
objectives of this project are, to develop new advanced materials and improved manufacturing
processes for large-scale production for Organic and Large Area Electronics (ELOA) devices. UWL is a
project partner and is the end user of the geolocation flexible tag demonstrator. Unlike in chapter 4,
this flexible tag was completely integrated (UHF and UWB antennas) on a flexible substrate with
innovative materials. The specifications will be presented, followed by a discussion on the materials
developed by the partners involved. A first antenna for EH features designed to validate the properties
of the developed materials, will be presented . A second phase was focused on both antennas design
(EH and UWB) including the over-moulding step. The performance and the effect of plastic used for
injecting molding on the performance will be analyzed.The final phase involved the development of
the entire flexible geolocation tag after several studies. The different choices made in the selection of
used materials and proposed antenna designs to ensure satisfactory performance and rigidity of the
tag will be presented.

Appendix: Exploitation of flexible Polyimide based material for antenna and rectenna design.

In appendix is dedicated to the work on the development of antennas and rectenna on flexible
substrate-based Polyimide material. The results have been presented in two conference papers which
will be provided in this chapter.
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. General Introduction

In this first chapter of the manuscript, we will address the problematic of the energy autonomy
of the advanced wireless devices faced to the technological advances in our daily lives. This
technological challenge of new wireless electronic devices can be overcome through energy harvesting
techniques. The operating principle and the opportunities of each of them will be briefly presented.
Since, this thesis focuses on the energy autonomy aspect of the geolocation tags, we will present
before the different topologies of existing battery-free devices while highlighting the intended
application, and the operating mode. These various aspects will finally lead us to introduce the topic
of RF energy harvesting or wireless power transmission, which is more specifically related to this
research work.

1. Battery-less devices : Trends, challenges and Opportunities

Over the course of the 21 century, our daily lives have been significantly improved by new
technologies and the development of smart electronics devices. Autonomous vehicles, drones, 3D
printing machines and electric transportation such as trains, buses, bikes, and cars, have contributed
to the advancement. Simultaneously, the Internet is considered as the greatest progress of the
century, offering numerous opportunities through artificial intelligence, big data, social networks, ease
of communication and information sharing and/or events, and access to remote services such as digital
libraries, online booking services, e-commerce, and transactions. The convergence of the internet and
new technologies gave rise to the Internet of Things (loT). The first IoT object is attributed to a simple
Coke machine developed by David Nichols and his colleagues from Carnegie Mellon University in the
early 1980s. Its invention was based on several micro-switches connected to the Internet to make an
inventory of drinks and also check the freshness of them [1]. Since then, a large number of 10T objects
have flooded our daily lives and become an emerging paradigm that simplifies, enhance comfort, and
improve security our life [2]—[4]. According to the study conducted by loT analytics, the number of loT
objects is estimated to exceed 17 billion by 2023, representing almost a 40% increase since 2020. As a
result, the rapid evolution of wireless electronic devices push us to focus on sustainability and energy
autonomy. The continuous innovation of electronic devices leads us to a heavy reliance on battery
power for uninterrupted long-term operation. This energy source has major consequences such as:

- The size of batteries is a constraint for the miniaturizing loT devices. A lot of research has
already been conducted to develop micro-batteries for 10T applications [5], [6]. The use of
conventional batteries can also be disadvantageous for textile, wearable and flexible
electronics applications. The weight of such devices is a parameter that is no longer negligible
for portability and user comfort. Nevertheless Technological advances on flexible battery
based on organic materials are in progress [7]-[10].

- Battery operation also requires frequent manual replacement, resulting to a significant
maintenance cost.
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- The environmental impact of batteries has become increasingly unfavorable with the growing
number of deployed loT objects. Alternatives in this area are also being researched, such as
disposable paper batteries. The batteries aim to reduce the environmental impact of single-
use electronics for applications such as point-of-care diagnosis, smart packaging, and
environmental sensing [11].

- Reliability is critical in certain applications. When a battery reaches the end of its lifespan, it
can lead to the shutdown of devices, including associated sensors or transmitters/receivers,
resulting in data loss and/or communication interruptions.

Global loT Market Forecast [in billion connected loT devices]
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Figure I.1. State of number of connected loT devices from loT Analytics Research 2022 [3].

As a result, it is obvious that battery-free operation of lIoT devices and more generally wireless
electronic devices can overcome the numerous disadvantages mentioned earlier. The concept of
battery-devices refers to the capability of electronic devices to operate using alternative energy
sources, independently of the batteries as a primary power source. Indeed, those alternative energy
sources enables the devices to harvest sufficient energy for its operation.

1.1. Energy harvesting techniques for battery-less devices

With the enormous democratization of the use of connected and communicating objects for
long-term applications, conventional methods of energy supply are revealing their limitations.
Researchers and engineers are faced with the challenges of reducing the energy dependence of smart
devices. To address this issue in an increasingly environmentally friendly society, the development of
battery-free or battery-less devices require the implementation of energy harvesting (EH) techniques.
Ambient EH is a viable solution for long term-operation mainly by means of a transducer for low power
electronic devices. EH technologies have also demonstrated their relevance for next generation
portable and wearable systems such as electronic skin [12]. The most common sources of ambient
energy include thermal, mechanical, solar, and radio frequency [13].

- Solar energy is widely used as an energy source for self-powered systems due to its abundance
in the environment. It is obtained through solar cells, electronic devices that convert sunlight
energy into electricity. Sustainable solar powered battery-free sensing systems and loT devices
are proposed in the literature [14]-[16]. However, the availability of solar power is
unpredictable and depends on factors such as climate, solar panel size and orientation, and
the time of day and season.
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- Thermal energy is an alternative to solar energy for powering wireless sensors, as shown in
[17], [18]. This approach involves converting temperature gradients into electrical power using
a thermoelectric generator (TEG) based on the Seebeck effect [19]. However, the power
conversion efficiency of this method is limited.

- Piezoelectric energy harvesting utilizes mechanical deformation to generate electrical energy
and has gained interest in portable and healthcare applications. [20], [21].

- RF energy harvesting is a promising solution for indoor applications. Electronic devices can be
powered by harvesting RF waves from the environment, either from existing wireless
communication transmitter (with a risk of capturing a very weak signal) or from specific energy
sources that can focus radio waves directly onto the harvester device. This technique involves
capturing electromagnetic waves using an antenna and converting them into DC power
through an RF-to-DC conversion circuit to power supply active circuits. With the proliferation
of wireless technologies operating in different frequency bands, the power density of ambient
RF power has thus increased (depending on location). More details on RFEH technique will be
provided later in this discussion.

However, key questions arise about the viability of such an EH solutions for long-term operation.
How much renewable power density is available in the surrounding environment ?

Answering these questions involves evaluating the power density of the available ambient
energy sources and evaluating the power consumption of the target device. Due to fluctuation of the
amount of ambient energy available, which depends on several factors such as climatic conditions,
geographical position, duration of exposure, the harvested power is generally variable. As a result, it
rarely reaches the power threshold required for operating active electronic components in battery-
free devices. Table .1 summarizes the state of the art of ambient energy source, indicating their
equivalent power density level and harvested DC power. Solar energy is the most abundant energy
source, while radiofrequency exhibits the lowest available power density.

Table I.1. Ambient energy harvesting sources and their corresponding power densities and harvested dc voltage [22].

Ambient . Power Harvested DC
Energy Source . Device .
Environment density power
mW/cm?
) ) Indoor 10 pW/cm?
Ambient Light Solar Cell 100
Outdoor 10 mW/cm?
mW/cm?
. . 0.5matlHz
Piezoelectric
Human ) 1 m/s? at 50 4 uW/cm?
o Electrostatic
Vibration/ Hz
Motion . . 1mat5Hz
Piezoelectric
Industry ) 10 m/s?atl 100 pW/cm?
Electromagnetic
kHz
20 mW/cm?
Human ) 30 uW/cm?
Thermal Thermoelectric 100
Industry . 1-10 mW/cm?
mW/cm
UW/cm?
. GSM 900 MHz 0.1 pW/cm?
Radiofrequency s Antenna 0.015
Wi-Fi 0.001 pW/cm?
UW/cm?
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Among these techniques, our work will focus on the functioning of battery-less devices
through harvesting electromagnetic waves. Several studies has measured the power level of radio
waves as Wi-Fi, Bluetooth and cellular communication waves and evaluated the energy potential in a
specific location. For example, in the core Montreal city, outdoor dynamic measurement of ambient
RF power density were conducted, covering a frequency range of 400-2700 MHz. These measurements
yielded a low power level below -35 dBm with a broadband omnidirectional antenna (N6850A) [23].
The overall RF power density was found to be below 1 uW/cm? [23], [24]. By employing a harvesting
circuit network, it become possible to harvest a few microwatts of power over several frequency bands
[25], [26]. In most cases, as seen in Table 1.1 the amount of harvested energy is so low that it is
impossible to power active circuits.

1.2. Trends for developed battery-free devices

With the increased use of IoT applications and advancements in wireless communication
technologies, devices must operate continuously without interruption due to a lack of energy for the
power supply. The use of battery-free devices is becoming increasingly necessary as we seek ways to
power the growing number of devices in our daily lives. Battery-free devices can significantly reduce
production and marketing costs and provide the opportunity for use in areas with difficult access to
avoid maintenance. However, energy consumption is a key parameter for designing reliable battery-
free devices. The power consumption depends on the number of features to ensure by the device, and
in the case of battery-free wireless, the data transmission require a specific transceiver (resulting in
additional energy consumption depending on the technology used, such as Bluetooth, Wi-Fi, LoRa,
Zigbee, etc.). Moreover, the solution becomes more complex when transmitting confidential data that
require encryption techniques (which also cost more energy). Apart from energy harvesting, it is
possible to extend the battery lifespan by using low-power active components and reducing the overall
power consumption through the duty cycling approach. The duty cycling method enables the deep
sleep mode of the wireless devices. In this state, the active components are turned off and consume
only a few nanoamps until they wake up after a programmed timeout. This approach has been
implemented as a Wake-up Receiver (WuRx) through an RF envelope detector to listen for On-OFF
Keying (OOK) modulated signals while the main transceiver remains in standby mode [27]. Nowadays,
this method is better known as deep-sleep or wake-up mode in loT communication modules that
enable energy harvesting techniques. In this state, all nodes in the circuit are deeply turned off and
discharged as soon as the harvested voltage reaches the cold start activation voltage, enabling them
to enter in normal operating mode. This functionality is implemented in Texas Instrument and E-Peas
Power Management Integrated Circuit (PMIC) state machine [28], [29].

Overall, we can distinguish two categories of battery-free electronic devices:

- The first category includes devices that operate by directly harvesting enough energy for their
operation and do not require an energy storage element such as supercapacitor. In this
category we can mention passive Radio Frequency Identification (RFID) tags. These tags consist
of asingle antenna and a low-power chip called RFID chip which simply harvest the transmitted
signal from the reader and then transmit back an identification signal to the reader. Passive
RFID tags are commonly used in applications such as access control, inventory management,
supply chain management, asset and equipment tracking, tool gate system, contactless
payment. Nowadays, RFID tags are equipped with sensors to detect environmental changes
for multiple purposes.
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For instance, a passive RFID temperature sensor has been developed to monitor the
temperature of the surrounding environment of perishable foods, such as food and drugs, in
the cold supply chain [30].

In the medical field, researches have led to the development of an epidermal RFID tag that
allows reliable monitoring of human body temperature [31]. With the development of loT
Smart Home applications, RFID Sensor battery solutions have been proposed to enable the
reading of environmental conditions from distances of up to 7.9 m from the reader [32].

- The other category of battery-less devices has a more complex architecture to ensure diverse

and advanced features, and they require boosting the harvested power for their operation.
These devices often require the use of several antennas for transmission and reception and
consume more power. Two components that have greatly facilitated the development of this
category of battery-less devices are the supercapacitor and Power Management Unit (PMU),
also known as Power Management Integrated Circuit (PMIC). Supercapacitor unlike standard
batteries, have a fast charging and discharging time, an unlimited loads cycles of which can be
cycled several times over several months. They also have a wide operating temperature range
and are relatively small and lightweight. The role of PMU is to manage the flow of power
between the harvester and the storage element in order to supply a stable voltage to the load
according to the requirements. The power management solution incorporates various features
to optimize the energy transfer from the harvester to the active components. These include
Maximum Power Point Tracking (MPPT) feature to maximize the energy transfer from the
harvester to the supercapacitor, a booster or DC-DC convertor to step up the input voltage,
and as well as cold-start procedure to ensure functionality even with an empty energy
supercapacitor.
Thanks to the availability of efficient supercapacitor and ultra-low power PMU, various
battery-free devices enabling wireless communication capabilities have emerged [33]-[35].
One notable example is the design of a battery-free cell phone by researchers from the
University of Washington. This innovative device operates by harvesting RF signal and
consumes only a few microwatts of power. It support real-time sense of speech, actuation of
earphones and switch between uplink and downlink communications [36]. In response to the
pandemic situation, researches on battery-free devices enable the development of a battery-
free temperature monitoring device that can be fitted inside the ear for an accurate body
temperature measurement of a subject Wireless battery-free body sensing device [37]. For
short-range communication such as Near Field Communication (NFC), a battery-less soil
moisture measurement system has been proposed. It is powered by the magnetic field
generated by the reader and uses a dynamic NFC/RFID integrated circuit with energy
harvesting capabilities [38]. To maximize harvested DC power and capture almost any
incoming field of any polarization, an orientation-independent UHF battery-less tag has been
developed [39], [40]. It embeds an energy efficient pulse generator in the 3-5 GHz UWB band
and can be wirelessly power up to a distance of 12 m using a 2 W Effective Radiated Power
(ERP) source in the UHF 865-868 MHz band.

Apart from energy autonomy, the aspect of miniaturization is a challenge for several
applications. As mentioned earlier, battery size can be bulky for applications such as wearable, textile
and medical applications. Thus, advancements in wireless power transmission and energy harvesting
technologies can help to reduce the overall size and weight of battery-free devices.
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Wireless devices operates using an antenna, which often occupy a larger or smaller area
depending on the operating frequency and desired performance, particularly in terms of radiation
efficiency. For RF energy harvesting, the antenna efficiency is a critical parameter due to the low power
density available. The use of flexible material allows for greater flexibility and versatility in
incorporating loT devices in a wide variety of products. We will now discuss the concepts of wireless
energy transfer and RF energy harvesting, which are relevant to the topic of this thesis.

(a) (b) (c)

PIFA Antenna

HCP tag antenna

95 mm

92 mm

Figure 1.2. Examples of developed wireless battery-free devices in the state of the art : (a) Miniaturized and Highly Sensitive
Epidermal RFID Sensor for Reliable Skin Temperature Monitoring [32]; (b) First battery-free cellphone from Washington
University [36]; (c) Dual-monopole UHF/UWB battery-less tag [39].

2. Far-Field Wireless Power transmission (FF-WPT) and RF Energy
Harvesting (EH)

The concept of wireless power transmission (WPT) was born with the ambition of eliminating
the use of cables and transmitting electricity wirelessly through the air [41]. It allows the distribution
of electrical energy from one device (the transmitter) to another (the receiver) without the
requirement of any physical support such as cables. It’s important to note that while energy harvesting
is often associated to far field wireless power transmission, it is a separate concept. Energy harvesting
refers the process of capturing and converting the energy at the receiver level to generate Direct
Current (DC) for power supply. Depending on the distance between the transmitter and receiver, and
also the frequency, various methods of WPT can be employed, which can be classified into two main
categories : Near Field WPT and Far-Field WPT.

- Near-Field (NF) WPT is a technique used for short-range power transmission over few
centimeters. It employs methods such as magnetic resonance, electromagnetic induction
(inductive or capacitive) techniques to transfer energy. In this approach, an electromagnetic
(EM) fields is created by the transmitter coil, which induces a current in a nearby coil (the
receiver). Among the different techniques, inductive WPT has become the most widely used
for powering devices due to its high efficiency. Recent advances allow its use in many
commercial devices as for electric vehicles [42], [43]. The rapid growth of near-field WPT
technique is encouraged in medical applications, such as a neurostimulation solution
presented in [44]. The state of the art of the near-field power transfer is based on three main
technologies: Qi (87-205 kHz), A4WP (6.78MHz) and Near-Field Communication
(NFC) (13.56MHz). The NF WPT is particularly suitable for high-power devices or systems
where the distance between the transmitter and the receiver is relatively short.
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- Far-field (FF) WPT is used for longer distances, typically up to several meters to several
kilometers. It involves the transfer of power through beams of electromagnetic radiations
using both microwaves and lasers. The microwave WPT consists of the transmission of power
through EM waves using a transmitting antenna. At a certain distance, a receiving antenna
captures theses waves and converts them into DC current. While far-field WPT offers the
advantage of transmitting the power over long distances, the efficiency trends to decrease as
the distance increases. This technique is mainly used in low-power applications within the
Internet of Things (IoT) domain [45], [46]. Laser power transmission is an emerging technology
that can be classified in FF WPT techniques. Compared to the other WPT techniques, the laser
power transfer exhibits superior working distance and high-power density.

However, this technique requires a line of sight to the receiver, which is not suitable for daily
life applications and movable devices in time [47].

Due to the limited lifespan of battery powered devices, the high cost of batteries and their
regular replacement, WPT techniques become a ubiquitous alternative solution for wirelessly
powering devices. The main limitation of the wireless power technique is the decrease of power as
distance increases. The transfer efficiency of the different WPT techniques for near and far-field
presented in Figure 1.3. We will focus on the far field wireless power transmission technique via
microwaves, which is the most suitable for powering battery-free devices.

A

Near-field Far-field

————————

1
1
]
]
]
:
. 1
100 == N-----mm e T R SRR RS R A E e

Expénential
decab( curve

____________ e mm—— e ———————————————

Microwaves or laser

A 4

Figure 1.3. Comparison of the efficiency for different WPT Techniques [2].
2.1. History

Major scientific discoveries at the end of the 19th century have allowed us to enjoy the
technology of wireless energy transmission and energy harvesting. Already in 1964, the work carried
out by the physicist James Clerk Maxwell allowed to demonstrate the propagation of electromagnetic
waves in vacuum and more precisely with his theory on Maxwell equations [48]. About ten years later,
Heinrich Hertz experimentally demonstrated the process of wireless transmission of radio waves using
an antenna and an oscillator, validating the theory established by Maxwell’s equations [49]. Thus, he
becomes the precursor of wireless communication. In 1890, French physicist Edouard Branly, made
significant contribution by highlighting the phenomenon of radioconduction in 1890. Through its
device called the coherer or radioconductor, he enabled the detection of electromagnetic waves [50].

Thanks to the numerous scientific advances, the technique of power transmission without
material support was first explored by Nikola Tesla [51]. He performs experiments of wireless energy
transfer using the principle of the coil resonance.
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His invention, the tesla coil, enabled him to generate hight alternating current. He
implemented remarkable experiments that earned him his famous photograph taken in 1899 in his
laboratory, showing lightning generated by his giant transformer as seen in Figure I.4. His ambitions to
deliver energy from a greater distance have led him to several successful experiments on the possibility
of powering light bulbs located several kilometres from his laboratory. Aware of the potential of
transmission of energy by radio waves, he undertook the construction of his station the Wardencyffle
Tower or Tesla Tower for the purpose of transmitting electricity on a global scale. Unfortunately, this
ambition project was never realized. His genius allowed him to be ten years ahead of the current
technology with a specific approach to the prospects of wireless energy transmission.

Figure 1.4. (Left) Tesla sitting in his Colorado Springs laboratory with his “magnifying transmitter” generating millions of volts,
(Right) Tesla Wardencyffle tower.

After several years, this principle of wireless power transfer gained significant attention in
scientific research, particularly in the aim of having a satisfactory receiver for microwave power
transmission initially established by Tesla. A breakthrough came in 1963 with the development of the
first rectifier antenna by William C. Brown [52]. This rectifier antenna known as rectenna (rectifying
antenna) is a passive element combining an antenna and a rectifier circuit. Its purpose is to convert
the EM waves captured by the antenna into an RF signal, which is then rectified and filtered to produce
a DC voltage. An arrangement of 28 rectennas yielded an output DC power of 4 W and 7W for an
estimated conversion efficiency of 50 % and 40 %, respectively. William Brown was able to
demonstrate the operation of a small size helicopter fed by microwave energy transmitted from a
ground-based source through a rectenna array. Its rectenna helicopter consists of 4480 IN82G diodes
which efficiently converts and supplied approximately 270 W of power to the helicopter’s rotor [53],
[54]. In this experiment, the helicopter reached a flying altitude of 50 feet, powered by 5 kW
magnetron operating at a frequency of 2.45 GHz. This marked a significant milestone in 1964, as it
became the first wirelessly powered helicopter demonstrator by microwaves energy, as shown in the
Figure I.5.
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Figure I.5. (a) The basic elements of a microwave-powered helicopter system, (b) Microwave-powered helicopter in flight 60
ft above a transmitting antenna.

Indeed, William Brown is considered as the precursor of the development of rectenna and has
greatly contributed to scientific research in the field of microwave energy harvesting [55]. In the

coming years, other activities based on W. Brown'’s research have contribute to the development of

the rectenna to wirelessly power satellites. Huge potential applications for RF energy harvesting have
emerged since and will be discussed later on this chapter. Now we can address the part that interests
us in the wireless power transmission, the rectenna.

2.2. Rectenna development

The rectenna is composed of two main parts: an antenna and a passive rectifier circuit, which
includes an RF diode and a low-pass filter. As demonstrated earlier by W.C Brown, the purpose of the
antenna is to capture the surrounding electromagnetic waves that match its resonant frequency and
then convert them into RF power. A portion of this RF power, depending on losses, is delivered to the
rectifier circuit. Given the low power levels harvested by the rectenna, it is crucial to incorporate of a

Power Management Unit (PMU) to ensure a sufficient power threshold for the operation of active
RF waves transmitter

elements. The conventional architecture of the WPT system is depicted in the Figure I.6.

Rectenna

Transmission channel

Storage

; element
PR_DCS

: Rectifier j| Power .
: 5 ! | management unit

Figure 1.6. Architecture of a conventional far-field WPT system.

distance

The wireless power transmission technique involves transmitting power from the RF source
through its antenna to the load connected to the output of the rectenna. Initially, the RF source emits

a signal with a power level Pgr. Depending on factors such as cable and mismatch losses, the antenna,

antennas.

with a gain of Gy, radiates a signal with an equivalent power level Pt ge. The transmitted wave is
is influenced by the transmission channel and the distance (d) between the transmitting and receiving

characterized by its wavelength (A = ¢/f) which defines its periodicity in free space. The received wave
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The received power by the antenna with a gain Gg in the free space (no multiple paths of the
wave), assuming a direct line of sight path of the wave, can be calculated can be computed using the
Friis equation defined by the equation (1.1). In this equation, the received power considers the free
space losses, which is determined by the factor A%/(4md)?. However, in real case scenarios, outside
the free space environment, the propagation of the wave can be altered by several disturbances
(interference, reflection and diffraction phenomena) producing a variation of amplitude and phase.

p - P,G,G, 22 (1)
(4nd)?

The combination of the antenna and rectifier circuit involves an impedance matching to
maximize power transfer. A portion of the received power Px ge feeds the rectifier input. The rectifier
is used to convert this RF signal into a DC signal with a power level of Pk pc, which can be stored in a
storage element through the PMU. The Power Conversion Efficiency (PCE) of the rectifier is influenced
to several factors including its topology, the types of components used, its operating frequency, the
RF input power level and the output load. Now let’s take a look at the different existing rectifier
topologies.

2.2.1. Rectifier topologies

The choice of the rectifier topology depends on several parameters: the kind of applications,
the size of the prototype, the operating frequency, the available RF power level at the input, the
sensitivity and the targeted optimization (the conversion efficiency or the output DC voltage). Since,
the first studies by W.C. Brown, several rectifier topologies have been developed and are listed in
Figure I.7. Various studies have compared the performance of these rectifier topologies [56]—[59]. In
rectifier architectures, there are two main parts: the rectifier and the low-pass filter. The rectifier is
responsible for rectifying the RF signal at its input, while the filter is designed to extract the DC
component of the signal and eliminate any ripples present in the rectified signal. The DC component
of the rectified signal is obtained using a low pass filter, generally consisted of a shunt capacitor and
the resistive load.

- The half-wave rectifier, also known as single diode rectifier, is the simplest existing topology
that requires only one diode and rectifies half cycle of the received input signal. Theses
rectifiers, with fewer components in their architecture, minimize losses and exhibit good
performance at low power levels [60]-[65]. Among the types of half-wave rectifiers, there is
the serial diode rectifier used for positive alternation and shunt diode rectifier for negative
alternation as represented in Figure 1.7 (a) and (b).

- The voltage doubler rectifier also known as full-wave rectifier or single stage Greinacher
rectifier, consists of two diodes and can rectify both the negative and the positive cycles of the
RF input signal. Its topology is presented in Figure 1.7 I. It is known for increasing the level of
the DC output voltage [66]-[70]. A comparative analysis of the voltage doubler rectifier and
single series-type rectifier was conducted in the design of the rectenna [71]. The study showed
that the voltage doubler exhibits better RF-to-DC conversion efficiency than the single series-
type for output loads exceeding 100 Q. This highlights the importance of considering the
output load for optimizing the performance.

- The use of charge-pump topologies is necessary in certain applications that require a
significant output voltage at least 1 V, to supply any active electronic components such as in
battery-free sensing and the Radio Frequency ldentification (RFID) [72], [73]. The voltage
multiplier technique was earlier demonstrated in 1976 by John F. Dickson [74].
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The output voltage of the rectifier is boosted by means of a combination of diodes and
cascaded diode-capacitor stages. Some designs are based on Dickson topology [75]-[77].
Additionally, the voltage doubler or charge pump configuration enables wider bandwidth
rectifier operation, as the input impedance slightly varies with the frequency. The rectifier
proposed in [78] uses the Dickson charge pump for increasing the bandwidth and improving
the dc voltage of the output load.

- CMOS technology rectifiers are also investigated to achieve higher efficiency compared to
commercial Schottky diode [79], [80]. However, it requires rigorous design knowledge and
involves a lengthy, expensive, and complex manufacturing process. As a result, it is not suitable
for rapid prototyping purposes.
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Figure 1.7. Rectifier topologies : (a) Series diode rectifier, (b) Shunt diode rectifier, (c) single stage Greinacher rectifier ; (d)
Cockcroft-Waltron rectifier, (e) N-stage Dickson rectifier.

The choice of topology is crucial in the design of an RF rectifier. The more diodes is used, the
higher the losses due to the equivalent resistance (junction resistance and series resistance) of the
diodes, resulting in lower conversion efficiency of the rectifier. The input impedance of the rectifier is
also affected by its non-linearity. Any impedance discontinuity between the source (or the antenna in
the case of a rectenna) and the rectifier can cause signal reflection and resulting losses due to
impedance mismatch. The equivalent circuit model of diode implies that it has a complex impedance
different from the conventional 50 Q input impedance. To maximize the conversion efficiency, it is
important to achieve good impedance matching between the source and the rectifier.

2.2.2. Existing impedance matching techniques

The combination of an antenna and a rectifier to from a rectenna requires an impedance
matching network in order to maximize the power transfer. This need of impedance matching network
has already been highlighted by William Brown when he fed a helicopter with a rectenna node. In his
prototype, the proximity of the diode chains to obtain the required power density has changed the
impedance and much of the power is reflected back. He solved this issue by implementing an matching
network consisting of a plane network of spaced rods in an appropriate manner and at an appropriate
distance from the plane of the diode network [55]. It is either challenging to implement in energy
harvesting circuit while, the input impedance of the rectifier is a function of the RF input power, the
frequency and the output load. A comprehensive review of the rectenna’s impedance matching
architecture is presented in [81]. In the case of a bad impedance matching between the source and
the load (the antenna and the rectifier in our case of use), standing waves can be created, resulting in
the reflection of a portion of the incident power back to the power source.
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The insertion loss of the matching network, which includes actual lumped elements and
transmission lines, was quantified for low power rectennas in [82].

- Impedance matching with lumped element is achieved by means of a matching network,

typically consisted of reactive Surface Mount Device (SMD) components such as inductors and
capacitors connected in series or in parallel configurations. One of the simplest and most
common solution is the L-network, which combines an inductor and a capacitor. Lumped
element circuits are useful for miniaturization and suitable for low frequency [83]—[85]. This
technique with lumped component also offers tunabilty during the prototyping phase,
allowing for easy modification of the rectifier’s input impedance to target different frequency
bands with the same design.
However, this kind of matching network is narrow band, more sensitive parasitic effects,
challenging to design at high frequencies, and dissipate more power than transmission lines
[86]. The implementation can be complex, particularly considering the component tolerance
range and the frequency dependent characteristics of inductance. Additionally, the precise
positioning of components during hand soldering can be critical in achieving the desired
performance.

- Distributed element matching networks generally consist of transmission lines such as
microstrip or coplanar wave guid, where the electrical length is proportional to the wavelength
at the operating frequency. These networks offer advantages such as wider bandwidth and
lower insertion losses. Several topologies exists, including microstrip transmission lines, open-
end stubs, radial stubs [87], [70], [88] and coupled transmission lines [89]. They are used to
compensate the capacitive reactance of the Schottky diode and minimize impedance variation
when the frequency or input power changes. Broadband rectifier designs with transmission
line based matching network have been carried out in various experiments [89]—-[92].

- In certain designs, a trade-off is made by combining transmission lines and lumped SMD
components to achieve both good efficiency and reduced design size. Several studies have
investigated the used of hybrid matching networks [93]—[95]. The transmission line part of the
matching circuit enables fort tuning the imaginary part of the high-frequency input impedance
of the rectifier, while the inductance compensates for the capacitance of the diode [96], [78].

- Another approach for impedance matching is the conjugate matching technique, which does
not involve the use of any lumped or distributed components. In this approach, the input
impedance of the rectifier is properly adjusted to match the conjugate impedance of the
antenna. The conjugate impedance matching means that the same real part and opposite
imaginary part. This methods not only allows for size reduction but also improves operating
efficiency by eliminating insertion losses in the matching network. Conjugate matching often
requires a co-design of the antenna and rectifier to achieve highly-efficient rectenna [99],
[100], [98], [101]. Otherwise, conjugate matching can be performed by tuning the antenna
impedance as for the patch rectenna with an integrated impedance matching network
proposed in [102].

- As mentioned earlier, the non-linearity of the diode induces a variation of the rectifier’s input
impedance as a function of the input power level. To address this issue and to achieve efficient
rectifier with a high RF input power dynamic, specific impedance matching technique must be
employed. A rectifier with an immunity to the input power fluctuation was designed with a
self-tuning impedance which consists of a varactor reversely biased by the output voltage of
the rectifier to compensate the variation of the input impedance [97]. Another method
involves the use of paired diodes for capacitive self-compensation, which enhances the
rectifier’s dynamic power range (19).
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Additionally, an L-matching network consisting of an open stub and a short stub can also be
employed for impedance matching (18). These techniques contribute to improving the
rectifier’s performance and enable efficient power transfer across a wide range of input power
levels.
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Figure 1.8. Rectifier design based on different impedance matching techniques: (a) Lumped component impedance matching
[84]; (b) Transmission line impedance matching [89]; (c) Self-tuning impedance matching [97]; (d) Rectenna based on
conjugate impedance matching [98]; (e) Hybrid impedance matching network based on SMD inductor and short circuited
folded stub [65].

3. Conclusion

In this chapter, we have provided a review of the different battery-less device solutions,
discussed the current trends, highlighted the associated challenges. Our research work focuses on
developing a battery-free device solution based on harvesting energy through a far-field wireless
power transmission technique. The operating frequency is established in the ISM 868 MHz band,
considering its availability and the high maximum power level allowed by the standard. We have
examined different rectifier circuit topologies and impedance adaptation techniques according to the
requirements. Building upon these insights, we have first designed a compact highly efficient and cost-
effective rectenna for low power levels and suitable for the targeted frequency. This rectenna is
specifically dedicated to powering battery-free devices designed for Structural Health Monitoring
(SHM) applications.
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Il. Compact Rectenna for Wireless
Sensing Applications

1. Introduction

Over the past decades, the rapid growth of wireless systems has driven their miniaturization,
enabling the integration of multiple functionalities in a rather limited area. However, this trend poses
challenges in terms of power consumption, battery capacity, size and efficiency. In order to deal with
this problematic, we will discuss in this chapter, the development of compact a rectenna dedicated to
power supply wireless sensing nodes.

The overall design has been essentially designed on a rigid substrate. We will provide a
comprehensive overview of the rectifier part, including simulation and optimization techniques
employed during the design process. Moreover, considering the importance of size reduction, different
antenna structures will be presented and evaluated. The objective is to propose a compact and
efficient rectenna operating at the frequency of 868 MHz, and optimized for low power levels. Through
this design approach, we aim to overcome the limitations associated with power supply in wireless
sensing nodes. By developing a compact rectenna, we can effectively address the power consumption
and battery size concerns, while ensuring efficient wireless power transfer at the desired frequency.
This will enable reliable and continuous operation of battery-free wireless sensing systems,
contributing to advancements in various fields such as structural health monitoring.

2. Rectenna for FF-WPT

A rectenna stands for a rectifier and antenna that is used to convert electromagnetic waves to
DC power in order to power supply active components such as microcontrollers, transceivers and
sensors. The architecture of a typical rectenna is illustrated in Figure Il.1. The first stage involves the
antenna, which captures the electromagnetic waves at the same frequency band from various sources
or data transmitters. It generates a an RF signal (Pgf) that is then provided to the connected rectifier.
An adequate matching network is used to optimize the power transfer from the output of the antenna
to the input of the rectifier diode. Once the RF signal is rectified by the diode, it is then filtered to get
a DCvoltage. This DC voltage is then boosted, managed and stored in a storage capacitor for supplying
the load and active components.
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Figure 11.1. Schematic of a rectenna connected to a power management unit for supplying power to the load application using
the harvested DC power from incident electromagnetic waves.

The limitation of RF energy harvesting (RFEH) systems lies in the among of harvested DC power.
It is constrained by the relatively low ambient power density, typically bellow 1 uW/cm?. For instance,
when considering a rectifier working at 900 MHz with antenna gain of +1 dBi, the received RF power
at the input of the rectifier is estimated at -10.5 dBm. Indeed, the power level at the input of the
rectifier is relatively low, and it will be further affected by various losses within the rectifier circuit.
These losses can significantly impact the efficiency of the energy conversion process, resulting in a
lower DC output power available for the load. The Figure II.2 illustrates the general relationship
between the RF input power and the Power Conversion Efficiency (PCE) of a rectifier. The maximum
PCE achievable is limited by the RF input power, the output load, the presence of harmonic effects, the
breakdown voltage, and the junction voltage.
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Figure I.2. General relationship between the RF input power and the conversion efficiency.

Our work consists of the design of a highly efficient rectenna for low input power levels and
optimized for an output load of 10 kQ. As depicted in Figure 1.2, the efficiency tends to decrease at
low power region. However, by carefully selecting the appropriate Schottky diode, and designing an
efficient matching network, we can optimize the rectenna’s performance in this low-power region.

2.1. Rectification circuit

The rectification circuit named rectifier is dedicated to convert the RF signal into a DC power.
Our aim is to harvest very low power level, specially below -10 dBm, at the European Industrial
Scientific and Medical (ISM) 868 MHz frequency band. Additionally, we have the requirement of
optimizing the overall size of the rectifier to b as small as possible for integration into a wireless sensor
node. To achieve these goals, it is essential to select a suitable rectifier circuit topology that is efficient
at low input power levels. As mentioned earlier, Schottky diodes are commonly used in rectifier circuits
for their low forward voltage drop and fast switching characteristics and must be wisely chosen.
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2.1.1. Choice of the diode

The key component of a rectifier circuit is the diode, which enables the conversion of the
alternative current (AC) into a direct current (DC). Its primary characteristic is its ability to flow the
current in one direction. Consequently, when the current flows through a diode, there is a voltage drop
across it, known as the forward voltage. The equivalent electrical model of a diode is represented in
Figure 11.3. Intrinsically, it is modelled by a series parasitic resistance (Rs) and a junction capacitance
(C) in parallel with a junction resistance (R;). These last two junction elements, the junction
capacitance and resistance, are dependent on the bias voltage as expressed in equations (I.1) and
(1.2).

nkT

RO (-2

G = [fﬁ (1.2)
I, =1I- [exp (%) - 1] (n.3)

Where [}, is the bias current, I is the saturation current, n is the ideality factor, K the Boltzmann
constant, T is the temperature, q is the electron charge, (j, is the zero-bias junction capacitance , Vy
is the voltage across the diode, V; is the junction voltage and m is the gradient coefficient. The diode
package includes parasitic elements (inductance L, and capacitance C,) to be consider on the
equivalent model.

Package model

Schottky diode model

Figure I1.3. Linear equivalent electrical model of the Schottky diode model with parasitic elements of the package.
The Schottky diode is used in general purposes of rectification particularly in RF applications.
Its current-voltage characteristic is compared to that of a P-N junction diode and shown in Figure 11.4.

Except its high reverse current and low breakdown voltage, the advantages of using Schottky diode
instead of conventional diode or junction P-N diode are multiple:

- Low forward voltage is possible with Schottky diode (V) and its fast rate of switching due to
the higher current density in the Schottky diode.
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Low junction capacitance (C;) due to the absence of depletion region thus no more charges are
stored.

- Less noise due to low nonlinear impedance

- High cut-off frequency
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Figure I.4. Current vs. voltage characteristic of Schottky and P-N diode

Therefore, the choice of the appropriate type of Schottky diode is crucial for designing an
efficient rectifier circuit. A commercial SMD Schottky diode is used for our rectifier design. We selected
the one with interesting properties that meet the functional requirements of the rectifier mentioned
before. In the Table II.1, is reported the fundamentals electrical specifications of the commonly used Schottky
diode. The HSMS285x series from Avago and SMS760 series from Skyworks are frequently employed
in the literature for low RF power design due to their low forward voltage characteristics. On the other
hand, Schottky diode with high breakdown voltage is suitable for high power applications. For instance,
the HSM286x series has been employed in rectifiers designed to handle incident power levels up to

+24 dBm, as demonstrated [103], [104].

Table II.1. Electrical specifications of the most used Schottky diode

Diode series [ |F\LF](.\:T)'IA] Bv(V) Rs (Q) C (pF) Used on references
HSMS285x 250 3.8 25 0.18 [65], [85], [105]
HSMS286x 350 7.0 5.0 0.18 [106]-[108]
SMS7630 135-240 2 20 0.14 [109], [110], [77]
MA4E1317 700 7 4.0 0.02 [111]-[113]

To improve the Power Conversion Efficiency (PCE) at higher frequency, it is important to
minimize the junction capacitance and series resistance of the Schottky diode. The MA4Ex family of
Schottky diode from MACOM is known for its high cut-off frequency, making it well-suited for
Millimetre-wave applications. In a design proposed in [111], the MA4E1317 GaAs Schottky diode was
used to achieve a high PCE of 72.6% at 915 MHz, using a high input power of +19 dBm. Others
commercially available diodes, such as BAT15-04R type from Infineon Technologies, are also used in

RFEH applications [114].

For our purpose, we require a Schottky diode with low-power handling capability, low forward
voltage and low series resistance is required. According the information provided in the datasheet
[115] and the previous comparison, the Skyworks SMS7630 series offers the best trade-off in terms of

DC voltage and efficiency for low power range.
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2.1.2. Rectifier design

In the general introduction (chapter 1), several rectifier topologies were discussed, each with
its own advantages and disadvantages. A trade-off was made between the DC output voltage and the
PCE for the topology selection. In the present work, we have chosen to use the Greinacher voltage
doubler topology for the rectifier design. For the Schottky diode, we have selected the SMS7630-005LF
model. It consists of a pair of series-connected, identical single diodes within the same packaging. The
choice of this diode is based on its suitability for low-power applications, low forward voltage, and low
series resistance, which aligns with our design requirements.

In order to perform accurate simulations, we first started by creating the spice model of an
single diode with the electrical characteristics provided in the datasheet [115]. However, this model
does not include the parasitic effects of the package. To incorporate the package parasitic elements in
our global simulation model, we considered two types of the SOT-23 plastic diode package model, as
illustrated in Figure 1.5, each with its respective component values provided in Table 11.2. We
considered an accurate and concise microwave model of SOT-23 package diode established by
Skyworks (SK) [117] and by Hewlett Packard (HP) [118]. By including these parasitic models of the diode
package in our simulation, we aimed to obtain the realistic behaviour of the diode in practical operating
conditions.
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Figure I.5. SOT-23 Package Circuit models of the Schottky diode: (a) General Package style; (b) Model by HP Inc.; (c) Model by
Skyworks (SK).

Table I.2. Elements value of the SOT-23 Package model.

L Ls Cp Cc Ls1 Ls2 Lss Cr1 Cr2 Cr3

0.5nH 1nH 0.08 pF 0.06 pF 0.65 nH 0.05 nH 0.7 nH 0.13 pF 0.01 pF 0.015 pF

The architecture of the rectifier, as presented on Figure 1.6, consists of the selected Schottky
diode model, le matching network and low pass-filter at the output, and two capacitors. A series
capacitor at the input (Cp) is required to enable the full-wave rectification of the input signal. The
second capacitor C¢ is a part of the low pass-filter, to reduce the ripple on the DC output signal. Both
capacitors have a fixed value of 100 pF. The performance of the rectifier is influenced by the non-
linearity of the diode, which results in a dependence of the input power and the output load.

We target to design an efficient rectifier at lower input power (around -15 dBm), and a resistive
load (R.) of 10 kQ is selected to globally emulate the input impedance of the Power Management Unit
(PMU) component for upcoming implementations. The matching network plays an important role in
maximizing the power transfer from the input to the rectifier, thereby enhancing the power conversion
efficiency (PCE).
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We have opted for a lumped component matching network in order to reduce the size of the
circuit, knowing that the half-wavelength at the targeted frequency (868 MHz) is relatively high (86.4
mm) for an impedance matching with transmission lines. Miniaturization of the circuit is preferred to
the detriment of the decrease in the PCE due to insertion losses caused by the components. The entire
circuit is designed on microstrip coupled transmission line, using a 0.8 mm thick FR4 substrate.

Matching SMS7630-005LF
Network
:‘ --------- 1 CD B
® » NWY\.H 1
1 J_ Ly 1
1 ]
1 ] C
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RF;, : I = SR,
1 1
1 ]
1 i
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Figure 11.6. Designed rectifier topology without matching Network.
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Figure 11.7. Simulation the input impedance of the rectifier without matching network: HP Model on blue line and Skyworks
(SK) Model on red dashed line: (a) Real part of the input impedance; (b) Imaginary part of the input impedance.

Preliminary, the spice parameters of the diode and parasitic parameters of both models are
integrated into ADS simulator for the design of the rectifier circuit without a matching network. As
shown in Figure 1.7, the rectifier circuit exhibits a high real part of the impedance (>50 Q) before 1 GHz
and exponentially decreases with increasing frequency. The real part is lower for -15 dBm. The negative
imaginary part of the impedance increases but remains lower than -100 Q from 500 MHz to 3 GHz.
Both models display similar impedance trends, with a maximum deviation of 23.5 Q and 27.9 mQ for
the real and imaginary part, respectively. To match the impedance of the rectifier circuit at 868 MHz
to an impedance of 50 Q, an L-network (series inductor Lv and shunt capacitor Cv) impedance
matching network is selected. With the consideration of the transmission line model on the design, an
inductor of 33 nH (LQW15AN) and a shunt capacitor of 4 pF (GRM1555C2) is obtained for optimal
operating frequency around 868 MHz. The first simulation is performed using the ADS harmonic
balance (HB) tool and transmission line model, as presented in Figure 11.8 (a), to estimate the rectifier’s
performances.
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ADS simulator also provides a useful EM simulation tool for the analysis of planar circuit layout
at RF and microwave frequency named Momentum. To simulate the rectifier properly and accurately,
we used Momentum Microwave (Mom pW) simulation. The layout of the rectifier was generated from
the schematic design and the Scattering (S)-Parameters were created by setting pins across the SMD
component location, as shown in Figure 11.8 (b). Once obtained, a co-simulation of HB+Momentum was
performed. However, it is important to specify certain parameters to ensure accurate simulated
performances.

- Port setup: The differential port were used, and the calibration type at each pin is defined as
Delta gap. This accounts for the parasitic effects that are not included in the schematic
component model used.

- Mesh setup: The simulation results are improved with higher mesh density. In our design, the
mesh density was set to 500 cells/wavelength. The edge mesh was also enabled to capture the
details near the edges of the layout.
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Figure 11.8. Schematic of the rectifier design on ADS software: (a) HB Simulation with transmission lines model and (b) Co-
simulation with EM model on Momentum.
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Figure 11.9. Comparison between SK and HP model on schematic and Momentum simulation: (a) Return loss at -15 dBm and
(b) PCE of the rectifier at -15 dBm.
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The return loss (S11) in decibel of the rectifier was then computed using both diode package
model, as shown in Figure I1.9. There is a significant difference on the resonance frequency between
Momentum simulation and Schematic. This deviation of 40 MHz can be attributed to the consideration
of coupling effects in the co-simulation. The same behaviour is observed on the efficiency with a peak
of 39%. In conclusion, when comparing the simulation results, the two models show a slight difference.
However, for a rapid hand prototyping of a rectifier in the ISM 868 MHz band, this difference is not
significant, and the measurement results will depend on several factors, which will be discussed later
on.

Afterward, the designed rectifier was prototyped on 0.8 mm-thick FR4 substrate using the
same components as previously mentioned in the simulation steps. The prototype occupies a surface
area of 14 mm x 5 mm, excluding the SMA connector. To characterize the rectifier, it was connected
to an RF power generator, and the harvested DC voltage was measured across the 10 kQ load using a
digital multimeter. The measurement results closely match to the co-simulation results obtained with
EM model on Momentum, and particularly with the HP model of the diode package. However, there
is still a shift in the resonance frequency, which can be justified by the use of SMA connector, soldering
effects and component tolerances. The exact location of the component on the prototype cannot be
accurately determine in the Momentum simulation, and this may slightly modify the global impedance
of the rectifier.
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Figure 11.10. (a) PCE of the rectifier at -15 dBm; (b) Harvested DC voltage at the resonance frequency.

As depicted in Figure 11.10 (a), the prototyped rectifier achieved a PCE of 34.5% (at -15dBm)
close the targeted frequency at 868 MHz. However, the efficiency can be further improved by choosing
the optimal load, which is different from the chosen value of 10 kQ for our specific applications.
Concerning the harvested voltage, the presented design can exhibit a DC voltage of 330 mV (or an
output power of 11 uW) for a RF input power of -15 dBm at 868 MHz and there is only 23 mV lower
than the simulation result at the resonant frequency (906 MHz). Therefore, it can be concluded that
the HP model of the diode package and co-simulation with Momentum provide simulation results close
to the measurements. These models will be used for the next design iterations. We can also note that
the performance of the designed rectifier is sufficient to power supply active components through an
energy management system. For instance, it can be effectively used with the commercial PMU
AEM30940 ([119]) from e-peas semiconductors, which has an ultra-low-power start up. The PMU
typically required a cold start from 380 mV input voltage and 3 uW input power.

With an RF input power of -10 dBm, the rectifier can also complete the cold start requirements
of another PMU, the BQ25570 [119] from Texas instrument, which has a minimum cold start input
voltage of 600 mV and an input power of 15 uW. These satisfactory results from the prototyped
rectifier allow to move on to the design of the antenna intended to form the rectenna.
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2.2. Antenna Design

Toward having a compact design, the size of the radiative part of the rectenna is crucial for an
efficient devices. Generally, the antenna part occupies around 80% of the total rectenna size, mainly
due to the geometrical elements dependent on the wavelength. In order to maintain efficient
performance while reducing the physical size of the antenna, an original topology of 3D folded dipole
antenna (3DFDA) operating at ISM 868 MHz frequency band is proposed. As required to convert the
ambient EM waves to RF signal, the antenna should reach a minimum radiative gain of +1 dBi on an
overall planar area of around 60 mm x 30 mm. Hence, the choice of an Electrical Small Antenna (ESA)
is made. An ESA is defined as an antenna that is physically small compared to the wavelength of the
electromagnetic waves to transmit. Wheeler’s formula (11.4) is used to determine the size of an
electrically small antenna, where the antenna sphere is smaller than the radian sphere, also defined
as Wheeler Cap as represented in Figure 11.11 [121], [122]. In the formula (Il.4), A represents the
wavelength at the operating frequency, k is the free-space wavenumber, and a is the minimum
antenna sphere radius.

b -
Non-radiating »

Antenna Sphere Energy

.
. .
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------

Figure 1.11. The antenna and radian sphere view of an electrically small antenna [123]
) 2
k.a < 1Wlthk 27 (“4)

Reducing the electrical length of the antenna results in a decrease of the radiation efficiency
and bandwidth. However, for applications in the ISM European 868 MHz frequency range (with a
bandwidth of 3 MHz), the reduction in bandwidth is not a limiting factor. The target is to achieve a
minimum antenna gain of +1 dBi while ensuring a compact design. A comprehensive understanding of
the effects of antenna size reduction on quality factor (Q), bandwidth and gain, allows for the proposal
of a compact antenna without significant performance degradation. For further details on the
fundamentals of electrically small antennas, including their limitations and potential applications, a
detailed review can be found in [124], [125]. Based on the expression in formula (11.4), for an operating
frequency of 868 MHz, the antenna sphere must have a radius of less than 55 mm in order to be
considered electrically small. Since the sphere represents the maximum extent of the antenna's
electric field, it should have a radius larger than the largest dimension of the antenna structure to
ensure that it is electrically small. In this case, the dimensions of the rectangular surface of 60 mm x
30 mm dedicated to the antenna design fit comfortably within the calculated sphere size (radius of 55
mm), satisfying the condition for an electrically small antenna.

The proposed design is based on a dipole antenna. It is selected thanks to the symmetry of its
shape and radiation pattern, its low-cost manufacturing, and its ability of receiving balanced signals.
To realize such antenna, a half wavelength dipole antenna at the resonance frequency of 1.12 GHz was
designed.
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Starting from the antenna on Figure 11.12 (left), a T-match connection is added in order to
improve the input impedance matching to 50 Q at the targeted frequency. This structure acts as an

impedance transformer and is generally used in RFID applications for conjugate impedance matching
[126]. The resonance frequency of the antenna is greatly influenced by the width and the length of the
T-match structure. The simulations were performed using the High Frequency Structure Simulator
HFSS software from Ansys.

56 mm

N/ __ N/

32 mm

(a) (b)
Figure 11.12. Geometry of the proposed compact antenna with (b) and without (a) T-Match structure.
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Figure I1.13.Simulation of the antenna as function of W parameters: (a) Simulated real part of the impedance, (b) Simulated
imaginary part of the impedance.

By connecting the two parts of the dipole antenna with a horizontal line (W = 0), both the real
part and the imaginary part of the impedance increase significantly. Figure 11.13 illustrates the tuning
of W parameter, which helps to find the resonant frequency of the antenna for a normalized
impedance of 50 Q. Without T-match structure, at 1.12 GHz, the impedance of the antenna is
[17.4+j-28.4j]1 Q, while with W =3 mm and W = 4 mm, the input impedance becomes [56+j-5.6] Q and
[52.6+j-2.8] Q, respectively. It is also important to note that as the length (L) of the short-circuited line
increases, the antenna resonates at higher frequencies, as shown in Figure 1.14. With the W parameter
fixed at 3 mm and the L parameter fixed at 10 mm, the resonant frequency of the antenna is

guaranteed to be around 1.12 GHz. These fixed parameters ensure that the antenna operates at the
desired frequency range.
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Figure 11.14. Simulated return loss of the antenna for different configurations; L = 10 mm (black), L = 30 mm (red) and L =51.4
mm (black).
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Figure 11.15. Geometry of A2 antenna obtained from A1 planar antenna size reduction.

By modifying the planar shape of the antenna, specifically the bottom part, we can further
improve compactness. In this design, the horizontal arms of the planar dipole are folded in a spline
shape, reducing the overall planar length. This modified antenna, named A2, is smaller compared to
the previous Al antenna, with an area reduction factor of about 2/3. The resonant frequency of the
A2 antennais 1.15 GHz, which is close to the resonant frequency of the Al antenna. This demonstrates
that the compactness of the antenna can be improved without significantly affecting its resonant
frequency.

Beyond these interesting conclusions, we need to operate the antenna at 868 MHz for our
applications. We opted reducing the electrical length by modifying the 3D configuration of the antenna
while keeping the preliminary design unchanged. In the same perspective, a paper has introduce a
technique of operating/resonant frequency of the antenna by connecting two metal strands [62].
Inspired by this technique, we investigated the addition of two vertically connected metal arms to the
planar antenna using a short transmission line, as seen on the photo in Figure 11.16. The width of the
arms was adjusted to match the substrate size, and the height was adjusted to achieve a resonant
frequency at 868 MHz. The position of the connection line at the edge of the planar antenna was
carefully optimized through simulations. As a result, we obtained an operating frequency as close as
possible to 868 MHz, with a bandwidth of 30.7 MHz and a maximum gain of +1.5 dBi for Al ; and a
bandwidth of 20 MHz and a maximum gain of +1.1 dBi for A2.
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Figure 1.16. Geometry of the 3D configuration antenna with the connected metallic arms: (a) Antenna A1 with a dimension of
56 mm x 32 mm; (b) Antenna A2 with a dimension of 40 mm x 30 mm. Simulated 3D gain polar plot at 868 MHz : (c) A1
antenna and (d) A2 antenna.

Subsequently, both antennas were manufactured in an FR4 substrate with a thickness of 0.8
mm. Dipole antennas usually require a balanced-unbalanced (balun) circuit or transition for coaxial
measurements. The absence of balun can result in current flowing on the outer surface of the coaxial
conductor, leading to measurements interference. However, for the purpose of prototyping and
testing convenience using RF cables, we opted for a surface mount coaxial U.FL connector [127]. This
connector allows us for easy prototyping and testing with RF cables. It offers several advantages,
including low cost, small size, lightweight, and easy mounting. It is strongly used for characterization
and RF connections for embedded antennas, especially in loT applications. Before conducting the
measurements on the antennas, a 3D model of the U.FL connector was considered on the simulation
for accurate results. Based on the simulation results, we concluded that there was a non-significant
difference in antenna performance with the U.FL connector. At the prototyping level, the pads of the
connector were soldered to the feed pads of the antenna. The return loss (Si1) and the gain
measurements were conducted in an anechoic chamber. A compatible coaxial cable was connected to
the vector network analyser (VNA) and plugged into the connector for the measurements. The
simulation results of the antenna with connector and the measurements are compared.
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Figure 11.17. (a) Comparison between the measured and simulated reflection coefficient of the A1 (blue line) and A2 (red line)
antennas on 2D configuration; (b) 3D configuration with vertically connected metal arms of 10 mm.
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Figure 11.18. Simulated (black) and measured (red) of the radiation pattern (gain plot in the E-plane): (a) 3D_A1 antenna and
(b) 3D_A2 antenna at the resonant frequency.

As plotted on Figure 11.17 (left), the measured return loss of A1 and A2 in the 2D configuration
(A1_2D and A2_2D) fits well with the simulation results. This indicates that the measurements
obtained with the U.FL connector are reliable. However, a frequency shift is observed in the results
with antennas on 3D configuration, featuring two 10 mm high metal arms (A1_3D and A2_3D). This
difference can be explained by the soldering effect and assembling tolerances, such as imperfect shape
of the metal arms and their connection to the planar dipole. For the measurement of the antenna
radiation pattern and gain, a far-field setup with a horn antenna in an anechoic chamber is used. As
presented in Figure 11.18, the radiation pattern plotted on a half slice in the E-plane remains unaffected
by the metallic arms. The measured gain in the E-plane for A1_3D correlates well with the simulation,
exhibiting a maximum gain of +1.54 dBi at 868 MHz. While regarding the smallest design A2_3D, there
is a slight reduction in the gain of 0.4 dBi compared to A1_3D version.

In conclusion, we have successfully achieved the challenge of miniaturizing the antennas while
maintaining satisfactory gain and the bandwidth characteristics. Two interesting design of compact
antennas, namely A1 _3D and A2_3D, were obtained with dimensions of 56 mm x 32 mm x 10 mm
(0.0004-A%) and 40 mm x 30 mm x 10 mm (0.0003-\3), respectively. These antennas can be considered
as electrically small antennas and ensure a maximum gain on the E-plane of at least +1 dBi, which is
+1.05 dBi less than the gain of a half-wave dipole antenna (+2.15 dBi). Table Il.3 compares the
performances and size of theses antennas with state-of-the-art designs operating in the ISM 868 MHz
or ISM 915 MHz frequency bands. It should be note that the proposed antennas were implemented

on a FR4 substrate, which is generally more lossy compared to the substrates used in other state-of-
the-art designs.
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Our proposals are smaller than the 3D antennas in [130] and [131], and exhibit a good trade-
off between size, gain and bandwidth, making them suitable candidates for compact energy harvesting
systems.

Table 11.3. Comparison with the different antennas for compact wireless devices in the state of the art.

Max gain size

Ref. Freq. (MHz) Type (dBi) BW (MHz) Substrate (mm x mm x mm)
[128] 878 D“ill FB:”d +1.8 80 (855-937) Duroid 5880 80 x 45 (0.03-\?)
[129] 868 UCA PIFA +0.71 23 (857-880) FR4 34 x 80 (0.02:\)

Slot loaded
[62] 915 DB folded +1.87 - Arlon 25N 60 x 60 x 60

. (0.006-13)
dipole
3D single arm 50x50x 10

[130] 868 bowtie +0.19 90 Ultralam (0.0006-A%)

Strip-SSRR 14.3 (863- Foam 26.4x 26.4x 33.8
[131] 868 antenna 1.7 877) (er=1) (0.00056-A\3)

. A1 3D +1.54 32 (865-897) >6x32x 10
This (0.0004-1%)
work 868 FR4 40x30x 10

A2 3D +1.1 26 (862-888) 10,0003

BW: Bandwidth, PIFA: Planar Inverted F-Antenna, DB: Dual Band

2.3. Implementation of the rectenna

The rectifier and the antenna designed on the previous section, were integrated on the same
Printed Circuit Board (PCB), resulting in a compact rectenna with an improved power conversion
efficiency without the need of additional transition connectors. Figure 11.19 illustrates how the small
rectifier was seamlessly integrated between the dipole arms without increasing the antenna’s size. The
pitch of the antenna input was carefully adjusted to match the input coupled lines of the rectifying
circuit. By using the A1_3D and A2_3D antennas, we were able to create the R1_3D and R2_3D
rectennas, respectively.

% —

[
+ H — g

Figure 11.19. Formation of the R1_3D rectenna with the antenna connected to the rectifier. Top layer of the rectenna on pink
and bottom layer representing the ground plane on purple.

The rectennas performances were evaluated in an anechoic chamber to minimize any RF wave
interferences. The measurement setup consists of a Patch antenna with a gain G; around +9 dBi at 868
MHz, which was connected to the RF signal generator Anritsu MG3694B. The signal generated is a
Continuous Wave (CW) with a power level of Pgr. The antenna radiates an EM field to the rectenna
under test, which was positioned at a distanced (d) of 1.5 m in the far-field region of the transmitting
patch antenna. The harvested DC voltage (Poc) was measured using a multimeter across a resistive load
connected to the rectenna’s output. To automate the measurement process, a homemade data
acquisition interface implemented in LabVIEW was used. The setup is shown in Figure 11.20 (d).
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The respect of the free space conditions enables the computation of the rectenna efficiency n
(%) using equation (I1.5), which represents the ratio between the measured harvested DC power and
the received RF power converted by the antenna.

PDC PDC
n (%) = 100-—— =100 I.5
PRF S * Aeff ( )

P, - G,
— : 1.6
S=az 4., 100 (11.6)
G, - 22

Aeff = ﬂ (//7)

The efficiency of the rectenna or power conversion efficiency (PCE) is expressed through the
RF power density (S) in pW/cm? at a distance (d) from the centre of the transmitted antenna and the
effective aperture area (Aesr) of the receiving antenna, considering the antenna gain G,. These
equations assume a perfect alignment of the transmitting and receiving antennas in E-plane at the
same height. The Figure 11.20 (a) shows the evolution of the harvested DC voltage across the resistive
load between 820 MHz and 920 MHz for different power density level. The measurement results for
the R1_3D rectenna prototype are represented by dashed lines, while the results for the R2_3D
rectenna are represented by solid lines. The maximum performance of the R1_3D rectenna prototype
is achieved at 865 MHz, while for the R2_3D rectenna, it is achieved at 867 MHz. These maximum
functioning frequencies are independent of the receiving power level.
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Figure 11.20. (a) Harvested DC voltage across the 10 kQ load as function of the power density levels for R1_3D (dashed lines)
and R2_3D (solid lines); (b) Photo of the R1_3D; (c) Photo of the R2_3D; (d) Photo of the measurement setup in an anechoic
chamber.

We can also remark that voltage obtained with both rectennas is relatively similar for low
power density levels below 0.5 pW/cm?2. The small enhancement in the antenna gain of +0.4 dBi for
R1_3D does not significantly improve the rectenna performance due to the non-linearity of the diode;
resulting in a slow increase in the harvested voltage for input power lower than -13 dBm (as observed
in Figure 11.10 (b)). The prototyped rectennas can exhibit more than 400 mV with a power density
higher than 0.5 pW/cm? (equivalent to received power of around -12 dBm) at 868 MHz.
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The experimental power conversion efficiency is estimated to be more than 60% at this power
density level. These measured performances demonstrate the feasibility of powering an Integrated
Circuit (IC) as the BQ25505 [9], which requires a minimum cold start voltage at least equals to 330 mV,
using a low power density of 0.3 pW/cm? from the incident EM waves.
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Figure 11.21. Measurements obtained at 868 MHz with the power density variation across the 10 kQ resistive load for the
manufactured rectennas: (a) The measured DC voltage; (b) The power conversion efficiency.
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Figure 11.22. These plots of the PCE versus the electrical size (ka) compare our rectennas with those in the state of the art for
about -5 dBm (right) and -15 dBm (left).

The Table 1.4 reports the overview of the key characteristics and performances of the
proposed rectennas compared to those in the state-of-the-art operating with similar illuminating
power density. Furthermore, the graph in Figure 11.22 represents the PCE of rectennas as function of
the electrical size. It can be observed that our rectennas is not only electrically small (ka<1), but also
outperform others with a PCE exceeding a 55% with a RF input power of about -5 dBm. Among the
rectennas, R1_3D is stands out as the most promising candidate, despite the use of a non-optimum
load of 10 kQ as in A5 and Al. Our proposal demonstrates a remarkable advantage, particularly when
considering lower available power received by the rectenna, approximately -15 dBm.

This highlights the robustness and effectiveness of our design in extracting usable power from
low-intensity RF signals. Additionally, it is interesting to note that the PCE of R2_3D is comparable to
that of A1, which is a high gain antenna of 3.47 dBi with a low loss tangent of 0.0009, and an optimum
load of 2.5 kQ). Hence, this makes R2_3D a good candidate for achieving the best trade-off between
compactness and efficiency.
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3. Conclusion

The works presented in this chapter, introduce original and electrically small rectennas
functioning at 868 MHz. The design and architecture of the rectennas were carefully chosen based on
specific requirements, including small size, high efficiency for low RF input power, and cost-effective
manufacturing. All prototypes were implemented on FR4 substrate using readily available SMD
components.

The first part of the study focused on the development of an efficient voltage doubler rectifier
using a series-pairs SMS7650-005LF Schottky diodes. The rectifier was optimized for RF input power
around -15 dBm. To emulate the input impedance of a power management unit and to ensure the
needs of powering wireless sensing devices, a resistive load of 10 kQ was chosen. The rectifier
demonstrated good performance under these conditions. In the second part, compact 3D antennas
were designed and thoroughly characterized in an anechoic chamber. Both proposed antennas A1_3D
and A2_3D are considered electrically small antennas, with dimensions of 52 mm x 32 mm x 10 mm
and 40 mm x 30 mm x 10 mm, respectively. Additionally, they achieved a gain higher than +1 dBi. The
antennas were carefully optimized and demonstrated reliable performance. The final stage involved
integrating the rectifier and the antenna to form a complete rectenna prototype. They independently
achieve an RF-to-DC conversion efficiency of over 40 % when subjected to an illuminating power
density of 1 pW/cm? across a non-optimum load of 10 kQ. Comparing the proposed rectennas with the
designs reported in Table 1.4, our rectennas are ultra-compact and exhibit outstanding performances.
The obtained experimental results have confirmed the suitability of the proposed rectennas for RF
wireless power transmission. However, further optimization is still possible for our rectennas. This
includes exploring the use of lower loss tangent substrates, such as those used in Al, A6, and A7, and
increasing performance by adopting complex-conjugate impedance matching between the antenna
and rectifier without the use of lumped components that may introduce additional losses. In the next
studies, presented in chapter lll, the proposed rectenna will be used as a power-harvesting solution
for a battery-free wireless sensing node and potentially be embedded in inaccessible environment
requiring good performances for low received power.
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Table 11.4 Study of the compact and electrically small rectennas in the state of the art.

Input .
Geometry | References Freg. Diode Substrate Power S 2 PCE (%) R(Q) | Gr(dBi) Rectenna size ka
(GHz) (UW/cm?) (mm x mm x mm)
(dBm)
. -15 0.13* 32%*
2% SMS7630- Taconic TLY-5-0100 10 0.4* 449%* 1.6
[132]=Al1 | 0.800 (er =2.2; tans : 2.5x 3.47 130 x 140 x 0.254 (a=95.6
0079 a -5 1.4* 57%*
=0.0009) 5o 1 5a9* mm)
Teflon F4B -11.5 1.6 31% 1.2
[69]=A2 | 1.8 SMS7630 (er =2.55 ; tand 7.1 4.5 54% 12 3 45x45x0.8 (a=32mm)
=0.001) -3.5 10 61%
FRA -14%* 0.21 31% 1.13
[65] = A3 0.86 HSMS2850 -7* 1.1 35.5% 10 2.6 110x 60x 0.8 (a=62.7
(er =4.4 ; tan =0.02)
2D -4* 2.2 37% mm)
-15 26%*
=3.4; tand 0.6
[133]=A4 | 0.920 | SMS7630 (er_o 00’15a)n -10 NR 34% 8 0.8 455x43x02 | o0
e -5 38%* ST
FR4 -20 33.8% 0.59
[134] =A5 | 0.868 HSMS2852 (er =4.28 ; tand -10 NR 54.7% 101 0.23 54x32x1.6 (a= 3é 2mm)
=0.02) -5 60% T
Taconic TLY & Duroid -15 0.27** 7%* 047
5880 -10 0.85** 25%* 1.27 '
135]=A6 | 0.915 HSMS286C 5.1 Circular (R=49.4 =24.7
[135] (er =2.2; tand 5 2.7%* 47%* ireular { ) (amm)
=0.0009)) 0 8.7%* 65%*
-15 0.23* 26%*
Taconic TLY-5 (er -10 0.7* 32%* 19.21x19.21 x 0.53
= . - . X .
[131]=A7 | 0.868 HSMS-2858 =2.2; tand =0.0009) -8.4 1* 34%* 2.193 18 52.06 (a=29 mm)
-5 2.2% 39%*
-14.9 0.25 35%
3D This work SMS7630 FR4 0.48
0.868 -8.9 0.95 49.8% 10 1.7 52x32x10
R1_3D O05LF (er =4.4 ; tand =0.02) 49 55 61.9% (a=26.5mm)
-15.2 0.25 30%
This work SMS7630 FR4 0.38
0.868 -9.2 0.95 43.9% 10 1.1 40x30x 10
R2_3D O05LF (er =4.4 ; tand =0.02) 59 55 55.3% (a=20.7mm)

*Estimated from graph or calculated from given data and figures; ¥ Optimum load, NR: Not reported
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lll. Battery-free Wireless Sensing Node
for Structural Health Monitoring
Applications

1. Introduction

The development of a wireless power system through a rectenna aims to feed low-power
consumption devices. It eliminates the need for batteries, reduces the weight of the device, and
provides longer operating times. This is particularly beneficial for inaccessible systems that require
maintenance, such as battery replacements. Building upon the rectenna developed in the previous
chapter, this section presents the implementation of wireless sensing nodes to be embedded in
reinforced concrete beams. These nodes are designed to measure physical parameters such as
temperature, humidity, and resistivity, and store the data for structural health monitoring. While
similar concepts exist with RFID technology, it is limited by data storage capacity and short reading
distances. Multiple wireless powered sensor implementations based on LoRaWAN and BLE technology
will be discussed, including their advantages and disadvantages across various designs.

The second part of this work focuses on combining BLE technology for wireless sensor data
communication with UWB for geolocation functionality. This design serves as a proof of concept to
test the power supply of the sensing nodes using the EH stage of a geolocation module developed by
UWINLOC company. The geolocation module (UGM) will be detailed in Chapter Error! Reference
source not found.

The research was made possible via the McBIM (Material communicating with the Building
Information Modeling) project, funded by the French National Research Agency (ANR). This project
aims to implement a communication system for civil engineers [136]. It is part of a colleague Gael
Loubet's thesis, conducted within our team in the laboratory. Further details and in-depth results on
the entire system and the different implementations of battery-free sensing nodes are presented in
his manuscript [137]. In our work, we had only focused on their functioning thanks to RF Wireless
Power Transmission facilities.

2. Remotely Powered Battery-free wireless sensor nodes

2.1. Introduction of the targeted application : Structural health monitoring

The main objective of the application is to accurately predict the state of health of the material,
specifically a concrete beam in the McBIM project. The goal is to ensure safe usage and anticipate
potential damages by providing timely maintenance solutions. The study involves measuring various
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physical parameters of the structure and/or the environment throughout its lifecycle, including
manufacturing, drying, construction, operation, demolition, and recycling.

Parameters such as temperature, humidity, pH, corrosion, deformation or stress, crack
detection, and location are commonly measured [138]-[141]. These physical measurements need to
be stored, processed, and exchanged using a new concept called communicating material, which is
introduced as a novel paradigm for industrial information systems [142].

The technical solution proposed for this project is to design a communicating concrete that
incorporates a low-energy wireless sensor network capable of managing and exchanging data with a
Building Information Modeling (BIM) platform. As depicted in Figure lll.1, the communicating concrete
solution consists of a Wireless Sensor Network (WSN) comprising two types of nodes: sensing node
(SN) and communication node (CN). The task of the SN is to periodically monitor and transmit the
physical data to a remote server using the BIM standard. Since the SNs need to be embedded in
concrete, they must meet the requirements of the loT paradigm, being completely wireless, low
power, and robust throughout the structure's lifespan. On the other hand, the CNs are responsible for
retrieving, processing, storing, and exchanging the data transmitted by the SNs with other CNs.
Ensuring the autonomy of SNs in concrete is critical, and battery-powered solutions are not feasible
due to their limited lifespan. Ambient Energy Harvesting (EH), which efficiently powers devices without
batteries using ambient energy sources, serves as a viable alternative. Among various EH solutions, RF
EH or WPT solutions are considered most suitable for wireless sensors embedded in an air cavity within
reinforced concrete due to their specific advantages.
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Figure Ill.1. Description of the ANR McBIM Project

The integration of sensing nodes (SNs) into concrete beam cavities can be done in various
ways, each with its own advantages and disadvantages. One option is to integrate only the sensors
into the concrete and wire them to the rest of the devices (microcontroller electronic board, rectenna,
and data transmitting antenna), allowing access to the SN for maintenance or hardware/software
modifications. Another option is to embed the entire electronic part of the SN into the concrete while
placing the antennas externally. This approach restricts access to the SN once the concrete has been
molded but helps protect it from damage or tampering, except for the antennas. However, these first
two solutions do not account for the effect of concrete on the propagation of electromagnetic waves.

In this project, the most secure solution is adopted, which involves embedding the entire
battery-free sensing node (including the electronic and antenna components) into the concrete cavity.
This approach presents two main challenges: (1) Harvesting electromagnetic waves transmitted
through wireless power transmission; (2) Transmitting the data measured by the sensors via wireless
communication. The attenuation of electromagnetic waves through concrete depends on its
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composition, the density of metallic reinforcement, porosity, and dielectric properties, which are
influenced by the condition of the concrete (wet or dry).

However, this study does not cover the investigation of these factors and instead focuses
primarily on the feasibility of wireless energy transmission through a dry concrete structure.
Considering the low available power density for energy harvesting and the attenuations within the
concrete structure, the proposed strategy is to periodically receive data from the sensors instead of
continuous data reception. The harvested power also depends on the targeted frequency, as higher
frequencies result in greater free space losses. Moreover, the maximum emitted power is regulated
based on frequency band and regional location [143]. For the purposes of this study, it is considered
sufficient to obtain measurements, for example, once an hour, once a day, once a week, or once a
month to monitor the structural health of reinforced concrete in different life cycle phases. As
mentioned earlier, this work is part of a larger project and another PhD thesis. The overall system
architecture and the communicating node are presented in that thesis.

2.2. LoRaWAN-based Sensing Node (LSN)

The proposed wireless system, intended to wirelessly power a sensor node embedded in a
concrete cavity, is illustrated in Figure 111.2. The aim is to wirelessly power the sensor node using a
wireless power transfer (WPT) interface, which includes a rectenna, and transmits data through
LoRaWAN (Long Range Wide-Area Network) frames to a gateway. Initial communication tests
conducted through reinforced concrete walls confirmed the suitability of LoRaWAN technology.
Despite its advantage of providing long-range communication capabilities (up to tens of kilometers), it
consumes relatively higher power compared to Bluetooth Low Energy solutions, which will be
presented later. The sensing node performed measurements in a punctual and temporal manner,
without the need for internal storage memory, in order to reduce power consumption. The different
components used in the system are generic and have been carefully selected to ensure efficient
operation and low power consumption. Unidirectional data communication is employed from the
sensing node to the communicating node. The transmitter of the sensing node is responsible for
transmitting a small amount of data collected by the sensor, over a distance of at least a few tens of
meters, from inside the material (in this case, reinforced concrete) to the communicating node(s). For
the communication functionality of the sensing node, the compact and cost-effective module
CMWX1ZZABZ-091 LoRaWAN from Murata [144] is utilized. This module incorporates an SX1276 LoRa
transceiver from Semtech [145] and an STM32L072CZ microcontroller from STMicroelectronics [146].
To facilitate wireless data transmission, a conventional monopole antenna known as the Whip antenna
(ANT8WHIP3H) is employed. Concerning the energy harvesting features, the rectenna captures
electromagnetic (EM) waves emitted by a dedicated RF source, and then transfers the harvested
energy to a power management unit (PMU) (Texas Instruments BQ25504). This energy is stored in a
22-mF supercapacitor (AVX BZ01CA223ZSB). Once a sufficient amount of energy is accumulated
(determined by an activation threshold of 5.25 V), it is used to power the active components through
a dc-to-dc regulator (Texas Instruments TPS6303x). The supercapacitor is discharged until it reaches a
deactivation threshold of 2.30 V.

The active components consist of a LoRaWAN communication module (Murata CMWX1ZZABZ-
091), which includes a microcontroller unit (MCU) and a LoRa transmitter, as well as a temperature
and humidity sensor (Texas Instruments HDC2010). During this study, various prototypes were
developed. However, we will focus solely on the energy harvesting aspect in order to enhance
performance of the SN in a challenging environment with relatively low available power density.
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Figure Ill.2. Schematic of the proposed wireless power system for the sensor node.

2.2.1.

Prototype 1 of the proposed sensing node (LSN1)

At the sensing node level, the initial prototype involved two separate antennas: one for
capturing electromagnetic waves for energy harvesting and the other dedicated to LoRaWAN
communication. Figure 111.3 illustrates the implementation of this architecture. For the energy
harvesting aspect, we used the rectenna developed in Chapter I, which proved suitable for testing the

prototyped sensing node. Its compact size facilitated integration with the sensing node and embedding
within the concrete cavity. Among the two developed rectennas, R1_3D was chosen due to its higher
antenna gain and compact power conversion efficiency (PCE) compared to R2_3D. Experimental
results for the R1_3D rectenna, with dimensions of 52 mm x 32 mm x 10 mm, demonstrated a PCE of
35% with an equivalent power density of 0.25 uW/cm? or an RF input power of -14.9 dBm. This
corresponds to a harvested DC voltage of 336 mV or 11.3 uW on a 10 kQ load. These promising results
indicate the rectenna's ability to meet the cold-start condition of the BQ255504 power management
unit (PMU) in the sensing node, which requires a minimum cold-start input power of 15 uW. It's
important to note that these performances were achieved in an anechoic chamber and are expected
to degrade when the rectenna is embedded in the concrete structure. Therefore, optimization of the
energy harvesting component in the sensing node is necessary to ensure proper operation within the
concrete cavity. Indeed, the objective is to optimize the sensitivity of the rectifier in order to maximize
the harvested DC power at low input power levels.
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Figure Ill.3. Bloc diagram of the proposed generic architecture of the sensing node V1.
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Optimizing the rectenna's sensitivity to low RF input power levels can be achieved through
various methods. These include using a specific rectifier topology (such as a multiband rectifier or a
resistance compression network), employing CMOS technology instead of commercial Schottky
diodes, increasing antenna gain, and optimizing the transmitting signal. For our experimentation
purposes, we aim to choose the simplest solution to implement while still using the previously
developed rectenna. Thus, the most suitable solution was to enhance the antenna gain of the rectenna.
However, it is challenging to design an antenna suitable for operation within a concrete cavity.
Additionally, the propagation of waves through concrete depends on several factors, including the
composition, density, moisture, and porosity of the concrete material. These factors significantly
impact the antenna's performance, leading to impedance mismatch and alterations in its radiation
pattern. The propagation behavior of electromagnetic waves through concrete varies depending on
the operating frequency. Higher frequencies have limited ability to penetrate concrete. Therefore, the
choice of frequency in the European ISM 868 MHz band was made carefully. This frequency allows for
better wave penetration, offers high maximum power emission according to the standard ([147]), and
is available for LoORaWAN technology. In existing literature, some studies have investigated antennas
embedded in concrete for different applications. For instance, a microstrip patch antenna operating at
2.5 GHz was designed for civil engineering applications [148]. Another study [149] presented the design
of a UHF RFID tag antenna suitable for embedding in a concrete floor. This antenna consisted of a
ceramic patch, a parasitic patch, and a metal cavity, which improved the overall antenna gain. To
improve the antenna, gain and minimize the influence of the cavity on radiation, we considered two
approaches: (1) Covering the concrete beam hole with a metal cavity to reduce losses when the
rectenna is embedded in the concrete; (2) Using the grounded bottom side of the sensing node, which
would serve as a reflector plane. Both methods would increase the maximum gain of the antenna in a
specific direction and consequently enhance the power harvested by the rectenna. However, they may
also reduce the beamwidth of the antenna. Additional simulations were conducted to ensure
impedance matching to 50 Q and determine the optimal distance between the antenna and the
reflector plane, as well as the bottom of the cavity.

- Antenna gain enhancement with reflector plane

The antenna, when positioned at a specific distance from the metal plane, generates a
unidirectional radiation pattern. Theoretically, it is known that the antenna should be placed at a
distance of a quarter-wavelength from the reflector plane to ensure that the reflected wave is in phase
and enhance the antenna gain. In Figure Ill.4, the SN PCB board, which acts as the reflector plane, is
positioned parallel to the co-polarization plane of the antenna. Through simulations, an optimal
distance of 6 cm (approximately A/5.5 at 868 MHz in free space) was determined to concentrate the
maximum gain in a single E-plane lobe and minimize back lobe radiation.

Additionally, the width of the metallic arms was adjusted to 8 mm (instead of the initial 10
mm). The performance of the two antennas, namely the 3D dipole antenna (DA) and the DA with a
rectangular reflector plane (DARP) measuring 140 mm x 90 mm, is presented in Figure II.5. For the
DARP, the antenna was connected to the PCB board using a nylon stem to maintain the simulated
height of 6 cm. The return loss (511) plots demonstrate that both antennas are well-matched, with a
slight frequency shift of 15 MHz due to fabrication tolerances, such as imperfect shape of the metallic
arms and the connection with the planar dipole. The measured gain in the E-plane is +1.54 dBi for DA
and +5 dBi for DARP, which closely aligns with the simulated gain of +5.68 dBi for DARP.
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Figure l11.4. (a) Simulation model and geometries of the DARP antenna; (b) Manufactured DA antenna; (c) Manufactured DARP
antenna.
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Figure Ill.5. (a) Comparison of the simulated and measured reflection coefficient of DA and DARP antennas; (b) Simulated and
measured radiation patterns (gain in dBi) of the DA and DARP antennas in the E-plane at 868 MHz.

- Antenna gain enhancement with metal cavity.

Through simulations, the size of the metal cavity and the positioning of the antenna from the
bottom side were optimized to increase the antenna gain and prevent detuning of the antenna within
the concrete. A smaller metal cavity with dimensions of 120 mm x 130 mm x 100 mm was designed to
fit the 150 mm x 150 mm x 150 mm, concrete beam hole without its cover. The antenna was placed
10 cm from the bottom of the cavity, and the metallic arms were adjusted to 7.5 mm. The antenna
with the metallic cavity (DAMC) was prototyped using an aluminium plate, adhering to the dimensions
obtained from the simulations. Figure II.7 illustrates the comparison between simulation and
experimental results for both antennas. The measured return loss (S11) values for the DA and DAMC
antennas were -18.8 dB and -22.2 dB, respectively.

The radiation pattern of the manufactured antennas was measured in an anechoic chamber,
and the measured and simulated gain in the E-plane (a vertical cut plane orthogonal to the antenna's
horizontal plane) aligned well. Consequently, by incorporating the metallic cavity, the antenna gain
improved by a factor of 2.5, reaching up to +4.5 dBi. Therefore, with both methods, the antenna gain
has more than doubled. However, it is worth noting that the simplest solution is to utilize the bottom
side of the SN board as a reflector plane. On the other hand, the antenna with the metallic cavity still
offers the advantage of a better aperture angle.
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Figure lll.7. (a) Comparison of the simulated and measured reflection coefficient of DA and DAMC antennas; (b) Simulated and
measured radiation patterns (gain in dBi) of the DA and DAMC antennas in the E-plane at 868 MHz.

- Rectenna performances with the improved antenna

The final design involves replacing the DA antenna with a rectenna to evaluate its performance
with the improved gain achieved through the reflector plane and the metal cavity. Two prototypes
were tested: the rectenna placed inside the metal cavity named RMC, and the rectenna positioned on
the bottom of the SN PCB board named RPB. Their performances will be compared with the one
without any reflector structure, referred to as RA. The experimental setup was placed inside an
anechoic chamber. It involved illuminating the rectenna under test, positioned in the far-field region
of the transmitter, with a linearly polarized E-Field. The transmitting patch antenna was connected to
an Anritsu MG3694B power generator via a coaxial cable. To ensure accurate measurements, the
insertion losses through the RF cable used to connect the RF source to the transmitting antenna were
measured using a power meter and subtracted from the transmitted RF power. The harvested DC
voltage across a 10 kQ load was measured using a multimeter. The measured DC voltage of the
rectenna as a function of frequency indicates that the use of a reflector does not shift the optimum
working frequency of the rectenna. All prototypes exhibit their maximum harvested DC voltage close
to the targeted frequency of 868 MHz. There is a clear improvement in the harvested DC voltage with
the use of a reflector. While the rectenna RA without reflecting element, achieves a voltage of 1.97 V,
the rectennas RPB and RMC achieve voltages of 2.7 V and 2.6 V, respectively, representing a growth
rate of at least 31%. When it comes to higher received power by the rectenna, RA demonstrates higher
efficiency than the other prototypes, reaching a maximum efficiency of 70%.
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Figure 111.8. (a) Measured dc voltage of the manufactured rectennas over the frequency in anechoic chamber at a power
density of about 3.4 uW/cm? (b) Computed RF to dc conversion efficiency over the received power by the rectenna at 868
MHz across a 10 kQ load.

The increase in antenna gain does not necessarily result in an increase in rectenna power
conversion efficiency (PCE) due to Schottky diode saturation when receiving excessive power (with a
higher gain antenna). However, both RMC and RPB maintain a good efficiency of about 65% with a
received power of 0 dBm or an equivalent power density of 3.9 uW/cm?. The primary goal of increasing
antenna gain was to enhance the rectenna's sensitivity for operating the PMU in cold-start mode at
low power levels. The summary Table 1.1, presents the harvested DC power and PCE obtained with
each rectenna. It is worth noting that with the flat reflector plane (representing the ground plane of
the SN), the rectenna's sensitivity has been halved from 0.31 pW/cm? to 0.16 pW/cm? for a minimum
cold-start input power of 15 uW. Additionally, the sensitivity has decreased by a factor of 2/3 with the
metal cavity. With the same power density reaching the rectennas (0.98 and 3.91 pW/cm?), the RF
received power is higher thanks to the reflectors, resulting in more than doubled harvested DC power.

Table 1ll.1. Summary table of the rectennas performance for different power density level at 868 MHz and sensitivity
assessment for cold-start working conditions of the PMU BQ25504.

Rectenna Antenna Power density RF Received Harvested DC PCE (%)
gain (dBi) (LW/cm?) Power (dBm) Power (LW)

0.31(S) -13.9 15.48 34.9
RA +1.4 0.98 -8.9 64.26 49.8
3.91 -2.9 363.7 70.8
0.16 (S) -13.3 15.49 33.1
RPB +5 0.98 -5.3 151.0 51.1
3.91 +0.7 783.6 66.6
0.19 (S) -12.8 16.85 32.0
RMC +4.5 0.98 -5.8 129.5 49.2
3.91 +0.2 682.0 65.0

*S refers to sensitivity

Therefore, it can be expected to operate the battery-free sensing node embedded in the
concrete cavity at a lower power density, allowing for a greater distance or faster operation with the

same power density.
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- Battery-Less System Performance Measurements

In this section, we focus the study on the wireless power transmission aspect for the operation
of the sensing node. The SN used for the experimentation has been fully characterized and tested, as
presented in the PhD manuscript [150]. In the paper, the SN, referred to as SN4, requires 11 m)J for the
initialization step without any sensor and 143.4 mJ for the full process with the HDC2010 temperature
and humidity sensor. The interesting performance achieved by the rectenna with the PCB board as
reflector plane (RPB), allows for the embedding of the complete rectenna connected to the SN within
a cavity of a reinforced concrete beam, which was manufactured specifically for the experiments and
has the dimensions presented [151]. The open concrete beam cavity has a depth of 25 cm, and its
cover (depicted in Figure I11.10 (c)) has a height of 100 mm. Therefore, the entire battery-free SN, when
embedded in the concrete, will reside within an empty cavity of 150 mm x 150 mm x 150 mm. Before
conducting the SN experiments, we investigated the influence of concrete on the rectenna's
performance. For this purpose, we set up the experimental setup shown in Figure 111.10 (a). The
transmitting antenna, connected to the RF power generator, is positioned on the roof at a distance of
1.56 m from the top of the concrete beam. Additionally, the rectenna within the concrete cavity is
placed to match the polarization of the transmitting antenna, at different heights from the bottom of
the cavity, as illustrated in Figure 111.9 (a). The direct wave path transmitted by the patch antenna is
attenuated over a distance of 1.56 m in the air and an additional 100 mm by the thickness of the
concrete cover. Preliminary measurements have revealed that the operating frequency of the rectenna
is not affected by the concrete structure. With an EIRP (Effective Isotropic Radiated Power) of +32 dBm,
without considering the disruption of wave propagation, the harvested DC power varies non-linearly
depending on its height within the cavity. At the bottom of the cavity (d = 0 mm), the rectenna captures
fewer electromagnetic waves, resulting in a harvested DC power of 82.35 uW. When the rectenna is
closer to the surface of the concrete cover at 1.5 cm, its radiation pattern is also altered, resulting in a
harvested power of 56 uW. The best trade-off was found at a maximum power of 219.83 uW when
the rectenna is positioned at 5 cm within the cavity. At this particular position of the rectenna in the
cavity, we then evaluated its performance as a function of the EIRP power to determine the operating
sensitivity of the sensing node. As shown in Figure 111.9 (b), the harvested DC power varies almost
exponentially with the EIRP power level. With a minimum EIRP of +22.7 dBm, the rectenna can provide
15 uW for the cold-start functioning of the developed SN. According to the standards defined by ETSI,
we can emit a maximum power of 2W or +35.15 dBm EIRP.
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Figure 111.9. (a) 3D view of the rectenna RPB position inside the covered concrete cavity (top green part is the cover); (b)
Harvested dc voltage of the rectenna RPB over the EIRP of the RF source positioned at 170 cm far away from the rectenna
fully embedded in the covered concrete cavity at 868 MHz across a 10 kQ load.
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Therefore, with such a limitation, we expect the SN to operate at a distance of at least 2 meters.
After characterizing the rectenna in both the anechoic chamber and the embedded concrete cavity, a
complete sensing node prototype was characterized. In these experiments, the output of the rectenna
was no longer connected to the 10 kQ load, but rather to the input pins of the sensing node. The EIRP
power remained constant at +32 dBm at a frequency of 868 MHz. The voltage evolution at the output
of the rectenna and across the storage capacitor was measured using a LeCroy WaveRunner 6100
oscilloscope. During operation, when the RF power generator is turned on, the rectenna harvests
electromagnetic waves and supplies power to the PMU (BQ25504). It then stores the available power
in the supercapacitor until the voltage across the capacitor exceeds 5.25 V as shown in Figure II1.11. At
that point, it supplies power to the active components of the sensing node until the voltage drops
below 2.30 V. During each discharge cycle, the temperature and humidity is measured by sensors, and

a LoRaWAN frame is transmitted.

Transmitting
Patch antenna

RF signal
generator

Oscilloscope

3:22:11 PM

adr: true
applicationID; "11"
applicationName: "McBIM"
data: "AMOBuQ=="
devEUL: "343437315d366e0e"
deviceName: "LRWAN1"
fCnt: 1
fPort: 1
v object: {} 2 keys
Humidity: 44.1
Temperature: 20.5
v txinfo: {} 2keys
dr: 0
frequency: 868500000

3:58:02 PM uplink

adr: true
applicationID: "11"
applicationName: "McBIM"
data: "AMcB2A=="
devEUI: "343437315d366e0e"
deviceName: "LRWAN1"
fcnt: 1
fPort: 1
v object: {} 2keys
Humidity: 47.2
Temperature: 19.9
v txinfo: {} 2keys
dr: 0
frequency: 868100000

5:17:23 PM uplink

adr: true
applicationID: "11"
applicationName: "McBIM"
data: "AMgB9A=="
devEUL: "343437315d366e0e"
deviceName: "LRWAN1"
fCnt: 1
fPort: 1
v object: { 2keys
Humidity: 50
Temperature: 20
v txInfo: {} 2keys
dr: 0
frequency: 868300000
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(a)

sensing node (RPB)

(d)

Figure 111.10. Experimental setup of WPT system (the rectenna R2 with the sensing node acting as a battery-free wireless sensor
was placed inside the covered concrete cavity, the RF source and the LoRa gateway); (b) Bottom view of the sensing node
connected to the rectenna; (c) The cover of the hole/cavity (sized 15 cm x 15 cm x 15 cm) where the rectenna was embedded;

(d) Received data from the LoRa gateway.
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curve) for a +32 dBm EIRP power.
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Based on the experimental results, it takes approximately 36 minutes for a complete charge of
the supercapacitor and the transmission of temperature and humidity data to a local LoRaWAN
gateway. These preliminary findings demonstrate the feasibility of wirelessly transmitting both power
and data through concrete. Beyond the minimum operation of the PMU, the transmission of sensor
data can be monitored periodically, corresponding to the transmitted EIRP power level. This is
particularly useful in critical use-cases where the need for data at reduced time intervals is necessary
for statistical purposes. Considering the high-power consumption and large size of the current
prototype (140 mm x 90 mm x 60 mm) presented in Figure I11.10 (b), further efforts have been made
to obtain an advanced prototype with improved power efficiency and reduced dimensions.

2.2.2. Prototype 2 of the proposed sensing node (LSN2)

The earlier prototyped SN allowed us to validate the major functionalities and the feasibility of
communication and power transmission through concrete. However, the SN board was designed to be
larger in size to accommodate the addition of auxiliary components for other functional tests. The size
of the PCB is also influenced by the 868 MHz IFA transmitter antenna, which requires minimum ground
plane dimensions for optimal radiation efficiency. As the choice of the transmission antenna is a
constraint for miniaturization, we considered using a single antenna for both wireless power
transmission and data communication. This eliminates the need for a dual-band antenna design. To
achieve this, an RF circulator is required to separate the transmitted and received signals at the
antenna input. As the principle depicted in Figure 11l.12, the antenna captures the electromagnetic
waves transmitted by the power source and directly feeds the RF signal to the rectifier input port
without injecting it into the transceiver. Once enough power is stored in the supercapacitor, the data
from the sensor is transmitted through the transceiver to the second port of the circulator. The
circulator must have very low insertion losses (typically around 0.5 dB) and high isolation between the
ports. For ease of prototyping, the previously developed compact 3D antenna in the chapter Il was
chosen. In this iteration, the entire prototype was manufactured using a 1.6 mm thick FR4 substrate.
A modified version of the dipole antenna with a T-match structure associated with metal arms was
adapted for easy connection with the circulator. The selected circulator is the C11-1FFF/OPT. N from
Aerotek (Hanover, Maryland, United States of America) [152]. The PCB antenna is connected to the
main port of the circulator, while the other PCB, which includes the integrated rectifier, sensors,
LoRaWAN module, energy management element, and microcontroller, is connected to the other two
ports. The size of the SN PCB, including the 60 mm x 80 mm electronics, serves as the ground plane for
the transmitting/receiving antenna, as shown in Figure 111.13 (a). This version of the sensing node with
a pass plane is named SNP1, and a more compact version of the electronic board with the antenna
without a ground plane is named SNP2.

Environment

Sensing Node

Supercapacﬂr Power Management Rectifier
= Unit @ -F

mmmmss Data mmmmmm Electrical power Electromagnetic power

Figure Ill.12. Bloc diagram of the proposed generic architecture of the sensing node V2.
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Figure I11.13. Photographs of the prototypes of the sensing nodes: (a) SNP1 with the PCB as reflector plane; (b) SNP2 without
reflector plane.

According to antenna simulation results, the antenna has a gain of +1 dBi, which is reduced by
0.4 dBi due to the size and thickness of the PCB. However, with the ground plane at a distance of 50
mm imposed by the position of SMA connectors and the circulator, the antenna gain is +2.2 dBi. Before
conducting experimental testing of the SN, the antenna reflection coefficients were checked to ensure
their suitability at 868 MHz. The test conducted in the harvesting aspect with SNP1 prototype, which
benefits from gain enhancement thanks to its reflector plane, is presented here. Further results of
SNP1 and SNP2 were obtained and presented in [150]. Placing SNP1 in the concrete will significantly
reduce the wireless communication range and the power level received by the rectenna, leading to a
higher data emission rate. Once enough power is received, the SN is powered on and can perform its
full operational cycle (power-up, initialization, measurement, pre-processing, LoORaWAN transmission)
in 1.6 seconds, consuming 92 mJ of energy with an input power of +4 dBm. A more detailed study of
the SN's energy consumption based on the received RF power level for different types of sensors is
presented in [137]. Preliminary tests confirmed the functionality of the second prototype. The SN,
embedded in the cavity of a reinforced concrete beam, is wirelessly powered and controlled up to
several meters by the communicating node. A power source was developed to emit a CW signal of
variable power at 868 MHz. The duration of the initial charge with an empty capacitor and the recharge
time of SNP1, considering the estimated RF power received by the rectenna, were measured and
illustrated in Figure 111.14. It can be observed that the sensitivity of SNP1 is achieved at -14 dBm, which
aligns well with the previous result obtained with SN, demonstrating a sensitivity of -13.9 dBm when
powered by the same rectenna (RA) used here. Beyond a certain RF power value at the rectifier input,
the harvested DC voltage remains almost constant due to the saturation of the Schottky diode.
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Figure 1l1.14. (a) Photo of the experimental setup with the sensing nodes embedded in a reinforced concrete beam; (b)
Durations of the first charge and recharges, and rectifier output voltage against the RF power applied at the input of the
sensing node for a frequency of 868 MHz.
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The duration of the initial charge increases from approximately 34 hours to 1 minute, and the
recharge time decreases from approximately 14 hours to 30 seconds, as the received RF power by the
rectenna increases from approximately -14 dBm to +15 dBm, respectively.

The experimental tests conducted on the prototyped SN serve as a proof of concept for
wireless power and data transmission through concrete. The SNs can be remotely powered by an RF
power source, and the measured data are accurately received by the communicating node. However,
there is still room for improvement due to the limitation of the maximum distance achieved between
the source and the SN, which is currently 7 meters. To enhance the sensitivity of the SN, which directly
impacts the duration of the initial charge, recharge time, and thus the maximum distance, it will be
necessary to reduce its overall power consumption.

2.3. Bluetooth Low Energy-based Solution (BSN)

In this section of the project, we present the development of a wireless sensing node based on
Bluetooth Low Energy (BLE) technology. The objective was to create a more compact sensing node
with communication technology that consumes less energy, thereby extending the node's lifespan and
increasing sensitivity to wireless power transmission (WPT) features. For this purpose, wireless power
transmission is always performed at 868 MHz, allowing for initial testing. The architecture used for the
first prototyped LoRa-based sensing node (V1), with two separate antennas, is also employed for this
BLE-based node, as depicted in Figure 111.3.The choice of BLE technology was based on its numerous
advantages compared to other technologies. It boasts low power consumption, utilizes cost-effective
chipsets, and offers higher data rates than LoRaWAN. As a result, it becomes feasible to transmit large
amounts of data in a single transmission. Additionally, with BLE technology, monitored data can be
accessed using various wireless devices, including smartphones, tablets, and even smartwatches.

The Bluetooth Low Energy (BLE) wireless communication technology is specifically designed
for low-power operation and operates within the 2.4 GHz Industrial Scientific and Medical (ISM)
frequency band, ranging from 2.402 GHz to 2.48 GHz [153]. This frequency band is divided into two
sets of channels: 3 advertising channels and 37 data channels. BLE supports various modes of operation
depending on the type of connection, including point-to-point, mesh, and broadcast. For this project,
the broadcaster or advertising mode is employed to minimize the energy consumption of the sensing
node (SN). By utilizing the advertising channels, potential interference with other Bluetooth and WiFi
devices, which also operate within the same frequency band, can be avoided. In this configuration, the
SN device transfers data in the form of advertising packets on the three primary advertising channels,
without establishing any incoming connections. On the other hand, the communicating node (CN) is
configured in observed mode, continuously scanning for advertisements in passive mode. The
broadcast event corresponds to the duration of the primary advertising channels: 37, 38, and 39. These
channels are transmitted at the respective frequencies of 2.402 GHz, 2.426 GHz, and 2.480 GHz [154].

When designing a system with low energy consumption, choosing the right components,
including the Bluetooth Low Energy (BLE) System-on-Chip (SoC), is crucial. There are several BLE
transceivers available in the market, and it's important to consider their key relevant features when
sizing the global system. Table 1.2 provides a comparison of these transceivers based on key relevant
parameters. One notable observation is that most of the commercialized transceivers have similar
sensitivity levels, typically around -95 dBm. This sensitivity enables coverage ranges of several tens of
meters. The default transmitting power for these transceivers is generally set at 0 dBm. In terms of
current consumption, the QN908x transceiver has the lowest values for both receive (Rx) and transmit
(Tx) current. However, it should be noted that the QN908x has higher current consumption in deep
sleep mode compared to the RSL10 transceiver.

73



Chapter lll: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications

The resolution of the Analog to Digital Converter (ADC) is another important parameter to
consider. Most of the transceivers support at least 10 bits of resolution, ensuring accurate analog-to-
digital conversion. By considering these key features, the appropriate BLE SoC can be selected to

optimize energy efficiency in the overall device design.

Table I1l.2. Comparison of the key parameters of most used BLE transceiver in loT applications.

QN908x QN9090 nRF52833  BlueNRG- RSL10 EFR32BG22 DA14531
Parameters
[155] [156] [157] LP [158] [159] [160] [156]
Sensitivity (dBm)? -95 -97 -95 -97 -94 -98.9 -94
-19.5to
Tx power (dBm) -30to+2 Upto+1l -20to+8 -20to +8 -17 to +6 -27 to +6 55
+2.
Rx Current (mA) 3.5 4.3 6.0 3.4 3.0 3.6 2.2
Tx Current (mA)? 3.5 7.4 6.0 4.3 4.6 4.1 3.5
Deep sleep mode
1000 350 1300 900 100 1050 1200
current (nA)
1.62to
Supply voltage (V) 36 19to3.6 1.7to5.5 1.7t036 1.1to3.3 1.71to3.8 1.1to3.3
16-bit 12-bit . 12-bit 8 to 14- ) .
ADC 12-bit 12-bit 10-bit
8-channel  8-channel 8-channel bit

IThe sensitivity is specified in 1Mbps mode.
2Value obtained for 0-dBm TX power with DC-DC.

2.3.1. Prototype 1 of the BLE-based sensing node (BSN1)
a. Architecture and Design of the proposed Wireless Sensing Node

The Sensing Node (SN) incorporates various sub-systems to fulfil its functionalities, as depicted

in Figure 111.15. These sub-systems include:

Two single-band rectifiers: These enable the conversion of RF signals to DC power at different
frequencies.

Power Management Unit (PMU): The PMU plays a vital role in managing, boosting, and storing
the harvested power from the rectifiers. It ensures efficient power utilization and distribution to
the other components of the SN, such as the sensors and BLE SoC.

Temperature and relative humidity sensor: This sensor measures and provides data on
temperature and relative humidity levels in the SN’s environment.

Resistivity measurement circuit: This circuit is responsible for measuring resistivity, which is a
property related to electrical conductivity. It enables the SN to gather information about the
resistivity of the surrounding materials.

BLE System on Chip (SoC) transceiver: The BLE SoC transceiver facilitates wireless communication
using the Bluetooth Low Energy protocol. It allows the SN to transmit data wirelessly to other
devices or systems.

The SN is wirelessly powered via a rectenna, which consists of an integrated on-board rectifier

designed for low power input levels, as well as an external antenna. The PMU is set up to manage,
boost and store the available power from the rectifier. Then, it supplies power to the sensors and BLE
SoC, even during deep sleep mode when the energy stored in the capacitor is depleted, and the SN is
discharged. The resistivity sensing is not reported in the work, but it is discussed on Gael Loubet thesis

in [150].
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Figure 111.15. Block diagram of the architecture of the implemented Sensing Node.

With the SN, it is possible to inject a current into the concrete in order to compute the electrical
resistivity by measuring a potential difference thanks to probes embedded in the concrete. The
evolution of this physical parameter will allow estimating the corrosion rate.

- RF-to-DC conversion circuit : Rectifier

The WPT technique has been chosen to wirelessly power the implemented sensing node (SN).
It involves generating and transmitting time-varying electromagnetic waves across space from a power
source connected to an antenna to the receiving antenna of the SN. Similar to the LoRaWAN-based
solution, the same rectenna was used for harvesting the energy. The voltage doubler rectifier design
was integrated into the SN board and connected to the compact 3D antenna with metal arms through
an SMA connector, as designed in the previous chapter. We have chosen to use two separate single-
band rectifiers at different frequencies instead of a dual-band rectifier. This choice allows us to avoid
power dependence on a single rectifier (in case of damage) and eliminates the need for designing a
dual-band antenna.

By using a single-band rectifier, we can also optimize the power conversion efficiency through
better matching network design. Previous research has compared single-band and dual-band rectifiers.
In [162], a rectifier operating at 2.45 GHz and another working at 2.45 GHz and 5.8 GHz (based on two
subrectifiers) are introduced. Without an impedance compress network, the single-band rectifier
exhibits 10 % more conversion efficiency compared to the dual-band rectifier operating at the same
frequency (2.45 GHz) with an input power of 0 dBm (which is not low enough to observe the
difference). This decrease in efficiency is also observed in [163] when comparing a single-band and
dual-band rectifier operating at 900 MHz. In the implementation of the SN, our strategy is to use the
same rectifier design and select the working frequency by tuning the L-matching network of the
rectifier presented in chapter Il. The L-type matching network components for the 868 MHz rectifier
are 33 nH and 4pF, while for the 2.45 GHz rectifier, they are 3.9 nH and 2.1 pF. Prompt experiments
with the implemented SN show a DC voltage across a 10 kQ load of 286 mV and 236 mV for the 868
MHz and 2.45 GHz rectifiers, respectively, with an input power of -15 dBm. It was expected that the
higher the frequency, the higher the insertion loss of the components. In this design, we have not
considered simultaneous operation of both rectifiers. The choice of frequency will be made in advance,
and the DC voltage output will be selected through a jumper to feed the PMU.

- Sensing Sub-systems
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This subsystem is dedicated to measuring the targeted parameters, formatting the data, and
wirelessly transmitting the collected data to the observer. It is powered by the DC power available
from the PMU, which stores energy in the capacitor from the power output of the rectifier. The BLE
SoC and active sensors are supplied when there is sufficient energy stored in the capacitor. The output
selection can be made using jumper J1, depending on the chosen rectifier. In this work, we have opted
to use two commercially available PMUs. These PMUs have been tested and characterized, and their
performances are compared to determine the advantages of each based on the available
electromagnetic power density and the input power requirements of the sensors to be used. For
temperature and humidity sensing, we have chosen the HDC2080 integrated sensor from Tl, which has
low power consumption [205]. Depending on the application, the input (the DC voltage source) and
the PMU can be selected using jumpers J1 and J2. The sensors and BLE transceiver can also be powered
from an external DC source if needed. Wireless data communication is enabled by the ultra-low power
BLE QN9080 SoC [155], and a conventional Meandered Inverted-F Antenna (MIFA) designed at 2.45
GHz, as suggested in the application note [165].

Knowing that the instantaneous available power from the harvester is insufficient to
continuously supply the BLE transceiver and active sensors, we have decided to manage, boost, and
store the harvested power in a storage capacitor using two independent power management units
(PMUs) in order to determine the best option. The value of the storage capacitor was determined
based on the amount of energy required to fully operate the SN. The first PMU selected is the BQ25570,
which is a low-power PMU with a minimum input DC power requirement of around 15 pW for 100 uF
[122]. It offers similar performance to the previously used BQ25505 for the LoRaWAN-based SN.
However, during our investigation of the recent PMUs available in the market, we found out the
AEM30940 PMU from e-peas [121], which has interesting features. It is a full-featured, energy-efficient
PMU that can generate the appropriate regulated supply voltage. It has an ultra-low power start-up
with a typical input power of 3 uW and can be configured to store energy using various elements such
as a supercapacitor, conventional capacitor, thin film battery, Li-lon battery, LiFePO4 battery, etc. The
PMU offers a range of supply voltages, including a Low Voltage (LV) supply (1.2 V to 1.8 V) for the
microcontroller and a High Voltage (HV) supply (1.8 V to 3.3 V) for the transceiver. Additionally, a
voltage path for a rechargeable battery is possible using the DC-DC boost converter (2.2 V to 4.5 V).
For our proposal, we have selected the HV LDO option as it consumes less power compared to the
boost converter.

Before sizing the supercapacitor and the activation and deactivation voltages of the PMU, it is
necessary to quantify the amount of energy required to operate the SN. To achieve this, the BLE
transceiver is programmed to operate exclusively as a broadcaster, transmitting the measured
temperature and humidity data in advertising mode. A research paper has investigated packet
collisions in BLE advertising mode [166]. Increasing the advertising time and the number of packets
can reduce the probability of packet collisions but also increases the energy consumption. After careful
consideration, we found out a trade-off by sending four advertising packets over the three allocated
channels (37, 38, and 39) with an advertising interval of 250 ms. These packets are transmitted to the
observer, which is a QN9080 NPX development board configured in observer mode [167].

To configure the PMUs using the manufacturer's provided configuration tools, we evaluated
the total power required by the sensors and transceiver. This can be carried out by conducting a power
budget analysis (summing the consumed power at each stage) or using the power measurement tool
in the NXP software (MCUXpresso IDE). The current consumption profile of the SN during broadcasting
is depicted in Figure 111.16, with a DC voltage of 3 V. The operation of the sensing node involves the
following steps:
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Figure I1l.16. (a) Current consumption profile of the BLE SN during broadcasting obtained with the power measurement tool
of MCUXpresso IDE software; (b) Current consumption profile of the BLE SN during an advertising event.

(1) Power-off Mode: When there is no available or sufficient power, the SN remains in a power-
off state with no hardware activity. The average current consumption during this mode is 27
HA.

(2) Start-up and Initialization: Upon receiving power, the SN started with an inrush current
followed by the initialization of the registers and calibration of the sensors. This stage accounts
for a significant portion of the power consumption during the broadcasting phase. The SN has
a high peak demand of 14.6 mA during the start-up process.

(3) Advertising Events: After the initialization phase, the SN generates subsequent advertising
events to avoid restarting the Microcontroller Unit (MCU). These events contribute to
additional power consumption, as observed in the subsequent advertising events.
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The advertising interval is set to 250 ms, and a timer of 1 second is implemented to send four
advertisements. Each advertising event begins with the MCU waking up and transmitting
packets on the designated channels (37, 38, 39). A detailed view of the advertising packets is
shown in Figure 111.16 (b).

(4) 4. Advertisement Stop: The last phase of current consumption occurs when the function to
stop advertising is executed after the 1-second timer expires. An additional function is
programmed for resistivity measurement, which involves cancelling the measured current
across dedicated probes.

Table I11.3. Current consumption during each state of a broadcasting event

State description Time duration (ms) 1 (nA)

Deep-sleep mode : Between
1 o 234 31.4
advertising events

First state (start-up, init., cal. and 1%

241 1074
adv. Event)
3 A full advertising event 8 1758
Offset cancelation and stop
4 o 11 1032
advertising
Total broadcasting event (from start-
1216 282

up to stop adv.)

The total average current consumption during a broadcasting phase is approximately 282 pA
over a duration of 1216 ms. It can either be computed thanks to the equation (l1l.1) but is less accurate
due to approximations in time duration of each state.

I _ZIiTi_ Iz'T2+4'11'T1+313T3 +I4_T4_
average — ST, 4-T;+T,+3-T3+T,

(n.1)

The energy consumption of the SN is then calculated to be 1028.7 W (Econs) with a DC voltage
of 3 V. However, this method of calculating power consumption may not be accurate due to the
variation in offset voltage, which introduces an error for measured currents below 150 pA, as described
in the datasheet [168]. An alternative method was employed by increasing the advertising interval and
measuring the voltage across a resistor using a digital multimeter (Keithley 2000). The resulting current
was found to be 3.3 pA instead of 31.6 YA in a deep sleep state. By computing the equation (l11.1), the
correct value of the average current is 260 WA, resulting in an energy consumption of 946 W (Econs).
Therefore, the final storage capacitor is determined using the equation (IIl.2) for both PMUs. The
maximum threshold voltage (activation) is set at 4.2 V, and the minimum threshold voltage
(deactivation) is set at 2 V. To account for the tolerance of the capacitance value in the worst-case
scenario, 20% is subtracted from the required value. It should be noted that the calculated value of
111 pF is not a standard value. For the prototype, a low leakage current storage capacitor of 150 uF
[169] from Wiirth Elektronik is selected to meet the requirements.

1
Econs = E ) Cstor—ZO% ' (Vrznax - V12nin) (n.2)
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b. Implementation and experimental results of the BSN1

The first proposed solution of the Bluetooth Low Energy Sensing Node (BSN1), which includes
two PMUs and two rectifiers operating at different frequency bands, has been successfully prototyped.
The nomenclature of each subsystem of the SN can be seen in the photo of Figure 11.17. The output of
either the 2.45 GHz rectifier or 868 MHz rectifier input can be used for the power supply. However,
only the experimental results of the SN using the 868 MHz rectifier are presented in this study, as there
are no available results for the 2.45 GHz rectifier at this time. The full schematic and layout view of the
designed SN1 is presented in Appendix 1.

868 MH ﬁ :
..d

PIFA Antenna

BLE

216 i
HDC2d80

080ZJ(H 40suas

R i2.45GH:

ADG 836 and LM234 Storage capacitor

: i Single Band rectifier
H ]

:

For resisitivity sensing

Figure 11l.17. Photo of the fabricated Sensing Node with the nomenclature of each part.
- A comparison of the performance of the two Power Management Units

The performance evaluation of the prototyped Sensing Node (SN) involved two main aspects:
measuring the charge time of the storage capacitor and comparing the performance of each Power
Management Unit (PMU). Experimental results were obtained using a continuous wave input signal
provided to the 868 MHz rectifier. The charge and discharge behaviour of the storage capacitor were
captured using an oscilloscope, as illustrated in the experimental setup shown in Figure 111.18.

To ensure accurate measurements and avoid any influence from the input impedance of the
measuring devices (such as voltmeter, probes, and oscilloscope), the time duration of a single event or
the time between each data emission was determined by calculating the time difference between the
received timestamped packets.

RF Power Source

Figure 111.18. Experimental setup of measuring the charging evolution of the storage capacitor.
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With a RF input power of -6 dBm at the rectifier input, the voltages evolution over time for
each PMU configuration was captured using the oscilloscope, and the results are reported in Table
[1l.4. The data clearly shows that the configuration with the BQ25570 PMU requires a longer cold start
time compared to the one with the AEM30940 PMU. In the AEM30940 configuration, the cold start
procedure is completed, allowing for the execution of 4 advertising events. Based on these findings, it
can be concluded that the AEM30940 PMU appears to be more suitable for the application, especially
when considering a low RF input power during the cold-start procedure.

Table I11.4. Comparison for an RF power of -6 dBm (868 MHz) at the input of the rectifier.

. . o Deactivation
Minimum Activation threshold First charge Recharge
PMU component Input DC threshold . & . &
voltage duration (s) | duration (s)
power (LW) voltage (mV)x
(mV)

BQ25570 [120] 15* 4.195 1.936 114 21

AEM30940 [121] 3 4.22 1.87 34 21

Hobtained for an -6 dBm RF input power of the rectifier at 868 MHz *for a storage capacitor of 100 pF.

A quantitative comparison has been conducted between the two PMUs in terms of their first
charge and recharge durations, considering various input power levels (from -5 dBm to -14 dBm), as
presented in Figure 111.19. The first charge duration includes the cold start time before reaching the
deactivation threshold. It has been observed that the evolution of the first charge duration exhibits an
insignificant dynamic range for both PMUs, regardless of the input power. However, the recharge
duration remains relatively similar for input power levels above -8.5 dBm. The difference between the
PMUs becomes more apparent at low RF input power levels. As a result, the AEM30940 PMU
demonstrates promising results with reasonable charge duration, particularly for low power input
levels. Regarding the second charge or recharge state, the BQ25507 PMU proves to be more efficient
for RF input power below +10 dBm due to its low input power range for normal charging (as specified
in the datasheet with a minimum of 5 uW). For the minimum 15 uW required for the cold-start
operation of the BQ25507, the BSN1 sensitivity is achieved at -13.8 dBm, which is consistent with the
experimental results of the rectifier. For an RF input power of -14 dBm, the harvested DC output power
across a 10 kQ load is measured to be 14.48 uW.

Consequently, we can estimate that for the AEM30940 PMU (which requires a minimum cold
start input power of 3 uW), the input sensitivity is approximately -19 dBm. This corresponds to the
power required at the rectifier input to deliver a DC power of 3.14 uW across a 10 kQ load.

900
800
700
600
500
400
300
200
100

0

@868 MHz

—0O—BQ25570: 1st charge
BQ25570: 2nd charge

—O— AEM30940 : 1st charge

—{J—AEM30940: 2nd charge

Charge duration (s)

14 13 12 11 -10 -9 -8 -7 -6 -5
Rectifier Input Power (dBm)

Figure I11.19. Charge duration of the BSN1 using an 868 MHZz rectifier for different selected PMU.
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- Radiated performance evaluation.

In order to finalize the implementation of the first prototype BLE-based sensing nide (BSN1) in
real wireless conditions, it is connected to a compact 3D antenna developed in Chapter Il. In this
characterization step, the BSN1 is specifically configured with the selection of the AEM30940 PMU,
considering its suitability for low RF power levels during the cold start mode, as demonstrated in
previous experiments. The setup, illustrated in Figure 111.20, consists of an RF source comprising an RF
signal generator connected to a patch antenna via a coaxial cable.

The BSN1, acting as the broadcaster under test, is positioned at a distance of 2 meters from

the RF source. The observer, represented by the QN9080 Development Kit, receives the transmitted
data from the BSN1.

Figure I11.21 shows the first start duration and the recharge periodicity of the storage capacitor
as a function of the Effective Isotropic Radiated Power (EIRP). The measurement and data transmission
periodicity can be controlled by the RF power source, which determines the equivalent power density
level at the surface of the antenna connected to the BSN1.

SN connected
to the antenna

Observer \
connected to PC: ¥

Figure 111.20. Measurement setup of the charge duration of BSN1 connected to an antenna in a anechoic chamber.
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Figure I11.21. Measured charge duration of the BSN1 or BLE emission rate with a connected antenna in anechoic chamber with
different EIRP power level.
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For an EIRP power of +33 dBm, which roughly corresponds to the limit set by the FCC standard
in the 868 MHz band, the BSN1 located 2 meters away from the source can transmit regular data within
less than half a minute in its normal cycle. The BSN1 measurements were conducted up to an EIRP
power of +27 dBm. However, considering the low power level required for the cold start (3 uW) of the
AEM30940, the BSN1 can operate with an estimated minimum EIRP power of +19 dBm at 2 meters.
Regarding the maximum distance, with a fixed EIRP power of +33 dBm, the BSN1 can be positioned up
to 8 meters away from the source to maintain operation.

However, this will result in a relatively long measurement periodicity of approximately 7
minutes in its normal cycle. Unfortunately, due to time constraints, it was not possible to conduct tests
on the prototype in the concrete cavity to gather statistical data on its performance. Nevertheless, a
second, more advanced prototype with fewer components and smaller dimensions has been
developed and will be presented in the next section.

2.3.2. Prototype 2 of the BLE-based sensing node (BSN2)

The initial prototype of the BLE-based sensing node (BSN1) demonstrated promising
performance in monitoring temperature and pressure parameters using wireless power transmission
(WPT) technology. Building upon the comparison of the two power management units (PMUs)
discussed earlier, version 2 of the BLE Sensing Node (BSN2) was developed with a focus on
miniaturization, incorporating fewer features and components. The BSN2 includes essential functions
for our application as presented in Figure I11.22 (a), such as the BLE QN9080 transceiver paired with a
MIFA antenna, a single 868 MHz rectifier for RF-to-DC conversion, the AEM30940 PMU, a storage
capacitor, the HDC2080 temperature and humidity sensor, and an analog circuitry for driving an
external resistivity sensor (which is not the primary focus of this work) designed to monitor corrosion
issues in reinforced concrete structures. The 868 MHz rectifier used in the BSN2 is identical to the one
employed in the previous prototype. Vias are strategically placed at its RF input to facilitate connection
to a flexible antenna, eliminating the need for an SMA connector. The entire circuitry is designed to fit
within a compact 47 x 36 mm? PCB area, as depicted in Figure I11.22 (b). The complete schematic and
layout can be found in appendix 2. The configuration and programming of the BLE module in the BSN2
remain unchanged from the BSN1. Once powered on, the sensing node (SN) operates in broadcasting
mode, transmitting temperature and humidity data to the central node (CN) over the course of 4
advertising events. During each advertising event, the same data frame is broadcasted across BLE
channels 37, 38, and 39.
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Figure Ill.22. (a) Bloc diagram of the battery-free BLE SN; (b) Photo of the manufactured compact battery-free BLE SN without
antenna.
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The implemented power management algorithm involves utilizing two voltage levels at the
input of the storage element C_store, which is a standard 220 uF capacitor of type EEEFK0J221P. The
voltage levels are set at Vuien = 4.23 V and Viow = 1.94 V. It's worth noting that the sizing of C_store
considered the DC power consumption of the analog circuitry responsible for driving the external
resistivity sensor. The BSN2 prototype has been successfully built, and initial experimental tests were
conducted as illustrated in the setup shown in Figure 111.23.

These tests involved using a high-impedance oscilloscope to measure the voltage at the
storage capacitor terminals and the output DC voltage (HVOUT) of the PMU. When the voltage at the
capacitor terminals reaches Vuign, the HVOUT output of the PMU supplies a voltage of 2.84 V to the
sensor and the BLE module during the measurement and data transmission phase. This continues until
the capacity is discharged to the Vi.ow level, at which point the cycle resumes as long as the rectifier
can provide sufficient energy to recharge the storage element.

The voltage evolution of across the storage capacitor (V_cstore) and HVOUT is illustrated in
Figure I11.24 (a) for a continuous wave (CW) signal at 868 MHz with a power level of +6 dBm. In order
to supply power to the rectifier input, a feeding technique was employed, which involved soldering
two PCB pin headers into the rectifier input holes. The RF signal generator was connected to the
rectifier input pins using an SMA transition with dual-ended alligator clips. However, it should be noted
that the feeding technique used in this setup is not ideal, as it does not provide a reliable 50 Q
impedance match. Consequently, the RF input power delivered to the rectifier may not precisely
correspond to the power level defined at the signal generator. The graph depicted in Figure 111.24 (b)
demonstrates that the periodicity of measurement and data transmission is dependent on the power
available at the rectifier input. Regardless of the power level, approximately one-third of the first
charge duration is allocated for the cold start phase, during which the voltage of the capacitor
transitions from empty to the Viow voltage of 1.94 V. The sensitivity of the BSN2 with pin header
corresponds to the minimum RF power level to ensure a full cycle is obtained at 0 dBm (approximately
12 minutes for an empty supercapacitor and 7 minutes for the recharge phase). It cannot be
considered reliable due to the uncertainty surrounding the feeding technique used. The use of pin
headers and SMA transitions with alligator clips does not guarantee a 50 Q impedance match, thus
affecting the accuracy and consistency of the RF input power to the rectifier.

RF signal generator Oscilloscope

r

Figure 111.23. Experimental setup of the BSN2 powered by cable and connected to the digital oscilloscope.
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Figure 111.24. (a) Measured voltage at the input port of the storage capacitor (V_Cstore) and at the output of the power
management unit (HYOUT) as function of time. Experimental results obtained for a RF input power of +6 dBm. (b) First charge
and recharge duration of the BSN2 as a function of the RF input power.

Figure 11.25. Photo of the manufactured of battery-free SN prototype including a flexible antenna manufactured on
transparent PET substrate operating in ISM 868 MHz frequency band.

Table Ill.5. Charging durations as a function of the RF power

EIRP (dBm) P_Rx (dBm) 1t charge (s) Recharge (s)
32.7 -3.33 54 27
30.7 -5.33 105 49.83
28.7 -7.33 200 96
26.7 -9.33 420 206.25
24.7 -11.33 1073 501.33

To obtain more reliable results, radiating measurements were conducted in an anechoic
chamber. The BSN2, positioned at a distance of 2 meters, was wirelessly powered by an RF source
connected to a linear polarized patch antenna. The antenna used for the BSN2 was the flexible PET
substrate antenna developed in Chapter IV, which is a modified dipole with a T-match structure
operating at 868 MHz and providing a gain of +1.2 dBi. The connection between the antenna and the
BSN2 was established electrically using metallic paste and mechanically using nylon screws as seen in
Figure II1.25. In order to measure the recharge time, the time interval between two emissions from the
BSN2 was detected through software measurements performed at the Communicating Node (CN)
level. As for the duration of the first charge, it was obtained by first emptying the storage element and
residual voltages, and then timing the period between the activation of the power source and the first

data reception

at the CN.
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Table 111.5 presents the data for P_RX, which corresponds to the power received by the antenna
connected to the BSN2 or at the rectifier input. As expected, the duration of the first start charge and
the recharge phase vary according to the EIRP of the RF source, ranging from 54 seconds (EIRP = +33.9
dBm) to 1073 seconds (EIRP = +25.9 dBm) for the first charge, and from 27 seconds (EIRP = +33.9 dBm)
to 501 seconds (EIRP = +25.9 dBm) for the recharge duration. The duration of the first charge is twice
that of the recharge, and the sensitivity is approximately -12 dBm. This sensitivity value is lower than
the expected value of approximately -19 dBm, possibly due to the mismatch losses between the PET
antenna connected to the BSN2 and the effect of the rigid PCB on the antenna’s radiation pattern. The
BSN2, which was derived from the initial prototype BSN1 measuring 110 mm x 40 mm, has undergone
optimization to select a more suitable PMU for low power levels and achieve a significantly reduced
size for easy embedding in a smaller concrete cavity. The resulting BSN2 now measures 47 mm x 36
mm. However, the transition made to connect a flexible antenna does not provide the expected
performance. In comparison, the BSN1 with its SMA connector offers a shorter charge duration
(measurement periodicity) while consuming the same amount of energy. As a perspective for future
work, it would be crucial to co-design the antenna and rectifier circuit to ensure proper impedance
matching and improve overall performance.

3. Battery-Free Wireless Tag combining UWB and BLE Technologies (UBT)

The work presented in this study addresses the requirements of UWINLOC Company, which
aims to integrate Ultra-Wide Band (UWB) and Bluetooth Low Energy (BLE) functionalities. The
objectives include :

- Investigating the feasibility of powering the BLE Sensing Node’s (BSN) transceiver stage (BLE chip
and sensors) using the Uwinloc Geolocation Module (UGM) that incorporates a harvester. It
architecture and parameters regarding the input impedance at each port is presented in the
chapter V and VI.

- Additionally, the study focuses on exploring the UWB features with external sensors to obtain
both location and physical parameters such as temperature and humidity.

- Another aspect is to evaluate the ability to receive UWB signals through a concrete structure.

To achieve the objectives, we have proposed and implemented an architecture that utilized
the Uwinloc Geolocation Module (UGM) provided by UWINLOC Company. Additionally, the project
drew upon the prior knowledge and understanding of BLE technology gained from previous studies on
BSNs. The outcome of this work is a highly promising proof of concept for a battery-free UWB/BLE tag
(UBT) that combines the advantages of both technologies. The UBT demonstrated integrated sensing
capabilities for temperature and humidity measurements, along with localization functionality. This
achievement serves as a significant milestone in showcasing the feasibility and potential of the
developed solution. It should be noted that works on the aspect of geolocation with battery-free
systems are present in the literature. In [33], a solution for a UWB positioning system for space
applications is proposed. It is remotely powered through WPT (Wireless Power Transfer) with a power
source of 2 watts Effective Radiated Power (ERP) in the UHF band at 868 MHz."

3.1. Architecture and Design of the Proposed Tag Prototype

The developed tag integrates various components, including a geolocation module (UGM),
which enables RF energy harvesting and facilitates UWB transmission for precise location tracking. It
also incorporates a temperature/humidity sensor and a BLE transceiver. The tag operates wirelessly,
receiving power from a far-field wireless power transmission (WPT) system.

85



Chapter lll: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications

To manage the harvested power effectively, a Power Management Unit (PMU) is employed.
The PMU boosts the received power, stores it in a capacitor, and handles its distribution as illustrated
in Figure 111.26.
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Figure Ill.26. (a) Architecture of the battery-free UWB-BLE tag; (b) Photo of prototyped tag.

The proposed solution was prototyped on a 1.55 mm thick FR-4 substrate. The incorporation
of a jumper (J1) allows for versatile combinations and configurations, enabling the tag to support
multiple functionalities based on the specific requirements or desired operation. This flexibility allows
for customization and adaptation of the tag to be used in two different modes, depending on the
desired functionality:

- Geolocation Mode (UWB mode): In this mode, the harvested power (Pout) obtained from the
harvester is connected to the input pin (Vcc) of the UGM, enabling UWB geolocation functionality.
Other chips or components are disconnected by configuring the appropriate jumper setting (J1).
Additionally, the tag can support humidity and temperature sensing by supplying power to the
sensor through the suitable combination of jumper settings. It is important to note that this
configuration does not allow simultaneous geolocation through UWB and BLE sensing. Jumper J2
is used for I12C communication, either by the UGM or the BLE System on Chip (SoC).

- Temperature and Humidity Monitoring Mode (BLE mode): In this mode, the harvested DC power
is managed by the PMU, which stores the energy in the capacitor. The BLE transceiver and active
sensors are then powered when sufficient energy is available in the capacitor. By configuring the
appropriate jumper settings on J1, the tag can operate in this mode, enabling temperature and
humidity monitoring through BLE communication.

3.2. Bluetooth Low Energy sensing and communication

For data transmission, we have selected the QN9080 BLE SoC and a conventional meandered
Planar Inverted-F Antenna (PIFA) designed at 2.4 GHz, which has been used in previous BSN designs.
However, considering that the instantaneous power available from the harvester is insufficient to
power the BLE transceiver and active sensors, we have incorporated a 220 uF storage capacitor and
the BQ25570 low-power PMU. The DC output voltage of the PMU is set at 1.9 V to achieve the best
balance in terms of low power consumption for the BLE transceiver and sensors. To optimize energy
consumption of the prototype, the BLE transceiver is programmed to operate exclusively as a
transmitter (broadcaster), transmitting the measured temperature and humidity data in advertising
mode. This configuration is the same as that used for BSN1 and BSN2. We have chosen the HDC2080
integrated low-power temperature and humidity sensor from Texas Instruments (TI).
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The operation of the sensor and the BLE SoC requires an energy consumption of approximately
756 Wl for 3 advertising events and 942 pJ for the broadcasting phase. The PMU is configured with
minimum and maximum DC voltage thresholds set at 1.97 V and 3.55 V, respectively. The storage
capacitor ((Cstorage), chosen for the system is the EEEFK0J221P from Panasonic, with a capacitance value
of 220 uF. This capacitor was carefully selected to store sufficient energy for the active components
and to minimize leakage current. During the first charge (considering cold start phase) from an empty
state (Vstorage = 0 V) to the maximum voltage allowed by the PMU (Vstorage = 3.55 V), the maximum
energy stored by the capacitor is approximately 1.39 mJ. During each subsequent recharge, before
each sensing and data transmission cycle, the capacitor stores around 960 J of energy. The minimum
voltage allowed at the output of the capacitor before the advertising stops is set at 1.97 V.

3.3. Harvester and Ultra-Wideband Module

The battery-free geolocation module (UGM), developed by UWINLOC Company, is specifically
designed for real-time asset tracking. The UGM version utilized in this study incorporates two
differential inputs for energy harvesting purposes. One input is dedicated to the proposed solution,
while the other is connected to an SMA connector for additional experimentation (not discussed in
this paper). The harvester employed in the UGM, is based on the Greinacher doubler topology,
optimized to extract low-power density from a dedicated RF energy source operating at 868 MHz
within the Industrial Scientific Medical (ISM) frequency band. To minimize power consumption, various
aspects were considered, including the reduction of the power required by the microcontroller and
transmitter, and leakage current of the first storage capacitor (60 uF) within the harvester block (refer
to Figure 111.26.(b) for UWB operation). Further details regarding the energy harvesting circuit can be
found in the associated patent of the company [170]. The UGM module consumes approximately 5 to
10 W for a single UWB transmission. Once sufficient energy is stored, the tag emits an ultra-wideband
pulse through the UWB antenna towards UWB beacons (not discussed in this paper). Accurate
triangulation algorithms are then employed to compute the precise 3D position of the tag.

The design of the antenna plays a critical role in achieving the best trade-off between high
sensitivity at low power density reception, UWB transmission range, and localization accuracy. To
minimize the need for additional lumped components and avoid insertion losses, the UWB and Ultra
High Frequency (UHF) antennas are designed to possess an impedance that is the complex conjugate
of the input impedance of the UWB transmitter (25-j-9 Q) and harvester (30-j-:250 Q). The UHF antenna,
used for capturing electromagnetic waves for energy harvesting feature, utilizes a modified folded
dipole antenna with a T-match structure at 868 MHz. To compensate for the high imaginary part of the
UGM's input impedance, Coplanar Wave Guided Grounded (CPWG) coupled transmission lines are
employed as shown in Figure Il.27. The simulation results indicate that the maximum gain achieved at
the desired frequency is approximately +1.13 dBm in the YoZ plane (Phi = 90°) for the theta angle of
the radiation pattern set to 90°. This corresponds to the horizontal position of the tag (H-pos) for the
experiments. Similarly, for the vertical position of the tag (V-pos), the antenna exhibits a gain of O dBi
at a theta angle of 0° in the YoZ plane, as shown in Figure II1.27 (d). The UWB antenna utilized in the
design is based on a novel modified loop antenna, specifically designed to exhibit a wideband
behaviour (refer to Figure Il1.27 (a)). However, due to the presence of the UHF antenna and the wider
ground plane, the radiation pattern of the antenna has been altered to become more directional in a
certain direction. To improve the radiation pattern, two crossed arms are incorporated at the corner
of the loop. According to the simulation, the antenna achieves a maximum gain of +3.8 dBi at 4 GHz.

87



Chapter lll: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications

(@) \: (b)

Maximum gain at Phi= 90
Max: 1.13

°and Theta=90° )

o

2

-4

-6

-8
-10
i -12
1 -14
7 i ,'0‘, -16

(C) ( d) X Min: -15.91

Figure I11.27. Antenna design and simulation of the tag: (a) Proposed design of the UWB antenna; (b) 3D Radiation pattern of
the UWB antenna at 4 GHz; (c) Proposed design of the UHF antenna; (d) 3D Radiation pattern of the UHF antenna at 868 MHz.

3.4. Experimental Results

3.4.1. Bluetooth Low Energy Performances

In the conducted measurements in the anechoic chamber, the tag was configured to operate
in BLE mode with the harvester, PMU, sensors, and the BLE SoC. The setup involved a dedicated RF
source consisting of a transmitting patch antenna placed at a distance of approximately 2 meters from
the tag as seen in Figure 111.28. The RF source was connected to an RF signal generator (Anritsu
MG3694B) through a cable, with cable losses accurately measured using a power meter (with an
average loss of -0.5 dB), to provide power (PRF) at a frequency of 868 MHz to the tag. Prior to the
measurements, all the capacitors in the system were manually discharged to ensure accurate
measurement of the cold start phase. The BLE receiver, acting as an observer or listening device, was
connected to a laptop. The QN9080 development kit was utilized to enable this functionality. During
the measurements, the emission rate, which represents the time elapsed between two consecutive
temperature/humidity measurements sent by the battery-less tag through the advertising channels
during the broadcasting phase, was evaluated. This was achieved by calculating the time difference
between each broadcasting phase. It also correspond to recharge, or second charge duration evaluated
before on the BSN prototypes. The measured results include the first time required for the cold start
procedure (initial startup) and the average emission rate as a function of the Effective Isotropic
Radiated Power (EIRP) of the RF source, which was placed at a distance of 2 meters from the tag. These
results are depicted graphically in Figure 111.29.
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Figure 111.28. Measurement setup for the evaluation of the BLE performances of the tag in an anechoic chamber.
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Figure 111.29. Measured BLE emission rate and the time of the cold start phase as function of the EIRP power of the 868 MHz
RF source located at 2 m far away the tag.
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The measurement operated in an anechoic chamber, allows to enable the Friis equation for
the calculation of the received power at the output of the UHF antenna. Since the transmitted power
is greater than +23.5 dBm EIRP, which corresponds to an estimated received power of -12.65 dBm at
the input of the harvester, the first charge duration is less than 28 minutes. By extrapolating the results
using Friis equation, and considering a maximum EIRP power of +33 dBm, it is estimated that the
maximum range would be around 6 meters. This estimation assumes an average equivalent emission
rate of 1246 seconds.

3.4.2. Ultra-Wideband Performances

The prototyped tag is now configured to work with the geolocation module (UGM) exclusively
for preliminary results. The evaluation of the emission rate was conducted under the same conditions
as the BLE tests, using the setup depicted in Figure I11.29. However, instead of the BLE receiver, a UWB
beacon was employed. Two different testing positions were chosen for the tag: the horizontal position
(H-pos), which was used in the BLE tests, and the vertical position (V-pos), where the tag was placed
vertically facing the transmitting antenna. According to simulations, the UHF antenna exhibited lower
gain in the V-pos compared to the H-pos. To enable swift monitoring of the tag’s location/position
changes, a maximum emission rate of approximately 10 minutes was set. When comparing the
emission rate between the two positions, a larger time difference was observed at lower power levels
due to the nonlinearity of the harvester and losses. The UHF antenna of the tag, operating at 868 MHz,
demonstrated a simulated gain of +1.13 dBi (in H-pos), while the RF source, with an EIRP of +18 dBm,
was positioned 2 meters away from the tag.
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Using Friss equation, it can be estimated that UWB emission is possible as long as the received
RF power at the rectifier’s input exceeds -20 dBm. After evaluating the UWB communication capability
between the tag and the beacon in an anechoic chamber, we proceeded to evaluate the UWB
localization performance in a real-world scenario.
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Figure 111.30. Average emission rate of the tag in localisation mode without sensor.

For this purpose, an indoor test was conducted in a 300 m? test warehouse containing multiple
obstructions from UWINLOC company. The configuration of the test area and the number of beacons
were specific to the company and were not detailed in this study. Further details about the method
and device used for detecting the UWB pulse can be found in [171]. Two prototyped tags were placed
separately within the test area, as shown in Figure 111.31. The energy sources were configured according
to the ESTI standard [147], with continuous wave (CW) signals at the RFID frequency band and power
levels set at 2 W.

The beacons, which receive the UWB signal, were positioned in the corners and facades of the
test area at a height of 5-6 meters. The coordinates of these beacons were known as shown in Figure
[11.32 (a). Out of the 13 configured beacons, 11 of them successfully received the UWB signal. The tag’s
location was then calculated using an algorithm, and the position was displayed on the software’s
graphical interface developed by Uwinloc (Figure 111.32 (b)). The accuracy of the calculated position
depends on the tag’s position relative to the beacon locations. Based on the available tests up to the
date of submission, the position accuracy was found to be lower than 1 meter, although this value is
highly dependent on the tag’s position and orientation. The real-time position of the tags on the map
was obtained by filtering their unique identification through the user interface. Ongoing work involves
evaluating the tag’s performance in a harsh environment by embedding it in a concrete beam and
implementing the sensing capability in UWB mode.
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Figure I11.31. Geolocation setup of the tags in the 300 m? test area. Thirteen beacons (only six are visible here) and two tags
(placed at various position) have been used.

+ Position of beacons

(b)

Figure 111.32. (a) Mapping of the geolocation tag in the test area: each beacon (fixed position) is represented by its unique
identification. (b) The position of the geolocated tag: only one tag was shown inside the overall volume of the test area (1800
m3).

4. Conclusion

In this chapter, we have successfully implemented various battery-free devices using a
Wireless Power Transmission System. The objective was to deploy a full compact, battery-free solution
for monitoring the physical parameters of concrete structures. To achieve this, we used the rectenna
developed in the previous chapter, given its compact size (electrically small) and outstanding
performance. Various battery-free sensing node was proposed, and they vary in size, power
consumption, and communication technology for data transmission. The Table Ill.6 provides a
summary of all the solutions and their distinct characteristics. The first two proposed solutions are
based on the LoRaWAN protocol (LSN1 and LSN2). The LSN1 prototype, being the initial version, has
larger dimensions and requires separate connected rectenna for the power supply through WPT.
Building upon this prototype, improvements have been made to reduce size, overall power
consumption, and the addition of other functionality such as resistivity measurement. This led to the
development of LSN2, which used a single antenna for both data uplink and power downlink.
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However, the overall power consumption remains relatively high, around 20 mJ at a
transmitter power of +4 dBm for 5470 bits/s. As a result, the measurement and data transmission
periodicity is relatively long, set at 5 minutes with a relatively high RF power of +10 dBm at the rectifier
input. After successfully reducing the overall size of the board (from LSN1 to LSN2), lower-energy
solutions were introduced using the Bluetooth Low Energy (BLE) communication protocol. With the
BLE-based solutions (BSN1 and BSN2), the overall power consumption is below 1 mJ, enabling shorter
measurement intervals (charging and recharging times). The BSN2 prototype, which is half the size of
the BSN1 version, is less efficient at lower power levels due to the choice of flexible antenna and its
connection to the board. Its association with the PET antenna introduces impedance mismatch and
radiation pattern modification.

In conclusion, we have successfully prototyped a battery-free sensing node, LSN1, with
dimensions of 140 mm x 90 mm and a total consumption of 21 mJ. Through improvements, we
developed BSN2, measuring 47 mm x 35 mm and requiring 946 W for operation. However, from a
LoRaWAN-based solution to a BLE-based solution, the data transmission range reduced and may result
in decreased performance in the presence of SN embedded into the concrete structure due to the bad
wave propagation through concrete at higher frequency.

Additionally, we present a unique solution of a multifunctional battery-free tag that combines
geolocation in UWB mode and wireless sensing in BLE mode. The prototyped tag is based on an
electronic module developed by UWINLOC Company, enabling RF energy harvesting at 868 MHz and
UWSB signal transmission at 4 GHz. In UWB mode, we measured the average emission rate and placed
the tag within a 300 m? indoor test area to obtain a preliminary estimate of localization accuracy. The
experimental results confirm that the localization accuracy is less than 1 meter but strongly depends
on the tag’s position and the presence of obstacles within the test area.
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Table Ill.6. Table reporting the developed sensing node prototypes and their characteristics and performance.

E E tion f
Proposed solutions . . Communication nergy nergY c?nsump |on' or Duration (seconds) of the
Dimensions Features Harvesting transmission / Tansmitted .
and Photos technology . First charge / recharge
solutions data bytes
LSN1
140 mm x 90 mm LoRaWAN External
(w/o) antenna (CMWX1ZZABZ- rectenna using a 90/70
140 mm x 90 mm x 70 mm 091) with printed | Sensors (HDC2010); 3D compact (for Prx = +10 dBm)
(with antenna) antenna strain gauge; antenna <20 m) (PTx = +4 dBm
Re5|st|V|ty.sensor; and a high data rate of 5470
thermodiodes; bit/s)
PMU(BQ25504); /
LoRaWAN Supercapacitor (22
LSN2 80 mm x 60 mm ona P P ( External 3D 4 data bytes
(CMWX1ZZABZ- mF)
(w/o antenna) 091) with the antenna and 300 /60
90 mm x 80 mm x 65 mm integrated (for Prx = +10 dBm)

(with antenna)

same antenna
used for RFEH

rectifier circuit

BSN1

110 mm x 40 mm
(w/o antenna)
110 mm x 100 mm
(with antenna)

Bluetooth Low
Energy (QN9080)
with IFA antenna

Sensors (HDC2080);
Resistivity sensor;
PMU(AEM30940 &

BQ25570);

Supercapacitor (150

uF)

External 3D
compact
antenna and
integrated
rectifier circuit

946 ) at PTx =0 dBm

/
3 data bytes

198.8/97.4
(for Prx =-8.8 dBm)*
48.7/27.4
(for Prx =-2.8 dBm)*
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BSN2

Sensors (HDC2080);

External

47 35 420/ 206.25
mmaztenrr:ar)n (w/o Bluetooth Low Resistivity sensor; transparent PET 946 W at Prx=0dBm (for P _/_9 3 dBm)*
. Energy (QN9080) | PMU (AEM30940); antenna and / X =
80 mm x 85 mm (with . . . 54 /27
with IFA antenna Supercapacitor (220 integrated 3 data bytes
antenna) e (for Prx =-3.3 dBm)*
UF) rectifier circuit
Bluetooth Low Sensor (HDC2080); _ 395 /270.25
Energy (QN9080) PMU(BQ25570); 960 W at P/TX =0dBm (for Prx = -10.24 dBm)*
with IFA antenna | Supercapacitor (220 Integrated 3 data bytes 80/43.6 .
& WF) antenna and (for Prx = -4.2 dBm)
90 mm x 80 mm - .
Ultra-Wide Band harvester circuit .
. Harvester and UWB 20w at Prx=0dBm Emission rate :
(UWB) Uwinloc . of the UGM
Geolocation chip; / 0.55 (for Prx = -4.2 dBm)*
Module Capacitor (33 puF) 4 data bytes 542 (for Prx = -20 dBm)*

*Measurements performed in anechoic chamber; ¥ Measurements performed without antenna; Prx is the received power at the frequency of 868 MHz, by
the sensing node at the input of the rectifier or harvester; P1x is the output power of the transmitter
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IV. Development of an UHF Energy
Harvesting Front-end for the Flexible
Geolocation tag

1. Introduction

The works presented in this chapter is in the interest of UWINLOC Company [172], which
develops and commercialises an indoor accurate and reliable location solution using a battery-free
tags. The UWINLOC solution presented in Figure IV.1, consists of five parts enabling geolocation
features for asset tracking. The battery-free geolocation tag is wirelessly powered using far-field
Wireless Power Transmission (WPT) technique with electromagnetic (EM) waves radiated by a
Radiofrequency Identification (RFID) source named Ultra High Frequency (UHF) exciter, operating at
the frequency of 868 MHz. Initially, a reference tag with known relative coordinates is placed into the
cell. When the tag to be geolocated harvests enough power from the source, it transmits a signal using
Ultra Wide Band (UWB) technology at 4 GHz. This signal emitted from the tag, is then received by
several beacons. The real time 3-Dimensional (3D) position of the tag is then accurately computed
thanks to triangulation algorithm.

1 - U
‘ BATTERY-FREE
GEOLOCATION
: g Ut TAG
- & i UHF
I ! EXCITER
BEACON
X H ﬁ REFERENCE
v’ Y3 1) [1l4 4 TAG
g = LOcATION
f o0 PROCESSING W.
g UNIT (LPU)
(a) (b)

Figure IV.1. UWINLOC Geolocation system: (a) Reference cell; (b) Main part of the system.

The company is faced to certain scientific challenges in the development of their geolocation
solution to target different markets. The development of outstanding geolocation tag relies on its
ability to improve the following aspects:

- Reduction of overall size of the tag, including the size of antennas.
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- Increase in RF-to-DC conversion efficiency, achieved through the energy harvesting system ;
the rectenna.
- Improvement of the link budget between the UHF energy source and the geolocatable tag.

To address these identified scientific challenges, the thesis will focus on studying and
proposing an optimized solution for a compact RF wireless power transmission system for the battery-
free geolocation tag. The objective is to find innovative approaches to overcome these challenges and
enhance the performance and functionality of the geolocation solution.

Thus, with trends in the flexible electronics markets [173]-[176], UWINLOC has set its sights
on developing a miniaturized and sustainable flexible version of its geolocation tag. The current rigid
version of the tag (Utag) has some limitations to be integrated and be attached to assets in complex
uses-cases. This development will enable the tag to be attached to small items or curved surfaces in
industrial environments, opening up possibilities for more diverse applications. The main target
markets for these flexible geolocation tags include healthcare, logistics, and retail.

This chapter focuses on the research conducted as part of the European SMARTEES project,
which stands for SMART Emerging Electronics Servicing. The project received co-funding from the
European Union’s Horizon 2020 research and innovation program under grant agreement No. 761496,
with a duration of nine months. UWINLOC Company participated in this project with the aim of
developing a flexible and compact battery-free geolocation tag for asset tracking. The objective of this
project is to develop and build an application experiment through the flexible, low-cost, and efficient
development of the geolocation tag. It will go through the investigation of the feasibility of
manufacturing printed rectifiers, antennas, and rectennas using screen printing and inkjet printing
techniques.

The project involves four partners: UWINLOC, LAAS-CNRS, IMEP-LAHC, and Eurecat. Eurecat, a
leading technology center in Catalonia and the largest private research organization in Southern
Europe, is leading the project. Eurecat is specialized in providing industrial and business sectors with
advanced technology and expertise to meet their innovation needs and enhance their competitiveness
in a rapidly evolving environment [177]. The overall studies were carried out on the RF Energy
Havesting (RFEH) part of the Utag in order to fulfil the objective of acquiring crucial knowledge with
the regards to the development of the flexible geolocation tag. The project progress was organized
into three technical Work Packages (WP):

- WP1: This phase involved studying and comparing various materials such as substrates and
conductive inks, and defining the fabrication techniques and processes.

- WP2: Building upon the technical specifications determined in WP1, this phase focused on
material characterization and validation of the fabrication process, including the evaluation of
the electrical and dielectric properties of the materials through the design of a rectifier and an
antenna.

- WP3: This step involved prototyping. Multiple rectennas were fabricated and tested on flexible
materials, thanks to the knowledge acquired in the previous WPs. The performance of the
flexible rectennas was then compared with the harvester stage of the current geolocation tag,
which is built on a rigid substrate.
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2. Specifications

2.1. Choice of materials

The preliminary step in this project is to as evaluate and select the appropriate material for our
application. The performance of the antenna, and the rectifier, relies on the selection of materials
(substrate, conductive ink, and protective materials) for design and manufacturing purposes. In
general, a transmitting antenna can be modelled by an equivalent circuit of a transmission line, as
shown in the figure Figure IV.2. The equivalent input impedance of the antenna is determined by both
a resistive part (Ra) and a reactive part (Xa).

m iX,
L Z,

Figure IV.2. Equivalent circuit model of an antenna in transmitting mode.

The resistive component of the antenna represents the radiation resistance and the loss
resistance. The loss resistance consider various ohmic losses that occur in the antenna, including
dielectric losses related to the material's loss tangent, ohmic losses due to the conductivity of the
conductive ink, and losses from nearby objects. This resistance quantifies the power dissipated by the
antenna. The radiation resistance of the antenna reflects its ability to efficiently radiate
electromagnetic waves. It depends on the antenna type and its geometry relative to the wavelength.
To achieve higher antenna efficiency, it is important to maximize the radiative resistance and minimize
the losses. The antenna efficiency can be evaluated using equations (1V.2) and Figure I1V.3. The power
radiated by the antenna, as defined by Pragiated, is reduced by both losses caused by impedance
mismatch between the antenna and the source and the previously mentioned losses represented by
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Figure IV.3. Diagram of the incident power dissipation through a transmitting antenna.
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N ant = Mmismatch * Nrad. = P (Iv.1)
incident
_ Paccepted _ Pragiated
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As mentioned earlier, the radiation efficiency of the antenna is significantly influenced by the
dielectric properties of the substrate, including its relative permittivity (or dielectric constant), loss
tangent, thickness, and the resistivity of the conductive ink.

97



Chapter IV: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications

The relative permittivity (&,.) of a material determines its ability to store electrostatic energy
and be polarized by an electric field. The dimensions of an antenna are theoretically related to the
relative permittivity and the thickness of the substrate used. Higher dielectric constant results in
smaller antennas since they affect the guided wavelength (1,). The guided wavelength is the
wavelength of the signal propagating inside a transmission line. In the case of a microstrip transmission
line (MTL), its value can be calculated using equation (IV.3).

Cc

){ =

where c represents the speed of light, f is the resonant frequency, and ¢, is the effective dielectric
constant. The effective dielectric constant is determined by the width of the microstrip transmission
line (MTL) and the thickness of the substrate. Consequently, altering the dielectric constant causes a
shift in the impedance of the circuit or antenna. Numerous studies have highlighted the influence of
the dielectric constant on the dimensions and performance of antennas [178], [179]. For instance, a
high-dielectric-constant and flexible cellulose composite nanopaper, with a range of 726.5 to 1.1 GHz,
has been utilized in the design of a miniaturized antenna. It is mentioned that the proposed antenna,
employing the nanopaper substrate, is approximately half the size of an antenna printed on
conventional nanopaper or plastic film [180]. Miniaturizing antenna will have an impact on the
radiation resistance, depending on the effective radiation surface of the antenna relative to the
wavelength. Regarding the loss tangent or dissipation factor (tan6) of the substrate, it is the results of
signal propagation losses along the transmission line and, more precisely, for the dissipation of
electromagnetic energy within the substrate. Therefore, a cost-effectiveness analysis was conducted
to find the optimal solutions. Table 1V.1 shows the potential substrates that can be used. Among them,
Kapton 300 HN and PET Melinex 506 have the lowest loss tangent. For the next phase of this project,
PET Melinex 506 was selected as the chosen substrate due to its low cost, despite its limited
temperature tolerance. However, it is recommended to characterize the dielectric properties of the
substrate to ensure reliable simulation results.

Table IV.1. Substrates potentially usable in the project

References Substrates Thickness Dielectric Loss tangent Cost
(um) constant @1KHz Tan 6§ @1GHz
[181] Kapton 500 HN 125 3,5 0,0026 High
[181] Kapton 300 HN 75 3,5 0,002 High
[182] PET Melinex 506 125 2,9 0,002 Low
None PEN Q65FA 125 2,9 0,005 Medium

Conventional screen-printing inks are known to be cheaper and is suitable for the
requirements. Copper and silver inks for screen printing are significantly more cost-efficient compared
to gold inks. A list of inks usable according to the manufacturing process of Eurecat is presented in
Table IV.2. Silver inks are predominant especially because of their stability in normal room conditions,
and their high conductivity. Finally, silver Dupont 5000 was used as the best alternative.
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Table IV.2. Conductive inks potentially usable in the project

Inks Printing Thickness per  Resistivity Rsq Solid Viscosity

technology layer (um) (mQ/sq/mil) content % (Pas)

Copper Screen 6-10 <35 76-79 16-22
(Dupont PE510)

Silver Screen 8-9 <15 58-62 3.5-16
(Dupont 5000)

Silver Screen 8.6 <20-25 95.5 4.5-5.5

(Norcote ELG4105)
Silver ANP Inkjet 2-4 11 (uQ/cm) 30-35 10-17

(DGP 40LT-15C)

2.2. Architecture of the implemented solution

As stated before, the purpose of this project is to develop and build an application experiment
through the flexible, low-cost, and efficient development of the geolocation tag. In this regard, an
intermediate design step was go through a differential rectified with connected to a 50 Q antenna via
a RF connector, to form a rectenna. The technical task was to design and simulate the rectifier
according to the material specifications. The rectifier is intended to be optimized for maximum
efficiency at the lowest input power, considering a targeted load impedance of 10 kQ for
characterization. Regarding the rectifier topology, there are two categories of rectifiers according to
the input. Single ended rectifier receiving the RF signal between the wire and the ground, and
differential rectifier with two signals of opposite polarity. Figure 29 shows schematics of a single ended
doubler rectifier and a Greinacher rectifier in with differential inputs. The differential design has the
advantage to cancel the noise from the wire but requires more components and thus induces losses.
It also presents the ability to be directly connected to a conventional dipole antenna without any
transition.

C, D,
c, D, RFinto “ H-' o Vout
RFin o “ H" OVOl“ D, £ CL
D, =C.
D, =
B RFin- O—-l
(a) C, D, (b)

Figure IV.4. Schematics of the single-ended rectifier(a) and differential rectifier (b).
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Figure IV.5. (a) Differential rectifier design architecture with a single-ended input; (b) Differential rectenna design.

The Greinacher rectifier with differential input has been chosen for the next simulations. The
proposed design architecture is presented in Figure IV.5. A matching network is required to achieve a
100 Q input impedance from the complex capacitive input impedance of the rectifier with Schottky
diodes. The next stage involves a balun, which converts the input from the matching network to a
single-ended input 50 Q impedance, facilitating the characterization of the RF connector.

This balun will not be included in the final rectenna design because the targeted antenna for
the rectenna development will be a differential antenna (printed folded dipole). The need to generate
a balanced signal from an unbalanced signal (or vice versa) and to match the impedance has led to the
use of various balun devices in RF applications.

- Transformer Balun

The transformer is generally used to decrease or increase the AC voltage level. However, such
devices are also employed to prevent the flow of current between the source and the load. The
simplest approach to obtain a balun is by using a transformer device. The impedance ratio can be
established based on the ratio between the number of turns in the primary (N1) and secondary (N2)
windings of the transformer. This relationship is expressed by equation (IV.4) when the source
impedance and the load impedance are not matched.

I ° ° I,
o O
Unbalanced Balanced
(Z,) (Z,)

3 N, N,

Figure IV.6. Schematic of the voltage transformer balun.

i_j — (%)2 (IV.4)
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Mini-Circuits and Coilcraft are among the manufacturers that offer a variety of mini-RF balun
transformers with a wide frequency range. These transformers are commonly used in applications such
as antennas, mixers, and push-pull amplifiers across different frequency ranges. Despite their
advantages, including small size, wide frequency range, and low losses, it is worth noting that they are
relatively expensive.

Figure IV.7. Examples of SMD Transformer Balun. (a) Balun coil with ferrite core assembled with SMD pads; (b) SMD balun
transformer.

In the field of Radio Frequency Integrated Circuits (RFIC), integrated baluns are commonly
based on transformer baluns. For instance, a new design approach of an integrated balun for 60 GHz
applications in 65nm CMOS technology was proposed in [183] as seen in figure Figure IV.8 (b).

Another approach, targeting a lower frequency range, was presented in [184]. It consists of a
stacked multi-layer transformer balun operating at 128 MHz. Figure IV.8 (d).provides a 3D view of the
balun, showing the four-layer pattern of the stacked coil.

(b)

(d)

Figure IV.8. (a) Circuit model of classical transformer balun configuration simulated; (b) Image of the transformer balun
simulated using Sonnet software [183]; (c) Circuit equivalent of the proposed balun using 4 layer PCB, (d) 3- D view of the
balun with four-layer pattern of the stacked coil model [184].

- Planar Balun

One of the widely used planar microwave baluns is the Marchand Balun, which is employed to
generate balanced output from an unbalanced input. It was initially introduced by Nicolas Marchand
in 175] as a wide-band conversion transformer. Over time, it has proven to be highly useful in
Microwave Integrated Circuit (MIC) or Microwave Monolithic Integrated Circuit (MMIC) designs,
particularly for mixers, amplifiers, and oscillators [185]-[187].The conventional structure of the
Marchand balun is based on microstrip-coupled lines, as illustrated in Figure IV.9. The two coupled
quarter-wavelength transmission lines ensure good isolation, a 180° phase-shift between the outputs,
and the rejection of harmonics in the even-mode.
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Although the Marchand balun offers broad bandwidth, it is more complex to design, requires
a specialized manufacturing process, and is not suitable for low-frequency applications due to the
significant physical size of the microstrip lines.

r/4 1/4

> ) >

Single-ended =

Open
wpue .

+ -
Balanced output

Figure IV.9. Conventional Marchand balun structure.
- Lumped LC Balun

The LC Balun is a lumped component network used to convert a single-ended input to a
differential output (or vice versa) with a phase shift of +90°, while also allowing impedance
transformation. It consists of two capacitors and two inductors, as depicted in Figure 1V.10. This circuit
acts as a resonant circuit and is typically used for narrowband applications. The LC Balun offers several
advantages, including ease of design, low cost, and tunability. When operated at the resonant
frequency (fo), the circuit analysis can be simplified, and we can derive the following equations (IV.5)
and (IV.6) to calculate the values of the inductor (L) or capacitor (C). X represents the reactive
impedance obtained at resonance, considering the input impedance of the source and the load.

1 L
L-Woz C.WO =>ZO= E: RS.RL (|V5)
L= andc=— (IV.6)
_Zn'foan _27T'X'f0 '

Previous studies have focused on rectifiers with a differential topology using commercially
available RF Schottky diode series pairs. A differential doubler rectifier with odd harmonics suppression
characteristics is designed at 1.83 GHz in [188]. It achieved an efficiency of 28% with a 7.29 kQ load
resistance when receiving an input power of -15 dBm. Another differential rectifier architecture
composed of a pair of voltage double stages with a balun component has been suggested in [189]. This
design in Figure IV.11 (b), has the particularity to provide a balanced output voltage for biasing analog
IC. The RF-to-dc conversion efficiency was evaluated to 30% at 900MHz for a dc load of 10 kQ for an
RF input power of +5 dBm. However, this kind of architecture with a commercial SMD balun does not
favour miniaturization and can induce insertion losses of at least +1 dB.
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Furthermore, a particular rectifier design using resistance compression network with the same
differential with double stage Schottky diode is presented in [190]. Experimental results indicate that
it can achieve an efficiency of 15% for low RF input power at -5 dBm across an output load of 2 kQ at
a frequency of 915 MHz. Despite using fewer lumped components to avoid additional insertion losses,
this double-stage differential rectifier topology cannot achieve an efficiency higher than 30% with the
unoptimized load.

100pF

Ir = 10.5mm

(a) (b)

Figure IV.11. Layout of differential rectifier design with series pair Schottky diode presented on the state of the art : (a)
Differential doubler topology rectifier with odd harmonics suppression at 1.83 GHz [188]; (b) RF differential rectifier optimized
over a wide bandwidth in [189]; (c) Differential rectifier using resistance compression network designed at 915 MHz [190].

3. Evaluation of rectifier performances on rigid substrate

As the targeted application is on the narrow band of the ISM 868 MHz, we have chosen to
implement a lumped element LC balun design, which is simple and highly adjustable. The design and
simulation of the balun are conducted using ADS software from Keysight. The first step was to design
the LC balun network that ensures the impedance transition from 50 Q to 100 Q. The component
values are determined using equations (IV.5) and (IV.6) at 868 MHz. When selecting the inductor, it is
crucial to consider the numerical value deviation based on the frequency. Therefore, instead of relying
on ideal components from an empirical model, we used standard components from the Murata library
in the simulations. The values of the components, specifically a 15 nH inductor and a 3.3 pF capacitor,
were adjusted to achieve the desired return loss. The balun design, along with the corresponding
return loss, is presented in Figure IV.12 (b). The return loss plot is depicted on the Smith chart,
illustrating the impedance matching performance of the LC balun network.
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Figure IV.12. (a) Schematic view of the balun circuit; (b) Simulated return loss on smith chart with the marker at 868 MHz.
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A preliminary rectifier circuit has been designed following the validation of the balun on
simulation. The circuit employs a series Schottky diode and is optimized for low input power at -15
dBm. To emulate the load of the input impedance of the active stage of the tag, a resistive load of 10
kQ has been chosen. It is important to consider the insertion losses of the components to be used in
order to minimize any significant loss of input power. The dc resistance of the inductor plays a critical
role as higher resistance leads to greater losses and lower conversion efficiency of the rectifier. Prior
to implementing the circuit on the chosen flexible substrate, the design was first carried out on a rigid
FR4 substrate (thickness: 0.8 mm, dielectric constant: 4.4, dielectric loss tangent: 0.02) to establish
correlations between simulations and measurements. The design is based on the schematic depicted
in Figure IV.5 (a), using two differentially connected Greinacher rectifier topologies. A carefully
selected Schottky diode type, the HSMS-285C series pair from Avago, has been chosen for our specific
applications. This diode is a zero bias Schottky diode optimized for low power signal levels (Pin <-20
dBm) and frequencies below 1.5 GHz. It is suitable for low-power level applications [191]. The
simulation model of the HSMS285C diode has been imported into the ADS software high-frequency
diode library to ensure accurate simulation results. This model allows for the consideration of the
diode's non-linearity. The quality factor, or Q-factor, of the inductor is a crucial parameter to consider
in our rectifier design. It is a measure of the energy storage capability and lossiness of the inductor.
The Q-factor is directly proportional to the frequency and inversely proportional to the DC resistance
of the inductor. Higher resistance leads to increased losses and a lower Q-factor. To ensure accurate
simulation results that closely match the measurements, the inductor model used in the design
incorporates the Q-factor value. This model, referred to as INDQ, is detailed in [192].

[Wa] urmonceatance | [wa]sse] (W] varsonic eacance |

Figure IV.13. Schematic of the differential rectifier implemented on ADS Keysight.

The rectifier was designed using microstrip technology on an FR4 substrate. Several steps of
optimization were operated on the transmission lines length to improve the return loss under -10 dB
at the desired frequency band. Following the balun stage of the rectifier, a pair of lumped inductors
were employed to match the output impedance of 100 ohms to the input impedance of the double-
stage rectifier. This matching ensures efficient power transfer between the stages. The final design of
the rectifier with microstrip transmission lines and gaps (as close as possible to the prototyped
rectifier) is presented in Figure IV.13. Table IV.3 provides a list of the components used in the design,
along with their respective values and part numbers.
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Table 1V.3. List of component of the differential rectifier design on rigid substrate.

Component hame Part Number Value

L1=L2 LQP18MN15NGO02 15nH

L3 LQP18MN6N8C02 6.8 nH

L4 LQP18MN33NG02 33 nH

C1=C2 GRM1885C2A7R5CA01D 7.5 pF

C3=C4=C5 GRM1885C1H101JA01 100 pF
D1=D2 HSMS-285C-BLKG -

R1 -- 10 kQ

Instead of the S-Parameter simulation tool, the Large-Signal S-Parameter (LSSP) simulation is
used to compute the return loss of the rectifier. This approach takes into account the non-linear
behaviour of the components, which is crucial at low input power levels. Specifically, the design was
optimized for an RF input power of -15 dBm. As seen in Figure IV.14 (b), the simulated design is
precisely matched at the targeted frequency band with a return loss under -10 dB. Subsequently, the
proposed rectifier design was fabricated on an FR4 substrate, and an SMA connector was added to
provide RF input power for characterization purposes, as shown in Figure 1V.14 (a). During the
measurement, a slight frequency shift was observed compared to the simulation results. This
discrepancy can be attributed to the inaccuracies in the adopted simulation models as well as the
effects of soldering. The frequency shift also affected the maximum RF-to-DC conversion efficiency,
which was measured at 25% compared to the simulated value of 28%, as depicted in Figure 1V.15 (a).
However, it is important to note that despite this discrepancy, the measured efficiency remains within
an acceptable range. Furthermore, a comparison of the DC output voltage across the load was
performed between the simulation at the targeted frequency of 868 MHz and the measurement at the
resonant frequency of 840 MHz. The prototyped rectifier achieved an output voltage of 282 mV at an
input power of -15 dBm. The measurement showed an average offset of only 15 mV over the range of
RF input power, indicating a relatively stable and reliable performance of the rectifier. After the
validation of the rectifier topology on FR4 substrate, the same topology was adapted for an improved
design on flexible PET substrate. The design process involved modifying the dimensions and layout of
the components to suit the characteristics of the PET substrate. Careful consideration was given to the
material properties and manufacturing processes specific to the flexible substrate.

3 cm -6

Simulation

-26 — — Measurement

0.7 0.74 0.78 0.82 0.86 0.9 0.94 0.98
Frequency (GHz)

(a) (b)

Figure IV.14. (a) Photo of the fabricated rectifier; (b) Simulated (blue line) and measured (red dashed line) return loss of the
differential rectifier at an RF input power of -15 dBm.
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Figure IV.15. Comparison between simulation and measurement of the designed rectifier : (a) RF-to-DC conversion efficiency
as function of the frequency at -15 dBm ; (b) DC output voltage as function of the RF input power ( 868 MHz for the
simulation and 840 MHz for the measurement).

4. Rectenna Design on flexible PET substrate

4.1. Material characterization

With the objective of prototyping an optimized design of rectifier and antenna, the PET
MELINEX 506 material is used as substrate. The two main RF parameters needed for the simulation
step are dielectric constant (Dy,) or relative permittivity (&,-) as well as the Dielectric Loss Tangent (tand)
of the material with both at the range of frequencies of energy harvesting to ensure accurate
simulation results. Any material is defined by its permittivity expressed in equation (IV.7) and whose
value depends on the frequency. The real part of the dielectric constant (&'), known as the absolute
permittivity, defines the material’s energy storage capacity, while the imaginary part (¢'') accounts for
energy dissipation and allows for estimating losses. In the case of a lossless material or medium, the
imaginary part is equal to zero. In practical design applications, engineers primarily focus on the
dielectric constant of materials, which can be calculated using equation (1v.8).

=&+ j-&" (IvV.7)

Em . '
D,=¢=— witheg,=c¢

. (IV.8)

where g, is the absolute permittivity of the material and g;, the vacuum permittivity. The loss tangent
is a quantitative factor that indicates how much power loss is induced by the material. Through the
permittivity, it can be obtained via the ratio of the imaginary part to its real part as in equation (1v.9).

n

tand = — (IV.9)

gl

An initial development phase was conducted to characterize the material at 868 MHz and
validate the parameters provided in the datasheet. There are several techniques available for
characterizing the dielectric properties of materials, and the choice of technique depends on factors
such as the type of material (solid, liquid, gas), frequency, expected accuracy, and thermal stresses.
Some of these techniques include the coaxial probe, transmission line, free space, resonant cavity,
parallel plate, and measurement of inductance methods, as discussed in [193], [194]. In order to
accurately characterize the material using simple and efficient methods, considering the targeted
frequency range, planar transmission line techniques were selected for extracting the dielectric
parameters.
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The transmission line method is a convenient, easy and fast dielectric properties extraction
technique. However, it has limitations in terms of frequency range (not a frequency-dependent
behaviors) and accuracy compared to the resonant cavity or parallel plate method.

- Resonant methods of transmission line : Open T-stub resonator method

In this section, the T-resonator test method is studied from a theoretical perspective and
experimentally validated for the extraction of dielectric parameters. The T-resonator method, which
uses an open-circuit T-stub, is a widely used technique for characterizing dielectric properties. This
method has been demonstrated in various research studies [195]-[198]. In RF engineering, an open-
ended stub refers to a transmission line with a stub length equal to one-quarter of the wavelength of
the target frequency. By measuring the resonant frequencies of the open-ended stub, the effective
permittivity of the material can be determined. It is important to note that, in this context, the
substrate is considered as an inhomogeneous and non-magnetic material. The electrical length of the
stub is directly proportional to the guide wavelength, and this relationship can be mathematically
expressed using equation (Iv.10).

n-A
Loy == with 1y =———— (IV.10)

where n is a positive odd integer, A4 is the guided wavelength, ¢, is the speed of light in the vacuum.
The guide wavelength is dependent on the effective permittivity of the material and the operating
frequency. Once the dielectric constant is determined, the loss tangent or dissipation factor (tand)
needs to be determined as well.

The quality factor of a resonant structure is a measure of its ability to store energy and is
directly influenced by the losses caused by the substrate, which is represented by the dissipation
factor. The quality factor Q, of a resonator can be evaluated by measuring the transmission coefficient
(S21) and determining the upper and lower frequencies at which the insertion loss reaches 3 dB at each
resonant frequency. This relationship is expressed by equation (IV.11); where f, is the resonant
frequency at a specific mode, f;, is the upper frequency at 3 dB insertion loss, and f; is the lower
frequency at 3 dB insertion loss.

The obtained quality factor Qg,, as defined by equation (1v.12), considers the losses induced by
the resonator. Qgieiectric represents the losses induced by the dielectric material, Qconductor
represents the losses induced by the conductor, and Q;44iqtion, represents the losses induced by
radiation from the open-ended structure. Given the various parameters that affect the quality factor,
the loss tangent has not been determined using this method under conditions of rapid and less precise
characterization. However, we can also evaluate the attenuation per guided wavelength (in dB//’lg).

fo
BW34p

QO = Wlth BW3dB = fh - fl (|V11)

11 1 1 (v.12)
Qdielectric QO Qconductor Qradiation .
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A preliminary design of an open-ended T-stub was designed with the standard dielectric
parameter of the PET Melinex 506 as provided in Table IV.1, and its structure is shown in Figure IV.17
(a). Once the T-stub was simulated on ADS with a stub line (lswb) of 73.66 mm, it was fabricated using
screen printing on the same PET substrate with silver ink, and then measured using a vector network
analyzer. The inkjet manufacturing process was utilized for this project, specifically using the Dimatix
Inkjet printer DMP-2850 from Fujifilm [199]. This printer enabled the deposition of fluidic materials on
an A4 substrate using a disposable piezo inkjet cartridge. In addition to inkjet printing, mask-based
printing technologies were also employed in this project. These technologies involve the use of analog
masks (such as screens, cylinders, plates, etc.) to deposit the desired patterns. Among them, screen-
printing was particularly utilized, although it typically results in a higher layer thickness compared to
inkjet printing.

The geometry of the stub allows for the determination of the relative permittivity from the
effective permittivity as referenced in [200]. In microstrip design, the relationship between the
effective and relative permittivity is important, especially when the ratio of the transmission line width
to the substrate thickness is equal to or greater than one. The effective permittivity of the
inhomogeneous substrate can be calculated using equation (Iv.13), which takes into account the width
of the conductor (w = 0.32 mm) and the substrate thickness (h = 125 um). The flexibility and the low
heat stability of the substrate did not allow the use of standard SMA connector to be soldered. It was
therefore more judicious to use end-launch connector from Southwest Microwave [201]. These
connectors provide a reliable and efficient means of connecting the microstrip transmission line
without compromising the substrate’s integrity.

The measurement of the stub was operated up to a frequency of 4 GHz to capture at least 3
harmonics (or 3 nodes) . By analyzing the measured resonant frequencies, we were able to determine
the effective permittivity of the substrate using equation (IvV.10) and then calculate the relative
permittivity using equation (Iv.13). The measured resonant frequencies and their corresponding
effective permittivity values are listed in Table IV.4. The values of relative permittivity varied slightly
with frequency, with an average value of 3.44 and a standard deviation of 0.17. Subsequently, we
performed a retrosimulation on ADS using a relative permittivity value estimated at 3.5, compared to
the measured value of 2.9. Figure IV.18 demonstrates a good correlation between the retrospective
simulation and the measurement results.
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Figure IV.16. Cross section view of microstrip transmission line geometry.
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Figure IV.17. (a) Structure of the designed microstrip quarter-wavelenght open-ended stud resonator (I1= 15 mm and
12=35mmy; (b) Photo of the S-parameters measurement setup for the prototyped structure.
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Figure IV.18. Comparison between the measured and retro-simulated transmission coefficient of the microstrip open-ended
stub resonator with €r = 3.5.

Table IV.4. Extracted effective and relative permittivity of the PET material for microstrip T-stub resonator method.

n Resonant Frequency (GHz) €eoff €

1 0.607 2.87 3.63
3 1.879 2.64 3.31
5 3.108 2.68  3.37

Another design of an open-ended T-stub resonator was implemented using Coplanar Waveguide with
Ground (CPWG) on the same substrate in order to compare the results with the microstrip design.
CPWG transmission lines have advantages over microstrip lines, such as reduced dispersion and
prevention of unwanted modes from propagating. This technique has also been proposed for the
characterization of microwave [202]. By using the effective permittivity value obtained through the
analysis, the relative permittivity can be calculated using equations (Iv.14) to (1v.18) from [200]. The
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CPWG T-stub line is designed with a width (w) of 0.35 mm and a gap of 0.4 mm to ensure a
characteristic impedance of 50 ohms for the transmission line.
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Figure IV.19. Cross section view of Coplanar waveguide with ground transmission line geometry.
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(IV.15)

k' = +1-k? (Iv.16)

n-w
1 = fanh (i:’g) (IV.17)
tanh (4—>

ki = /1 —ky” (IV.18)

where w is the width of the trace, b is the length between the two adjacent ground plane on the top
layer (w+2*gap), t is the thickness of the metallization and h the thickness of the substrate. The
function K(x) is the elliptical integral of the first kind. The relative permittivity of the substrate was
determined to be 3.44 + 0.08. The retrosimulation of the resonator with a relative permittivity of 3.5
is compared to the measurement in Figure V.20 (b) and the difference is more significant at the
harmonic frequencies.
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Figure IV.20. (a) Structure of the designed CPWG quarter-wavelength open-ended stud resonator; (b) Comparison between
the measured and retrosimulated transmission coefficient of the CPWG open-ended T-stub resonator with €r = 3.5.
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Table IV.5. Extracted effective and relative permittivity of the PET material for CPWG T-stub resonator method.

n Resonant Frequency (GHz)  &q¢¢ €
1 0.593 294 3.52
3 1.879 2.81 3.36

- Half-wavelength transmission line resonator methods

A fast dielectric constant extraction method from a CPWG transmission line was evaluated.
This method for fast determining dielectric properties of substrate materials was presented in
[197].based on the ungrounded coplanar waveguide structures containing two simple straight lines. It
consists of measuring the resonant frequency of a half-wavelength transmission line, as the resonant
frequency is inversely proportional to the square root of the effective permittivity. The phase response
of the transmission line reveal a phase shift at it resonant frequency. To apply this method, three
transmission lines with different lengths (70 mm, and 90 mm) were used. The resonant length can be
calculated by the equation (Iv.19). The designed transmission lines followed the same dimensions (gap
and width) as presented in the GCPW T-stub method. In order to perform the measurement on lines
of different lengths, a calibration was performed before to bring the reference of the measurement
back to the beginning of the line to be measured. A test structures designed for flexible substrate
characterization. A test structure was specifically designed for the characterization of flexible
substrates. The test structure consists of two transmission lines (50 Q GCPW lines) and an associated
SOLT (Short, Open, Load, Thru) custom calibration kit. The use of GCPW lines facilitates the
measurement of S-parameters using a standard on-wafer setup, with the test structures positioned on
a metallic chuck. Addition it can be equipped with standard SMA end-launch connectors for convenient
connection and measurement purposes.
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Figure IV.21. Structure of the designed CPWG half-wavelength transmission line.
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Figure IV.22. Measured Magnitude and phase of the transmission coefficient S21: (a) line of 70 mm; (b) line of 90 mm.
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Table IV.6. Extracted effective and relative permittivity of the PET material for half wavelength transmission line method.

L (mm) Resonant Frequency (GHz) Eoff &
70 1.284 2.78 3.32
90 0.982 2.88 3.44

The relative permittivity based of the measured frequency shift of the transmission coefficient
and the equation (1v.19), is reported in Table IV.6. The relative permittivity for a length of 90 mm is
equal to the mean of the value obtained with the two previous methods. This last method allows us to
confirm the value of the obtained relative permittivity. However, the loss tangent of the substrate was
not measured due to concerns about the accuracy of the method. Instead, the attenuation or
transmission loss was determined to be 0.024 dB/mm with an uncertainty of £ 10%. This provides an
estimate of the loss experienced by the signal as it propagates through the substrate.

4.2. Evaluation of the rectifier performance on PET Substrate

For the rectenna design as part of the project, it was important to evaluate the performance
of the differential rectifier with a balun on a PET substrate. This preliminary step was necessary to
validate the dielectric properties of the previously characterized substrate and evaluate the
performance of the rectifier on the flexible substrate. For the subsequent designs of the rectifier and
antenna, the dielectric constant was set at 3.5 and the loss tangent at 0.08.

The rectifier based on a topology as shown in Figure 1V.13, is designed on CPWG to facilitate
characterization with an End-Launch connector as used for substrate characterization. To accurately
predict the experimental results of the rectifier on PET, a co-simulation model using Momentum
features in ADS was employed. Momentum enables electromagnetic simulation of RF designs,
expanding the accuracy range of circuit models and accounting for potential coupling and edge effects.

The rectifier circuit can be divided into two parts for simulation: (1) from the RF input of the
rectifier to the differential input of the Schottky diode, (2) from the Schottky diode to the output load.
Consequently, EM simulation of the rectifier layout was only performed on the first part to accurately
compute S-parameters. Following the EM simulation, the model of the rectifier, including the S-
parameters results, was created and simulated in the schematic view using the appropriate
components. The co-simulation model of the rectifier, including the balun, is depicted in Figure 1V.23
(a). The components used for the rectifier simulation are listed in the Table IV.7.

The simulated rectifier was subsequently printed on the PET substrate using silver ink by the
Eurecat partner. The integration of electronic components onto the printed rectifier on the flexible
material was performed silver resin using a vacuum pickup tool and silver resin as the bonding material.
Specifically, the EpoTek H20E [203], which is an epoxy system consisting of a silver resin paste and a
silver resin hardener, was utilized. The process involved depositing the silver Epotek H20E onto the
designated footprints of the rectifier. Then, all the components were picked up and placed onto the
conductive resin. To ensure proper contact and conductivity between the footprint and the
components, the entire circuit with the mounted components was placed in an oven and thermally
cured for 10 hours at 50°C. This process facilitated the formation of good contact and conductivity.
Afterwards, the prototyped rectifier was characterized using an end-launch connector at the input
port. The DC performance of the rectifier is measured using a DC probe arm controlled by a micro-
positioner, as illustrated in Figure 1V.23 (b).

112



Chapter IV: Battery-free Wireless Sensing Node for Structural Health Monitoring Applications

Table IV.7. List of component of the differential rectifier design on flexible PET substrate.

Component name Part Number Value
L1=L2 LQW15AN8N7G00 8.7 nH
L3=L4 LQW15AN43NGO0 43 nH
C1=C2 - - 1pF
C3=C4=C5 -- 33 pF
D1=D2 HSMS-285C-BLKG --
R1 -- 10 kQ
[X] 2 i C3 =l
D1 =,
c5 R1
. D2
50 Ohm c1 L4 c4 1

PORT1
2=50

P=polar(dbmtow(Pin).0) L2
Freq=Fi

eq=Freq Hz.

(a) (b)

Figure IV.23. Flexible rectifier designed on PET substrate: (a) Schematic view of the co-simulation model; (b) Photo of the
prototyped flexible rectifier under measurement.

The measured and retro-simulated return loss and RF-to-DC conversion efficiency, considering
the dielectric properties of the selected PET substrate (dielectric constant of 3.5 and dielectric loss
tangent of 0.08), are presented in Figure IV.24. The obtained results validate the rectifier simulation
with a slight difference probably due to the test fixture used and component tolerances. The rectifier
achieves a maximum measured DC voltage of 236 mV (18% of efficiency) at 842 MHz. However,
performance is degraded compared to the results obtained with the rigid substrate rectifier (FR4).

0 25
-5 R20 | e--ee
g L--- -7 ~<
: e
o ~
= U 25 | - ~. -
~ S - ~ ~o
= g‘g -7 S ~
-
@ 15 10 .-
3 —
20 1 —— Simulation S 5 | — - Co-simulation
:
— — Measurement E - = Measurement
-25 I T o
0.7 0.75 0.8 0.85 0.9 0.95 1 0.75 0.85

Frequency (GHz)

(a)

Frequency (GHz)

(b)

Figure IV.24. Comparison between simulation and measurement of the flexible rectifier on PET : (a) Return loss as function of
the frequency at -15 dBm ; (b) RF to dc conversion efficiency as function of the frequency ( Input power of -15 dBm).

The final objective is to carry out a study on the flexible rectenna, as depicted in Figure IV.5
(b), focusing on the interface between the differential rectifier and the antenna without balun. The
differential rectifier, which has been previously presented and tested, is now adapted and optimized
to achieve a differential input impedance of 100 Q. To simplify the single-layer screen printing process,
the final circuit is designed on coplanar waveguide without ground plane. The coupling effect is
modelled using a coupled CPW transmission line in the simulator, and the impedance matching to 100
Q is ensured by using a pair of two 56nH inductors (LQW18AN56NJ00). Both, the schematic model and
the co-simulation model (EM model from Momentum) of the rectifier, are simulated using harmonic
balance and LSSP simulator techniques (as illustrated in Figure 1V.25).
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Figure IV.25. Schematic view of the differential rectifier to be interfaced to the antenna: (a) Rectifier with equivalent
transmission line mode; (b) Rectifier simulated using Momentum with layout of the RF part.
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Figure IV.26. Comparison between EM model and schematic of the rectifier: (a) Return loss at -15 dBm; (b) RF to DC conversion
efficiency and DC output voltage at 867.5 MHz.

As previously noted, there is a huge difference between the schematic and EM models of the
rectifier that is note here. The final tuning of component value and transmission line length for the
prototyping is based on the co-simulation with the EM model. The simulation results presented Figure
IV.26 with a lumped inductor of 56 nH are very encouraging for the final implementation of the
rectenna. Through this, we can note that a loss of around 10% in efficiency was linked to the use of the
balun. Fewer components in the circuit means less insertion loss, and therefore greater efficiency.
With the prototyped rectifier, we can expect to have a rectifier working at 867.5 MHz and provide a
DC voltage of 334 mV across the 10 kQ load. The maximum conversion efficiency is located at -5 dBm
but the rectifier can reach up to 35% at -15 dBm.

4.3. Design and implementation of the flexible antenna

After evaluating the performance of the rectifier on the PET Melinex 506 substrate, our focus
now shifts to the design of the antenna. The primary criterion for the desired antenna is to achieve a
positive realized gain within the European ISM 868 MHz band, while also considering miniaturization
as a design constraint. The proposed design on PET is based on the electrically small 3D antenna on
FR4 substrate presented in Chapter Il, which offers several advantages such as shape symmetry,
desirable radiation pattern, easy and cost-effective fabrication, and the ability to receive balanced
signals. The antenna is designed at 100 Q input impedance. The planar structure of the antenna,
featuring a UFL connector, is depicted in Figure IV.27.
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Although the measurement technique used with the U.FL connector does not allow balanced
feeding of the antenna, it was chosen for its accessibility, small size, and ease of implementation.
Moreover, it was observed that its use did not have a significant impact on the measured results
compared to the simulation.

>
A ‘ 15.5 mm ‘
18 mm N
25 hm e — 2 J'
15 mm
"4 -
h 74 mm -

(b)

(a)
Figure IV.27. Proposed UHF antenna: (a) Pattern with the dimensions; (b) Dimetric view of the antenna with an UFL connector.

The performance of the antenna was evaluated in terms of impedance matching and radiation
characteristics. The simulation considered the thickness of the silver layer (9 um) and the U.FL
connector model. A 100 Q impedance was defined at the lumped port of the simulation. The antenna
exhibits a maximum gain of +1.3 dBi with an aperture angle of 92° at 867.5 MHz. Next, the return loss
of the prototyped antenna, as shown in Figure 1V.28, indicates a good correlation with the simulation.
Below -10dB, the bandwidth is obtained from 853 MHz to 884 MHz. A slight frequency shift is observed,
likely due to inaccuracies in the extracted dielectric parameters and potential errors during the
measurements. However, the prototyped antenna is well-matched within the targeted frequency band
for our application (865 MHz to 868 MHz) and exhibits an omnidirectional radiation pattern. The
measured maximum gain is +1.65 dBi on the YoZ plane at 867.5 MHz. However, the measured gain is
slightly higher (+0.5 dBi) than the simulated realized gain of +1.1 dBi at Phi=90° and theta=0°. This
difference can be attributed to the overestimation of dielectric loss and measurement inaccuracies
caused by the UFL cable.
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Figure IV.28. Comparison between simulation and measurement of the designed antenna: (a) Return loss; (b) realized gain on
the YoZ plane at 867.5 MHz.

After experimentally validating the antenna, adjustments were made to its input pads to
facilitate direct connection to the rectifier to form a rectenna on the sample substrate. These minor
modifications do not have a significant impact on the performance of the antenna. Additionally,
changes were made to the layout of the rectifier in the DC part (after the Schottky diode) to simplify
its characterization using a specific connector. Research led to the selection of Clincher connectors
from Amphenol, which are low-cost and flexible rigid connectors.
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A study was conducted to investigate the effect of placing the rectifier between the arms of
the antenna, and it was found that there was no significant difference. However, further investigation
was required to understand how the bending angle of the substrate affects the performance of the
antenna. It is known that the bending of the prototype can affect the current distribution and
subsequently impact the antenna's performance. To demonstrate this, simulations of the antenna
were carried out using HFSS, as depicted in Figure 1V.29. The simulations show that the proposed dipole
antenna design with varying the bending radius has a good impedance matching (S11 below -10 dB)
over a bandwidth of 46 MHz. The return loss at 867.5 MHz is consistently below -15 dB, except at a
radius of curvature of 5 cm, which represents the antenna's flat configuration. The radiation pattern
of the antenna remains unaffected by the bending radius. As a function of the radius, the realized gain
has a deviation of £1 dBi.
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Figure IV.29. Evolution of the return loss as for different bending radius of the flexible antenna.

4.4. Evaluation of the rectenna performance

The fabrication process of the designed rectenna involved screen-printing and the
hybridization of surface-mount (SMD) components, which was carried out by Eurecat. Similar to the
previous part, the Epotek H20E conductive paste was used due to its ability to provide good ohmic
contact. However, it should be noted that there were some process variations and soft system failures
with the pick and place instrument (Autotronik BS281), resulting in an alignment margin of
approximately 100 um. Another important consideration was the potential short circuit between pads
or adjacent lines. This issue could arise from the spread of the conductive paste after deposition, which
is due to semi-liquid nature of the conductive paste. To prevent unexpected short circuits, a margin of
around 700 um was desired to ensure sufficient separation between pads and lines. Once the
components were properly placed on the substrate with the conductive paste, the entire assembly
was subjected to curing in an oven at 150°C for 10 minutes. For experimentation under bending
conditions, a non-conductive adhesive paste (Loctite AA3525) was also used to enhance the
mechanical stability of the prototype. Figure IV.30 shows a photo of the final prototypes after the
printing and hybridization steps.
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Transmitter Patch Antenna

Clincher connector

Figure IV.30. Test setup environment with rectenna in foreground and transmitter in background

To evaluate the overall performance of the rectenna, a test environment was set up in an
anechoic chamber to minimize reflections and obstacles. The transmitter consisted of a patch antenna
with a gain of +9.4 dBi connected to an RF signal generator. The rectenna, with an antenna gain of +1.1
dBi, was placed at a distance of 2 meters from the transmitter. For accurate measurements, it was
crucial to ensure perfect alignment and co-polarization between the rectenna and the transmitter
antenna. This alighnment was necessary to compute the Friis equation. Measurements were conducted
on three different samples to evaluate the variability in performance. Among the samples tested, one
sample (R1) was manufactured by Eurecat, while the other two samples (R2 and R3) were
manufactured in the laboratory using rectennas printed on a flexible substrate provided by Eurecat.
The main difference between the samples lies in the hybridization technique, with R1 being
manufactured using an automated process at Eurecat, and R2 and R3 being manually assembled in the
laboratory. Additionally, the curing times in the oven were different for each sample. The samples (R2
and R3) were cured for 10 hours at 50°C, while the sample R1 underwent a curing process at 150°C for
10 minutes. In terms of performance, both R1 and R2 demonstrated similar results, with a maximum
DC voltage of approximately 1.19 mV and 1.2 mV, respectively, for an equivalent power density of 2.2
UW/cm?. The R3 sample exhibited slightly lower performance, with a maximum voltage of 1.1 mV. As
illustrated in Figure 1V.31, the rectenna R1 demonstrated interesting performance at 870 MHz, with a
maximum DC voltage of 1.19 V and an efficiency of 54% at a power density of 2.2 uW/cm?. These
results indicate that the rectifier and the antenna combination achieved a working frequency in the
targeted frequency band. An additional prototype was fabricated with Loctite glue deposited on the
top of the SMD component to increase the mechanical stiffness of the electronic part of the rectifier
circuit. In this sense, we can observe in Figure 56 that the rectenna performances with (w.) the glue
are altered (compared to green curves). An alternative should be investigated to minimize this effect.
The curvature of the rectenna is proved to have no significant effect on the overall performance as
demonstrated first with the antenna in different bending conditions. The prototypes proved to have
high-performing characteristics in terms of both voltage output as well as high efficiency.
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Figure IV.31. Experimental results with a comparison between the rectenna (sample R2) with and without Loctite glue, and
curved rectifier (a) DC output voltage with 2.2 uW/cm? (b) Conversion efficiency at 868 MHz.
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across the capacitor.
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It was crucial to compare the performance of rectenna of flexible substrate with that of the
UWINLOC tag (Utag) harvester. The functionality of the Utag was modified to focus only on the rectifier
part, excluding any connection with the included power management unit and other active circuits on
the board. In this configuration, the Utag received antenna, a printed Inverted F-Antenna (IFA)
designed for 868 MHz (gain of -0.5 dBi) was used with the rectifier part and the output is connected to
a 10 kQ resistive. The experimental setup and conditions were the same as previously described with
the rectenna sample R1. The Utag rectenna exhibited higher efficiency within a specific power density
range, exceeding 0.13 uW/cm? (equivalent received power of -19.3 dBm), despite its relatively low gain
as illustrated in Figure 1V.32. Below this power density range, the rectifier in the Utag was not
optimized to achieve the minimum DC voltage required for its functioning (sensitivity of the Utag is at
-20 dBm). These results can be attributed to the fact that the Utag is fabricated on a rigid substrate (I-
Tera MT40) with a lower loss tangent of 0.0031. Additionally, the rectifier circuit in the Utag is
optimized, using an integrated circuit (Ic) with reduced losses compared to a Schottky diode. However,
if prioritizing DC voltage over efficiency, the flexible rectenna is more suitable because its higher
antenna gain than that of Utag (printed IFA antenna).

5. Conclusion

The study in this chapter related to the Smartees project has successfully validated the
performance of an efficient flexible rectenna on a flexible substrate as a viable alternative to
conventional rigid PCBs. Considerations on this project were made not only regarding performance but
also the cost of materials and the manufacturing process. Through extensive research based on the
specifications, the PET substrate from Melinex and the silver conductive ink from Dupont were
identified as the optimal choices for our application. Dielectric properties of the substrate were
carefully analyzed to ensure accurate simulation results. The selection of the antenna type was based
on defined specifications, and simulation results demonstrated that a modified dipole antenna with a
T-match structure met the requirements, achieving a measured gain of +1.1 dBi at 867.5 MHz. The
rectifier circuit, based on a differential topology, was designed and optimized for low input power (-15
dBm) with a 10 kQ output load. Both the rectifier and the antenna were individually optimized, and
their integration resulted in a rectenna with promising performance for the geolocation tag. The
prototyped rectenna was accurately tested and the results demonstrated an efficiency up to 52% for
an estimated power density of 2.2 uyW/cm? (or an equivalent received power of -5.7 dBm).

The mechanical stability of components on the flexible substrate is a crucial factor for mass
production. It was observed that using Loctite glue on top of the rectifier led to a reduction in
performance.

In future iterations, different conductive pastes can be explored to improve mechanical
stability while maintaining rectifier performance. Additionally, a more detailed study can be conducted
to further investigate this effect of the rectifier circuit. The results also demonstrated satisfactory
performance, comparable to rectenna of the Utag (its own antenna and rectifier from the harvesting
part).

This project provided valuable insights into the available flexible and low-cost technologies in
the market. The technical achievements of the designed rectenna are promising for future
developments and product definitions. However, it is important to address the issue of prototype
stiffness. While the performance of the prototypes remains stable under different bending angles, the
fragility of the hybridized components on the flexible substrate could be a limitation. In future
iterations, alternative techniques such as injection molding should be considered to enhance the
mechanical robustness of the prototypes.
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V. Miniaturization of the Antennas for
the Geolocation Tag

1. Introduction

This chapter, like the previous one, falls within the scope of the thesis on the battery-free
geolocation tag. One of the research areas on the tag miniaturization is discussed here As presented
earlier, the tag comprises three main parts: the two antennas, and the electronic part consisting of the
microcontroller, the harvesting part and the UWB chip. The Ultra-High Frequency (UHF) antenna or
receiving antenna and the Ultra-Wide Band antenna or transmitting antenna enable energy harvesting
and geolocation signal transmission, respectively. The global size reduction of the Utag (65 mm x 45
mm) can be investigated through the antenna miniaturization. The shape of the antennas takes a
considerable size on the tag and mostly for the UHF antenna working at a lower frequency of 868 MHz.
The electronic part has been previously integrated into a single module and will not be intrinsically
detailed. We specifically focused the study on redesigning the UHF antenna for energy harvesting
purposes, while keeping the UWB antenna unchanged from the current version of the tag. However,
slight modifications were made to the UWB antenna to ensure it matches the complex impedance of
the module and to accommodate its specific location on the tag surface.

Several techniques for miniaturizing printed antennas have been explored in the literature
[204]. One approach involves making structural modifications to the antenna geometry within the
available space or volume. This can include incorporating a larger radiating structure or adding
additional elements to the antenna shape. For example, the use of a coupling element, such as a
rectangular ring, has been shown to reduce size and increase bandwidth of the antenna [205]. Another
technique involves designing electrically small antennas using coupling between capacitively loaded
loop and Egyptian axe dipole structures etched from opposite copper sides. This approach enables the
creation of a single-substrate Huygens dipole antenna with compact dimensions [68]. Meander lines
are also commonly employed in the design of small antennas. These lines reduce the physical
dimensions of the antenna while increasing the electrical dimensions, thereby achieving a lower
resonant frequency [206]. Meander antennas are commonly used in UHF and RFID applications [207]—
[209]. Space filling properties using fractal geometry is also used to miniaturize antennas [210]. For
compact nonplanar antennas, a 3D or spherical shape can be employed to achieve miniaturization.
This technique allowed us in the chapter Il to propose an electrically small antenna by adding metal
arms connected perpendicularly to the planar structure of the antenna. Additionally, a dipole-type
RFID tag antenna is wound into a spherical shape to make it compact in a volume. [211]. Reactive
loading elements can also be used for miniaturization [212]. This technique is employed in [213], [214]
through an LC load (a combination of a lumped inductor and an interdigitate capacitor).
Miniaturization can also be achieved by reducing the guided wavelength through the use of a higher
permittivity material, such as a ceramic—polymer composite [215], [216].
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Recent research efforts have focused on developing small antennas using metamaterials [217].
Overall, these various techniques offer ways to miniaturize printed antennas and optimize their
performance for specific applications.

For the miniaturization technique selection for your application, it is important to consider
factors such as ease of implementation and cost-effectiveness in the manufacturing process. The first
approach of the work was to design a compact antenna on a rigid substrate without significantly
degrading the efficiency. Then, advanced manufacturing process were employed to further investigate
a compact antenna design on the rigid substrate. Additionally, the advantages of flexible materials
were considered in order to design conformal antennas. The antennas can be shaped and integrated
into various form factors and irregular surfaces, optimizing space utilization.

2. Electronic module of the geolocation tag

In the latest version of the geolocation tag, significant improvements have been made to the
electronic part. It has been integrated onto a compact castellated holes PCB measuring 15 mm x 15
mm, facilitating easy integration into the geolocation tag as shown in Figure V.1. This electronic module
incorporates all the necessary circuits and functionalities, including microcontrollers, a UWB
transmitter chip, and energy harvesting components.

The energy harvesting part, equipped with a power management subsystem, converts AC
power to DC power, but also manages and stores the harvested power in a capacitor, and supplies
power to the active components. The module operates in the Industrial Scientific Medical (ISM)
frequency band at 868 MHz and enables an ultra-low power cold start procedure, typically consuming
around 3 pW from an empty storage element. It can harvest a wide range of RF input power, from -18
dBm to +10 dBm. Once a sufficient amount of energy is stored in the 150 puF ceramic capacitor, the tag
can transmit an ultra-wideband pulse at a central frequency of 4 GHz. The UGM requires no more than
40 pJ for a single UWB message, which includes a unique identification (from the start-up point to the
data sending). To accommodate the energy harvesting and UWB features, the Uwinloc geolocation
module (UGM) offers two differential inputs. The impedance at the RF input pins is Zin_UHF ([8-j-250]
Q) at 868 MHz for an input power of -18 dBm, while Zout_ UWB ([25-j-9] Q) at 4 GHz is the impedance
at the RF output pin. Therefore, the antennas are directly designed at the corresponding RF input and
output pins, avoiding the need for additional lumped components, reducing insertion losses, and
minimizing the overall size compared to the previous version of the tag.

Current Tag

Block diagram of the UGM
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Harvester ==
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Figure V.1. Size reduction of the electronic part from the current version and simplified block diagram of the UGM.
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In order to accurately estimate the mismatch losses, the RF input and output impedance was
measured with the same setup used for the antenna characterization as seen in the experimental setup
in Figure V.7 (a). It allows to accurately evaluate the impact of impedance mismatch on the
performance of the tag. The design of the antennas is particularly important to achieve the best
compromise in terms of high sensitivity at low power density to be received, UWB transmission range,
and accuracy for localisation. Thus, we tried to propose antenna designs that are both compact and
have good performance.

3. Rigid substrate antennas (Rtag)

For our initial optimization strategy, we have chosen to focus on developing a small-sized
antenna on a rigid substrate. Our objective is to fit the entire tag within a 50 mm x 50 mm square area.
In contrast to the current version of the tag (Utag) that utilizes a printed Inverted F-Antenna (IFA), we
explored alternative options due to constraints related to the required size of the ground plane and
the feeding technique. To address these challenges, we decided to design complex conjugate antennas
that are specifically matched to the corresponding RF inputs of the UGM module. This approach allows
us to optimize the performance of the antennas and ensure efficient signal transfer avoiding
impedance matching network. The prototyped tag named Rtag, including the optimized antenna
design, was implemented on a rigid substrate called Itera MT-40, manufactured by Isola with a
dielectric constant of 3.45 and a low loss tangent of 0.0031 [218].

3.1. Simulation of the proposed antenna

- Design of the UHF antenna

Given its large size, we started the simulation with the UHF tag antenna on the 50 mm x 50 mm area.
The design process for the UHF antenna involves four main steps, which are illustrated in Figure V.2.

50 mm

ﬂm

A0

——iy
L_ant

Al A2

A3

Figure V.2. Design steps of the UHF proposed antenna on rigid substrate (W_ant =18 mm ; L_ant = 14 mm).
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The initial design named AO, features a horizontal short dipole antenna with curved arms
(width of 2 mm) connected to the input differential input pads of the UGM module. However, the
imaginary part of the antenna (-411 Q) did not match the impedance required (250 Q). To address this
impedance mismatch, the width of the rectangular part (W_ant) of the dipole arms is adjusted. This
adjustment helped to better align the impedance of the antenna with the targeted impedance of the
UGM. Despite the advantage of using lumped inductors for miniaturization, theses also induces losses
due the presence of series resistance. The ohmic losses is also qualified by the Quality (Q) factor that
should be higher as possible for the inductor selection. Murata LQW Wirewound inductor with a high
Q will be used for the prototyping . The equivalent series resistance of the inductor is not introduced
in the simulation parameters yet and will be accounted from the datasheet of the inductor once the
target value is obtained . The smith chart in , shows the evolution of the antenna impedance with
different values of inductor. We finally get close the targeted impedance with a lumped inductor of 30
nH.

As depicted in Figure V.3 (a), increasing the width of the antenna arms leads to a higher
imaginary part of the impedance. However, it also increased the real part of the impedance. To ensure
proper integration of the UWB antenna and avoid occupying the entire surface of the tag, we limited
the width (W_Ant) to 18 mm. The obtained imaginary part of the impedance increases to
approximately -200 Q. To achieve the desired imaginary part close to +250 Q from the Al design, the
next step involved introducing a 1 mm width meander line. However, this still resulted in an impedance
mismatch, with an impedance of [4.515 - j-99.195] Q. Given the size limitations of the tag, we loaded
the antenna using two identical lumped inductors to increase the imaginary part. The lumped inductors
were simulated by assigning boundaries to small rectangular sheets at the antenna input as shown in
Figure V.2 (A3).

The use of lumped inductors enables antenna miniaturization but introduces losses due to its
inherent series resistance. The ohmic losses are quantified by the quality factor (Q-factor) of the
inductor, which should be as high as possible. For prototyping purposes, Murata LQW Wirewound
inductors family with high Q were used. During the tuning steps, the equivalent series resistance of
the inductor has not been included in the simulation parameters yet. It was considered from the
inductor datasheet once the targeted value is achieved.

4.5
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Re [Zin] mm
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Figure V.3. (a) Input impedance of the A1 antenna as a function of W_ant parameter variation with fixed L_ant; (b) Evolution
of the reflexion coefficient of antenna A1 on the Smith chart as a function of the loaded inductor value.
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The Smith chart in Figure V.3 (b), illustrates the evolution of the antenna impedance with
different values of the inductors. Finally, we were able to reach the complex conjugate impedance by
using a lumped inductor of 30 nH (the last red marker closed to blue one).

After designing the complex conjugate UHF antenna, the next step consisted in integrating the
UWB antenna and conducting a co-simulation to mitigate any coupling effects with the UHF antenna.
To facilitate the design, the rounded bowtie antenna used in the current version of the tag (shown in
Figure V.1) was used as the UWB antenna. Adjustments were made to fit the antenna into the 50 mm
x50 mm area, and a triangular shape was added near the feed point for impedance matching as shown
in Figure V.5 (a). The simulated return loss (S11) of the UWB antenna, normalized to the complex
conjugate impedance of the UGM ([25+]-9]) Q, exhibited a bandwidth of 18.35% ranging from 3.86 GHz
to 4.64 GHz (considering S11<-10 dB). However, the radiation pattern of the UWB antenna was
affected by the larger size of the loaded dipole antenna. As shown in .Figure V.4, the UWB antenna
alone, when placed on the substrate, exhibited a quite omnidirectional radiation pattern like a donut
shape. However, the presence of the UHF antenna acted as a reflector element and modified the
radiation pattern of the UWB antenna to become more directive in the horizontal plane (H-plane),
resulting in a maximum gain of +3.9 dBi (at 4 GHz) at theta angles of 0° and 90°.
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Figure V.4. 3D polar plot of the UWB antenna gain at 4 GHz: (a) UWB antenna only ; (b) UWB antenna considering the UHF
antenna effect.
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Figure V.5. (a) Top view of the designed tag on HFSS software with both antenna and UGM; (b) Simulated radiation pattern
of the loaded UHF antenna (with UWB antenna and with UGM) at 868 MHz.
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The final design of the geolocation tag, incorporating both the UWB and UHF antennas, is
depicted in Figure V.5 (a). The LQW18AN30GO0O0 inductance model was chosen for a more accurate
simulation of the antenna. The serial resistance value to be introduced into the simulation (1.86 Q)
was calculated from its quality factor of 87.6 at the frequency of 860 MHz. Figure V.6 illustrates the
impact of integrating the UWB antenna and UGM on the input impedance of the antenna. From the
red line, the integration of the UWB antenna (green line) leads to a slight decrease of 0.3 Q (at 870
MHz) in the real part of the impedance, while the imaginary part increases of 5 Q. Considering the final
functioning tag, the presence of the UGM is also considered in the simulation, with a 1 mm thick FR4
substrate placed on top of the pads (blue line). The results show that the impedance of the antenna is
more impacted by the UGM module. The real part and imaginary part of the impedance increases
when both the UGM and UWB antenna are present. Consequently, the input impedance of the UHF
antenna (with UGM&UWAB) reaches [11.2+j-:276] Q at 868 MHz, which is close to the targeted conjugate
matching impedance of [8+j-250] Q. The radiation patterns at 868 MHz of the UHF antenna in Figure
V.5 (b), shows an omnidirectional radiation pattern that is not significantly affected by the presence of
the UWB antenna.
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Figure V.6. Comparison of the input impedance of the UHF antenna with and without the presence of the UWB antenna and
the UGM,; (wo. = without).: (a) Real part of the antenna input impedance; (b) Imaginary part of the antenna input impedance.

However, it's important to note that the radiation efficiency is significantly reduced due to the
series resistance of the loaded lumped inductor. The simulated radiation efficiency at 868 MHz is
approximately 78 % and 41% without and with considering the series resistance of lumped inductor,
respectively. In terms of maximum gain, in the H-plane (Phi = 0°), the antenna achieves a gain of
approximately -1.8 dBi at a theta angle of 0°, and -1.4 dBi at a theta angle of 90°. Without considering
series resistance in the simulation parameters, the maximum gain is higher +1.37 dBi at 868 MHz.

3.2. Measurement of the fabricated antenna

The return loss of the fabricated antenna was measured using a homemade RF probe made
from a coaxial cable and a Vector Network Analyzer (VNA) Anritsu 37394D. The Short Open Load Thru
(SOLT) calibration procedure was employed with an adequate calibration kit. The choice of the
homemade RF probe was based thanks to its availability for experimentation and its fast and cost-
effective measurement procedure as seen in Figure V.7 (b). This probe facilitated the tuning of the
antenna's input impedance by replacing the SMD inductor. It is important to note that the fabricated
probe connected to the VNA may introduce some measurement uncertainty. However, prior
verification by comparing the characterization method with both the homemade probe and an
adequate differential RF probe did not reveal a significant discrepancy in the measurements.
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During the characterization process, the antenna was placed on a Rohacell foam to minimize
any effects from the measurement table. The prototyped antenna required a higher inductance value
compared to the simulation in order to achieve the targeted impedance. Two lumped inductors from
the Murata LQW18AN series (27 nH and 30 nH) were soldered and tested. As depicted in Figure V.7
(b), both inductors resulted in a significant increase in the real part of the impedance, along with an
increase in the imaginary part. However, an exact complex conjugate matching was not achieved, and
a trade-off was necessary to avoid excessively high values of the real part by using a higher inductor
value. While the radiation pattern was not measured in this particular instance, it can be done using a
balun transformer and RF connector. For now, we will rely on the simulated gain obtained from HFSS.
The simulated gain obtained on HFSS will be used for any calculation. The series resistance is 1.86 Q
with both used LQW18AN inductor (27 nH and 30 nH). Thus, we can expect to have about the same
gain of 0.86 dBi as in the simulation.
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Figure V.7. (a) Measurement setup for the antenna characterization; (b) Input impedance of the loaded antenna with a lumped
inductor : 27 nH (solid lines) and 30 nH (dashed lines).

We can see that for an impedance adaptation criterion generally set to return loss below -10
dB (maximum mismatch loss of 10%), the UHF antenna is suitable for the UGM module over the entire
power range but more than 0 dBi. The antenna with an inductance value at 30 nH has a better
adaptation and we can therefore estimate a loss by mismatch of 0.5% over for low power levels. These
results are satisfactory to test the features of the tag on this prototype despite the low gain value of -
1.8 dBi evaluated in simulation. The mismatch loss was calculated to evaluate the amount of power
reflected (mismatch losses) and the received power by the antenna. To ensure accurate calculations,
the input impedance of the harvester part of the UGM was measured using the same setup presented
in Figure V.7 (a) with the homemade probe. It is important to note that the harvester of the UGM is a
non-linear circuit thus its input impedance varies function of the input power. The measurements were
performed for different RF input power levels configured on the VNA. The obtained results, shown in
Table V.1, exhibit an imaginary part close to -250 Q as expected. However, the real part of the
impedance is higher. The return loss (S11) was calculated using the equation (V.1), normalized by the
equivalent complex conjugate impedance of the UGM at each RF input power level. Zan: is the input
impedance of the UHF antenna measured earlier. It can be observed that, according to the impedance
matching criterion typically set as a return loss below -10 dB (maximum mismatch loss of 10%), the
UHF antenna is suitable for the UGM module across the entire power range. The antenna with an
inductance value of 30 nH exhibits better impedance matching (better at 0 dBi).
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We can expect an estimated mismatch loss of 0.5% for low power levels. These results are
satisfactory for testing the tag's features on this prototype, despite the low simulated efficiency and
gain value of -1.8 dBi at 868 MHz.

) (v.1)

Reflected Power (%) = 100 - |T|? (v.2)

Zpne — Zyem®
Zpne + Zyem®

S11(dB) = -20-log(|T]) = —20- log(

Table V.1. Measured impedance at 868 MHz of the UGM (Zumg) for different RF input power level from the VNA and the
equivalent return loss and reflected power of the UHF antenna.

Normalized Return loss of | Estimation of the reflected power
:::B:r; Re ([‘Z_;;G""] Im [Zuew] (Q) the UHF antenna (dB) by the UHF antenna (%)
27 nH 30 nH 27 nH 30 nH
+5 92.228 -206.206 -18.25 -18.44 1.50 % 1.43%
0 58.279 -239.456 -23.47 -34.69 0.45% 0.03%
-5 26.361 -254.018 -21.23 -25.68 0.75% 0.27 %
-10 17.262 -257.886 -19.9 -22.95 1.02% 0.51%
-15 17.197 -258.101 -19.87 -22.92 1.03% 0.51%
-20 17.620 -258.134 -19.9 -23.02 1.02% 0.50 %

4. Antennas based on semi-flex substrate (SMTag)

To address more use cases as in retail or industrial environment with objects with non-planar
surfaces, the tag should be compact as well as conformable. A study was therefore carried out on the
tag design with a rigid part to keep the structural integrity of the prototype and a flexible part allowing
it to be folded. Beforehand, the manufacturing process was studied. Advanced solutions allow to meet
our needs. It can either be a hybrid circuit board named semi-flex or flex-rigid PCB or by a single
standard rigid FR4 substrate name semi-flex PCB.

Flex-Rigid or Rigid-Flex circuit is made from a combination of a flexible material as polyimide
sandwiched between rigid layers. This technique is generally used to easily integrate multi-board
systems in a single package. Rigid-flexible devices have always been present in our daily life. We can
find them in wireless applications, in laptops and nowadays in the new generations of foldable
smartphones and connected objects as in [219]. A practical devices which is a wireless electro-optic
platform is fabricated with this process in order to be folded around the battery to achieve a very
compact size [220]. Moreover, this technique has often been used in the development of antennas. In
[221], is made a circular dipole antenna using flex-rigid structure using polyimide material for the
flexible part. A more sophisticated design is presented in [222] for a conformal antenna at 17.2 GHz
with multilayer PCB technology and uses Pyralux as the flexible material.

The semi-flex design consists in a tradition process with a mono-material FR4 substrate. The
flexible element is a thin layer obtained by removing material from a certain portion of the same rigid
substrate. A depth milling is applied on the z-axis to have a thin remaining material on the flexible part.
This process is widely used in automotive applications and consumer electronics with cell phones.
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Several reasons lead us to use a semi-flex process. It is approximately three times cheaper than
the equivalent rigid-flex prototype. The manufacturing process is relatively simple and build time are
more favourable. However, this technique presents some disadvantages. Semi-flex circuit is fragile,
and the number of possible bending cycles is limited (less than 10) compared to the flex-rigid that is
indefinitely bendable. As the aim is to potentially attach to tag to a mobile object, a dynamic use is not
an option. Furthermore, it isimportant to note that the device can only be bent on one side, specifically
the side that does not contain the copper trace.

We proposed in here a geolocation based on semi-flex substrate named SMtag. The global
geometry of the SMtag is first specified before designing the antenna. The selection of a 0.8 mm thick
FR4 substrate is determined by the requirements of the manufacturing process. Among the
manufacturing specifications, the design is printable on copper ink of 35 um and the flexible part of
the substrate FR4 has a thickness of 0.25 mm (+0.05mm). As seen in Figure V.8, the semi-flex tag
includes two rigid sections (B1 and B3) which carried the antennas and the UGM. For the flexible part
(B2) of 10 mm x 30 mm, it was wise to add transmission lines connected to the UGM input pins to
increase the imaginary part of the antenna. The PCB has a total dimension of 70 mm x 50 mm. The
rigid panels are located within a 50 mm x 30 mm rectangle, which represents the final planar size when
the PCB is bent at a 180° angle.

Rigid part

4— Flexible part = : 2 :
\ I Height
- I (b)

Figure V.8. Geometries of the semi-flex tag without antenna patterns; (a) top view in flat condition ; (b) Isometric view in 180°
folded position (height = 0.8 mm).

4.1. Optimization of the UWB Bowtie antenna

The bowtie antenna is still used for the UWB part positioned on the B1 section of the tag. Due
to the dimensions and dielectric properties of the FR4 substrate, the UWB antenna needs to be
optimized to match the complex conjugate impedance of the UGM (25+j-9). Apart from the impedance
matching, the antenna must provide a bandwidth (BW) of at least 500 MHz or 20% of the center
frequency at 4 GHz. To ensure accurate simulation, the antenna was co-designed with the UHF antenna
which is discussed in the following section.
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L_ line

Antl Ant2

Figure V.9. Geometry of the proposed UWB Bowtie antenna. The final value of the parameters after optimization and co-
simulation is L_slot = 16 mm and L_line = 4.6 mm.

As shown in Figure V.9, the initial optimization technique involves extending the upper portion
of the antenna feeding lines in the Antl design (L_line = 0). This approach allows us to improve the
impedance matching and avoid lengthening the lower part of the antenna feeding lines, which would
increase its bulkiness. The variation of the parameter L_line, depicted in the Smith chart in Figure V.10
(a), shows a rotation of the antenna input impedance along a circle with a constant real part as L_line
increases from 0 mm to 4.6 mm. We were constrained to a maximum length of 4.6 mm to ensure that
the antenna fits within the rigid section of the prototype (B1), which already includes the UGM. We
can see on the smith chart that the impedance of the antenna (red marker) is not yet adapted to that
of the module (blue marker).

Secondly, two thin slot lines of 0.3 mm were included into each rounded bowtie arms. This
modification aimed to increase the imaginary part of the impedance by altering the current distribution
on the antenna. The variation of this parameters is reported on the graph in Figure V.10 (b). At 4 GHz,
the antenna’s impedance goes from a negative imaginary part and reach a maximum before
decreasing. With a slot length of 15 mm, the corresponding impedance (Zant = 24+j-8.9 Q) matched
well with the targeted impedance (Zuws* = 25+j-9 Q), but the bandwidth was reduced due to the
presence of slot lines. Finally, the length of the slots (L_slot) was fixed to 16 mm which provide the
best trade-off between bandwidth and impedance matching.
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Figure V.10. Evolution of the simulated impedance of the UWB bowtie antenna at 4 GHz: (a) Smith chart with L_line variation;
(b) Graph of the real and imaginary part with L_slot variation.

The normalized return loss in Figure V.11, shows a good impedance matching under -10 dB
within the bandwidth of 3.64 GHz to 4.92 GHz. Interestingly, the antenna's performance is not
significantly affected by the 180° folded position of the tag, maintaining the same bandwidth. This
exceeds the requirement of at least 500 MHz bandwidth for our UWB application.
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Regarding the radiation characteristics, both in the flat and 180° folded positions, the radiation
pattern is influenced by the symmetrical positioning of the antenna arms, resulting in a gain variation
of less than +1 dBi from -60° to 60° in the H-plane. The antenna has a peak gain of +3.66 dBi in the H-

plane at theta=158".
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Figure V.11. Simulation of the UWB antenna (Ant2) return loss (normalized at Zin [UWB]* = 25+j-9 Q) in flat and folded
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Figure V.12. Radiation performances of the UWB antenna : (a) Simulated gain at 4 GHz as a function of the theta angle; (b)
Top view of the 3D polar plot of the gain at 4 GHz; (c) Isometric view of the 3D polar plot of the gain at 4 GHz.

4.2. UHF antenna design

The UHF antenna design proposed in Figure V.13, is a large pattern dipole antenna located in
the B3 section of the semi-flex tag, which is connected to 1 mm length transmission lines (width of
2.55 mm). Due to the low imaginary part of the input impedance of the antenna, a pair of lumped
inductors is used to reduce to increase the electrical dimensions to reach the target complex conjugate
impedance of the UGM. The shape of the UHF antenna in the B3 section was optimized to ensure good
radiation efficiency. Moreover, a short tapered line was added at the end of transmission lines to fit
the dimensions of the input pads of the UGM.
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To ensure accurate simulation results, the antenna was co-designed with the UWB bowtie
antenna and the UGM module, both placed in the B1 section of the prototype.

After conducting multiple simulations by tuning the inductor values, the UHF antenna is
complex conjugate matched to the module within the range of 24 nH to 30 nH. For practical reasons,
the inductance values of 24 nH and 27 nH from the Murata LW15AN series are chosen based on their
availability. The equivalent series resistance of these inductors is determined through the quality factor
provided in the datasheet. The 27 nH inductance has a quality factor of 56 at 870 MHz, resulting in a
series resistance of 2.61 ohms. Similarly, the 24 nH inductance has a quality factor of 59.1 at 870 MHz,
corresponding to a series resistance of 2.2 ohms. These specific values were considered in the
subsequent measurement results. These values were considered for the simulation results presented
later.

Lumped inductors

Figure V.13. Image of the loaded UHF dipole antenna.

A compact 3D tag with dimensions of 50 mm x 30 mm x 7 mm is obtained by folding the rigid
section over the flexible one at a 180° angle, as shown in Figure V.8 (b). Simulation results indicate a
satisfactory complex conjugate matching with the same inductor values in the 3D configuration. The
imaginary part of the antenna's impedance is more affected when the prototype is in its compact 3D
shape, while the real part is slightly modified. This indicates that the folding and miniaturization
process has a greater impact on the reactive component of the impedance. Due to the folding of the
transmission line connected to the UHF antenna, the current distribution is modified, resulting in a
reduction in radiation efficiency. Nonetheless, this configuration does not affect the omnidirectional
radiation pattern of the antenna.

In this section, we also focused the study on the impact of the series resistance of the inductors
on the antenna's performance. Table V.2 presents the results of the UHF antenna in a flat and 180°
folded position without considering the series resistance value, while Table V.3 includes the series
resistance value. Contrary to the geometric effect, the series resistance affects more the resistive part
of the antenna impedance. Although the antenna exhibits good impedance matching, the results show
that the series resistance significantly reduce the antenna's performance, particularly in terms of
radiation efficiency. Considering the series resistance, the gain values are below -2.5 dBi, and the
radiation efficiency is below 40%. The use of FR4 material for the design is also constraining. The
radiation efficiency is expected to be higher with a material that has lower dielectric losses.
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To justify this, we simulated the same UHF antenna with an inductance value of 24 nH
(considering its series resistance) on an Itera-MT40 substrate with a thickness of 0.8 mm and a loss
tangent of 0.0031. With this substrate having lower dielectric losses, we expect to achieve a radiation
efficiency of 45.9% (with a maximum gain of -1.2 dBi) in the flat position, and 39.9% (with a maximum
gain of -1.8 dBi) in the folded position. The UHF antenna with ITera-MT40 substrate as for the first
prototype exhibits approximately the same performance.

Given the requirement for a compact geolocation tag smaller than 65 mm x 45 mm, the next
design based the same miniaturization technique (using lumped component) and the same antenna.
However, the improvement of the antenna radiation efficiency was ensured through the choice of a
low dielectric losses substrate. This helps to enhance the antenna performances (as demonstrated
earlier) and thus the overall performance of the tag.

Table V.2. Simulation results of the semi-flex antenna in flat and folded position at 868 MHz without series resistance.

Configuration Inductance Zin (Q) Gain (dBi) at Phi=0° Radiation
g (nH) Min / Max efficiency (%)
| 24 10.71 +j-183.55 +0.42 / +0.85 69.8
Flat
27 13.58+ j-256.65 +0.29/+0.65 69.8
24 10.37 +j-218.79 +0.11/ +0.35 61.6
Folded (180°)
27 13.47 +j-298.56 -0.16 / +0.04 61.7

Table V.3. Simulation results of the semi-flex antenna in flat and folded position at 868 MHz with the equivalent series
resistance.

Configuration Inductance Zin (Q) Gain (dBi) at Phi=0° Radiation
& (nH) Min / Max efficiency (%)
| 24 19.49 +j-180.50 -2.25/-1.80 39.5
Flat
27 27.69 +j-260.01 -2.74 /-2.34 36.9
24 20.56 +j-215.26 -294/-2.7 32.6
Folded (180°)
27 29.3 +j-299.48 -3.49/-3.31 28.4

4.3. UHF Antenna characterization

The design was fabricated by NCAB Group [223] using a specific rigid-flex process using 0.8
thick FR4 rigid substrate. The flexible part is 0.25 mm thick with a tolerance for depth control routing
of £0.05 mm. Based on the simulation results, RF wound type LQW15AN inductors with values of 24
nH and 27 nH were selected for the prototyping. Characterization of the fabricated tag was carried out
using the same setup as before, with a positioner arm connected to the home-made probe, and the
antenna placed on a rohacell foam. The impedance matching of the loaded antenna was measured in
various positions, including the flat position, as well as folded angles of 90° and 180°. Over the
frequency band, the impedance of the loaded antenna increases with the effect of the curvature of
the flexible part. The measurement results were normalized with a reference impedance of the UGM
at -20 dBm. Contrary to the simulation, it was observed that the 27 nH inductor provided a better
complex conjugate impedance matching, with an imaginary part close to 250 Q. In Table V.4, it can be
noted that with the 27 nH inductor, the normalized impedance in both the flat position and the full
180° folded position was lower than -15 dBm, indicating a reflected power of over 1%.
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Figure V.14. The measured input impedance of the loaded UHF antenna on different folded angle (0° correspond to the flat
position) : (a) Real part of the input impedance of the characterized antenna; (b) Imaginary part of the input impedance of the
characterized antenna; (c) Photo of prototyped antenna under test.

Table V.4. Evaluation of the return loss and reflected power of the semi-flex loaded UHF antenna at 868 MHz with a normalized
UGM impedance at -20 dBm.

na. o) | e | Retmni) | mizni@) | "TEITT | e power (o
0° 33.679 178.864 -14.71 3.38%
24 nH 90° 38.257 174.42 -14.08 391%
180° 58.554 210.44 -17.56 1.75%
0° 53.96 250.625 -22.83 0.52 %
27 nH 90° 60.133 245.503 -21.21 0.76 %
180° 71.772 268.964 -19.72 1.07 %

The use of such an original design in semi-flex technology ensures a good return loss even with
the high real part of the impedance. However, this results do not guarantee optimal performance of
the geolocation tag, as the low radiation efficiency observed in the simulation canimpact its sensitivity.
In addition to the mismatch loss, the overall antenna efficiency and tag sensitivity are affected by
dielectric losses. Therefore, an alternative approach was explored to optimize all antenna parameters
and address these challenges.
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5. A Full Flexible Tag Design based on Polyimide (Ftag)

The design proposed in the previous section using semi-flex technology (SMtag) allowed a
smaller size in the 3D configuration, measuring 50 mm x 30 mm x 9.6 mm compared to the initial design
on a rigid substrate. However, the radiation performance of the UHF antenna was significantly affected
due to the use of the FR4 substrate, which has higher dielectric losses. In order to design an efficient
UHF antenna for energy harvesting at low RF power levels, it is crucial to minimize dielectric losses.
Therefore, the proposed design in this section named Ftag is based on a fully flexible substrate
(polyimide). Polyimide material offers interesting properties such as low dielectric loss, heat
resistance, and high mechanical stability. By using a fully flexible prototype, the tag can conform to
different configurations, and the manufacturing process is faster, cheaper and less complex. To
simplify the design and facilitate comparison with the previous semi-flex prototype (SMtag), the same
antennas design was adapted on the polyimide-based substrate. The planar dimensions of the tag
remain at 70 mm x 50 mm, and the dimensions of the antennas were not modified. The simulation was
performed using a thin substrate of 125 um, with a dielectric constant of 3.4 and a loss tangent of
0.012. The antenna pattern was assigned to a 35-um thick copper boundary. This new design using a
fully flexible polyimide substrate is expected to improve the radiation performance of the antenna by
minimizing dielectric losses, enabling more efficient energy harvesting at low power input levels.

UwB
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UGM Module
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UHF
Antenna
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Figure V.15. Geometry of the new geolocation tag in flexible substrate with the top view in (a) and the isometric view of in
180° folded positions in (b).

5.1. Simulation of the UWB Bowtie antenna

Firstly, the bowtie antenna was simulated using the new flexible substrate material. Due to
changes in the dielectric constant and thickness, the simulated impedance of the antenna also
changed. At 4 GHz, the antenna exhibited a negative imaginary part of approximately -56 Q. To achieve
impedance matching with the flexible substrate, further investigation was conducted using the
previously mentioned impedance matching technique. Similar to the previous design discussed in
section 4.1, the parameter L_Line was initially increased from 4.6 mm to 6 mm. Additionally, the length
of the slot lines was adjusted to achieve the desired imaginary part. To prevent splitting of the antenna
arms, the slot lines were meandered, resulting in an effective antenna design as shown in Figure V.15.
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In the new version of the UWB antenna, depicted in Figure V.16 (a), a successful complex
conjugate impedance matching was achieved from 3.94 GHz to 5.2 GHz. When the tag is folded in the
180° position, the coupling effect with the UHF antenna enhances the depth of the return loss.
Examining the radiation pattern at 4 GHz, the antenna exhibits an oval shape at Phi = 0° in both
positions, with a gain of approximately +2 dBi and a variation of £0.5 as a function of the theta angle.
In the E-plane at phi = 90°, the folding of the antenna has a more pronounced effect.
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Figure V.16. (a) Comparison of the simulated return loss of the bowtie antenna unmatched (V1) and optimized (V2) in flat and
folded position; (b) Radiation pattern at 4 GHz in at phi=0° and phi = 90°.

5.2. Simulation of the loaded UHF antenna

The impedance matching of the UHF antenna on the flexible substrate was achieved with
relative ease. The use of lumped components provided enough flexibility to adjust the imaginary part
of the antenna. By incorporating 30 nH and 33 nH inductors, we achieved the desired complex
conjugate impedance values. The input impedance and efficiency of the UHF antenna can be found in
Table V.5. The simulation considered the serial resistance values of the inductors, obtained from
Murata's LWQ18AN series datasheet (based on quality factor). The simulated values for the 30 nH and
33 nH inductors at 870 MHz were 1.9 Q and 2.24 Q, respectively. As expected, the antenna's gain
exceeded that achieved with a semi-flex substrate, resulting in a radiation efficiency improvement of

at least 12%. The antenna demonstrated better impedance matching with a 30 nH inductance value in
both the flat and folded configurations.

Table V.5. Simulation results of the loaded UHF flexible antenna in flat and folded position at 868 MHz.

. . Inductance . Gain (dBi) at Phi=0° Radiation efficiency
Configuration (nH) Zin (Q) Min / Max (%)
| 30 18.11 +j-216.59 -1.35/-1.25 53.8
Flat
33 22.6 +j-279.97 -1.72/-1.61 49.2
30 17.12+j-238.27 -2.11/-1.98 45
Folded (180°)
33 22.55 +j-316.21 -2.6/-2.47 40.4
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5.3. Loaded UHF antenna characterization

The substrate chosen for manufacturing is a polyimide film with a thickness of 125 um, coated
with a 35 um thick copper layer (AP9151) [224]. This material offers several advantages, including good
performance, temperature resistance, and high reliability. The antenna fabrication was carried out in
the clean room of the LAAS-CNRS using photolithography process facilities. The prototypes were then
loaded with lumped inductors from the Murata LQW18AN series through hand soldering. It should be
noted that using other substrate types such as PET would have required an additional low-temperature
process [225]. Once the assembly was complete, the impedance measurements were obtained using
the home-made probe connected to the VNA, as described earlier. Similar to the previous antenna on
a semi-flex substrate, we conducted tests for all three configurations as shown in Figure V.17: flat (0°
angle), folded at a 90° angle, and folded at a 180° angle.

()
Figure V.17. Fabricated flexible antennas on polyimide substrate: (a) Flat, (b) 90° Folded, (c) 180° Folded.

The measurements gave successful results, showing a good input impedance for the UHF
antenna, with a normalized return loss lower than -17 dBm. Regardless of the configuration (flat, bent
90°, or bent 180°), the impedance matching remained suitable for the integration of the antennas with
the Geolocation Module (UGM). The optimized prototype used a pair of 33 nH inductors, resulting in
less than 0.7% loss in received power by the UHF antenna in all configurations.

Table V.6. Evaluation of the return loss and reflected power of the flexible loaded UHF antenna at 868 MHz with a normalized
UGM impedance at -20 dBm.

na.(ok) | O | Rewzmi) | mizimi@) | MTEECIT | ected power (dam)
0° 33.8 201.6 -17.92 1.61%
30 nH 90° 33.7 205 -18.48 1.42 %
180° 43 194 -16.41 2.29%
0° a5 250 -25.07 0.31%
33 nH 90° 49.7 275 -23.42 0.42 %
180° 59 252 -21.82 0.66 %
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6. Wireless Power Performances of the Geolocation Tags.

Previously, three types of design were prototyped on different substrates, and it was
concluded that certain antennas exhibited better performance due to the low dielectric losses of the
substrate. In this section, the focus is on validating the efficiency of the designed and manufactured
antennas by evaluating their radiated performances in the geolocation tag. The emphasis was not on
the UWB part, as it will only serve to receive UWB signals through a receiver. The antennas presented
above are now combined with the UGM, which is welded on manually without any particular
hybridization process. The sample on a 0.8 mm thick rigid Itera substrate referred to as Rtag, the one
on semi-flexible FR4 as SMtag, and the one on a 125 um flexible polyimide as Ftag.

To ensure accurate emission rate estimations, the measurements were conducted in an
anechoic chamber, as depicted in Figure V.18 (a). The sample as shown in Figure V.18 (b) were also
tested un the same condtions. The setup involved an energy source consisting of an RF power
generator connected to a transmitting antenna via a coaxial cable. This setup allowed for illuminating
the tag directly at a distance of 2 meters and at the same height. The transmitting antenna used was a
circular polarized patch antenna with a frequency range of 868 MHz to 960 MHz and a gain exceeding
+9 dBic. This type of antenna is commonly employed in RFID applications. In fact, it necessarily induces
a loss of 3 dB when receiving through a linear polarized antenna on the tag. The losses incurred by the
cables were evaluated using the Anritsu ML2437A power meter. The wireless power transmission was
achieved using a continuous wave signal at 868 MHz. Once the tag was placed on rohacell foam, the
UHF antenna collected sufficient energy, enabling the emission of a UWB signal. This UWB signal was
then received by a beacon provided by UIWNLOC Company. The received data, including the unique
identification of the UGM and the emission timestamp, were displayed on a PC. The time interval
between two emissions was used to evaluate the efficiency of the UHF energy harvesting component.

Rtag
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ngg

UHF Transm tti
Patch Antenna
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Figure V.18. (a) Measurement setup of the geolocation tags into the anechoic chamber; (b) Photos of the propotyped
geolocation tags on different substrate.
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Wires have not been connected to the UGM’s capacitor to evaluate the charging times
required for data transmission, as connecting them to the oscilloscope modifies the output impedance
seen by the tag and thus alters the expected performance. To characterize the SMtag and Ftag tags in
the folded position, they were held in place by a small rohacell cage to maintain the folded shape
during testing, as shown in Figure V.18 (b). However, the aim is to integrate the tag into a protective
case, which is not the subject of our preliminary study here.

For the test, the power source connected to the patch antenna was set with an RF output
power of 24 dBm at 868 MHz. Figure V.19 shows a comparison of the emission rates of UWB signals at
different orientations of the tag. This was done to evaluate the tag's performance in different positions,
considering the unequal gain values depending on the shape of the radiation pattern. The associated
images of the tag in each graph represent the orientation of the tag under test relative to the
transmitting antenna. The tag was tested horizontally and vertically in both polarizations of the UHF
antenna to evaluate performance in realistic scenarios with random tag placement. The rates depicted
in the graph are averages of several receiving data time intervals.

Regarding the rigid tag Rtag, a pair of 30 nH inductors was used for impedance matching. As
shown in Figure V.19 (a), regardless of the position, the tag can transmit the signal at least every seven
seconds. In the horizontal position (represented in red), the rate is 3.6 seconds, while vertically, the
rate can be lower (1.6 seconds) or higher (5.8 seconds) depending on the polarization of the UHF tag
antenna.
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Figure V.19. Graph representing the emission rate of the developed geolocation tag as a function of the orientation from the
power source : (a) Rigid tag named Rtag using 30 nH ; (b) Semi-flexible tag named SMtag in flat condition using 30 nH; (c) )
Semi-flexible tag named Smtag in folded position using 27 nH; (d) Full flexible tag named Ftag in folded condition using 30 nH.

With the semi-flexible substrate-based SMTag, which is smaller than Rtag, it was expected to
be less efficient due to higher dielectric losses. The SMTag with a pair of 27 nH inductors was chosen
for the experiments. In the flat position, as shown in Figure V.19 (b), when placed vertically, the SMTag
has an emission rate of less than 2 seconds, but horizontally, it exceeds 10 seconds.
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In the folded position, which corresponds to the expected tag configuration, the emission rate
is higher than in the flat position but remains around 5 seconds when placed horizontally in front of
the transmitting antenna. The maximum rate in a single orientation is obtained at 17 seconds.

Finally, the experiments were carried out using the fully flexible tag named Ftag. It uses the
same design as the SMTag but is improved with a better substrate that reduces dielectric losses. The
design with a pair of 30 nH inductors was used. As expected, Figure V.19 (d) shows that the emission
rate does not exceed 5 seconds regardless of the tag's position. When comparing the same orientation
with the SMTag, the Ftag takes half the time to harvest energy and transmit the location signal to the
UWB beacon. Thus, starting from the rigid tag Rtag, optimization in terms of design, configuration, and
substrate selection has resulted in a more performant and compact tag, the Ftag.

7. Conclusion

In this chapter, our focus was on the miniaturization of the geolocation tag while maintaining
its performance. The economic challenges were considered in order to ensure that the final product
would be cost-effective. Initially, we attempted to design a small-sized antenna on a rigid substrate.
However, this approach did not yield satisfactory results in terms of both size and performance. To
overcome this limitation, we adopted a new manufacturing process that allow the use of a semi-
flexible substrate. This allowed us to achieve a smaller size when the tag was folded. However, we
encountered issues with the antenna's efficiency, and the tag took longer to harvest enough energy
for UWB signal transmission.

To address these challenges, we decided to maintain the same design used for the SMtag, as
it provided a small size. However, we made a crucial change by using a low-loss dielectric material,
specifically polyimide, as the substrate. The use of polyimide substrate offered several advantages,
including the ability to further reduce the size of the geolocation tag and improve the radiation
efficiency of the UHF antenna for energy harvesting features. Comparing the SMtag on FR4 substrate
and the Ftag based on polyimide substrate, we observed a significant improvement of about 12% in
the radiation efficiency. This improvement translated into a higher sensitivity in energy harvesting for
the geolocation tag, enabling it to collect sufficient energy for its operations.

The experimental test of the developed tag, reveals that the strategy by reducing the size of
the tag through its geometry and using a low loss dielectric material, can give satisfaction. The full
flexible tag Ftag of about 50 mm x 30 mm x 10 mm placed at 2 meter from the transmitting antenna
spreading an equivalent EIRP power of 29.5 dBm can the harvest the energy and transmit the signal in
some cases at less than 1 second and in certain orientation, the emission rate never exceed 5
seconds. These interesting results point the way to tag miniaturization using flexible materials. Future
research will focus more on the type of flexible material, as polyimide remains relatively expensive
compared with paper substrates. We'll also have to think about the protection and encapsulation of
the flexible tag, which remains fragile compared with the rigid substrate.
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VI. Development of a flexible battery-
free geolocation tag based on advanced
materials

1. Introduction

One of UWINLOC's objectives is to develop a flexible tag that is small in size and can
conform to curved surfaces, enabling it to be easily attached to various objects. In the previous
chapter, we explored solutions for creating battery-free geolocation tags using low-loss and
flexible materials. However, to keep up with the evolving landscape of electronic devices that rely
on low power consumption, alternative substrates and miniaturization, this chapter focuses on
the development of a flexible battery-free geolocation tag on paper-based substrates.

The use of paper as a substrate offers several advantages. Firstly, it enables a less complex
and more cost-effective manufacturing process. Additionally, paper is highly recyclable, making it
an environmentally friendly alternative. The flexibility provided by paper-based substrates opens
up new market opportunities and applications in areas such as retail, logistics, healthcare, and
wearables.

In this presentation, we will introduce the Madras project, which focuses on the
development of a geolocation tag based on organic flexible materials. We will discuss the project's
objectives and specifications, and then present the design, development, and characterization of
the flexible geolocation tag using advanced materials and transparent conducting inks.

2. About the Madras Project

Madras [226] is a European project that focuses on advancing the development of materials
and processes for organic electronics, particularly in the field of Organic and Large Area Electronics
(OLAE). The project's primary goal is to enhance the production capabilities of OLAE devices by
optimizing the conductivity, transparency, and recyclability of the materials involved. The materials
developed within the project are required to exhibit reliability, cost-effectiveness, and compatibility
with high-volume production processes. Special attentions are given to improving the durability and
lifespan of flexible electronics by utilizing robust materials and encapsulation technologies.
Additionally, the project aims to establish a new manufacturing platform that enables rapid and
efficient industrial production of OLAE devices.
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To validate and apply the outcomes of the project, two demonstrators have been developed.
The first demonstrator is a flexible geolocation tag designed for object identification and tracking
within the industrial sector. The second demonstrator involves a fingerprint biometric reader based
on photodetection, which serves as a means of user identification. These demonstrators serve as
examples to showcase the capabilities of the materials and processes developed through the Madras
project.

During the three-year development period, the Madras project involved 12 partners from five
European countries, consisting of universities, research centers, industry players, and a
standardization body. Among these collaborators, several key partners were involved in the
development of the geolocation tag:

1. Uwinloc (UWL): As the primary partner, Uwinloc played a crucial role as the end-user of the
geolocation tag. Their involvement aimed to emphasize the necessity of flexible electronics in the
context of industry 4.0. Uwinloc was responsible for defining the specifications of the tag, designing its
structure, and conducting material and prototype characterization.

2. Eurecat (EUT) [177]: A technology center based in Spain, Eurecat is responsible for project
coordination, dissemination of activities, and technical aspects related to printing and the
development of the encapsulation process.

3. Genesink (GNK) [227]: A French manufacturer specializing in advanced materials for conductive and
semi-conductive inks. Genesink's role within the project is to enhance the electrical properties and
adhesion of conductive inks for the development of the tag.

4. Arjowiggins (AJWG) [228]: A private company that specializes in the production of paper for printed
electronics, with applications including RFID and NFC. Arjowiggins contributes to the project by
developing an improved version of translucent paper, focusing on enhancing transparency and
dielectric properties.

The remaining partners may have their specific roles in the final phase of the project or contribute
indirectly to the development of the flexible tag.

3. Development of the flexible geolocation tag

3.1. Specifications

As part of the Madras project, Uwinloc is participating as a demonstrator for a new flexible tag.
The current tag solution used a conventional rigid substrate, and has dimensions of approximately 68
mm x 48 mm (Figure V1.1 (a)). However, Uwinloc aims to significantly reduce the size of the electronic
components to around 1 square centimeter (0.12 square inch), allowing for the creation of much
smaller tags. One of the primary challenges is the space occupied by the antennas, which is influenced
by the wavelength at the operating frequency and the dielectric properties of the substrate used. The
final version of the tag should incorporate both the miniaturized electronic components and flexible
antennas printed on a paper-based substrate (Figure VI.1 (c)).
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Figure VI.1. Miniaturizing step for the flexible geolocation tag.

As mentioned in the previous chapter, the geolocation tag works through two different
frequencies: UHF for harvesting the surrounding electromagnetic waves from the source, and UWB at
4 GHz for transmitting the position to a dedicated beacon within the same area. The significant
innovation of the flexible geolocation tag as demonstrator lies in a specific production process depicted
in Figure VI.2. It involves several steps, starting with the selection of a nanocellulose foil as the material.
This is followed by the printing process using advanced and transparent conductive ink, as well as SMD
(Surface Mount Device) assembly. The key aspect of this process is the adoption of the In-Mold
Electronic (IME) strategy, which integrates the electronics with traditional injection plastic
transformation. IME involves embedding the electronics inside the plastic through thermoforming
(where the conductive surface is shaped in 3D using heat and pressure) or injection molding (where
the electronics are embedded within a single piece of injected resin). This approach provides numerous
advantages, including improved reliability and durability, increased design freedom and flexibility, and
reduced weight. IME is already being widely used in various applications, such as aerospace (e.g.,
integrated antennas) and automobile (e.g., touch sensors) [229].
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Figure VI.2. Production process of the flexible geolocation tag.

For the development of the flexible paper-based tag, the antennas had to be designed with
material dielectric and electrical properties, and the electronic part embedded in the UWINLOC
Geolocation Module (UGM) had to be assembled with the antennas, then overmolded to protect the
tag. Several parameters must be considered when designing functional antennas, as the dielectric
parameters and the thickness of the substrate and the ink conductivity. As studied in the previous
chapter V, the tag antennas require low dielectric and ohmic losses. Consequently, the technical
specifications was elaborated for the materials to develop, the fabrication process and the final
demonstrator for an efficient and reliable flexible geolocation tag.
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It was agreed to develop conductive inks with a low resistivity of less than 100 mQ/sq for
desired screen-printing technique. In our use case, the optical transparency of final demonstrators is
not a necessity.

3.2. Materials development

The printed circuit board (PCB) substrate material is the fundamental part in any electronics
devices, and even determining for performances in RF applications. Recent development on an
alternative of conventional substrate in the field of OLEA are presented on the literature [230].

3.2.1. Definition of the substrate

The choice to use a nanocellulose-based substrate in the project aims to develop a scalable,
transparent, and cost-effective material. Nanocellulose is considered a promising material for
electronic production on flexible substrates due to its desirable properties such as lightweight,
flexibility, and transparency [[231], [232]. It is derived from the nanometric structure of cellulose, a
widely available and sustainable material known for its mechanical strength. Cellulose, the most
abundant polymer on Earth, is produced through photosynthesis in plants.

There are two main categories of nanocellulose: nanocrystals of cellulose (CNC), which are
produced through a chemical process, and cellulose nanofibrils (CNF), derived from cellulose fibers
using mechanical treatment. The implementation of Nanocellulose Foil (NCF) substrates for industrial-
scale electronic devices presents challenges due to the time and energy-intensive fabrication process
involved, including steps such as nanocellulose extraction, dewatering, and the formation of high-
quality films. The CNF from the wood structure through microscopy image as represented in Figure
VI.3.
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Figure VI.3. Representation of the wood structure, optical microscopy image of birch fibers and transmission electron
microscopy image of birch CNF (Reproduced from Madras Blog post in[233]).

The nanocellulose stands out from other materials due to its outstanding properties and can
be used in different applications in printing electronics. Nanocellulose has attracted much interest in
the development of new biodegradable materials. Nanocellulose films coated with graphite ink via
screen printing are demonstrated to be suitable materials for sustainable and green electronics [234].
Because of it several advantages (as renewability, flexibility and mechanical strength), the
nanocellulose has gain a great interest in applications of sensors. The review [235] has introduce the
applications of nanocellulose-based sensors in the fields of biomedicine, environmental monitoring,
food safety, and wearable devices.
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The advantage of using an innovative nano-cellulose based substrate is to give customers the
opportunity to target new applications and develop smart systems for other use-cases. In energy
harvesting field, the CNF has also proved his attractive potential in wearable electronics. As in where
the CNF from carrots is used as piezoelectric composite film for collecting mechanical energy
generated by foot and hand joints [236]. In this project, the nanocellulose is used to demonstrate it
potentiality to be used as green, flexible and optically transparent paper-based substrate for RF
applications.

The paper substrate used in the antenna design was produced by AJWG and contains 60%
cellulose nanofibrils (CNF), resulting in a transparency of 79%. This paper is made from pure cellulose
that undergoes enzymatic treatment using endoglucanase, followed by mechanical treatment using
refiners. One of the objectives of using this substrate was to facilitate the coating of silver nanoinks on
its surface. Table VI.1 presents a comparison of the dielectric properties of the MCF substrate with the
AJWG commercialized sheet, which is not transparent (Powercoat Paper). These properties were
determined using the cavity resonator method.

Table VI.1. Dielectric properties of substrates (powercoat foil and nanocellulose foil) from AJWG.

Substrates Thickness Dielectric constant Loss tangent
(um) @900MHz Tan § @1GHz
NCF Foil 60 4.2 (0.2) 0.135 (+0.015)
Powercoat | g nd 125 3.3 0.12
paper

The nanocellulose-based substrate offers the advantages of transparency and being ultra-thin.
However, it has a relatively high dielectric loss compared to the paper substrate used for the antenna
in reference [237] (with a loss tangent, tand, of 0.09). The dielectric loss of the nanocellulose-based
substrate is similar to the one used in reference [238], which is not specifically mentioned by name,
but has a loss tangent of 0.125.

3.2.2. Developed conductive inks

The objective of the project is to develop advanced ink materials that have desirable
characteristics such as transparency, conductivity, and resistance to moisture and ambient oxygen. To
assess the performance of these materials, tests are conducted on both PET and NCF substrates.
Adhesion tests follow the standard set by the American Society for Testing and Materials (ASTM) as
outlined in ASTM D3359 [239]. Method B, which involves a perpendicular line model, is employed to
evaluate adhesion on a scale ranging from 0 to 5. A rating of 5B indicates the highest level of adhesion
with no defects and completely smooth edges. Resistivity, on the other hand, is measured using a 4-
point probe.

Silver nanowires (Ag NWs) have gained significant popularity in the field of flexible electronic
devices due to their excellent electrical conductivity and flexibility [240]. These properties make them
well-suited for use in flexible devices. In this project, GNK has developed AgNW inks; however, they do
not provide sufficient conductivity to achieve optimal antenna efficiency. As a result, the focus shifted
to screen printing with silver nanoparticles (AgNP) ink. The applications of AgNP-based ink include
transparent conductive film (TCF), thin film transistor (TFT), biosensors, radio frequency identification
(RFID) antennas, and stretchable electronics. These applications have shown promise in the field of
flexible and printed electronics [241].
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Table VI.2. Electrical properties of the developed inks obtained (@140°C, 30 min).

Ink name Rs (mQ.cm) Thickness (um) Resistivity (uQ.cm)
Ag-NP1 19 2.2 4.1
Ag-NP2 20 2.7 5.4

In this study, GNK developed two Ag NP inks, namely Ag-NP1 and Ag-NP2, for applications in
geolocation tag antennas. These inks contain nanocellulose crystals (CNC) and fibers (CNF),
respectively. The electrical properties of these inks were measured and are provided in Table VI.2. Ag-
NP1 ink, which contains nanocrystal cellulose (CNC), demonstrates better conductivity with a value of
4.1 um.cm. It also exhibits good printability, allowing for a resolution of 100 um linewidth and 150 um
gap between lines. However, Ag-NP1 ink shows poor adhesion on PET and NCF substrates. To address
this issue, a new ink with improved adhesion properties has been developed and will be discussed later
in this study.

3.3. Preliminary antenna design (V1)

After the development of the substrate and conductive ink, their properties were validated by
testing their performance in an antenna performances. A modified loop antenna is designed on 60 um
thick NCF substrate with the highly conductive ink AgNP1. To consider the tolerance, the simulated
resistivity is defined to 5.5 um. The loop antenna structure was optimised after several simulations
steps to improve the return loss and the realized gain. The PCB and the connector to be used for the
characterisation were clearly modelled in the software to faithfully reproduce the fabricated samples.

Figure VI.4. (a) Geometries of the designed antenna; (b) Representation of the excitation strategy with a hybridized PCB with
U.FL connector; (c) Detailed view of the modelled U.FL connector with assigned materials.

To facilitate the characterization of the antenna on a paper substrate, a UFL connector was
chosen and soldered onto a 1 mm thick printed circuit board (PCB), which was then adhered to the
substrate using adhesive. The electrical connection between the antenna pads and the was
established using a metallic via and conductive paste. This PCB was also designed to replicate the effect
of the UWINLOC Geolocation Module (UGM) module. The simulated return loss of the antenna, as
shown in Figure VI.5, indicates a resonant frequency of 855 MHz with a bandwidth of 67 MHz, reaching
a return loss of under -10 dB. The antenna exhibits an omnidirectional radiation pattern at 867 MHz,
with a maximum simulated gain of +1.9 dBi.
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Figure VI.5. Comparison between simulation and measurements of the 3 samples : (a) Photo of the fabricated antenna on NCF
with hybridized connecter; (b) Return loss; (c) Gain in the E-plane (¢=90°) at 867 MHz.

In the latter stage, the design was carried out at Eurecat center with screen-printed Ag-NP1
ink on the NCF substrate. The nominal thickness of the single-layer ink coated on NCF is 2.7 um, which
is indeed less than the skin depth. However, the power losses caused by the skin effect were evaluated
through simulations beforehand, indicating a minimal impact of only 2% efficiency or 0.25 dBi gain
reduction compared to a thicker 9 um ink layer.

During characterization, three samples were tested in an anechoic chamber. Figure VI.5 (a)
shows that the measured return loss of the three samples aligns well, but there is a slight shift of 14
MHz (at the peak resonant frequency) compared to the simulation. This deviation is probably due to
the influence of the U.FL to SMA cable used in the measurement setup. Nonetheless, the measured
gain of each sample corresponds to the simulated values, with a maximum of +1.6 dBi (+0.1) in the E-
plane at 867 MHz. The measurement results are closed to the simulation results obtained with HFSS,
confirming the validation of the dielectric and electrical parameters of the materials developed by the
project partners.

Despite exhibiting good performance, Ag-NP1 ink showed poor adhesion on the NCF substrate,
as previously mentioned. Cracks were observed on the antenna pattern of some samples during
measurements, even when bent. To address this issue, GNK developed a new ink formulation named
Ag-NP3, which incorporates an additive based on vinyl acrylic copolymer. Ag-NP3 ink demonstrated
improved adhesion, achieving a rating of 5B according to ASTM D3359 standard, and it exhibited good
printability through screen printing on the NCF substrate. However, despite the adhesion
improvement on the substrate, the formulated Ag-NP3 ink has a higher resistivity compared to Ag-NP1
ink, with a factor of 4. This implies that the electrical conductivity of Ag-NP3 ink is lower than that of
Ag-NP1 ink.

To evaluate the effect of the ink formulation change on antenna performance, simulations
were carried out to compare the radiation efficiency and gain between the use of Ag-NP1 ink and Ag-
NP3 ink. The resistivity variation is particularly significant for the UHF antenna, which plays a crucial
role in energy harvesting. According to the simulations, the antenna's radiation efficiency decreases
by 7% when using Ag-NP3 ink compared to Ag-NP1 ink. Indeed, a trade-off between resistivity and
adhesion was crucial to establish a robust connection between the ink and the paper-based substrate.

147



Chapter VI: Development of a flexible battery-free geolocation tag based on advanced materials

While the compromise is to enhance the adhesion properties on the substrate. By prioritizing
adhesion, the ink can adhere more effectively to the paper-based substrate, ensuring better durability
and stability of the antenna structure.

Table VI.3. Electrical properties of the new formulated ink with better adhesion compared to the high conductive ink (with
sintering at 150°C for 30 min).

Ink name Rs (mQ.cm) Thickness (um) Resistivity (1Ohm.cm) Adhesion on NCF
Ag-NP1 22+8 2.3+0.3 4.8+0.8 3B
Ag-NP3 130+ 30 1.7+0.3 20+1 5B

3.4. Antenna design including in-mold process (V2).

The second iteration of the design aims to achieve both antenna performance and print
reliability by incorporating the in-mould process. One of the key constraints of this process is that the
overall size of the tag should not exceed a 70 mm x 70 mm square area. In this design stage, the UWB
antenna is also developed to ensure a 50 Q impedance and compatibility with the manufacturing
processes.

When selecting the material for encapsulation, the primary considerations are transparency
and adhesion with the NCF substrate. After evaluating various resins and considering the technical
capabilities of EUT, Thermoplastic Polyurethane (TPU) material is chosen. TPU is a commonly used
thermoplastic for injection moulding flexible plastic parts in electronic devices. [242]. It offers
favorable elastic and mechanical properties, making it suitable for the desired application.

A study presented in a previous paper [243] demonstrates the feasibility of screen-printed
epidermal antennas using elastic silver ink on an 89 um thick TPU substrate for monitoring human
health. This further supports the selection of TPU as the encapsulation material in the current design,
given its proven compatibility with flexible antennas and its advantageous properties.

3.4.1. TPU material characterization

The choice of TPU grade for injection molding is crucial to meet the specifications for RF
transparency and minimize the impact on radiation efficiency. EUT conducted experiments using three
TPU grades: standard TPU 15N80 [244], TPU15N85 [245], and bio-based TPU D12T80E [246]. The bio-
based TPU is not only environmentally friendly but also exhibits properties similar to the standard TPU
of the same hardness, including excellent mechanical properties and abrasion resistance.

To determine the dielectric parameters of the TPU materials, a simple transmission line
resonator method is employed. The dielectric permittivity of the material is extracted by measuring
the S-parameters of resonators. Half-wavelength open-stub and ring resonators are initially designed
with a relative permittivity of 4.8 and a dissipation factor of 0.05, based on the provided dielectric
parameters from the vendor [247]. The resonator designs for TPU characterization have been
previously simulated on ADS and are shown in Figure VI.6. These resonators are then screen printed
on 1.25 mm thick TPU using a UV curable standard silver ink (ELG-410S from Norcode [248]).
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Ws

I'Stub

Figure VI.6. Geometry of the ring resonator stub and the quarter wavelength stubs. The parameters are: LF =19 mm; GF = 0.2
mm; R=50.6 mm; LW = 2.25 mm; Lstub = 45 mm; Wstub = 70 mm.

Two samples of standard TPU 15N80 grade and one of the TPU ECO were fabricated and
measured. The transmission coefficient |S12 |response of the resonators are shown in Figure VI.7 ©
&(d). The calculation of the dielectric constant from the quarter wavelength resonator is calculated
using the equation (IV.10).and (1V.13), providing an approximate value depicted in Table V1.4 and Table
VI.5. For the ring resonator sample, the effective permittivity was obtained through the measured
resonance frequencies and the mean radius of the ring (R,;eqn) With the equation (VI.1). The loss
tangent has not been extracted due to the inaccuracy of the transmission line technique. For the next
simulations, we will refer to the value provided in the datasheet.

n- i,

Riean = P (VI.1)

Based on the experimental results, both TPU grades exhibit a dielectric permittivity of
approximately 3.3 (+£0.12). The measured resonance frequencies were further validated through a
retrospective simulation using ADS software, confirming the dielectric constant of 3.3. This value will
be utilized in future antenna simulations with TPU to ensure the resonance frequency aligns with the
desired specification of 868 MHz.

=

——TPU 15N80 (1)
—TPU 15N80 (1) 25 TPU 15N80 (2) 22
—TPU_15N80 (2) - =-TPU D12T80E
==-TPU D12T80E
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Figure VI.7. Photo of the resonator printed on TPU material and measured transmission coefficient for different TPU grade:
Quarter wavelength stub resonator (a & c); Ring resonator (b &d).
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Table VI.4. Measured resonance frequency and extracted dielectric constant for each TPU grade with the stub resonator

method.
TPU D12T80E TPU 15N80 (1) TPU 15N80 (2)
N 1 3 5 1 3 5 1 3 5
Freq.
1.05 3.22 5.42 1.03 3.22 5.35 1.04 3.22 5.41
(GHz)
Eeff 2.63 2.53 2.48 2.75 2.53 2.55 2.7 2.53 2.49
€ 3.4 3.25 3.18 3.57 3.25 3.28 35 3.25 3.19

Table VI.5 — Measured resonance frequency and extracted dielectric constant for each TPU grade with the ring resonator

method.
TPU D12T80E TPU 15N80 (1) TPU 15N80 (2)
N 1 2 3 1 2 3 1 2 3
Freq
2.01 4.07 6.06 1.99 4.07 | 6.05 2 | 407 | 6.05
(GHz)
Eeff 2.57 2.51 2.55 2.63 251 | 256 | 2.60 | 2.51 | 2.56
& 3.31 3.22 3.28 3.39 3.22 | 3.29 | 3.35 | 3.22 | 3.29
3.4.2. Simulation and experimental results of the antennas

The design proposed here, intend test the in-mold process with TPU material, its compatibility
with NFC substrate and silver nanoparticules inks, and to validate its extracted parameters. The TPU
layer should protect the final demonstrator of the tag on the printed side according to EUT facilities.
Two separate antennas working independantly at UHF frequency band and UWB at 4 GHz are
presented in Figure VI.8.

UHF Antenna UWB Antenna

TPU -

Ag-NP ink
NCF substrate

Figure VI.8. Cross section view of the in-molded antennas with different materials and image of the UHF and UWB antennas
intoa 70 mm x 70 mm area.

- Simulation of UHF antenna (V2)

The UHF antenna named V2 presented in this section builds upon the design developed
previously on a PET substrate in Chapter IV. It is a modified dipole structure combined with a T-match
structure to enhance impedance matching at 50 Q. This type of design is quite practical and simple to
design for applications requiring an antenna size on an area smaller than a half-wave dipole. In the
simulations, both types of conductive inks, namely Ag-NP1 with good conductivity and Ag-NP3 with
improved adhesion, are evaluated to estimate the potential decrease in antenna efficiency.
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The feeding technique remains consistent, utilizing a U.FL connector that is electrically
connected through vias on a 1 mm thick FR4 substrate, as depicted in Figure VI.9. Both in the
simulations and during the manufacturing process, the electrical connection is established on the non-
metallized side of the NCF substrate. As a reminder, the dielectric and electrical properties of the
materials employed in the simulations are outlined in Table VI.6.

40 mm

Figure VI.9. Geometry of the UHF Antenna_V2 with connector and rigid PCB.

Table VI.6. Summary of electrical and dielectric properties of materials defined in simulation.

Dielectric Loss Thickness Resistivity | Thickness

constant | Tangent (um) (nQ.cm) (um)
NCF 4.4 0.15 60 Ag-NP1 5.5 2.3
TPU 2.57 2.51 1.25 Ag-NP3 21 2

In accordance with the manufacturing process from Eurecat, there are two options for
encapsulation thickness: 1.25 mm and 1.5 mm. A simulation study was conducted to examine the
impact of TPU thickness on the performance of the antenna using Ag-NP1 ink. As reported in Figure
V.10 (a) Error! Reference source not found., the results indicate that increasing the TPU thickness
leads to an increase in the imaginary part of the antenna, as reflected in the equivalent effective
permittivity, causing a shift in the resonance frequency. This effect is also noticeable in the losses
induced by the material. The radiation efficiency of the antenna decreases with a thicker TPU
substrate, as depicted in Figure V.10 (a). Hence, it is preferable to establish a plastic molding process
with the thinnest possible TPU thickness, while considering its fragility.

Furthermore, a simulation was conducted to compare the antenna performance using a
hypothetical scenario with a perfect silver ink having a resistivity of 1.59 uQ.cm and the formulated
silver nanoparticle inks (Ag-NP1 and Ag-NP3). Table VI.7 presents the results, indicating that even when
using Ag-NP3 ink, the radiation efficiency of the antenna is not significantly affected.
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(a)
Figure VI.10. Simulation of the return loss for different the TPU thickness; (b) Simulated the radiation efficiency and maximum
gain at each resonant frequency as a function of the TPU thickness.

Table VI.7.Radiative performance of the UHF Antenna_V2 for different silver inks

Resonant Radiation . . .
Ink name . Maximum realized gain at fo
Frequency fo  efficiency
Silver (1.59 pQ.cm) 897.5 73.6 % 0.67 dBi
Ag-NP1 898.5 MHz 73.0 % 0.59 dBi
Ag-NP2 895.5 MHz 71.7 % 0.57 dBi

- Simulation of UWB antenna_V2

The UWB antenna presented in this part is based on the antenna developed on Polyimide
substrate in appendix 3 . A 1.25 mm thick TPU layer is added to the top to optimize the antenna
performance at the same time. At this stage of the simulation, the excitation is ensured with a lumped
port between the pads and Ag-NP1 ink is used as a conductive ink. The PCB with the UFL connector
were used once the optimized finished. Based on the previous studies, this UWB antenna is obtained
from a rectangular loop with an electrical length equivalent to the full wavelength at the frequency of
4 GHz. Then, it was shown that the proximity of the feed pads ensured a capacitive coupling allowing
to improve the bandwidth. As reported in the Figure VI.11, starting from the Ant1, this coupling is
improved by adding small rectangles of 2.6 mm x 2 mm at the slot of the loop with the same gap of
0.56 mm. From Ant2 to Ant3, the matching is improved while not decreasing the bandwidth.

B WAnt
I"Ant
| w, L — ﬁ ]
| B | e 1
| Ant, | Ant, Ant, |

Figure VI.11. Design steps of the UWB antenna from Ant1 to Ant3: WAnt = 23.52 mm; LAnt = 18.96 mm; W1 = 12.64 mm; L1
=1.96 mm; W2 =7.926 mm; L2 =4.5 mm.

152



Chapter VI: Development of a flexible battery-free geolocation tag based on advanced materials

The simulation results are presented in Figure VI.12. It is important to consider all the
information provided for an accurate simulation. In Figure V.13 (a), we demonstrate the impact of ink
thickness in the simulation. The sheet layer of Ant3 was converted into a solid by applying a thicker
sheet. It is observed that with a thickness of 2.7 um, the return loss is significantly affected due to the
edge coupling effect of the antenna. Since our antenna relies on coupling for improved bandwidth and
operates at higher frequencies, it is crucial to consider this effect through 3D modelling. The final
designed antenna exhibits good matching within a bandwidth of 1.89 GHz (ranging from 3.12 GHzto 5
GHz), exceeding the requirements.

Furthermore, the simulation takes into account the addition of the PCB and connector for
characterization, although the differences are not significant when simulating the same antenna (Ant3)
with a 2 um Ag-NP3 ink. The overall geometry of the antenna remains largely unchanged, maintaining
a donut-shaped radiation pattern. However, for Ag-NP1 ink, the realized gain in the H-plane varies
from +1.48 dBi at theta = 0° to a lower gain of +0.3 dBi at theta = 90°. Thus, we can expect to reach
higher antenna radiation efficiency with the use of Ag-NP1 ink will result in a more efficient antenna.
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Figure VI.12. Simulation of the UWB antenna return loss: (a) Results from Ant1 to Ant3 and effect of the sheet thickness and
hybridized PCB with connector; (b) Comparison between the silver conductive inks.

Table VI.8.Radiative performance of the UWB Antenna at 4 GHz for both silver nanoparticles inks

Ink name Radiation efficiency Maximum realized gain
Ag-NP1 813 % 1.97 dBi
Ag-NP2 76.9 % 1.78 dBi

- Manufactured Antennas_V2

The initial injection molding trials using TPU on NCF revealed limited adhesion and substrate
fragility when subjected to bending. To address this issue, different materials were tested to ensure
compatibility between the paper-based substrate and the plastic. ARJW and EUT conducted several
steps, and it was found that using a TPU thickness of 1.25 mm prevented the appearance of cracks in
the nanocellulose foil. However, the injection of TPU ECO resulted in the formation of bubbles between
the printed Ag-NP3 layer and the NCF substrate. Consequently, alternative materials were explored to
improve adhesion between the substrate and the plastic. One approach involved applying an NCF
coating, which made the substrate rougher but compromised its transparency. Another material, Poly-
Vinylidene Chloride (PVDC), provided a good moisture barrier but did not offer optimal TPU adhesion.
PU (Polyurethane) showed promising results in terms of improved TPU adhesion and good moisture
resistance, although the manufacturing process for this material is slightly more expensive. Preliminary
tests also demonstrated the successful encapsulation of the electronic and rigid part (UGM) that was
already hybridized on the substrate.
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(c)

Figure VI.13. Photo of the in-molded antennas on TPU: (a) UWB antenna without connector in bent condition; (b) UHF antenna
with PCB and hybridized connector; (c) UHF and UWB printed on the same 7 x 7 cm substrate.
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Figure VI.14. Experimental results of the return loss and gain of the in-molded antenna.: (a) & (b) UHF antenna; (c) UWB
antenna.

The samples were manufactured by EUT using both Ag-NP inks (improved adhesion and high
conductivity) and different TPU grades. For return loss (S11) measurement, the antennas were placed
on a rohacell substrate in an anechoic chamber. The experimental results, shown in Figure 11.15 (a),
match perfectly with the simulations conducted using the extracted TPU dielectric parameter. The UHF
antenna exhibits resonance frequencies of approximately 840 MHz, 900 MHz, and 980 MHz for TPU
thicknesses of 0 mm (wo), 1.25 mm, and 2.5 mm, respectively.

As predicted in the simulation, antennas manufactured with Ag-NP1 and Ag-NP3 inks show no
significant differences in terms of impedance matching, but the choice of TPU grade can slightly affect
the resonance frequency. Gain measurements were performed only on samples with a 1.25 mm TPU
thickness. The gain at the frequency of 890 MHz in the Y-Z plane, or at Phi = 0°, is presented in Figure
I1.15.
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The deviation in the radiation pattern is likely caused by the presence of the cable and the SMA
adaptor in front of the antenna, as shown in the inset. However, the results are reasonably acceptable,
with a maximum gain of approximately -0.3 dBi for the antenna with Ag-NP1 (better conductivity) and
-1.4 dBi for Ag-NP2 (better adhesion). The results are not accurate enough to draw conclusions
regarding the advantage of using a specific TPU grade in terms of antenna performance. However, the
decision was made based on the TPU grade that exhibited better adherence to the NCF substrate.

The characterization of the UWB antenna samples reveals a good impedance matching within
the frequency range of 3 GHz to 5.14 GHz (S11 < -10 dB), which is roughly in line with the simulation
results. Irrespective of the TPU grade and silver nanoparticles inks used, the bandwidth remains
consistent, although the depth of the return loss may vary. However, at these higher frequencies,
certain factors become more noticeable during measurements, such as the imperfect electrical
connection of the connector to the antenna pads, the cable orientation relative to the antenna, and
the accuracy of the VNA calibration. Unfortunately, it was not possible to measure the radiation
performance of the UWB antennas due to unavailable samples and the inaccuracy of the
measurements.

3.5. Complex conjugate antennas for the flexible geolocation tag

3.5.1. Antennas simulation for the final version of the flexible tag

The previous version of the battery-free geolocation module, as discussed in Chapter V, was
optimized for extremely low power consumption. In this new version, the UGM has been designed
with two differential inputs to enable energy harvesting capabilities. The energy harvester is based on
a Greinacher doubler topology, which has been optimized for low-power density and is powered by a
dedicated RF energy source operating in the Industrial Scientific Medical (ISM) frequency band at 868
MHz. The new UGM significantly reduces the energy requirements to approximately 5 - 10 W for a
single UWB transmission. This reduction in power consumption has been achieved by minimizing the
power requirements of the microcontroller, transmitter, and leakage current of the storage capacitor
(60 uF). With a sensitivity of -27 dBm, a TAG-to-source distance of up to 30 meters can be easily
achieved. Furthermore, by using appropriate technology, the capacitor voltage can be lowered,
resulting in further power leakage reduction and increased gain. The harvester efficiency reaches 33%,
delivering 1.3 pW. Additional details about the energy harvesting circuit can be found in the patent
[170]. The UHF input impedance of the UGM has changed to approximately 24 +j-270 Q for an RF input
power of -27 dBm. This value was obtained using a coaxial RF Ground-Signal (GS) probe from Fairview
Microwave [249]. The UWB part remains unchanged from the previous version, with an impedance of
25+j-90.

Figure VI.15. Final antennas design in complex conjugate impedance for the flexible geolocation tag.
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The UHF antenna, previously designed for operation at 50 Q impedance, has been modified to
operate at a different input impedance. The updated version of the tag design, depicted in Figure VI.15,
uses the bowtie antenna from Chapter V to achieve a more compact form. Through a co-design process
involving all the elements, the antenna dimensions were adjusted for improved optimization. The
simulation results, displayed in the Figure VI.16 (a), indicate that the UHF antenna exhibits a complex
impedance that is relatively close to the targeted impedance. During the optimization process, the
parameters were adjusted to ensure that the real part of the impedance remained within the desired
range while maintaining an appropriate imaginary part.

The selected Ag NP-based ink does not significantly alter the impedance characteristics of the
antenna, and the antenna still exhibits positive gain at Phi = 0°. However, the radiation efficiency is not

particularly high due to various losses associated with the material properties and the coupling effects
between antenna elements.
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Figure VI.16. Simulation of the UHF Antenna: (a) Input impedance for both Ag NP-based inks; (b) Radiation pattern overlay of
3D view design at 868 MHz for Ag-NP1 ink.

Table VI.9. Summary of the UHF antennas parameters for both Ag NP-based inks.

| t
Ink name im ::Z:nce Radiation Maximum gain Minimum gain
p(Q) efficiency at Phi=0° at Phi=0°
Ag-NP1 57 +j-237.28 66.94 % +0.52 dBi +0.25 dBi
Ag-NP3 60 +j-237.32 63.86 % +0.33 dBi +0.02 dBi
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Figure VI.17. Simulation of the UWB bowtie antenna: (a) Normalized return loss for both Ag NP-based inks; (b) Radiation
pattern overlay of 3D view design at 4 GHz with Ag-NP1 ink.
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The UWB antenna has been tuned to achieve a match with the NCF substrate and the presence
of the TPU material. The normalized return loss at the impedance of 25+j-9 Q is shown in Figure VI.17
(a). It can be observed that the antenna meets the return loss criterion of -10 dB and is well matched
between 3.72 GHz and 4.9 GHz, with a peak around 4 GHz. The results are roughly the same for both
silver inks (Ag NP1 and Ag NP2). However, the antenna efficiency is relatively low, with a value of
approximately 57%. The maximum gain achieved is around +1.9 dBi. It is worth noting that the bowtie
antenna exhibits a more directive behaviour with the presence of the UHF antenna, as the UHF
antenna behaves like a reflector in this configuration.

3.5.2. Fabrication of the flexible geolocation tag

A tag sample was first fabricated without the electronic components to validate the simulated
complex conjugate impedance of the two antennas. Hybridized metal contacts were established at the
pads of the antennas to facilitate the measurement using RF probes. To create the contact points,
holes were carefully dug into the antenna pads, and conductive epoxy resin (EPO-TEK H20E) was filled
in them to ensure electrical interconnection with the antennas. To prevent any damage to the
substrates and plastic protection, the resin curing process was performed at a low temperature. EUT
carried out the curing process at 902C for 1 hour before applying adhesive for mechanical contact.

An insert with dimensions of 70 mm x 70 mm x 1.25 mm, featuring a 4 mm thick housing for
the UGM, was manufactured by EUT, as shown in Figure VI.18. After conducting several printing tests,
the adhesion of the high-conductivity Ag-NP1 ink was improved to a rating of 4B with a PU coating on
the NCF substrate. The measured layer resistivity of the PU coating was found to be 23 mQ/sq. ATPU
thickness of 1.25 mm was selected to ensure better adherence and flexibility of the entire
encapsulated tag.

Figure VI.18. Manufactured insert: (a) Injection side; (b) Ejection side.

At the end of the process, after conducting numerous tests and optimizations, the
overmoulded tags were successfully produced, as depicted in Figure VI.19. The final validation of the
flexible geolocation beacon was planned to include measurements of UHF sensitivity by assessing the
emission rate via the beacon under various orientations. Additionally, the maximum transmission
range of the UWB signal emitted by the tag was intended to be measured. Furthermore, an evaluation
of the tag geolocation coverage was meant to be conducted in preparation for marketing and wide-
scale deployment to customers. Unfortunately, the desired results could not be obtained due to
administrative issues at UWINLOC.
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Figure VI.19. Front view (left) and back view (right) of the flexible geolocation tag on NCF injected with the UGM.

4. Conclusion

This chapter presents the manufacturing process of a flexible geolocation tag on advanced
materials as part of the Madras project, with the goal of achieving large-scale production. The tag is
designed to be flexible, durable, recyclable, mechanically robust, and to have excellent performance
for energy harvesting and geolocation features. The focus is primarily on designing the antenna part
of the tag, with careful consideration given to the choice of substrate and conductive ink.

The antennas developed in this project were designed on Nanocellulose foil, developed by
AJRWG, which offers advantages such as recyclability, low weight, abundance, and high mechanical
resistance, as studied in [249]. Printing the antennas requires customized inks that are also recyclable
and possess good electrical properties. GNK has developed a silver nanoparticle ink with superior
conductivity compared to silver nanowire ink. Two Ag NP-based inks were formulated, one with high
conductivity and the other with an adhesion promoter.

The initial version of the UHF antenna, designed for 50 Q impedance at 868 MHz for energy
harvesting, was used to validate the properties of the materials and the manufacturing process
conducted by project partners. The results demonstrated good performance in line with the
simulations. To ensure reliability and mechanical resistance, an encapsulation technique with TPU
material was investigated, which is commonly used in the field of in-mould electronics. The dielectric
parameters were measured and incorporated into the simulation of new antenna designs with varying
dimensions. The conductive Ag NP inks were specifically developed to be compatible with in-mould
electronics.

An approach was proposed to improve the adhesion of TPU, address the fragility of the NCF
upon bending, and enhance resistance to high relative humidity (RH) conditions in climate chambers.
A second batch of UHF and UWB antennas was manufactured to validate the simulation results before
proceeding to the final phase. For the functional demonstrator, antennas tailored to the input
impedance of the UGM (Ubiquitous Green Mesh) module were designed, considering the same
dielectric and electrical parameters of the materials. The overall tag fits within a 70 mm x 60 mm area
with a TPU thickness of 1.25 mm.

For the final production, an Ag-NP1 ink with better conductivity can be used, thanks to the PU
coating that ensures improved adhesion between the NCF and TPU. Due to time constraints, the
functional tests could not be completed within the project timeline, which concludes in April 2023.
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VIl. Conclusion and Prospects

1. Conclusion

This manuscript resumes the various work carried out on the development of a RF wireless
power transmission system for compact battery-free geolocation tags, as well as the development of
battery-free wireless sensor node for structural health monitoring. The activities focused mainly on
electromagnetic energy harvesting through a dedicated source or far field wireless power
transmission.

A comprehensive review of the subject provided a global state-of-the-art understanding of
battery-free devices and their significance in our increasingly interconnected world. The study revealed
that several energy sources can effectively power these battery-free devices, and numerous research
advancements have yielded promising results. Through an exploration of the history of wireless power
transmission, different architectures were identified, tailored to specific specifications such as size,
sensitivity, frequency, and required power levels. This knowledge served as a foundation for the
subsequent research and development activities conducted in this study.

In the initial phase of the research, a rectenna (rectifying antenna) was proposed on a rigid
substrate FR4 to convert electromagnetic waves at 868 MHz. The design objective was to achieve a
high-power conversion efficiency (PCE) at low RF power levels and a smaller size compared to existing
state-of-the-art designs. An innovative approach was taken to develop an electrically small antenna
with a positive gain. By employing miniaturization techniques, the antenna's electrical length was
preserved while reducing its overall dimensions in a 3D shape. Two versions of the antenna, namely
Al 3D and A2_3D, were fabricated with dimensions of 52 mm x 32 mm x 10 mm and 40 mm x 30 mm
x 10 mm, respectively. Both antennas exhibited a gain higher than +1 dBi. To maintain the compact
size, a rectifier was cleverly integrated into the design, forming an electrically small rectenna. Each
rectenna achieved a PCE of over 40% when illuminated with a power density of 1 uW/cm?, using a non-
optimum load of 10 kQ. Notably, the proposed rectenna R1_3D outperformed existing designs,
showcasing an ultra-compact size and excellent performance, with a PCE of 35% for -15 dBm RF power.
These successful developments of the antenna (Al_3D) and the rectenna (R1_3D) served as
foundational elements for the subsequent work on the battery-free sensor node, forming key
components in its design.

In continuation of the research, the electrically small rectenna (R1_3D) developed, was used
to wirelessly power a battery-free sensing node (BF-SN) designed to be embedded into concrete cavity.
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It consists of developing “communicating materials” through the physical parameters monitoring. This
aspect of the project is mainly the subject of another thesis conducted by a colleague within the
laboratory [150]. Four prototypes of the BF-SN were developed, with two based on LoRaWAN
technology and the other two using Bluetooth Low Energy (BLE) technology. The aim was to optimize
the DC power harvested by the sensing node, to reduce the power consumption and one approach
involved adding a reflector to the design to achieve a more directive antenna configuration.
Furthermore, a cooperative prototype that combines BLE and Ultra-Wideband (UWB) technology was
proposed. This design aimed to leverage the capabilities of both the geolocation and the physical
parameters monitoring. Additionally, the efficient harvester integrated into the UWL module could be
used to power the sensing node, ensuring a self-sustaining power supply.

The development of a geolocation tag for UWINLOC focused on achieving miniaturization and
performance optimization while considering economical constraints, such as low manufacturing cost.
Initially, the Ultra High Frequency (UHF) part of the energy harvesting feature was studied, with a
specific emphasis on miniaturization using a flexible PET substrate. The flexible nature of the PET
substrate allowed for reducing the antenna size by conforming to different shapes and surfaces. To
further enhance the performance, a rectenna was co-designed and manufactured on the PET
substrate. The rectenna combined the functions of the antenna and rectifier, enabling efficient energy
harvesting. The performance of the rectenna, when integrated with the harvester part of the tag,
demonstrated competitive and satisfactory results, paving the way for future advancements and
achievements.

This first study led us to a global design of the tag considering the UWB part. The electronic
part of the tag was miniaturized in a small 15 mm x 15 mm PCB module by UW and we only worked on
the antenna part of the tag. New antenna designs (UHF and UWB) have been proposed. A first tag with
compact antennas on a rigid substrate was not satisfactory due to the low radiation efficiency of the
antenna for energy collection. Another solution was proposed to ensure miniaturization of the overall
size of the tag with a semi-flexible substrate. However, the use of lumped components plays favorably
on the complex conjugate impedance matching but unfavorably on the radiation efficiency. In order
to compensate the losses, while keeping the conformability with a flexible substrate, a 3rd design was
proposed on a polyimide substrate (that has fewer dielectric losses than those of FR4 and PET). On the
other hand, this type of substrate has a certain purchase and manufacturing cost for a large-scale geo-
locatable tag deployment.

For the miniaturization and performance optimization purposes, this initial study led us to the
design of the full geolocation tag (including the Ultra-Wide Band part). The electronic component of
the tag was miniaturized into a compact 15 mm x 15 mm PCB module by the company, while our focus
was primarily on the antenna aspect of the tag. We proposed new antenna designs for both UHF and
UWSB frequencies. Initially, we attempted to develop a tag with compact antennas on a rigid substrate.
However, the radiation efficiency of the antenna for energy harvesting was found to be insufficient. As
an alternative, we proposed a semi-flexible substrate to achieve overall size reduction of the tag.
However, the use of lumped components, although beneficial for achieving complex conjugate
impedance matching, and the use of lossy substrate had a negative impact on the radiation efficiency.
To address these challenges and maintain flexibility with the substrate, we proposed a third antenna
design on a polyimide substrate. Polyimide offers lower dielectric losses compared to FR4 and PET
substrates. The obtained tag on flexible Kapton substrate satisfied our technical requirements.
However, it is important to note that this type of substrate incurs a certain cost for purchasing and
manufacturing, which could be a consideration for large-scale deployment of geolocation tags.
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Finally, through the Madras a low-cost alternative with advanced materials was proposed. The
partners worked on the development of materials with interesting properties to low-cost alternative
with advanced materials . The achievements were the result of several meetings between partners,
and decisions on scientific, technical and economic aspects. The prototypes are presented from the
specifications phase to the final phase of obtaining the tag on encapsulated NCF substrate.
Unfortunately the timing did not allow us to reach the final phase of the project, but more details are
available on the site of the Madras project [226].

In the final step through the MADRAS project, a low-cost alternative using advanced materials
was proposed through the collaboration of 161European partners. Extensive work was done on the
development of materials with desirable properties, including satisfactory electric and dielectric
characteristics, good flexibility, and effective tag protection through encapsulation techniques.

The achievements made during the project were the result of numerous meetings and
discussions among the partners, where decisions were made regarding scientific, technical, and
economic aspects. Prototypes were developed and progressed from the initial specification phase to
the final stage of obtaining the tag on an encapsulated Nanocellulose Foil (NCF) substrate. Although
the project timeline did not allow for completion of the final phase, more detailed information about
the project can be found on the Madras project website [226]. The website provides additional insights
into the project's objectives, progress, and outcomes.

Other notable accomplishments include the publication of conference papers and journal
articles highlighting the development of antennas/rectennas using a polyimide substrate, as well as a
miniature drone antenna designed for airliner detection. These publications have contributed to the
dissemination of knowledge and advancements in the field.

2. Prospects and feasibility

We have conducted studies on various antenna types to achieve miniaturization of the
geolocation tag and rectennas for efficient harvesting of electromagnetic waves. In our designs, a
trade-off is made between size and overall performance. While miniaturizing the antennas can result
in a decrease in radiation efficiency (gain) and bandwidth, this is not critical for our specific use case
within the narrow band ISM 865-868 MHz range. However, we can note that compact antennas with
high gain can be achieved using unconventional substrates such as metamaterials. However, these
substrates require complex manufacturing processes and come with a significant cost. Therefore,
opting for flexible substrates allows us to meet both miniaturization and cost requirements, even if it
means sacrificing RF performance to some extent. Additionally, as mentioned in the state of the art,
there are several parameters that can be optimized to improve the efficiency of RF-DC conversion for
wireless power transmission.

- Antenna and rectenna gain :
An antenna array can provide benefits such as increased antenna gain, allowing for energy harvesting
at low power density levels or over longer distances. It can also offer a wider aperture area and higher
aperture efficiency, enabling energy harvesting independently of the beam direction of the energy
source, as demonstrated in [250], [251]. However, due to our miniaturization constraints, utilizing an
antenna array is not suitable for our specific application. On the other hand, the use of a reflector plane
can be employed to reduce the radiation pattern (in the case of a dipole antenna) and create a
directional antenna.

This technique allows us to focus on the electromagnetic field and capture maximum RF
power. While this approach has been successfully utilized for wirelessly powering battery-free sensing
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nodes, it is not suitable for compact geolocation tag and small loT devices due to the constraints of
miniaturization.

- Harvested dc power and sensitivity:

The performance of the energy harvester and the output power are influenced by the architecture and
components used in the design. Currently, Skyworks' Schottky diodes from the SMS7630 family are
widely considered suitable for low-power applications. However, to further enhance the efficiency of
the harvester and increase the output power, multistage rectifiers or CMOS charge pump designs, as
demonstrated in [252]-[254] can be implemented.

Previous research has shown that the power conversion efficiency (PCE) and harvested power can be
improved by optimizing the waveform of the transmitted signal. The performance of the rectifier or
rectenna, due to their inherent non-linearity, is affected by the Peak-to-Average Power Ratio (PAPR)
of the received signal [255]-[258].

This technique has been explored in ongoing research while considering the maximum Effective
Isotropic Radiated Power (EIRP) within the targeted frequency band, in accordance with FCC standards.

- Multisource or multiband harvesting :

In order to optimize the harvested DC power for powering active circuits, it is possible to explore
energy harvesting from multiple power sources across a wide frequency range or multiple frequencies
[259]. One approach is the use of a serially combined multiband rectenna array, which has been
demonstrated to significantly increase the DC power output [260]

Preliminary work has been conducted on rectennas designed for dual-band operation, specifically
targeting energy harvesting from waves in different Wi-Fi frequency bands (2.4 GHz and 5.2 GHz). This
research incorporates a new double-sided dual-band bowtie antenna design and a triple-band rectifier,
as depicted in Figure VII.1.
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Figure VII.1. Dual -Band Rectenna : Measured harvested dc voltage of the rectenna across a 10 kQ for an estimated received
power of -2.2 dBm (low band) and -7 dBm (high band). The inset shows a photo of the prototyped rectenna.
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VIIl. Appendix

Schematic and Layout of the BLE-based SN : Prototype 1
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1.2. Layout of BSN1
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2.

2.1. Schematic of BNS2

Schematic and Layout of the BLE-based SN : Prototype 2
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2.2

Layout of BSN2
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3. Exploitation of flexible Polyimide based material for antenna and
rectenna design.

This appendix section showcases additional work conducted during the thesis years, focusing
on antenna and rectenna designs implemented on a flexible substrate. The objective was to explore
novel structures using substrates other than the conventional rigid substrates commonly employed.
By using a flexible substrate, we could achieve miniaturization, significant weight reduction, and
conformability, regardless of the shape of the object being mounted.

The designs presented in this section were implemented on a polyimide substrate with a thickness of
125 pum. This choice of substrate was based on its availability and familiarity with the manufacturing
process within our laboratory. Furthermore, polyimide exhibits desirable properties for our work. Its
high temperature resistance, in particular, enables convenient prototyping of circuits and facilitates
characterization through hand soldering.

The polyimide substrate, also known by its commercial name Kapton (developed by DuPont), is a highly
flexible and thin film made of polymer. It possesses excellent dielectric properties with a low loss
tangent, surpassing those of paper and PET substrates. Moreover, it exhibits outstanding mechanical
and thermal resistance, allowing it to be utilized in extreme conditions, including temperatures up to
400°C. Thanks to its reliable performance, the polyimide substrate finds extensive use across various
industries for the development of flexible electronics. It is particularly well-suited for applications in
demanding environments such as the automotive, aerospace, and space industries, where its resilience
and durability are highly valued.

Table VIII.1. Comparison of commonly used flexible substrates for antenna design.

Substrates &r (1 KHz) tand (1 KHz) Thickness Prototyp!ng
complexity
P°K':'pTc'ie/ 3.4-3.6 0.0018-0.0026 7.5 um-125 um Simple
261] (HIGH) (LOW)
TP(-erfﬁz 2.1-2.5 0.0002-0.0025 1.5mm-6 mm Complex
[262] (Low) (Low)
PET/
Melinex (Is/iztj-iiﬁ) (?_835) 35 um-175 um Moderate
506 [263]
2.76-3.8 0.015-0.02
PDMS [264] (HIGH) (Medium) - Complex
29-3.2 0.0048
PEN [265] (HIGH) (LOW) 12um - 250 um Moderate
Paper 3-5 0.05-0.13
[238], [266] (HIGH) (HIGH) 50 um - 250 um Moderate

When compared to other commonly used substrates for antenna design (as shown in Table
VIII.1), polyimide emerges as the substrate that offers a better compromise between low dielectric
losses and ease of prototyping. In our specific use case, which involves antenna and rectifier design, it
is crucial to accurately characterize the substrate to ensure precise simulation results. The dielectric
properties of the polyimide substrate have been extensively studied in a previous thesis conducted by
our research team in the laboratory, providing us with a comprehensive understanding of its behavior.
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We present two designs that have garnered attention and were the subject of articles at the EuCAP

conference. These designs leverage the unique advantages offered by the polyimide substrate,
highlighting our advancements and innovations in the field of antenna and rectifier design.

A Novel Polyimide Flexible Antenna Design for S-Band Applications
A Dual-Band and Flexible CPW-Fed Antenna for RF Energy Harvesting Applications
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A Novel Polyimide Flexible Antenna Design for

S-Band Applications

Alassane Sidibe'?, Alexandru Takacs', Daniela Dragomirescu', Samuel Charlot' , Jan Mennekens?
' LAAS-CNRS, Université de Toulouse, CNRS, INSA, UPS, Toulouse, France, alassane.sidibe@]laas.fr,
alexandru.takacs@laas.fr, daniela.dragomirescu@]laas.fr, samuel.charlot@laas. fr
2 Uwinloc, Toulouse, France, alassane.sidibe@uwinloc.com, jan@uwinloc.com

Abstract— The technological advances in electronic devices
and the Internet of Things bring us to be surrounded by multiple
sensors in the coming years. These devices should be
conformable and adapted to small or irregular shapes and
surfaces. This is why flexible materials are becoming important
in this field thanks to their lightness, stretchability and
robustness especially in wearable electronics to get integrated
on clothes for biomonitoring. Our proposal in this paper
concerns the design, printing process, and performance of a
novel antenna on a polyimide flexible substrate. It is based on a
loop antenna and has dimensions of 40 mm x 35 mm x 0.127
mm. Its very wideband behavior from 2.4 GHz to 4 GHz allows
targeting S-Band applications such as LTE and Wi-Fi.
Interesting performances are also achieved in terms of radiation
patterns. At 2.45 GHz, the maximum antenna gain is about +2.6
dBi with an omnidirectional pattern but at higher frequencies,
the antenna is more directive with a higher gain.

Index Terms—Flexible antenna, polyimide, wideband,
flexible electronic devices, S-Band, wireless applications.

L, INTRODUCTION

Faced with the new demand on thermal, moisture and,
water resistance devices and on new applications such as
medical, wearable, mobile, aerospace, and retail, the rigid
Printed Circuit Board (PCB) made of conventional materials
is being limited. Electronic devices tend to be more flexible,
stretchable, foldable, and recyclable by using non-
conventional materials. The new generation of consumer
electronics products aims to cover several markets and are
motivated by using flexible electronics. The use of alternative
substrates also allows the development of smart wearable
devices for sensing and communication applications. In
addition, in the context of the Internet of Things (IoT), recent
developments in printed electronics demonstrate the ability to
use organic and inorganic materials allowing a new form
factor, a high-volume manufacturing, and a huge deployment
[1]. Research is also being carried out on flexible
microfluidics, which has an impact on the chemistry,
electronics, biology, and medicine areas [2]. Wireless
communicating devices require the use of an antenna to
transmit and receive the data wirelessly. Depending on the
frequency range, flexible material can be used for a large
application. In [3], a review of many flexible antennas in
different material types and applications is presented. For
instance, at Microwaves Frequencies, a 60 GHz patch antenna

is designed and fabricated with Kapton substrate in [4].
However, the use of a flexible antenna is more relevant when
operating in the low frequency range with a large radiative
surface. The flexibility allows the sheet to be bent into
different geometries and to have a smaller final antenna.

The proposed design of the antenna is based on polyimide
substrate for S-band applications. The S-Band is a part of the
electromagnetic spectrum from 2 to 4 GHz. It is mainly used
for mobile Long-Term Evolution (LTE) and Wireless Fidelity
(Wi-Fi) applications, and for several practical radar
applications, as well as for the communication between
satellites. This band also covers 5G Sub-6GHz (3-4 GHz
band) which is intended to connect devices to each other.
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TABLE 1. DIMENSIONS OF THE PROPOSED ANTENNA

Dimensions (mm)

SubX | SubY | X1 | X2 | X3 |YI | Y2 | Y3 | W |Px|Py|GIl| G2

40 35 |36 (116 5 [19] 9 |6 |1 |12]1 5115

This paper focuses first on the presentation of flexible
materials and their characteristics, and then in a second part
the design of the proposed antenna, optimized for S-Band
applications, is presented. The last part of this paper is devoted
to the fabrication process and characterization of the flexible
antenna.

II.  FLEXIBLE SUBSTRATE MATERIAL

The replacement of conventional rigid substrates has
facilitated the development and improvement of several
flexible materials with different properties. These can offer
several advantages such as flexibility, stretchability,
compactness, moisture resistance, low cost. Flexible materials
can be separated in categories: synthetic and natural polymers,
paper, and textile materials. There are several polymer
materials: polydimethylsiloxane (PDMS), liquid crystal
polymer (LCP), Parylene, polyethylene naphtalate (PEN),
Polyethylene terephthalate (PET), and Polyimide (PI). They
are considered as the best candidate for flexible antenna
design [3]. Paper substrates also offer advantages such as
printability with an easy printing technique, and recyclability.
In addition, scientists have been working on flexible
electronic devices based on nanocellulose [5]. The first
flexible design started with polyimide material. Due to its
good Radiofrequency (RF) performance and heat resistance,
it is mostly used for wireless applications using an antenna. In
[6], a novel multiband monopole CPW antenna is proposed.
In some applications, the substrate should be carefully chosen
considering its dielectric parameters, the environment
resistance and the fabrication process.

III.  ANTENNA DESIGN AND SIMULATION

The proposed antenna in this paper is a novel design based
on a loop antenna, modified to increase the bandwidth and
efficiency for the S-band frequencies range. The simulation
was performed by Ansys HFSS software on polyimide
substrate (dielectric constant = 3.4; loss tangent = 0.012;
thickness = 127 um; copper thickness = 35 um). The geometry
and dimensions of the proposed antenna are presented in Fig.1
and Table 1. It is based on a full-wave loop antenna
approximately at 2.5 GHz with a width of 1 mm as presented
in Fig. 2 (A1). Then, a feeding pad was carefully designed to
characterize the antenna easily and carefully with a soldered
SMD connector in Fig 2 (A2). Thus, a U. FL connector from
Hirose [7] was chosen but may have limitations above 6 GHz.
In the same step, the width Y, was adjusted to optimize the
return loss and bandwidth. As seen in Fig. 3, the A2 antenna
with Y, equals to 3 mm, has three resonant frequencies spaced
approximately by 2 GHz from each other (@fl = 2.5 GHz,
@12 =4.4 GHz, and @f3 = 6.7 GHz.

Al A2 =

A3 = A4 =

Fig. 2. Antenna design evolution (green rectangle is the lumped port on
simulation).

Return loss (dB)

2 25 3 35 4 45 5 55 6 65 7 75 8
Frequency (GHz)

Fig. 3. Simulated return loss of antenna A2 with different Y, values.

Return loss (dB)

2 23 26 29 32 35 38 41 44 47 5
Frequency (GHz)

Fig. 4. Simulated return loss of antenna A3 with different X, values.

By increasing Y2, the total real part of the antenna
decreases and the imaginary part increases at a higher
frequency (around @1£3), thus improving the bandwidth of the
antenna between @fl and @f2. The second step of the
optimization is to decrease the real part of the impedance
again achieve a good matching at 50 ohms (S11 <-10 dB). It
is presented on A3 by tuning the X4 parameter. Reducing this
parameter tends to decrease the real part of the impedance (at
3 GHz it goes from 134 Q to 76 Q) and make @f2 at 3.55
GHz, first located at 4 GHz (Fig.4).
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At the last step, the return loss is optimized by adding an
inverted L slot (1mm width) at the inner corner of the antenna
as presented in Fig.2 (A4). Thus, it can be observed that in
Fig.4, the increase of the peak resonance at 2.55 GHz and 3.5
GHz.

(@)

I Gold [ 7] LCP [ ] Bronze

Fig. 5. (a) 3D model of the U.FL connector and materials assignement, LCP
(Liquid Crystal Polymer) ; (b) Connector placement on the antenna feed pad.

-30 ——Sim. LP
——Sim. UFL
-40
2 22242628 3 32343638 4 4244
Frequency (GHz)

Fig. 6. Simulated antenna return loss with the U.FL connector model and
LP (Lumped Port without connector).

2.45 GHz 3.41 GHz

4 GHz

Fig. 7. 3D radiation pattern simulation of the realized gain of the proposed
antenna at different frequencies.

An accurate simulation must include the effect of the used
connector for measurement. The U. FL 3D model is shown in

Fig.5. It consists of a Liquid Crystal Polymer (LCP) housing
and gold-plated brass contacts. In the simulation performed,
the larger pads constituting the ground were affected as the
bronze part. A comparison of the return loss (S11 in dB)
between the excitation with lumped port assigned to an
rectangle between pads and the excitation thanks to the
connector, is shown in Fig.6. Despite the effect of the
connector as expected, the antenna remains matched for 50 Q
but the return loss is slightly shifted of 100 MHz. The antenna
has a very wide bandwidth from 2.3 GHz to 4 GHz for S11 <
-10 dB. Fig.7 presents the simulated 3D radiation patterns for
the proposed antenna. At 2.45 GHz, the antenna radiates as an
omnidirectional antenna and is more directive at high
frequency. It is noticed that the antenna radiation pattern is
more oriented on the YZ plane with an improvement gain.

IV. PRINTED ANTENNA PROTOTYPE

A. Printing processing of the flexible antenna

Various printing processes on flexible material exist. They
can be separated into two categories: subtractive (Laser
ablation, dry or wet etch) and Additive (photolithography,
flexography, inkjet, and screen-printing). Each process is
specific in terms of ink thickness and adhesion on substrate,
printing  resolution, mass  production, etc. The
photolithography technic was the one be used for the antenna
printing process as seen in Fig 9. The sheet used is 127 pm
thick polyimide film coated on both sides with 35 um thick
copper (AP9151) [8]. It is cut to size with a cutter and then
covered with a 1 pm thick ECI photosensitive resin. The resin
is first annealed on a hot plate at 90°C for 60 s. The sheet with
the resin is UV exposed through a glass mask with the desired
pattern. The sheet is then annealed on a 110°C hot plate for 60
s, and some areas of the resin are dissolved in a developing
solution to reveal the copper. The remaining resin hides the
copper parts corresponding to the desired structures. The foil
is then immersed in an acid bath to etch the copper that is not
protected by the resin. Once the copper is etched, the foil is
rinsed with water. The resin is then removed with acetone,
rinsed with water and dry with nitrogen (N2). This leaves the
polyimide and some copper depending on the desired shape.
The photo of the obtained antenna after the process is
presented in Fig. 8.

Fig. 8. Photo of the manufactured antenna in cleanroom and with U.FL
connector and SMA adaptator mounted.
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) M) ) fr—r) (=] /S—

Polyimide film with Cu Photoresist coating UV Exposure

Developing Etching Processed design

Fig. 9. Schematic representation of the photolithographic process.

B. Antenna Characterization: Results and Discussion

The performance of the antenna is tested in flat position.
To perform the characterization accurately, the antenna was
fixed on a flat Rohacell (with a dielectric constant around
1.03) surface, and the connector soldered at the feeding pad as
located in Fig. 5 (b). An U. FL to SMA adapter is plugged to
allow measurement with the Vector Network Analyzer
(VNA). It can be noted that the measurement with the U. FL
connector fits very well with the simulation. The same
bandwidth from 2.3 GHz to 3.8 GHz is obtained as expected
(Fig.10).

Sim. LP Sim. UFL

2 22242628 3 32343638 4 4244
Frequency (GHz)

Fig. 10. Comparison of the simulated and measured return loss of the
printing antenna.

Theta = 0°/ Phi = -90°

Realized Gain (dBi)

2 22525275 3 3.253.53.75 4 42545475 5
Frequency (GHz)

Fig. 11. Comparison between measured and simulated Realized Gain as
function of the frequency on the E-plane.

In addition, the radiation pattern measurement is
performed in an anechoic chamber (by using the far-field
antenna measurement facilities existing at LAAS-CNRS) and
was carried out in the E-plane where the antenna under test is
rotated in the azimuth plane. In Fig.11, a good agreement
between simulation and measurement of the gain as a function
of the frequency is obtained.
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Fig. 12. Comparison of the measured and simulated radiation pattern in the
E-plane (Phi = -90°) at 2.45 GHz (left) and 3.41 GHz (right).

It can be observed that the maximum gain on the E-plane
stays around +3 dBi in the bandwidth matched 50 Q (S11<-10
dB). The simulation performed at 2.45 GHz for the radiation
pattern at 2.45 GHz is equal to the measurement of the E-
plane. However, the measurement and simulation at higher
frequency (3.41 GHz) have the same maximum but the
radiation pattern is modified as a function of the theta angle.
This difference can probably be justified by the measurement
uncertainty at higher frequency.

V.  CONCLUSION

Flexible antennas take an important part in wireless
devices and allow a great freedom in the design and operation
of the target application while rigid PCB antennas are limited.
In this paper, is proposed a novel antenna design that offers a
very wide bandwidth. In the literature, such ultra-wide band
antenna are most often designed with a Coplanar Waveguide
(CPW) fed technique, as presented in Table 2. Our proposal
consists of a modified loop antenna covering a very large
bandwidth from 2.45 GHz to 4 GHz. This antenna may offer
the possibility to be used for LTE, Wireless Local Area
Network (WLAN) applications as well as for Wi-Fi and 5G
Sub-6GHz (3.4 GHz to 3.8 GHz) mobile networks. The
radiative behaviour at a higher frequency can be useful when
transmitting or receiving the signal in a specific direction
where the antenna radiates especially in certain directions. In
conclusion, the proposed antenna of flexible polyimide
substrate is a novel design and offers a good trade-off between
bandwidth, compactness, and gain as compared with the state
of the art.
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Abstract—This paper addresses a new design of a dual-band
monopole antenna on a Polyimide flexible substrate fed by
coplanar waveguide technique. The final purpose of the antenna
will aim to be used with a rectifier circuit as part of a rectenna
for RF energy harvesting in the ISM Band. Consequently, the
layout of the rectifier was considered in the simulation step. The
proposed topology of this CPW-feed dual band antenna is based
on a modified monopole antenna combined with a rectangular
loop ring and has dimensions of 38 mm X 30 mm x 0.125 mm.
Interesting performances are achieved in terms of radiation
patterns. On the first band at 2.42 GHz, the maximum antenna
gain is about +2.29 dBi with a quite omnidirectional pattern but
in the second band, the antenna is more directive with a higher
gain +3.97 dBi at 5.84 GHz.

Index Terms— Flexible antenna, polyimide, dual-band
antenna, rectenna, wireless power transmision, energy
harvestion.

L INTRODUCTION

The expansion of certain electronics markets, such as
medical, retail, and wearable, has significantly drawn the
attention of the scientific and engineering community to the
development of flexible materials, manufacturing processes
and new associated electronics functionalities [1]—[3]. This is
radically a game changer for the next generation of electronic
devices that will no longer be limited by the integration and
can match with the shape of any mount.

The benefits of using flexible electronics are multiple.
Unlike the traditional rigid substrate, it is light and thin thus
the weight of the electronic devices will be going to decrease
considerably. It allows to reduce the size by bending or folding
them according to the geometry needed. Some of these
materials (such as polyactide PLA and nanocellulose-based
paper) are biodegradable and other material-based polymers
(PET, Polyimide, PEN...) can be easily recyclable in order to
reduce the environmental footprint [4]. Furthermore, flexible
electronics may require complex and costly manufacturing
and assembly processes. The risk of breakage due to
electronically mounted components is also high. The targeted
applications for flexible electronics in this paper is
Radiofrequency (RF) Energy Harvesting (RFEH) or Wireless
Power Transmission (WPT). For example in the literature, a
textile-based flexible rectenna is designed for wearable energy
harvesting at millimeter-wave bands [5].

II.  THE PROPOSED DESIGN

Basically, a rectenna stands for a rectifier and antenna that
is used to convert electromagnetic waves to DC power in order
to power supply active components such as microcontrollers,
transceivers and sensors. In a rectenna, the antenna captures
the EM waves (at the same frequency band) from any EM
energy sources or data transmitters and provides an RF signal
(Prr) to the connected rectifier. An adequate matching
network is used to optimize the power transfer from the output
of the antenna to the input of the rectifier diode. Once the RF
signal is rectified, it is then filtered to get a DC voltage that
will be finally boosted, managed and stored in a storage
capacitor for supplying the load. The architecture of a
conventional rectenna is presented in Figure 1.

One of the main challenges of a rectenna design is the
optimization of the power transmission from the antenna to
the rectifier. A compact rectenna which consists of a Coplanar
Waveguide (CPW) feed antenna and a microstrip rectifier
connected by a 35 mm long Surface Mounted Assembly
(SMA) connector and adaptor is proposed in [6]. It was clearly
noted that variation between simulation and measurement
results is due to soldering effects, quality of SMA connector,
discontinuities of substrate dielectric constant and
manufacturing tolerance. Another design of dual-band CPW
rectenna first started with the design of a CPW antenna with a
limited size of its ground plane and then the matching network
of the CPW rectifier is modified to optimize the RF-to-DC
conversion efficiency [7]. However, it is obvious that the
radiation performances of such an antenna (CPW feed) will
not be the same with the presence of the rectifier ground plane
and would not be able to properly reach its maximum
efficiency at the targeted frequency band.

EM Energy

Energy
Storage T

[ Matching | [Diode | [cow-Pass Power
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L

Network Rectifier \ LFiltcr % > Management Un

Antenna

I 4 Pl Load
e S
Application

Figure 1. Schematic of a rectenna connected to a power management unit to
power supply the load application with the harvested DC power from
incident EM waves.
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Figure 2. Layout of the proposed rectenna and side view of the design.

A 2.45 GHz broadband rectenna using a Grounded
Coplanar Waveguide with a high gain of +10 dBi was
presented in [8]. The drawback of this design using a 1.5 mm
thick rigid substrate is the size (115 mm x 91 mm) of the use
of a reflector plane at a distance of 22 mm. In our work, the
final design of the proposed rectenna targeting Bluetooth and
WIFI band is depicted in Figure 2. This paper will be more
focused on the antenna part; its design and optimization step
during simulation, and the measurement of its performances.
Among all materials used for printing electronics, Polyimide
material seems to be a suitable candidate as substrate thanks
to its advantages (low dielectric losses, heat resistance and
mechanical stability) for our needs.

III. SIMULATION OF THE DUAL-BAND ANTENNA

The antenna structure should be wisely chosen to obtain a
compact design and interesting radiation performances. It can
either be excited by different feeding techniques (coaxial
probe, microstrip feed line, couple feed and CPW feed). The
fact of using CPW feeding technique, allows the propagation
of the EM field between the conduction and enable Wide-
Band (WB) or dual-band features. For this purpose, an
interesting CPW feed antenna at 2.45 GHz was designed with
R03003 flexible material [9] and PET substrate [10]. The
antenna was simulated on the Polyimide substrate (dielectric
constant = 3.4; loss tangent = 0.012; thickness = 125 pm) by
HFSS software from Ansys.

Two excitation/feeding approaches are used for the
simulations. During the first optimization procedure of the
antenna, a lumped port was used. The excitation is ensured
with a Perfect Electric Conductor (PEC) bridge normal to the
CPW plane and connecting the adjacent ground planes with
rectangular faces (2 mm wide) as shown in Figure 3. The
technique of exciting the CPW mode with air-bridge is
common for antenna simulations as in [11], [12]. For highest
fidelity to the manufactured sample, the RF connecter is 3D
modeled and excited with a lumped port. It was previously
demonstrated that this model can reliably reproduce the
experimental results [13].

A {
y 7 A
air-bridge
j / ; Lumped port
y g / P excitation
/',
3D model of the U.FL connector

Figure 3. Feeding techniques used on the simulation.

The CPW antenna design has followed the optimization
steps shown in Figure 4, Figure 5 and Figure 6. Figure 5. First,
it started with a basic 11 mm length monopole antenna fed by
CPW (S1) designed on a substrate with a size of 40 mm x 52
mm. The monopole length with a symmetrical ground plane
of 11 mm x 17.75 mm presents a resonance frequency at 5.75
GHz. Then, a 70 mm length square loop element is added to
connect the symmetrical ground plane in order to improve the
return loss (S2). It can also be seen that the short-circuited
loop acts as a full wavelength loop and create a resonance at
2.44 GHz as seen in Figure 4. At this step of optimization, we
considered the rectifier layout. However, the transmission
lines of the RF part (before the diode location) were removed
to ease the use of a connector for the characterization (inset
S3).

As expected, the rectifier layout has shifted the first
resonant frequency and enhanced the bandwidth at the higher
resonance mode. Therefore, improvement should be made at
the first resonance created by the loop.

S11 (dB)

1, 2 3 6 7 8

4 5
Frequency (GHz)

Figure 4. Simulated return loss S, (dB) of the antenna at different design
steps (from S1 to S3).

S11 (dB)

Frequency (GHz)

Figure 5. Simulated return loss S;; (dB) of the antenna at different design
steps (from S4 to S6).
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S11 (dB)
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Frequency (GHz)

Figure 6. Simulated return loss S11(dB) of the antenna at different design
steps (S4 and S6).

As seen in Figure 5, it was possible to ensure this need by
changing the shape of the monopole with a triangular element
on top with two rectangular arms at the ends (S4). On the other
hand, it significantly modifies the higher resonance bandwidth
that is then enhanced by adding a rectangular element on the
ground plane to improve the CPW mode (S5). The undesired
resonance around 3.5 GHz is due to the coupling between the
horizontal line added for the bandwidth improvement and the
head of the monopole (S6). Finally, short slots were added to
the monopole part to improve the return loss (their length was
optimized during the simulation) as seen in Figure 6.
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Figure 7. Simulation results of the realized gain in radiation pattern at 2.45
GHz (a) and 5.8 GHz (b) at Phi = 0 (black line) and Phi = +90° (red dashed
line) ; Inset of the 3D radiation pattern (realized gain).

Figure 7 presents the simulated radiation patterns for the
proposed antenna. At 2.45 GHz, the antenna radiates as an
omnidirectional antenna and is more directive at high
frequency.

IV. IMPLEMENTATION AND TESTS

A. Manufactutring process of the flexible antenna

The printing process of photolithography is the same as
that used in our previous paper [13]. We use a special foil from
DuPont named Pyralux AP9151R [14] to fabricate the
antenna. This substrate is a 125-pm Polyimide film with a 35
pum copper foil laminated on top and bottom of it (Figure 8a).

Figure 8. Description of the antenna manufacturing process (left); Photo of
the manufactured antenna on polyimide substrate with a soldered U.FL
connector for characterization (right).

The process flow to build the antenna is done in a clean
room with photoresist equipment to allow resolution down to
10 um. For that, a 1pm thick positive resin from Shipley (ECI
3012) is spin-coated on the substrate (Figure 8b), then bake
and UV insolated through a chromium mask (Figure 8c) with
the antenna design. The exposed resin then disappears in a
remover (Figure 8d). The next step is the etching of the top
copper not protected by the resin (Figure 8e) in a chloride iron
(III) solution to minimize the lateral copper etched and keep
the desired antenna layout. The back copper film is also
removed at this same step. Finally, the resin is removed by
acetone (Figure 8f).

The use of a U.FL connector for the characterization of
such a flexible antenna is the simplest. It does not require any
additional process to be assembled and can only be attached
to the antenna by directly hand soldering the pads with tin.

B. Experimental results

The performance of the antenna is evaluated on an
anechoic chamber in flat position. A U. FL to SMA adapter is
connected to a cable from the Vector Network Analyzer
(VNA). Figure 9 presents the comparison between the
simulation done with the U.FL connector 3D model, the PEC
air-bridge and the measurement. It can clearly be seen that the
results fit well in the first desired region (cream color) at up to
4 GHz. The antenna is matched in a bandwidth of 690 MHz
(2.06 GHz to 2.75 GHz). But there is a difference between
measured and simulated return loss starting from 4 GHz. It is
probably due to the inaccuracy of the measurement with the
connector-adaptor at a higher frequency. The fabricated
antenna stays matched under -10 dB in the band from 4.79
GHz to 7 GHz (more). The results were not plotted up to 7
GHz because of the frequency range limitation of the U.FL
connector.

The gain of the antenna is measured in an anechoic
chamber (by using the far-field antenna measurement
facilities existing at LAAS-CNRS). A good correlation was
obtained on the antenna gain as a function of the frequency
with a measured gain of +2 dBi and +3.67 dBi at 2.42 GHz
and 5.78 GHz, respectively (Figure 11). The radiation pattern
was carried out in the E-plane where the antenna under test
rotates in the azimuth plane.
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Figure 9. Comparison of the simulated return loss (with an air-bridge lumped
port and U.FL) and the measurement on anechoic chamber.

As shown in Figure 11, the radiation pattern is quite
omnidirectional at 2.42 GHz with a maximum gain of +2.29
dBi (Theta = +26°) and an aperture angle of 116°. The
radiation pattern is a bit more directive at 5.84 GHz on some
angles with a maximum gain of +3.97 dBi (Theta = -6°).
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Figure 10. Comparison between measured (in anechoic chamber) and
simulated realized gain (with connector) of the proposed antenna as function
of the frequency on the E-plane.
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Figure 11. Measured radiation pattern in the E-plane (Phi = -90°) at 2.42
GHz (red dashed line) and 5.84 GHz (blue solid line).

V. CONCLUSION

In this paper, a new dual-band and flexible antenna using
CPW feeding (designed for a CPW supported rectenna) has
been proposed and accurately characterized. The rectifier
layout has been considered during the simulation and
optimizing stage. By co-designing the antenna with the
rectifier layout, we can consider the electromagnetic coupling
between the antenna and rectifier layout. As proved by
experimental results, the proposed CPW dual band antenna
covers the frequency bands (measured S11<-15 dB) of 2.08
GHz - 2.675 GHz (measured gain G> +1 dBi) and 5.29 GHz
— 7 GHz (measured gain G> +2 dBi).
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Abstract

In this paper, the design of a miniature antenna dedicated to the detection of airliners through
the demodulation of Automatic Dependence Surveillance-Broadcast system (ADS-B) signals is
presented. This antenna is designed for being embedded on the top of a drone in order to
detect and avoid collisions with airliners. This antenna consists of an array of Planar
Inverted-F Antennas, a quadrature feed network (FN) and a reflector plane (RP). The FN
is designed to have output signals with the same amplitude and a 90° phase difference between
each other. It achieves circular polarization and maintains the axial ratio of the antenna under
—3 dB at the desired frequency (1.09 GHz). The antenna with the FN was manufactured and
characterized. It weighs approximately 145 kg with its RP. The measured gain of the proposed
antenna is about +3.7 dBi. To validate the design, the manufactured antenna was tested with a
Universal Software Radio Peripheral for the processing of ADS-B signals at the French
National Microwaves Days 2019 (JNM) student contest. The detection of airliners can
reach up to 437 km.

Introduction

With the emergence of drones in the last years, new problems arise especially concerning the
sharing and the safety of the airspace. Thus, the detection and the localization of aircraft by
unmanned aerial vehicles are essential to avoid collisions. The Automatic Dependent
Surveillance-Broadcast (ADS-B) surveillance technology is more and more used by aircraft
to broadcast periodically some information like their position to the air traffic control stations
and/or to other aircraft. It is above all a cheap, simple, and reliable alternative to using expen-
sive Radar technologies to locate aircraft from the ground. The position of aircraft is no more
calculated and approximated from the Radars data but send by the aircraft themselves from
embedded Global Positioning System. Nevertheless, the transmitted unscrambled information
like location can be easily received and used by non-targeted users like drones or
radio-amateurs.

Within the framework of the 21® French National Microwaves Days (JNM) at Caen
(France) in 2019, a student contest was organized to highlight the best miniature receiving
antenna for drones dedicated to the detection, localization, and avoidance of airliners by
the use of ADS-B signals. During this contest, different antennas were tested and the most effi-
cient was defined as the one, which has detected the farthest aircraft.

The signal processing needed to parse ADS-B messages and locate the aircraft during this
competition was processed thanks to the Software Defined Radio (SDR) solution presented in
[1, 2].

This paper presents the winning antenna, which is a compact array of four three-
dimensional Planar Inverted-F Antenna (PIFA). According to the constraints imposed by
the contest organization, this antenna is fully passive, has a maximal size inferior or equal
to 80 mm x 80 mm x 20 mm, placed above the center of a 200 mm x 150 mm reflector plan
emulating the top of a drone and connectable through a female SMA connector. This mini-
ature antenna is tuned to be effective in the ADS-B band used in Europe, which is around
1090 MHz. It also has nearly circular polarization, a high aperture angle of 97° and a gain
of +3.7 dBi.

Proposed antenna design

For the detection of ADS-B signals, patch and quasi-omnidirectional antennas are generally
used. In [1], a circularly polarized patch antenna by corner cut dedicated to ADS-B systems
is presented. In [3], this is a compact T-Slot patch antenna, which is presented for the
same application. In order to detect the farthest aircraft, a quasi-omnidirectional and circularly
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Reflector
plane

Fig. 1. Configuration of the antenna with single PIFA.

Table 1. Geometrical parameters of a single PIFA antenna

Parameter Value (mm)
Length of the ground plane (L) 200
Length of the substrate (L,) 80
Length of the radiating plane (L3} Al4 | ~68.75
Wwidth of the ground plane (W,) 150
Width of the substrate (Ws) 80
Width of the radiating plane (W) 30
Height (h) 20
Shorting pin width (s) 10

polarized antenna seemed to us the appropriate choice. Moreover,
the designed antenna should have good efficiency and a gain as
high as possible. Thus, the proposed design consists of an array
of four PIFA. Thanks to the compactness of each PIFA, it is pos-
sible to place four of them in the specified area and, thus, increase
the global gain of the array. For instance, the design of a PIFA
array with circular polarization for Nanosatellite application is
proposed in [4]. Its size is about 100 mm x 100 mm and has a
gain of +4.78 dBi at 2.35 GHz.
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Antenna design

First, a single PIFA was simulated and optimized with HFSS soft-
ware. Its geometry in Fig. 1 consists of a radiating element short-
circuited to a ground/reflector plane (RP) by a shorting pin and a
feeding point placed between the two planes (and close to the
shorting pin). The RP size and position were chosen according
to the contest size requirements. It has a dimension of 150
mm x 200 mm and the antenna size (without reflector) should
not exceed 80 mm x 80 mm with a maximum height of 20 mm
above the reflector.

The antenna was designed on a FR4 substrate (thickness: 0.8
mm, dielectric constant: 4.4, dielectric loss tangent: 0.02).
Table 1 shows the dimensions of the designed single PIFA that
is not centered on the ground plane, thus anticipating the mount-
ing position in the antenna array.

The position of the feed point is controlled to have an input
impedance of 50 € at the targeted frequency. The measured
reflection coefficient as a function of the frequency plotted in
Fig. 2(a) shows a good matching with less than —15dB at 1.09
GHz. As seen in the radiation pattern in Fig. 2(b), the maximum
gain of +4 dBi at 1.09 GHz was obtained for an elevation angle of
60° or equivalently for € = 30°% where theta is the angle relative to
the Oz-axis that is perpendicular to the antenna plane (ie. the
horizontal or xOy plane).

An array of four PIFA was designed by adding three other
identical single PIFA at each corner of the FR4 substrate as pre-
sented in Fig. 3. Circular polarization was obtained with the rela-
tive phases of 0°, 90°, 180°, and 270° at the source ports.

With previous parameters depicted in Table 1, the antenna
array does not operate at the targeted frequency. Moving the feed-
ing point at the center of each single patch surface (radiating
plane), allows reaching a good matching at 1.09 GHz. The radiat-
ing surface has also been modified to a square (W5 = Ly = 1/4).

Figure 4(a) shows the reflection coefficient of the array of PIFA
at each input port. The port 1 and 3 with a respective excitation of
0° and 180° give the same simulated value of the reflection coef-
ficient while the ones at the port 2 (90°) and port 4 (270°) are the
same.

As depicted in Fig. 4(b), the miniature antenna array with
quadrature feed can reach a maximum gain of +4.85 dBi oriented
over the Oz-axis that is perpendicular to the antenna plane.

The rotation of the antenna array above the RP has an import-
ant impact on the axial ratio (AR). As a result of an optimization

L .
400
30 3 30
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1.00
0.00
-1.00
50 e 0
/ -3.00
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[ -7.00 1
80 180
[ }
\_/\ f
420 120
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150 150
180
(b)

Fig. 2. (a) Simulated reflection coefficient and (b) radiated pattern of a single PIFA antenna (xOz/¢ =0° cut - blue solid line - and y0z/¢ = 90° - orange dash line -).
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Fig. 3. Isometric and bottom view of the array PIFA antenna.
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Fig. 4. (a) Simulated reflection coefficient at each port of the antenna; (b) the radiation pattern of the PIFA antenna array in two vertical planes: xOz/¢ =0° (blue
solid line) and y0z/¢ =90° (orange dash line).
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Fig. 5. (a) Variation of the axial ratio as function of the antenna rotation angle at ¢ =0° and 1.09 GHz; (b) antenna rotation angle with the respect to the reflector.

process, we found that the rotation of the array about 40° on the RS

RP improves the most the AR. As seen in Fig. 5(a), the antenna  Instead of using four ports to feed the four PIFA, we decide to
has an AR bandwidth (AR < 3 dB) about [—50°% 50°]. design a feed network (FN) based on the circuital model
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Fig. 6. Circuit model of the feed network.
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Fig. 7. Layout and photograph of the fabricated quadrature feed network.
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Fig. 8. (a) Simulated (line) and measured (dashed line) of the reflection coefficient (at the input of the feed port); (b) The phase delay between port 1 and each of

the others.

represented in Fig. 6. It was designed to have equal 6 dB power
splitting and create 90° phase shift between each output signal.
Different structures of the feeding network are proposed in the
literature. The system designed in [5] is a combination of
Wilkinson power dividers and two branch-line couplers in the
2.5GHz band. Another design is proposed in [6], consists of
three T-junction in phase power dividers for 30 GHz frequency
band. It exists a sequential rotation network (SRN) too, which
could answer to our constraints [7]. Figure 7 shows the chosen
layout of the feeding network. It consists of a combination of
transmission lines with different characteristic impedances and
lengths connected by using a T-junction. They are used as an
impedance transformer and a 90° phase shifter. Additionally,
microstrip meander lines were used for the compactness in

order to respect the specified area. Advanced Design System
(ADS) Keysight software was used for the design, the simulation,
and the optimization of this circuit. For accurate simulation, a
Momentum simulation was performed. As presented in Fig. 7,
the length of 50 Q line was adjusted to A/4 to allow the targeted
phase shift between each antenna port. Z, corresponds to the
equivalent impedance of the connected antenna in the port (50 ).

The FN was fabricated on Duroid substrate (substrate thick-
ness: 0.787 mm, relative permittivity: 2.3 and loss tangent:
0.0012) to allow lower losses. For the measurement, the four end-
line ports were connected to a 50 £ load to replace the impedance
of the miniature antenna.

The input reflection coefficient of the circuit is presented in
Fig. 8. The agreement between measurement and simulation is
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Table 2. Measured power split and phase at each port of the feed network at

1.09 GHz
S-Parameters S1z S13 S1a S1s
Measured power split (dB) —-6.1 —6.94 -5.93 —5.69
Simulated phase (degree) —140.3 111.9 22.8 —70.4
Measured phase (degree) -151.8 101.7 175 -76.6

Table 3. Measured phase difference between output ports of the feed network

at 1.09 GHz
Output Port 514-S15 S514-S12 S$14-S13
Phase difference 94.1 169.3 —84.2 (modulo 2r) =
(degree) 275.8

very good and the input reflection coefficient is less than —15 dB for
the targeted frequency.

The measured power division/split shown in Table 2 is
approximatively equal to 6 dB at each output port. The slight dif-
ference is mainly due to the compact size of the feeding network
that does not allow a fully optimized design in the targeted area
that is mainly identical with the maximum allowed surface

(a)

(according to the JNM contest) for our antenna array (80
mm X 80 mm X 20 mm).

The port 4 with the lowest phase was chosen as the port refer-
ence of the FN. As depicted in Table 3, the FN satisfies a progres-
sive 90° phase delay for other ports. The maximum phase error
obtained is about +16.5° for the port 2. This difference is due to
the last line connected to port 2, which is not exactly equal to A/4.

Experimental results and discussion

A prototype of the array of PIFA with the F was manufactured
and characterized (Fig. 9). The FN is placed at the top of the
RP to have a compact prototype. In order to place the SMA con-
nector and to avoid the short-circuit of the feeding point and the
ground plane, a small gap was added between the RP and the cir-
cuit. With its RP and FN, the antenna array weighs approximately
145,

As seen in Fig. 10(a), a good correlation of the S;; between
simulation and measurement was obtained with a frequency
shift of only 30 MHz.

The measured gain presented in Fig. 10(b) was performed in
an anechoic chamber. The ¢ angle corresponds to the cut plane
of the RP. ® angle equal to 45° means that the PIFA array without
RP is perpendicular to the xOz plane. The measured result shows
that the antenna has a maximum gain of +2.44, +3.7, and +1.94 dBi
respectively, at ¢ =0° ¢ =45° and ¢ =90°

(b)

Fig. 9. (a) Designed antenna on HFSS Software; (b) Photograph of the manufactured antenna.
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Fig. 10. (a) Measured (dashed line) and simulated (continuous line) reflection coefficient at the input of the feed port of the PIFA array; (b) the simulated (con-
tinuous line) and measured (dashed line) gain for three vertical cut planes (¢=0° ¢=45° and ¢=90°).
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USRP PIFA array antenna

Fig. 11, Real-time trajectory on the map of the detected aircraft and a photo of the antenna during tests at the contest.

Comparing to the state of the art, the design proposed in this
paper is a compact antenna array that worked at 1.09 GHz band
with the highest gain. The antenna in [2] work at higher fre-
quency (2.35 GHz) and have approximately the same size (100
mm X 100 mm) with a gain of +4.56 dBi. A compact circular
polarized antenna of 0.11-Apx0.11-kg x 0.02-%y at 1.21 GHz is
presented in [8] but with a low gain of +0.1 dBi.

Contest measurement results

Functional tests of the manufactured miniature PIFA (array)
antenna were performed during the contest at the JNM conference
in Caen with a radio software described in [1]. This section pre-
sents the result of the detection global system (no ADS-B signal
transmission) with the proposed manufactured antenna. An
Universal Software Radio Peripheral (USRP) is used to process
real ADS-B signals sent by the aircraft. Then, by using MATLAB
and the algorithms presented in [2], we are able to decode in real-
time the ADS-B baseband signals. In addition, we developed a
MATLAB code that allows displaying the aircraft trajectories over
a figure using an open street map. To validate the decoded trajec-
tories, we can compare the results with the trackers available on the
Internet (for example http:/www.flightradar24.com). The USRP
model employed during the challenge was a USRP B100. This
USRP provides up to 16 MHz of bandwidth and it has a Xilinx
Spartan 3A-1400 FPGA. However, the demodulation can be imple-
mented on other SDRs. More details about the ADS-B standard
and the decoding algorithm can be found in [2].

Figure 11 displays in real-time on a map, the trajectories of air
traffic over the actual position with different airliners detected
during the test. The maximum range of detection with the
PIFA array antenna was 437 km.

Conclusion

In this work, a miniature antenna consisting of an array of four
PIFA antenna above a RP for the detection of airliners through

the demodulation of ADS-B communications was proposed.
The reflector emulates the top side of a drone. A quadrature FN
was proposed, designed, and manufactured to achieve circular
polarization of the array of PIFA.

The proposed antenna array is more compact than standard
circular polarized patch antennas. Measured results demonstrate
that the antenna provides a gain about +3.7 dBi with an AR
under 3 dB. The performance of the antenna was validated with
an adequate USRP receptor for ADS-B signal during the func-
tional tests performed for the JNM’2019 antenna design contest
and the maximum detection range of airliners was 437 km.

Acknowledgement. The authors wish to acknowledge the organizers of the
JNM design contest. IEEE-MTT, AP France and Rogers Corporation sup-
ported this contest.
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