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INTRODUCTION

Automated technologies are becoming increasingly ubiquitous in our daily lives, and RFID is
one such technology that has seen significant development over time. This thesis focuses on UHF
RFID systems, which have been implemented in a wide range of applications, including retail,
animal breeding, e-documents, indoor localization, and motion capture. UHF RFID systems

outperform all other RFID technologies in terms of throughput and reading range.

A UHF RFID system typically consists of two essential components: an RFID reader and
an RFID tag. The reader emits a radio wave to energize the tag, and once energized, the tag
modifies and reflects the received signal by toggling between two input states. The UHF RFID
tag is the most crucial component of the system and has been the subject of extensive study and
improvement. However, achieving optimal performance of UHF RFID tags remains a challenge

due to factors such as tag design, chip sensitivity and reader sensitivity.

Recognizing the significance of RFID tags, this thesis addresses the challenge by characteriz-
ing UHF RFID tags in an over-the-air environment and providing a comprehensive evaluation
of their performance in various settings. By understanding the intrinsic characteristics of UHF
RFID tags and delving into their behavior regarding power absorption and modulation, we aim

to evaluate the performance and functionality of these tags in order to improve it.

This thesis is financed by BPI France as part of the collaborative project CAA-Connect, led
by Cooperl, a prominent French company offering comprehensive solutions in the pork industry.
The project focuses on leveraging RFID technology in the UHF band for livestock monitoring
and traceability, given its reliability as an automated device in the livestock sector. Specifically,
this thesis aims to investigate the effects of propagation and environmental factors on the RFID
system by utilizing the RFID characterization platform at IETR (Institut d’Electronique et des

Technologies du numéRique).

In summary, this thesis seeks to improve the functionality and performance of UHF RFID
tags, with a specific focus on livestock monitoring and traceability in collaboration with Cooperl.
By characterizing UHF RFID tags and evaluating their performance under various environmental
conditions, this research aims to enhance the design and operation of these tags, ultimately
benefiting the agricultural industry and beyond.
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Introduction

Problematic of the thesis

The field of UHF RFID passive tags is experiencing continuous growth, with improvements
in chip sensitivity and reader sensitivity. However, in the design of passive tags, there exists a
trade-off between meeting the requirements for power scavenging and modulation depth, which

relates to the load impedances of the tags.

In order to maximize power scavenging, it is typical to achieve antenna conjugate matching
(CM) in one modulation state. On the other hand, maximizing the backscattered power implies
that short-circuiting the tag antenna in the second modulation state. However, it is essential to
strike a balance between these two mechanisms to achieve optimal performance for the passive

tag. Note that in reality the modulation input state of the chip is not perfectly a short circuit.

To address this challenge, the concept of the mean power transmission coefficient derived
from both chip states, along with the pre-existing modulation factor, is introduced and studied.
Consequently the characterisation of UHF RFID tag over-the-air is done in this research to
access the mean power transmission coefficient and the modulation factor. This characterization
delivers a better understanding on the evaluation and comprehension of tag performance in order
to achieve an optimal design for a tag. By representing these parameters in an explicit way,
it becomes possible to optimize both the power harvesting and modulation processes for the
passive tag. Notably, in the case of semi-passive tags, the optimization of only the modulation

process becomes crucial, as power scavenging is no longer the sole concern.

In this thesis, the characterization of UHF RFID tags over-the-air was conducted to determine
the mean power transmission coefficient and modulation factor. However, a significant challenge
arose due to the reliance of the theoretical formula on unknown parameters such as the gains and
polarization of the tag and reader antenna. Moreover, the channel attenuation in complex indoor
environments was also unknown. To overcome this challenge, we devised a solution by combining
all these unknown variables into a single channel variable referred to as «. By exploiting the
concept of channel reciprocity in UHF RFID link budget, we successfully addressed this issue,
allowing us to uncover the intrinsic characteristics of the tag. Importantly, this approach enabled
us to perform the characterization of UHF RFID tags over-the-air independently from the specific
environmental conditions, as the channel was compensated by averaging the transmitted and

received activation profile.
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Organisation and contributions of the thesis

This thesis was initially placed under two constraints. The first was to use the IETR RFID
characterization platform to observe the operation of tags placed in a controlled manner in
space, and the second was to help to and facilitate the characterization of tags in the application
context of a collaborative project on the use of RFID tags on pig farms. It is from these two
constraints that the main contribution of this work has emerged, a renewed theoretical framework
that exploits quantities well known in the literature, and that enhances the characterization
capabilities of the existing device. A conventional RFID reader has been transformed into a

rather accurate instrument for comparative tag characterization.

Initially, we focused on comparing the transmitted and received activation profiles. The first
profile expresses the lowest transmission power that activate the tag placed at a given distance,
which is varied continuously using the main rail. This power profile is natively obtained in
dBm. The second profile we can obtain corresponds to the received level. This received level
is indicated using an RSSI value, which is not straightforwardly convertible into power in the

Alien reader documentation.

The observation that the activation profiles were superposable provided that the RSSI was
converted into d Bm using a formula of the type P, = 201log,,(RSSI) + constant. This result
suggests that the proposed measurement is a measurement of the received voltage. Precise
determination of the constant was only possible after comparison with a more recent reader, the
IMPINJ R700, which provides received levels in d Bm. There is no method for determining this
constant for the conversion formula, which is essential if the reader is to be used as a precise
measuring instrument, especially as the reader’s sensitivity is not provided by the manufacturer

either.

The most surprising result appeared when combining profiles in order to take the arithmetic
mean a quasi-perfect constant appeared. This result will be interpreted a posteriori as the
manifestation of the reciprocity of the channel when it comes to understand this observation in a

more theoretical framework.

The first question that came up was: What is this constant? The first intuition was to think
about the sensitivity of the chip because the measured values were very close. But considering
the measurements carried out on a large number of tags it could be seen that the difference in
the sensitivity of the chip was sometimes positive and sometimes negative of several dB. We
decided to name this level the receptivity of the tag and not as it could also have been possible the

sensitivity of the tag which was already a concept used in the literature with a different definition.
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It appeared that the difference between the receptivity of the tag and the sensitivity of the
chip was a quantity directly related to the 7 and M characteristics related to the design of the
tag, namely the combination of a chip and an antenna. We called this quantity () = @ the tag
offset, notice that it is not a tag quality criterion as we thought initially when we introduced the

mathematical notation.

The quantities M and 7 are both dimensionless. They are convenient because they both take
their values between 0 and 1. It was therefore natural to try to understand how a given tag would
place in this space of representation. In this diagram (v/M,7), the parameter Q! takes the
meaning of the slope of a line passing through the origin. Some tags can be designed to give
preference to high 7 values at the expense of the modulation factor M, other tags on the contrary
can be less effective on absorption but present a strong M. At that point, we have imagined that
a "good" tag should seek to find the best compromise between the two criteria. Furthermore, we
also define the tag efficiency 7 such that a tag is either fully determine at a given frequency by
the knowledge of (v/M, 7) or equivalently by the tag offset and the tag efficiency (Q, 7).

In this thesis, we seek to access and evaluate the intrinsic characteristics of UHF RFID tag
by an over-the-air measurement by examining the reciprocity of the channel, and we develop a
methodology for effectively optimizing the tag’s design by striking the ideal balance between
these pivotal characteristics, 7 and M or () and ~. This balance depends from various factor,

such as the reader sensitivity and chip sensitivity, that will be studied in this thesis.

The manuscript is structured around the objective of characterizing and evaluating of UHF
RFID tag. To achieve this, we will firstly present the fundamental parameters of communication
in UHF RFID. This study will be divided into two parts: the theoretical aspect will develop the
communication theory of passive UHF RFID and the intrinsic characteristics evaluation and
dependencies in order to evaluate and improve the performance of UHF RFID tag and investigate
the read range and its dependencies in free space condition. It will also explore the variation of

these characteristics in term of the incident power on the tag.

The second parts focus on exploiting the experimental aspects based on the theoretical aspects
given. The metrics and theory exploited is utilized to evaluate and compare the performance of a
set of commercial tags. This evaluation is deeply analysed by a study of intrinsic characteristics
of the tags and their variability. We presents in this thesis a methodology to obtain a performance

evaluation of a measured tag leading to the optimal design of this tag.

In Chapter 1, we lay the foundation for the subsequent chapters by exploring RFID technology.
We provide a clear overview of RFID technology, with a specific focus on passive UHF RFID
system. We covers the historical background, evolution, and key components of UHF RFID. We
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then explain the link budget of UHF RFID, explore recent advancements in tag-reader interaction
and the recent over-the-air method for characterizing UHF RFID tag. Additionally, we introduce
the RFID platform used in this research to conduct over-the-air autonomous experimentation.

We finally conclude with a summary of our state-of-the-art analysis.

In Chapter 2, we provide a comprehensive study of theoretical aspects of UHF RFID link
budget and tag characterization. We focus on two key parameters: the mean power transmission
coefficient 7 which takes into account both input states of the tag, and the modulation factor M.
By deriving the reciprocal channel coefficient and exploiting the activation power profiles, we
access a () factor relating 7 and M. This relation leads to introduce the tag receptivity and to
propose a (v/M, 7) chart for evaluating tag performance. We also define in this chapter the free
space read range, considering modulation factor, chip and reader sensitivities and power power
transmission coefficients. Furthermore, we bring forth the concept of the validity domain for
a chip, determining the optimal matching attainable within this domain. To illustrate this, we
analyze three distinct chips and showcase their positioning within the (v/M, 7) chart. This study

enhances our understanding of UHF RFID and aids in future system design and optimization.

In Chapter 3, we focus on the experimental characterization of RFID tags to assess and
compare their performance. We firstly analyse power profiles obtained from RSSI measurements,
converting them to actual power units. We also extract the defined tag receptivity and Q values
for a set of 9 tags to evaluate efficiency and utilize the (v/M, 7) chart for visual comparison of
the tags placed using the algorithm. Moreover, we study the free space read range limitations
visualized in the (v/M, 7) chart. Additionally, we investigate the impact of varying the incident
power on the mean power transmission coefficient and modulation factor of the tag, thus a better
comprehension on the non-linear behavior of the UHF RFID tags is explored. Additionally, we
investigate and scan the reciprocal propagation channel using a set of identical UHF RFID tags

placed in a row configuration.

In Chapter 4, we begin by providing an insightful overview of how UHF RFID technology
is employed in livestock management, with a specific focus on its application in tracking and
monitoring livestock. Additionally, we delve into a detailed electrical characterization of pig
ear tissue, aiming to differentiate between the internal and external surfaces of the ear. This
distinction is crucial in understanding how these different surfaces affect the performance of
RFID tags attached to pig ears. Moreover, we conduct a comprehensive study to examine
the impact of pig ears on RFID tag performance, taking into consideration the differentiation
between the internal and external sides of the ear. By analysing this aspect, we gain valuable
insights into how the orientation of the ear and the inherent variability in tags can affect RFID
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communication in the presence of pig ears. Additionally, we examine the effects of varying the
ear on a single tag, exploring the correlation between the electrical characteristics of the ears
and tag performance. These investigations aim to deepen our understanding of the complexities
and challenges associated with deploying UHF RFID technology for livestock management,
particularly in the context of pig ears. By discerning the electrical characteristics of pig ear
tissue and evaluating the effects of ear orientation and tag variability, we seek to optimize RFID

communication in this specific scenario.
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RESUME EN FRANCAIS

Introduction

Les technologies de I'information deviennent de plus en plus omniprésentes dans notre vie
quotidienne, et la technologie RFID en est un exemple qui a connu un développement significatif
au cours du temps. Cette these se concentre sur les systemes RFID UHF, qui ont été mis en ceuvre
dans un large nombre d’applications, notamment I’élevage animal, les documents €lectroniques,
la localisation et la capture de mouvement. Les systemes RFID UHF surpassent toutes les autres
technologies RFID en termes de débit et de portée de lecture.

Un systeme RFID UHF se compose généralement de deux composants essentiels: un lecteur
RFID et un transpondeur RFID. Le lecteur émet une onde radio pour alimenter le transpondeur,
et une fois alimenté, le transpondeur modifie et renvoie le signal recu en basculant entre deux
états d’entrée dont I’alternance permet de moduler I’information. L’état 1 est I’état bas, 1’état 2
est celui dans lequel se trouve la tag non encore activé et il est destiné a faciliter I’absorption
de I’énergie recu en provenance du lecteur. Le transpondeur RFID UHF est le composant le
plus crucial du systeme et a fait I’objet d’études et d’améliorations approfondies. Cependant,
I’atteinte d’une performance optimale des transpondeurs RFID UHF reste un défi en raison de
facteurs variés tels que la conception du transpondeur, la sensibilité de la puce et la sensibilité du
lecteur.

Conscient de I’importance des transpondeurs RFID, cette these aborde le défi en caractérisant
les transpondeurs RFID UHF dans un environnement en "over-the-air" et en fournissant une éval-
uation complete de leur performance dans divers contextes. En comprenant les caractéristiques
intrinseques des transpondeurs RFID UHF et en explorant leur comportement en ce qui concerne
I’absorption d’énergie et la modulation, nous visons a évaluer la performance et la fonctionnalité
de ces transpondeurs afin d’atteindre la conception optimale des transpondeurs.

En résumé, cette these vise a améliorer la fonctionnalité et la performance des transpondeurs
RFID UHF, avec un accent particulier mis sur la surveillance et la tragabilité du bétail en
collaboration avec Cooperl. En caractérisant les transpondeurs RFID UHF et en évaluant leurs
performances dans diverses conditions environnementales, cette recherche vise a améliorer la

conception et le fonctionnement de ces transpondeurs, bénéficiant finalement a 1’industrie de
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Figure 1 — Schéma générale du systeme RFID UHF

I’élevage et au-dela.

Aspects théoriques du systeme RFID

Dans cette theése, nous proposons une exploration approfondie des aspects théoriques de la
technologie RFID UHF. Dans la communication RFID, deux liaisons distinctes sont formées,

comme illustré dans la Figure 1 :

— La liaison de transmission: Cette liaison est limitée par la sensibilité de la puce du transpon-
deur et le coefficient de transmission moyen introduit 7. Dans la littérature, 1’énergie
absorbée par le transpondeur dépend uniquement de I’état d’absorption 2 du transpondeur,
c’est-a-dire du coefficient de transmission de puissance 7,. Cependant, en nous basant
sur le principe de conservation de 1’énergie, nous prenons également en compte I’énergie
absorbée par 1’état de rétrodiffusion 1. Ainsi, la quantité d’énergie absorbée par la puce est
exprimée par le coefficient de transmission moyen de puissance 7, qui est la moyenne des

deux coefficients de transmission de puissance 7 et To.

— Laliaison de rétrodiffusion : Cette liaison est limitée par la sensibilité du lecteur et le facteur
de modulation M. Ce dernier est une autre caractéristique intrinseque du transpondeur qui

décrit la quantité d’énergie rétrodiffusée vers le lecteur.

En étudiant ces deux liaisons, nous fournissons deux puissances d’activation : la puissance
d’activation transmise, qui est la puissance minimale transmise par le lecteur nécessaire pour

activer le transpondeurs, et la puissance d’activation recue, qui est la puissance recue par le
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Figure 2 — L’abaque (v/ M, 7) proposée

lecteur a la puissance d’activation transmise.

L’observation clé de ce travail est que, en moyennant les deux profils d’activation, nous
obtenons une quantité appelée réceptivité du transpondeur R, qui est la sensibilité de la puce
décalée par le décalage du transpondeur (). Cette quantité est une relation des caractéristiques
intrinseques du transpondeur (7 et M) dans I’environnement aérien. Cela est possible uniquement
parce que le canal de transmission de la RFID UHF est réciproque, comme illustré dans la Figure
1.

Apres avoir obtenu la réceptivité du transpondeur, nous avons défini un algorithme qui
peut extraire le coefficient de transmission moyen de puissance et le facteur de modulation
pour un transpondeur. Ensuite, nous introduisons un outil de représentation pour évaluer les
performances du transpondeur sous forme d’un abaque (v/M, 7), présenté dans la Figure 2. Cet
abaque sert d’outil d’analyse précieux pour évaluer les performances des transpondeurs RFID

UHF. En utilisant cet abaque, nous pouvons accéder a la correspondance optimale entre la puce
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et I’antenne du transpondeur, améliorant ainsi la conception et les performances du transpondeur.
La théorie complete présentée dans ce chapitre pose les bases pour une compréhension plus
approfondie en vue de parvenir a une conception optimale du transpondeur dans un scénario

spécifique.

Caractérisation expérimentale de transpondeurs RFID

Dans cette these, la plateforme de caractérisation RFID de I'IETR a été initialement exploitée
et programmée pour effectuer des expériences sur les transpondeurs RFID UHF. 1l s’agit d’un
outil automatisé qui nous permet de déplacer le transpondeur sur un rail en translation ou méme
en rotation. Cette capacité de la plateforme nous permet d’accéder aux profils de puissance
définis (y compris la puissance d’activation) en faisant varier la distance entre le transpondeur et
I’antenne, tout en faisant varier la puissance transmise par le lecteur a chaque étape. Le lecteur
initial utilisé pour les expériences est le lecteur Alien ALR 9900+. La premiére exploration a
commencé par la mesure de ce profil de puissance en RSSI. Ainsi, pour améliorer la précision de
la représentation de la puissance du signal recu, le premier objectif était de convertir le RSSI du
lecteur Alien en une quantité de puissance réelle en dBm, car cette conversion n’est pas fournie
par le fabricant. Ensuite, nous avons converti les profils d’activation en quantité dBm et les
avons présentés dans la Figure 3. Dans cette figure, nous présentons également la réceptivité du
transpondeur en vert, qui a été obtenue en moyennant les deux profils d’activation. L’ observation
étonnante est que cette quantité est quasi constante sur la distance, car elle est indépendante
de I’environnement de propagation et uniquement liée aux caractéristiques intrinseques du
transpondeur.

Ensuite, les mémes acquisitions ont été effectuées pour un ensemble de 9 transpondeurs com-
merciaux. L’algorithme introduit a ensuite été utilisé pour extraire le coefficient de transmission
moyen de puissance 7 et le facteur de modulation M pour chaque transpondeur. Nous avons
ensuite pu placer ces transpondeurs dans 1’abaque (\/M , ) défini, présenté dans la Figure 4.

En placant ces transpondeurs sur 1I’abaque, nous avons été en mesure de comparer et d’évaluer
les performances de ces transpondeurs. Dans le cas ou la sensibilité du lecteur est inconnue,
les criteres d’évaluation proposés correspondent a 1’équilibre maximal entre le coefficient de
transmission moyen de puissance et le facteur de modulation présenté par le “point d’or” G sur
le graphique.

De plus, nous avons exploré les dépendances de la portée de lecture, en mettant particuliere-

ment I’accent sur la sensibilité du lecteur (.5,.) et la sensibilité de la puce (S.). Ensuite, nous nous
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Figure 3 — Représentation du profil de puissance en translation du transpondeur dogbone/Monza4

sommes penchés sur les caractéristiques non linéaires des transpondeurs RFID UHEF, illustrant

I’impact de la variation de la puissance incidente sur le comportement du transpondeur.

Caractérisations expérimentales dans le contexte de I’application
en élevage

Cette these s’inscrit dans un projet collaboratif dirigé par 1’entreprise Cooperl, leader en
France dans le domaine de I’élevage. Notre rdle dans ce projet était d’étudier les transpondeurs
RFID utilisés sur les oreilles des porcs, en prenant en compte les effets de la propagation et
de I’environnement. Pour ce faire, nous avons utilisé la plateforme de caractérisation RFID de
I’IETR et développé les méthodes de caractérisation présentées précédemment.

Deux grandes campagnes de mesure ont ét€ menées :

— La premiere campagne de mesure était consacrée a I’étude du comportement d’un transpon-

deur placé sur I’oreille d’un porc. Nous avons commencé par une exploration complete
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Figure 4 — Comparaison d’un ensemble des transpondeurs dans I’abaque

des caractéristiques diélectriques de 25 oreilles de porc fournies par Cooperl. Les mesures
ont révélé des différences perceptibles entre les caractéristiques diélectriques de la face
interne et de la face externe de 1’oreille. Ces découvertes nous ont fourni des informations
essentielles sur les propriétés du matériau de I’oreille de porc, qui peuvent avoir un impact

significatif sur les performances des transpondeurs RFID.

De plus, nous avons mesuré les profils de puissance de plusieurs transpondeurs commerci-
aux avec et sans ’oreille, dans différentes orientations, afin d’évaluer les parametres les
plus influents. Ces expériences ont révélé une différence de performance du transpondeur
en fonction de I’orientation, mettant en évidence 1’influence de I’emplacement du transpon-
deur du co6té interne ou externe de I’oreille. Cela a également révélé comment 1’oreille
réduit les performances du transpondeur qui y est fixé, surtout si le transpondeur n’est pas
congu pour fonctionner sur 1’oreille de porc. Dans le cadre de cette campagne de mesure,
nous avons également étudié la variabilité de la réponse des transpondeurs en fonction
des différentes oreilles, montrant que le comportement des transpondeurs commerciaux

pouvait varier d’une oreille a I’autre.

— La deuxieme série de mesures avait pour objectif d’évaluer les transpondeurs congus et
fabriqués par ARDES, spécifiquement adaptés pour fonctionner sur les oreilles de porc.

Nous avons étudié I’effet de 1’oreille sur ces transpondeurs adaptés, ainsi que I’impact de
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I’ orientation de 1’ oreille sur la portée de lecture. Nous avons comparé différentes versions
de ces transpondeurs pour déterminer la plus adaptée a une utilisation sur 1’oreille de
porc. Notre évaluation nous a permis de conclure que la meilleure version était la plus
adaptée. De plus, nous avons étudié comment plusieurs transpondeurs RFID réagissent
lorsqu’ils sont utilisés en configuration plane, une information essentielle pour optimiser les

performances du systeme dans des scénarios d’élevage impliquant plusieurs transpondeurs.

Conclusion

Cette these a apporté des contributions significatives au domaine de la technologie RFID
UHF, enrichissant a la fois la compréhension théorique et 1’application pratique de la RFID
UHF.

Nous avons exploré en détail les aspects théoriques de la technologie RFID UHF, plongeant
dans les caractéristiques intrinseques des transpondeurs, telles que le coefficient de trans-
mission moyen de puissance (7) et le facteur de modulation (/). Nous avons profité du
concept de "réciprocité de canal" et généralisé le coefficient de canal dans des environ-
nements a trajets multiples, pour accéder a la réceptivité du transpondeur dans 1’air. Nous
avons également proposé un abaque (v/M, 7) pour analyser et évaluer les performances
des transpondeurs RFID UHF.

Pour valider notre exploration théorique, nous avons réalisé des expériences a I’aide d’une
plateforme de caractérisation de I'TETR pour évaluer les transpondeurs RFID dans 1’air. A
1’aide de cet outil, nous avons mesuré les profils de puissance en faisant varier la distance
entre le lecteur et les transpondeurs, ainsi que la puissance transmise. Ces mesures nous
ont permis de calculer les caractéristiques intrinseques des transpondeurs afin d’évaluer et
comparer un ensemble de transpondeurs en les placant dans 1’abaque de caractérisation
(v/M, 7). De plus, nous avons analysé la formulation de la portée de lecture en espace
libre, en tenant compte des limitations a la fois de la liaison en avant et de la liaison de
rétrodiffusion.

Dans le cadre du projet CAA-Connect, notre these a présenté des mesures approfondies
pour déterminer les propriétés diélectriques des oreilles de porc. Ces mesures ont révélé des
différences entre les cotés interne et externe de 1’oreille de porc, influencant le comporte-
ment des transpondeurs en fonction de 1’orientation de I’oreille. Nous avons également
exploré comment le comportement des transpondeurs varie lorsqu’ils sont placés sur dif-

férentes oreilles et comment la présence de plusieurs transpondeurs dans une configuration
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plane influence leurs performances.

En résumé, cette these fait progresser la technologie RFID UHF en offrant des éclairages
originaux liant I’exploration expérimentale et théorique et trouve des applications pratiques

dans I’évaluation comparative des performances des transpondeurs RFID.
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CHAPTER 1

UHF RFID SYSTEM: LITERATURE
REVIEW

1.1 Introduction

This chapter provides an extensive literature review on UHF RFID (Ultra-High Frequency
Radio Frequency Identification) systems, which forms the fundamental basis for the
subsequent chapters of this thesis. RFID technology is crucial in various domains as it
enables automated identification and tracking of objects through wireless communication.
The primary focus of this chapter is on passive UHF RFID systems, offering a clear
and concise explanation of their principles and functionality. It starts by covering the
historical background and evolution of this technology, tracing its path from inception
to modern-day innovations. Then it delves into the key components that constitute an
RFID system, exploring the roles of RFID tags and readers, as well as the mechanisms by
which they interact. The chapter also discusses the advantages, challenges, and regulations
associated with UHF RFID. The use cases and the EPCglobal Generation 2 standard are
explored. Moreover, the link budget of UHF RFID systems receives significant attention
in this chapter. It examines the communication process between RFID readers and tags
where it explores the characteristics of passive tag. Additionally, this chapter discusses the
energy conservation in the passive tag which is crucial to understand its characteristics.
It then investigates method for over-the-air characterization of passive tags, enabling the
assessment of tag performance, in order to reach an optimal design of the tag. Then, it
presents a multipath channel model for tag-reader communication. Finally, we introduce
the characterization IETR platform used to do automated experiments on moved tag as we
will see in the followed chapters.
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1.2 Overview on RFID system

Radio Frequency Identification (RFID) is basically a technology of capturing digital data
by an automatic identification method that uses wireless non-contact radio waves in which
data is digitally encoded in RFID tags or smart labels which can be read by a reader
through radio waves. In other words, RFID is a wireless system used to detect, control and
track objects equipped by an RFID tag which is an intelligent bar-code defined by it own
ID. RFID is without doubts a major technology that will be improved and exploited more

and more over time.

1.2.1 History of UHF RFID

The ideas an research on RFID came in the wake of the development of radar since RFID
is the combination of radio broadcast technology and radar. So the early concept of RFID
can be traced back to radar system which has its birth in the early 20th century [1]. In a
similar concept of RFID, radar detect and locate an object by the reflection of the radio it
transits, allowing it to determine the position and speed of the detected object. It wasn’t
until the 1960s and 1970s that RFID technology began to develop for practical use. In
the early 1970s the first multi-bit functional passive UHF RFD systems were developed,
which were capable of transmitting signals over several meters. These systems did not
require a power source and were able to function passively, which means they obtained
the energy required for operation from the electromagnetic field generated by the reader.
The development of these systems marked a significant breakthrough in radio-frequency
identification technology, as they were able to transmit more data and operate over greater
distances than earlier RFID systems [2]. Following this, early pioneers in the field include
Charles Walton, who in 1973 patented a passive transponder system that is still in use
today. The technology continued to evolve through the 1980s [3], with improvements made
to increase the efficiency and accuracy of the systems. This led to the development of new
applications for RFID technology, such as inventory management and asset tracking in
industrial settings. The advancements in RFID technology during this period also paved
the way for the development of more sophisticated and complex systems that we see
today. Following its growth, in 1990s the united state installed, in North America, over 3
million RFID tags on rail cars. By the 2000s, RFID technology saw widespread adoption
in the retail industry, where it was used to track inventory and prevent theft. Till nowadays,

RFID is continuing to improve and grows, it is widely used for applications such as
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access control, indoor localization [4], [S], motion capture [6], sensing [7], and industrial
automation its playing a central role in many industries, it has been implemented in many
fields, like retails, animals breeding, e-documents, etc...

Furthermore, there have been notable advancements in chip sensitivity from 2005 [8] to
2020 [9], with a remarkable reduction of 15 dB. This is partly due to advancements in semi-
conductor technology, including smaller transistors and lower power consumption. The
latest passive chips now exhibit an exceptional sensitivity of —24 dBm [9]. These advance-
ments in chip sensitivity have significantly contributed to the continuous improvement and
widespread adoption of RFID technology in various industries.

The reader sensitivity is also an important factor that determines the read range of an RFID
system.

In recent years, there have also been significant improvements in the UHF RFID readers.
This is due to the development of new antenna designs and signal processing techniques
which improved the reader sensitivity and data transfer rate of the RFID reader. As a result
of these improvements, the read range of UHF RFID systems has increased significantly.
In the early 2000s, the read range of UHF RFID systems was typically limited to a few
meters. Today, some UHF RFID systems can read tags from distances of up to 20 meters
or more [10]. The combination of improved chip sensitivity and receive sensitivity has
made UHF RFID technology even more versatile and powerful.

Overall, RFID technology has evolved over time from its early days to its current state of
widespread adoption and use in various industries. An RFID system is typically composed

of an RFID tag, an RFID reader and a data management system.

1.2.2 RFID system components

An RFID system is typically composed mainly of an RFID tag and an RFID reader:

1.2.2.1 RFID tag

An RFID tag, is a transponder that exchanges data with a RFID reader by implies of radio-
waves. It has information stored inside such as a unique identifier. The communication
between the tag and the reader is typically accomplished through electromagnetic fields.
Most of RFID tag is composed of two primary parts:

— An Integrated Circuit (IC) generally made of silicon. The IC contains the unique

identification (ID) of the tag and serves multiple functions. It stores and processes
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data, allowing the tag to carry information. Additionally, the IC demodulates and

modulates the radio frequency (RF) waves it receives from the RFID reader.

— An antenna which is responsible for receiving and reflecting the radio signals. The
antenna’s size can vary depending on the specific tag and the requirements of the
application in which it is used. The design of the antenna is optimized to ensure

efficient reception and transmission of RF signals between the tag and the reader.

The combination of the IC and antenna enables the RFID tag to receive power wirelessly
from the reader and exchange data with it through radio waves. In general, the IC stores
the tag’s ID and performs data processing, while the antenna facilitates the reception and

transmission of RF signals for communication between the tag and the reader.

1.2.2.2 RFID reader

RFID readers are devices used to communicate with RFID tags. They come in a variety
of form factors, ranging from handheld devices to fixed-position readers for use in ware-
houses and other industrial settings. They can be connected to computer networks for data
processing and analysis, and can provide real-time location tracking for tagged assets or
people. RFID readers can operate on different frequency bands, including low frequency
(LF), high frequency (HF), ultra-high frequency (UHF), and microwave frequencies. The
specific frequency band used depends on the application, the distance between the reader

and the tag, and the amount of data that needs to be transmitted.

A UHF RFID reader, also known as an interrogator, is a transceiver that uses communica-
tion protocols such as the EPCglobal UHF Class 1 Gen 2 standard to communicate with
RFID tags in the UHF band (typically 860-930 MHz). These readers can capture data from
RFID tags within range, usually up to several meters. The transmitter part of the reader
activates the passive tag by transmitting radio wave signals, which are captured by the
tag’s antenna. Part of the energy reaches the tag and is absorbed by the IC chip, while the
rest is reflected back to the reader. The receiver of the reader captures the reflected signals
from the tag for demodulation and processing. The effectiveness of a UHF RFID reader
depends on factors such as transmit power, receiver sensitivity, antenna design, operating

environment, and the characteristics of the RFID tags used.
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1.2.3 Operation frequencies of RFID

RFID systems are categorized by there working frequency ranges since radio waves are
used for communication between the tag and the reader. Regulatory authorities assign the
various frequencies and establish highly detailed guidelines for each frequency’s use. Also,
these frequencies have been standardized to prevent interference with other devices where
each country may have different standards. As illustrated in Fig. 1.1, RFID systems band
of frequencies goes from Low Frequency (LF) to extremely high Frequency (SHF):

— Low-frequency (LF) RFID tags: Range of frequencies from 30 kHz to 300 kHz. It
allows reading over small distances (less than 10 c¢m). These frequencies are utilized

for various applications, including:

e}

Automotive: remote keyless entry

(0]

Security: building access control

Science: Animal identification

e}

(0]

Business: anti-counterfeiting mark

— High-frequency (HF) RFID tags: Range of frequencies from 3 to 30 MHz, commonly
operating within the bandwidth of 13.56 MHz. This frequency range is mostly used
for applications such as:

o Contactless cards: payment, public transport, fidelity cards, etc.
o Transports: postal packet tracking
o Secured ID: passport, national 1D, etc.

HF RFID tags offer a medium reading distance (about one meter) and are more

susceptible to surrounding metal or liquid presence.

— Ultra High-Frequency (UHF) RFID tags: Range of frequencies from 300 MHz to
3 GHz, commonly operating within the frequency band of 860 — 960 MHz, with a
bandwidth of around 100 MHz. Passive UHF RFID tags offer a range of over 16 m
[11]. Applications utilizing UHF RFID include:

e}

Agriculture: animal tracking [12]

o

Transport: aerial luggage tracking [13]

e}

Security: alarm systems, access control [14, 15]

o

Supply chain management [16] portal pallet inventory (Wallmart), store live

inventory, etc.
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Active tags are typically employed for large items, such as train cars and large

reusable containers, that need to be tracked over long distances.

( L 1
F’e‘?:g"cy 100k ™ 10M 100M 1G 10G
| LF ’ ‘ MF I ‘ HF ’ | VHF I ‘ UHF ’
Common RFID 125/134 13.56 860/960 2.4
bands KHz MHz MHz GHz

Figure 1.1 — RFID spectrum domain

1.3 UHF RFID system

The focus, in this thesis, is on the UHF RFID system. One of the defining features of UHF
RFID is its exceptional read range. UHF RFID readers can detect and communicate with
tags over long distances, typically ranging until several meters [11]. This extended range

facilitates rapid and non-line-of-sight tag identification.

1.3.1 Types of UHF RFID tags

The UHF RFID tags can be active, semi-passive, passive and chipless:

— Active tag: it has its own power supply which allow a higher read range relatively. It
transmits data to reader periodically. These tags are typically utilized in challenging
environments. They are, for example, the ideal solution for tracking huge metallic
containers that are placed close to each other and have no line of sight from reader
to tag. It has a bigger size and higher price that other types, but can achieve the
higher read range between them This tag (up to 900m in outdoor case ) where it can

produces an output power of 60 mW [18].
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Active Tag

(b) Semi-active RFID tag

(c¢) Passive RFID tag with chip

Figure 1.2 — Different families of RFID tags: (a) active tag, (b) Semi-passive tag, (c) passive tag,
(d) chipless tag [17]

— Semi-passive: Also known as battery-assisted tags. Unlike active RFID tags do
not transmit a periodic signal. It contain an embedded power source that is only
used to activate the tag once it receives the signal transmitted . The advantages of
semi-passive tags are that they allow to keep a rather simple architecture because
the response of the transponder is always done via the principle of retro-modulation.
Also it has a more read range than passive tags since it has bigger size and higher

cost.

— Passive tag: does not have a power supply. It rely on harvesting the energy received
from the reader in order to activate which allows it to reflect back all the energy from
the signal received. In other words, the recovery of the information, its processing
and the response signal containing the answer are done only with the help of the
energy sent by the reader. Passive tags rely on the reader. The main advantage of
passive tags are that they have a simple design, cheap price and small size. Passive
tags are the most common and the most cost-effective type of RFID tag. Noting that

the focus in this thesis is on passive tags.

— Chipless tags: as it’s name implies, chipless RFID tags does not have a chip, hence,
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it doesn’t have a serial number. They use physical characteristics, such as electrical
or optical properties, to store and retrieve data. The communication with it is made
by taking a snapshot of the reflected waves and uses it as a fingerprint to identify the
tag or the tagged object. They are relatively cheaper and have a longer lifespan than
traditional RFID tags, however, their readability range is limited and their reliability

may not be as high as traditional RFID tags [19].

1.3.2 Use cases of UHF RFID

RFID is the most popular solution currently being used to address the challenge of
industries which its concern is ensuring the reliability, authenticity, and security of goods
purchased, financial transactions, whether it is for access control, banking security, or
authentication (UHF Gen2). With the aid of RFID technology, a variety of private data can
be uniquely linked to each item. The identifying document for the item can now include
the sources, the route, the assurance of quality, and the evidence of authenticity. With the
advent of Gen 2 UHF RFID tags, RFID has become a reality. These passive tags don’t
need their own power source, in contrast to active tags, because the reader supplies the
energy to start data transmission. The cost of tags is quite minimal because they don’t
require any technology The tags are simply updatable with new data and can be reused.
These tags can be used on almost any kind of asset because they can be read from close
proximity to up to 30 meters away. For these reasons and more, UHF RFID is investigated
widely in many domains; The following is a list of application areas where UHF RFID has

proven its value interest:

— access control: UHF RFID technology revolutionizes access control in sensitive
buildings, offering a highly efficient and secure solution that outperforms traditional
magnetic badges. With UHF RFID systems, individuals can authenticate themselves
without physical contact, enhancing overall security measures. Unlike radio frequency
access badges, which have limited range within a few centimeters, UHF RFID tags
go beyond proximity by providing read and write capabilities, enabling the storage
of essential information. UHF RFID stands out as a compelling alternative to other
sensing technologies due to its distinct advantages, including unique identification,
communication capabilities without requiring direct line-of-sight, and rapid reading
rates. Consequently, UHF RFID has become the most widely adopted technology in

the realm of access control [15].
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— Livestock-Management Industry: RFID is used in livestock management to iden-
tify and track specific animals, such as pigs [20], cows, goats, and more. Each animal
has an UHF RFID tag in a robust plastic casing attached to its ear. Numerous tags
consist of two discs connected by the animal’s ear. By implementing the RFID tech-
nology in this field, farmers can identify their animals during inventory quickly and
easily, hence, UHF RFID takes this field to another level. This thesis focus later on a
study of the UHF RFID tag attached to a pig ear.

Figure 1.3 — RFID tag on pig ear

— Warehouse and Distribution: Profitability in the distribution sector is closely corre-
lated with how quickly and precisely inventory enters, passes through, and leaves the
warehouse. UHF RFID has been widely used in warehouse inventory [21] [22]. UHF
RFID gives warehouse personnel the visibility they need to quickly and precisely

process tens of thousands or even hundreds of thousands of goods each day.

— Motion capture: Human movement measurement has an interest in many fields,
such as biomechanics, rehabilitation engineering, motor control and the gaming and
film industries. Passive UHF RFID became widely used for detecting the motion
of human [6], also objects, it is due of their unique advantages compared to other
sensors, accelerometers, computer vision identify it and even active tags. It has

been served in the medical field, for example in [23], passive UHF RFID has been
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employed for for shoulder rehabilitation by automatically capturing the motion of
the hand using an array of UHF RFID tags.

1.3.3 The Regulations for UHF RFID systems

For the RFID field to be commercialized, numerous standards and regulations have been
made. It’s primary objective aim is to harmonize the RFID sector in order to facilitate access
to the market and thus increase market access and consequently increase sales volumes.
The regulations must ensure the interoperability of RFID systems and of course, protect
the user from the dangers that this technology can cause in terms of health and respect of
liberties. Today, two organizations propose standards for RFID systems: the EPCglobal

(Electronic Product Code) and the ISO (International Organization for Standardization).

As for RFID technology, it can only use the frequency ranges allocated to industrial,
scientific or medical applications, called ISM (Industrial Scientific Medical) bands. These
bands have the advantage of being free of rights. However, they do not benefit from
international harmonization. The regulations governing RFID systems depend on the
public authorities. They differ from one country to another, which does not facilitate
the implementation of a universal system that is particularly interesting in the current
context of globalization. Moreover, RFID frequency bands are used by many other wireless

communication technologies.

There is an international consensus on 125 kHz and 13.56 MHz for inductively coupled
RFID systems. However, this is not yet the case for UHF frequencies, for which there
are 3 regions. In each region different bands and powers are allocated to UHF RFID as

shown in Table 1.1. As presented in this table, the power is calculate differently by region,

Region Frequency band Power authorities
869.4 to 869.65 MHz 0.5 W ERP
Europe 865.6 to 867.6 MHz 2 W ERP - ETSI
916.1 to 918.9 MHz 4 W ERP - EU 2018/1538
America 902 to 928 MHz 4 W EIRP - FHSS
Japan: 916.7 to 920.9 MHz 4 W EIRP - LBT
Asia and Oceania Korea: 917 to 920.8 MHz 4 W EIRP - HFSS or LBT
Australia: 916.1 to 918.9 MHz 4 W EIRP

Table 1.1 — Spectrum allocated to UHF RFID by region [24]

where in Europe the unit is the Watt calculated in ERP (Effective Radiated Power) while
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in the other regions , the unit is still the Watt but calculated in EIRP (Equivalent Isotropic
Radiated Power). The ratio between the two units is: 1 W ERP = 1.62 W EIRP.

The regulation in America is defined by FCC regulation 15.247, which allows a maximum
transmission power of 1 W with a maximum antenna gain of 6 dBi (corresponding to
4W EIRP). The communication uses Frequency Hopping Spread Spectrum (FHSS) on 80
channels. Whereas the regulations for this technology in Europe are more restrictive as is
defined by the 302 208 regulation determined by the ETSI (European Telecommunications
Standards Institute). A reader must operate with a maximum power of 2 W ERP on a
very narrow frequency band. The LBT (Listen Before Talk) regulation, however, has been
adopted in Europe. This regulation states that before an interrogator can transmit a signal,

it must first determine whether another signal is present in its transmission sub-band.

In Europe, the responsibility for regulatory matters lies with the European Telecommuni-
cations Standards Institute (ETSI).

1.3.4 EPCglobal Generation 2

The EPCglobal Generation 2 UHF RFID system is a widely used and globally recognized
standard that improves the reliability and performance of RFID technology through fea-
tures such as advanced collision prevention, enhanced tag sensitivity, and the ability to
read multiple tags simultaneously [25]. It also provides a higher level of data security
and accuracy through the use of unique identification numbers for each tag. This stan-
dard is implemented in a variety of industries and supported by many RFID hardware

manufacturers.

In UHF RFID systems operating in the 860 MHz - 960 MHz frequency range, the EPC-
global Gen2 protocol defines the physical and logical requirements. This protocol specifies
the interactions between readers and tags, including the signaling layer, commands, and
operating procedures. The reader modulates an RF carrier using different modulation
schemes and delivers it to the tags. Tags transmit data by changing the amplitude and/or
phase of the RF carrier through backscatter. The reader obtains data by broadcasting an
unmodulated RF carrier and listening for the backscattered response.

At the tag identification layer, the reader controls tag populations through select, inventory,
and access commands. The select command allows the reader to choose tags based on
specific criteria. The inventory commands identify individual tags, and the reader retrieves

the tag’s Electronic Product Code (EPC). The access commands enable various operations
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such as reading, writing, locking, killing, authenticating, or accessing files in the tag’s user
memory. These commands ensure efficient communication with uniquely identified tags
[25]. In essence, RAIN RFID, often synonymous with the EPCglobal Generation 2 UHF
RFID system, has achieved widespread adoption across diverse sectors, enhancing data

security and accuracy in the process.

1.4 Characterization of passive UHF RFID tag

In this work we focus on passive tags. Indeed, thanks to its low cost, passive UHF RFID

technology remains the most deployed one for traceability applications.

The operation of RFID systems and their performance depends mainly on the type of
RFID tags used, as there are several of them. The success of a technology is related to
its effectiveness and also to its success rate in any configuration to which it is applied.
Among the actions that can be carried out to ensure the success of a technology, we can
cite the characterization of the system as a main aspect to be taken into account. Hence,

characterizing the UHF tags is an valuable and important topic in this field.

1.4.1 UHF RFID communication between reader and tag

In order to characterise the UHF RFID system it is essential to understand how the
reader and the passive tag communicate by using electromagnetic waves in any kind of

environment.

1.4.1.1 UHF RFID tag operation

Passive UHF RFID tags do not have batteries and require an external power source
to operate. The communication between the RFID reader and the tag begins with the
transmission of continuous electromagnetic waves (CW) by the reader to activate the tag.
The tag is energized when it reaches a threshold power level, known as the chip sensitivity
(S.). Once energized, the tag utilizes a process called backscattering where it modulates
and reflects the energy back to the reader. The backscattered signal carries important
information such as the tag’s unique identification number (UID) and additional data
programmed into the tag. The reader captures the backscattered signal and demodulates

it to recover the transmitted data. Furthermore, the reader can send commands to the

42



1.4. Characterization of passive UHF RFID tag

tag, enabling operations such as reading or writing data stored in the tag’s memory and
modifying the tag’s configuration parameters. The communication between the reader and

tag can sometimes be bidirectional which allows data exchange in both directions.

1.4.1.2 Impedance matching and switching in UHF RFID communication

UHF RFID Reader UHF RFID Tag
Antenna Chip
(Z]
Powerj{ata o O
+ 71 22
? Backscattered modulation <‘> l H
Reader

Figure 1.4 — General schema of UHF RFID system

Fig. 1.4 presents the general schema of this communication between the reader and
the tag. As shown in this figure, a tag is a combination of an antenna and chip which
is an integrated circuit (IC): The antenna can be modelled by a voltage supply and an
impedance Z,, whereas the chip can varies between two states, thus, it can be modelled
by two impedance Z, as the absorbing state and Z; as the backscattering state. For the
communication to work, the tag switches between two states, where it has to absorb the
energy firstly with Z5, modulates the signal and reflects the energy back to the reader
by switching to 71, all while receiving continuously the energy from the reader with a

continuous wave (CW) [26].

For optimal power transfer to the integrated circuit (IC) in the tag, impedance matching is
important. In the backward link (tag absorbing energy), Z- is usually designed to achieve
complex conjugate matching with the antenna impedance Z,, thus Z, = Z as shown in
[27], [28]. In the forward (tag backscattering energy), a short circuit is the ideal state to
reflect the signal, thus Z; = 0. While some literature assumes Z; = 0 for simplicity (as in
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[29]), practical implementations show that this impedance is not strictly zero and can vary
based on the applied power [30], [31]. However, the complex matching condition Z; = Zs
is enforced by design to maximize power transfer, regardless of the specific value of 7;

which is not provided in the datasheet.

Furthermore, when an RFID tag absorbs power from a reader signal, its impedance
changes in response to the received energy. This change in impedance causes a change in
the reflection coefficient which affects the amount of energy that the tag can backscatter.
Specifically, when the tag is absorbing power from the reader, its impedance is high at 75,
in this case, the reader’s signal is no longer being efficiently reflected by the tag’s antenna.

Instead, some of the absorbed energy is used to power the tag’s internal circuitry.

When the tag is not absorbing power from the reader, it is in a low impedance state 7,
This allows the tag to backscatter more energy which can be detected by the reader. By
switching between low and high impedance states, the tag can modulate the reader’s signal

to transmit data by affecting both phase and amplitude.

By understanding the principles of impedance matching and switching, as well as the
effects of absorption and backscattering, it is possible to design and optimize RFID systems
for a wide range of applications. For this purpose, it is important to illustrate the link
budget of UHF RFID.

1.4.2 Link budget of UHF RFID

The performance of an UHF RFID system depends on the ability to communicate reliably
between the reader and the tag. The distance at which a tag can be read by a reader is
influenced by various factors such as the chip sensitivity of the tag, the environment in
which the system operates and in some cases by the reader sensitivity. The link budget
is a fundamental concept that provides a mean of calculating the maximum distance at
which a tag can be read by a reader, taking into account all the variables that affect the
signal strength. In this subsection, we will discuss the definition and components of the
link budget, including the free space loss, the effect of the antenna gain and polarization,
absorption and backscatter. We will also explore the impact of the tag design on the link
budget and how the link budget analysis can provide insights into the system’s performance
and potential issues that may impact the read range. The link budget of UHF RFID system
is formed of two distinct links: the transmission link for energizing the passive tag, and

the backscatter link of the modulated signal reflected back to the reader receiver. The
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differentiation between those two links is necessary to fully understand the mechanism
of UHF RFID propagation. Since one of the communicating devices (passive tag) has no
power available for communication, the link budget for backscattered signals of passive
RFID can be resembled to the radar equation from a far-field reading device. This is where

it deviates from the traditional radio link budget.

The read range of RFID tag is an important tag performance characteristic. It represents
the maximum distance at which RFID tag is activated and detected by the reader. The read

range can be limited by the reader or by the tag.

1.4.2.1 Path loss

Area: 411d?

Effective aperture of
tag antenna Aq

Figure 1.5 — Uniform distribution of an Isotropic Antenna Radiates Power uniformly over the
spherical surface[18].

The path loss, which is the difference between the power delivered to the transmitting
antenna and the power obtained from the receiving antenna, is an important factor in
determining the range of an UHF RFID system. To understand path loss, we need to delve
shortly into antenna operations. Let’s start with a simplified but not very precise approach:
imagining the transmitting antenna as emitting power evenly in all directions, like a light

bulb casting light in all directions.
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Think of this emitted power as spreading out uniformly over a spherical surface at any
given distance from the reader antenna. Some of this radiated power reaches the tag’s
antenna, as illustrated in Fig. 1.5. The amount of power received depends on the power
density hitting the tag. The area of the tag that collects this radiated power is called the
effective aperture area, denoted as A, and calculated as A, = g, where A represents the
wavelength of the RFID electromagnetic wave (as per [18]). We need this A, value to

calculate the power received by the tag.

So, for a scenario where the transmitter is isotropic (emitting equally in all directions), the
power incident on the tag, labeled as F;,., can be expressed under the assumption of free

space as follows:
Ae

4rd?
Where P is the transmitted power by the RFID reader and d is the distance between the

Rnc:Pt

(1.1

reader and the antenna. This RFID configuration using an isotropic antenna is only useful
in case the tag can be anywhere around the antenna in the spherical region, but otherwise,
in case the tag is to be in a specific directive area, the energy spreading in other directions

would go to waste. Here come the role of antenna’s directivity.

1.4.2.2 Effect of the antenna gain and polarization

main lobe

side lobes

Figure 1.6 — Radiation Pattern for a Directional Antenna [18].

An isotropic antenna can achieve a few meters of read range with 1 Watt of output
power in UHF RFID [18]. However, this is not ideal if the tags of interest are located in

specific directions relative to the reader. For instance, in livestock-management industry
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applications using UHF RFID, tags are attached to specific animal parts that move around in
a predefined space. In this case, a directional antenna, as shown in Fig. 1.6, can concentrate
its power in the direction of the predefined space, where the tags are most likely to be
located. This makes better use of the transmitted power. A directional antenna’s radiation
pattern depicts the relative power density radiated by the antenna in any direction, and the
directive gain is the ratio of radiation intensity in any direction to the intensity averaged
over all directions. The directivity of the antenna is the maximum directive gain, and the
power gain is the directivity multiplied by the radiation efficiency. In the direction of
maximum radiated power density, a directional antenna, specially for readers, can provide
G times more power than an isotropic antenna. Directional antennas are an essential
component of the UHF RFID link budget, allowing for efficient use of the transmitted
power and maximizing the read range. Adding antenna’s gain to the configuration means
forcing the antenna to radiate in the directions of the tags presented area. This solve the
unnecessary waste of energy caused by radiating the energy all around the reader’s antenna.
By adding the gain of the antenna, the effective aperture can now be expressed by:
A.=G )\—2 (1.2)
47
where G is the antenna’s gain and ) is the wavelength of the electromagnetic wave. We
can establish a comprehensive formula for the power collected by a receiving antenna r
from a transmitting antenna t, provided that the gains of both antennas and the distance
separating them are known. The expected received power by the UHF RFID tag’s antenna
which is the incident power F;,. at the transmitted power P; by the reader’s antenna is

then expressed by the Friis Formula, in free space, as follows:
A, A
Pinc = Pth(W) = PtGrGt(m) = PtGrGtLFS (13)

where L g is the free space loss factor

A

2
m) (1.4)

Lps = (

Where G, and G, are respectively the gain of the reader’s antenna and tag’s antenna.

If we take into account the losses that occur at the tag level and the polarization losses, the

total losses can be represented as the backscattered-transmission losses Lg. The received
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power by the reader can then be expressed as:
P, = PG?G?L34Lg (1.5)

Where F. is the received power by the reader from the backscattered power by the tag
and L 1s the backscattered-transmission losses including the polarization losses [32]. It is
important to note that equation (1.5) is valid only for the monostatic antenna configuration
[33], where a single antenna serves the purpose of both transmission and reception. The
proportionality of the received power with the inverse fourth power of the distance between
the reader and the tag is due to the link budget formed by two distincts link reader-to-tag

and tag-to-reader, hence, the distance is involved at the power 4 [18].

1.4.2.3 Power reflection coefficient of UHF RFID tag

The power reflection coefficient is a measure of how much power is reflected back from
a transmission line or other impedance-matched system. It is a complex number that
represents the ratio of the reflected power to the incident power. [34] described the concept
of power waves travelling between the source of impedance Z, and load of impedance Z;

and introduced the following definitions for the power wave reflection coefficient :

L= 4

I' =
Zy+ Zs

(1.6)
As we illustrated, UHF RFID tag has input two states Z; and Z, therefore it gives us two
reflection coefficient I'y and I's where I'; is the reflection coefficients at the tag’s antenna
for state 1 and I'; is the reflection coefficient at the tag’s antenna for state 2. Fig. 1.7
illustrates a block diagram of a single-antenna tag where both impedances are presented

and the commuting between each other to modulate the RF signal, which gives :

AR R/

[Mo=—->"— 1.7
2= N, (1.7)

1.4.2.4 Transmission link budget

The transmission link budget defines the one-way power flow from the reader’s transmitter
to the tag. As already said, the tag absorbs the power received from the reader by selecting

the input state to Z, which will maximize the absorption of power by the chip. Once the
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Tag
Antenna

< 7 Modulation
Z, Block

Figure 1.7 — A block diagram of an RF tag

threshold power is obtained, the tag is energized. Typically, a full absorption of the incident
power by the chip is based on the assumption that we have an ideal conjugate match
between the chip impedance 7, and the antenna impedance Z,. However, in reality it is
not the case, since many factor may cause a power-reducing mismatch. These mismatching
effects can be induced by the antenna’s radiation impedance changing as a result of
coupling with surrounding objects, or by radio-frequency integrated circuit loading of
the antenna, which results in extreme or transitory load impedance [27]. In a RFID link
budget, the quantity that describes the absorption of the incident power by the chip is more
commonly referred as the power transmission coefficient 7, on the state Z5, introduced in
[27] and [28], and called L F' (load factor) in [29]. This factor is an important characteristic
of the tag and must be studied. On the other hand, the power transmission coefficient 7; for
state 1 is typically disregarded in literature, as it is assumed that no power is absorbed in this
state. Both 7; and, more importantly, 7, are expressed in terms of the antenna impedance
Z, = R, + j X, and the chip impedance for states 1 and 2, denoted as Z; 3 = Ry 2+ 7 X1 2

[27, 28]:
4R, R 2

(Ro + R12)? 4+ (X4 + X12)?

(1.8)

T2 =
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Where Z, is the impedance of the tag’s antenna and Z, is the input impedance of the chip

at the absorption state.

Note that 0 < 79 < 1: We get 7o = 1 in case of an ideal conjugate matching between
the antenna and the chip impedance (Zy = Z), thus all the energy is transmitted to the
chip. whereas 75 = 0 is obtained when the input impedance Z, = 0, thus no energy is
transmitted to the chip and all of it is reflected.

The power transmission coefficient is also expressed, in [26] and [29] (defined it as the

Load Factor LF), in term of the reflection factor on the absorbing state I'y as following:
T =1— |y (1.9)

Where I is the reflection coefficient at the absorbing state 2. The power transmission
coefficient determines the proportion of incident power that is sent to the tag Integrated

Circuit (IC) denoted as Pj¢. It can be mathematically expressed as:
PIC = PincTQ (110)

In this equation, P, refers to the power received by the tag defined in 1.3, and P;¢ refers
to the power delivered to the chip. If P;¢ is greater than the chip’s sensitivity threshold,
the tag will activate. Therefore, having a higher 7» value is crucial to improve the tag’s
ability to transmit incident power to the chip and activate it with less incident power.

In this presented state of the art, the power transmission coefficient 75 is based only on the
absorption impedance of the chip and does not take in count the other state Z;, and that’s
by considering this last is equal to zero (as a short circuit) which is only true idealistically.
However, in this thesis, the effect of Z; on the absorption phase of the tag is not neglected

and a new quantity called the mean power transmission coefficient 7 is introduced.

1.4.2.5 Transmission link read range

The increase of 75 is accompanied by an increase of the power reaching the chip and makes
it possible to increase the forward link read range, which corresponds to the maximum
distance at which the tag receives enough energy to be activated and thus for its load to
be modulated. At the threshold of tag activation, we define the activation power P/" as
the minimum power transmitted by the reader necessary to supply the RFID chip. At P{",

the tag is activated and the power delivered to the chip correspond to the chip sensitivity
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threshold S. which is an information provided by the chip manufacturer, so in this case:
Pil =S,

By using the Friis equation expressed in (1.3), and based on equation (1.10), the power

delivered to the IC at the activation power P! can be expressed as follows:

A
P = Se = Poems = P GG )" (1.11)
The forward link read range is then expressed, in term of F; and other parameters of both

tag and reader, as follows:

A (PthG,@)% (112

dpag = —
fwd = yr S,

This expression has been widely employed in RFID literature in order to characterize the
RFID tag read range in free space [35], [36], [28], [26]. Some authors assume that the tag
is only limited by the forward link thus by the tag, since unlike the tags, the reader are
supplied with power so if the tag receives enough power to be activated the reader will be
able to collect the information delivered by the tag in general cases. By also assuming the
79 depends only for the absorbing input state Z, so this lastly is the main factor limiting
the read range in the forward link design. However, in this thesis we will study both
forward and backward read ranges as we will see, in some cases, the read range depends

also from the backward link related to the reader part.

1.4.2.6 Backscatter link budget

After the tag’s chip is energized the tag switches to the backscattering state using a shunt
transistor into the input circuitry of the chip. It then modulates the wave then reflects the
power back to the reader which construct the backscatter link. The tag’s chip code the 1s
and Os with the two different input states Z; and Z, therefore, the power of the digital
information scattered toward the reader is also related to the difference in load states. Fig.
1.8 illustrates the backscatter phenomena of a passive UHF RFID tag. The tag sends data
during one of the CW periods by switching its input impedance between two states Z;
and Z,, effectively changing its radar cross-section (RCS) between RC'S; for state 1 and
RCS, for state 2 and thus modulating the backscattered field. By changing the RCS, an
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Figure 1.8 — Passive UHF RFID system and its back-scattered signal [37]

important parameter is obtained which is the differential RCS Ac . It has been explicitly
studied in [37], [29],[38], and becomes a relevant parameter. The differential RCS Ao in
RFID has been introduced in [37] as:

pYe:
T A4rx

Ao Ty — Iy (1.13)

Where ) is the wavelength and G, is the gain of the tag antenna. It was then extended in
[38] who has distinguish between the static and dynamic term of the backscattered power,
and defined the differential RCS corresponding the dynamic part, which satisfy the law of

energy conservation, as follows:

Ao NG?
O — —— =

0 on T, — Iy? (1.14)

The received power by the reader, which can be expressed using the classical radar equation
[37], is directly related to the differential RCS:

_ PBGINAo

Pr= i (1.15)

Where P, is the power received by the reader of the modulated signal, at a transmitted
power F;. The modulated backscattered power depends on the differential of RCS between
the two states of the chip Z; and Zs.
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An alternative method for characterizing the power reflected from the RFID tag is the
modulation factor M introduced in [27]. The amount of reflected power will be proportional
to the modulation Factor M. It is an important parameter in the performance evaluation of
UHF RFID tags. In [27], it is given in term of the reflection coefficient for the two states
as following:

M = i|1“1—1“2|2 (1.16)

With0 < M < 1.

When I'y = I's, the value of M is equal to 0, and in this case there is no energy modulated
by the tag. In case where I's = 1 and I'; = —1, we have an ideal open-circuit for energy
absorption by Z, and an ideal short-circuit load for energy reflection by Z;. These extreme
reflection coefficients may be quite difficult to achieve in practice, since in a passive RFID
tag part of the incident energy is absorbed and part of it is reflected after modulation,
hence, the total energy received cannot be all absorbed and back-scattered at the same
time. From equations (1.16) and (1.13), we can notice that the Ac is proportional to the

modulation factor M, where:
T

N2

M is another important characteristic of the tag which describes the capability of the tag to

M = Ao (1.17)

backscatter the modulated wave. This factor will be studied profoundly later in this thesis.

The received power by the reader can then be expressed in term of the modulation factor

by substituting equations (1.15) and (1.17) it yields :

| RG2GIN'M

= 1.1
" 64mdt (1.18)

One limitation on the backscattered signal is the receiver sensitivity of the reader .S, which
corresponds to minimum received signal that can be detected by the reader. By using the
radar equation given in 1.15, the round-trip read range can be expressed at .S, from the

modified radar equation as given by [39]:

s | PBG2A2Ac
dpek, = | ——5— 1.19
bck (47T)3Sr ( )

The modulation factor is also related to the quality factor (),,,; of the tag’s antenna studied
in [40]. The @, factor is a measure of the resonance sharpness of the RFID chip’s antenna.

It represents the ability of the antenna to store and transfer energy efficiently. A high Q4.
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factor indicates a narrow resonance frequency bandwidth, which means that the antenna
can filter out unwanted signals and maintain a strong resonance at its operating frequency.
[40] expresses the read range limiting the backward link, in term of the quality factor
(Qant and for a given minimum received power requirement P, ,,,;, (reader sensitivity), as

following:

2 2774 i
A[Pt.GT.Gt] [ 1 1 (120)

ST S 1+ Q2.
The read range of UHF RFID technology is affected by the two impedance states of the
chip. Depending on whether the forward or backward link connection is being used, the two
distinct distances d ., for the forward link (expressed in (1.12)) and d., for the backscatter
link (expressed in (1.20)) that characterize the maximum reading range. Although these
distances are different from each other, they are both independent. Typically, the read
range R R is determined by the minimum value between the backward and forward link

distances:
RR = min (dfwd,dbck) (1.21)

A similar approach for the free space read range of the backward link will be presented

later in this thesis but in term of the modulation factor M.

1.4.2.7 Different criteria to determine the antenna impedance

As previously presented, the read range of a passive RFID tag is the minimum value be-
tween the forward link range d,,q calculated using the Friis equation and the backward link
range dy, calculated using the radar equation. Thus, the read range is determined by either
the chip sensitivity (S.) and the power transmission coefficient 7 or the reader sensitivity
(S;) and the modulation factor (). It’s important to note that the power transmission
coefficient and the modulation factor cannot be maximized simultaneously. Manufacturer
usually seeks the complex conjugate matching which only results in maximizing the power

transmission coefficient 7, on state 2, and thus maximizing the forward link read range:

Za = Zy = Ry — j X5 (1.22)

Optimizing the forward link read range may not always be the optimal choice, since the
limitation can be caused by the backward link in specific scenarios. To maximize the

backward link read range, a notable study by the author [42] aims originally to maximize
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the power in the side-band of the modulated signal by the tag. Their findings reveal that
to achieve maximum power in the backward link, the antenna should not be matched to
either of the chip input impedance states. This research led to the derivation of analytical

expressions for the antenna impedance Z,, which maximize M, denoted as:

Zar = Rar + anr (123)

designed for a specific chip whose the two impedance states have to be known.

(R1 + R2)? + (X1 — X5)?
R, = .| RiR 124
Xop = —Rﬁi 1“ Z;XQ (1.25)

The derivation of these expressions is detailed in the Annex B.

Knowing Z,; and Z,,, the optimal design can be achieved by a trade-off between 75 and
M which allows for the maximization of the read range and achieving an optimal design
as studied by author in [41]. The author defines Z,, as the optimal impedance for a chip,
which, in certain cases, lies between Z,; and Z,,., aimed at maximizing the read range
by accounting for both forward and backward links. This optimization process takes into
consideration the two-state impedances (Z; and Z5). In this thesis, we will delve deeper
into this aspect, providing a comprehensive analysis of how to determine the optimal

antenna impedance for a given chip in a particular scenario (sec. 2.9).

1.4.3 Energy conservation in UHF RFID

As observed, a passive RFID tag operates through energy absorption, modulation, and the
subsequent backscattering of the modulated wave. However, it is crucial to emphasize that
the power involved in this process must adhere to the law of conservation of energy. This
law dictates that the total power received by an RFID tag (assuming an antenna with no
energy losses) can only be dissipated within Z;(¢), representing the two input states of the

tag, namely Z; and Z,, or backscattered into the environment.

Moreover, it is essential to consider the arbitrary cyclic ratio, denoted as p, which signifies
the proportion of time the tag spends in each state. When p = 0.5, it indicates an equal

distribution of time between state 1 and state 2.
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Figure 1.9 — frequency domain and Energy conservation of RFID tag [38]

Authors in [38] describes the energy conservation in the level of the tag. The total power
incident to the tag is divided, some of this power is delivered to the chip and is proportional
to the aperture of the tag antenna A., noted as P;c, where Z; is equivalent to the chip
impedance at the absorption state Z,. And the other part of the incident power is modulated
and backscattered in the environment, noted as Fp,. As shown in Fig. 1.9, the backscattered
power P, is of two kind, part of it is static (F,) which corresponds to the response of a
linear time-invariant system since the power is located at the frequency of the CW received
by the tag f, whereas the other part is a dynamic power (F;;) which is not located at fj
but around it. Hence, the tag cannot be regarded as a linear time-invariant system. For the
best performance of the tag, the dynamic power Pz, should be maximized, and the carrier
power Py, should be minimized. Ideally, Ps; = Pys and Py, = 0. It is worth noting that
this differential power is easily detectable since it is not positioned at the frequency used

by the reader during the emission.

The dynamic power represents the information that the tag is sending back to the reader,
while the carrier power represents the continuous wave received by the tag. The dynamic
power is the difference between the power scattered by the tag and the power of the
continuous wave received by the tag. Maximizing the dynamic power can improve the

signal-to-noise ratio, allowing for more reliable communication between the tag and the
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reader.

On the other hand, minimizing the carrier power is important to reduce interference and
power consumption. The carrier power contributes to the overall power consumption of
the tag system and can also interfere with other nearby devices operating at the same
frequency. Therefore, reducing the carrier power can not only improve the performance of

the tag system but also reduce interference with other devices.

Several techniques can be used to maximize the dynamic power and minimize the carrier
power in a tag system. One approach is to optimize the design of the tag antenna to
achieve better impedance matching and reduce reflection losses. Additionally, power
control algorithms can be implemented to dynamically adjust the power transmitted by
the reader based on the received signal strength from the tag, which can further reduce

interference and power consumption.

In summary, maximizing the dynamic power and minimizing the carrier power are crit-
ical for achieving optimal performance in a tag system. By using advanced modulation
techniques and optimizing the design of the tag antenna, tag systems can achieve better
signal-to-noise ratios, reduce interference, and improve power efficiency, leading to more

reliable and efficient communication between the tag and the reader.

Following the presentation of the UHF RFID system’s link budget, we can now delve
into an informative discussion on over-the-air characterization of UHF RFID, utilizing the

provided information as a foundation.

1.4.4 Over-the-air characterization of UHF RFID tag

RFID tags are crucial components in wireless communication systems, and it is necessary
to carry out thorough characterizations to ensure their proper functioning. One of the most
critical aspects of RFID characterization is determining the read range. This measurement
is widely used as it is practical and straightforward to obtain. As we have seen, the read
range is limited by many factors such as the tag and its sensitivity.

The traditional method of measuring the read range involves the use of the Friis formula,
which assumes a free space environment and is obtained indirectly without measuring the
tag at the maximum read range distance as we have illustrated.

In some work, a transmission line system is established using a Vector Network Analyzer
[30, 43]. This tool is used to calculate the reflection factor, which helps to determine the

sensitivity of the chip by identifying the minimum amount of incident power needed to
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Figure 1.10 — Friis’s radio-propagation model for a passive UHF RFID system [47]

activate the tag. Other work, such in [36], use voyantic system which is a toll to characterize
and evaluate the tag, and and compare performance between different tag designs. However,
the drawback of these methods is that they are a costly methods.

alternatively, more recently various studies have investigated methods for accessing tag
sensitivity by exploiting different variations of parameters in an over-the-air environment
with low cost. For instance, frequency variation has been explored in [44], angular vari-
ation in [45], and distance variation in [46]. The approach of jointly varying distance
and transmitted power has been shown to be particularly successful in determining tag
sensitivity, as it involves estimating the minimum power required to activate the tag at a

fixed and controlled distance [47, 48]. This same approach is adopted in the present study.

1.4.4.1 Over-the-air access of the tag sensitivity by varying the distance

In the literature, all the RFID characterization systems use the Friis formula to calculate
the power reaching the RFID chip. And therefore, being able to access the activation power
of the chip, which leads us to obtain the chip sensitivity. In the studies presented in [47,
48], an RFID setup was established as depicted in Fig. 1.10. The tag and reader antennas

are aligned on a straight horizontal line at a distance d, which is large enough to meet the
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far-field condition. It is imperative to maintain a constant value for d throughout the testing
process. By using the Friis formula, accounting for all losses and the absorption effect on
the tag, the power received by the RFID chip is calculated in [47] as follows:

A
PIC = PtGrGt7—2(m>2nplfAcable (126)

In this formula, 7, ¢ is the polarization loss factor which varies based on the tag antenna
structure, A..p. is the cable loss that occurs from connecting the reader to the antenna,

and finally, 7, is the power transmission coefficient defined in 1.8.

Using this expression, the chip sensitivity is then derived by reaching the activation power
which is obtained by gradually increase, from zero to the maximum allowed value, the
reader transmitted power F; and to contextually verify whether or not the tag is energized

and, consequently, is able to answer to the reader. The .S, is then expressed as following:

A
h
Se = Ptt GTGtT?(m)znplfAcable (1.27)
Where P!" is the minimum transmitted power by the reader necessary to activate the tag.
Then, the tag sensitivity, S;, is calculated based on the chip sensitivity S, by considering
all the factors that affect the quality of the tag, such as chip sensitivity, antenna gain, and

the conjugate match between the chip and antenna. It is expressed as follows:

Se

S p—
' TGy

(1.28)

The principle of varying jointly distance and transmitted power has been demonstrated to
be very fruitful in order to access the sensitivity of the tag. It is based on estimating the
minimum power required to energize the tags at a fixed controllable distance [47],[48]. This
over-the-air method of varying jointly the distance and transmitted power demonstrated is
also the approach chosen in this thesis. However, the method we will present is independent
from the channel and doesn’t require a previous knowledge on the gains and losses that
are occurring in the RFID system since it is not based on the Friis equation, but rather on

the channel reciprocity as we will see later.
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1.4.5 Channel modelling in UHF RFID communication

The real propagation environment is almost never purely free-space for UHF RFID com-
munication. Thus the importance to cover modelling methods for different propagation
scenarios. In case of UHF RFID communication, the backscatter modulation is used, so
to effectively represents the RFID channel, both forward and backward links must be
simultaneously accounted for. The essence of the RFID channel can be likened to a dual
fading channel, with each fade occurring twice, once in the forward link and once in
the reverse link under the concept of channel reciprocity. Authors in [49] describes a
multi ray RFID model for an illustrative scenario of RFID application which involves
indoor multipath conditions where line-of-sight communication is present, accompanied
by minimal notable reflections. The expression for the deterministic multipath channel’s

path gain connecting the reader and the tag is given by [49] as follows:

A P
47d0)

Gpath - (

Here, d) represents the length of the direct ray path, ) is the wavelength.

The channel response H considering multipath effects is expressed as:

H=1 3 D (@) d® —jk(d*) —d(®)
=1+ ;gt 9r 20 €
In this equation, the various components are defined as follows:
— N, is the total number of rays.

— g% and gfi) are the reader and tag antenna radiation pattern values at i-th ray direction,

respectively.
— T'@ is the reflection coefficient of the i-th reflecting surface.

— d denotes the length of the i-th reflected ray path, namely the distance between the

antenna and the virtual tag position.

The power of the tag signal received by the monostatic reader can be formulated as:

P, = PG?,, K

A

b= Pl

)| H|'K
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Where K is the backscatter gain and it is proportional to the modulation factor M:

K =nyyM

where 7, ¢ is the polarization loss factor, GG is the maximum tag antenna gain.

In a more recent paper, Andrea Motroni, Alice Buffi et al [50] take up Nikitin’s model

([49]) and give a more precise version:

N,
_ (0 (0)} —jkd (@) (D) () 1 —jkd®
h=g"9" e +§QT 9" e (1.29)

Where g(*) and gt(o) are the reader and tag antenna radiation pattern values in LOS direction,

which might not be the maximum radiation direction, respectively.

The slight difference is that the channel term includes the d(*) distance dependency, whereas
in the initial version of the model this dependency is factorized. Then the received power

by the reader can be expressed as following:

A
P, = RSSI = PTIGf(E)4|h|4K

Understanding the propagation channel as well as evaluating the tag intrinsic characteristics
is crucial to characterize the passive tag. Therefore, in this thesis we will explore an
automated platform that will will serve as our instrument for investigating these facets of

characterization.

1.5 Platform description

In this thesis, an RFID Platform of the IETR has been used in order to do the experi-
mentation on UHF RFID tags over-the-air. The IETR platform occupies an entire room
in the laboratory’s basement of volume 6 x 4 x 2.7m?. Within this room, there is an
automated mechanical system controlled by a PC. A dedicated Python API has been
developed specifically for this system, enabling the control of both the reader and motors.
The experimental setup represented in Fig. 1.11 consists of five controllable axes: four
for translation and one for rotation. The first translation axis is a 5-meter rail, housing an
antenna at its end, positioned at a height of approximately 1.2 meters. The other three

translation axes are located on a gantry positioned above the main rail, each with a range
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Figure 1.11 — 5 axes RFID platform (4 translations, 1 rotation) connected to an Alien 9900+
Reader

of motion of 1 meter. This arrangement allows for the movement of three antennas, two
of which can be vertically positioned on either side of the central rail. The vertical masts
of the gantry are spaced approximately 2.4 meters apart. The third antenna is placed on
the boom arm at a height of 3 meters. Note that the platform is surrounded by movable
absorbing panels to reduce the losses the effect of multipaths on the link budget ,and, if
moved, modifying the propagation channel.

In the context of this study, we will use the following naming convention for the antennas:
"Antenna 0" refers to the one above, "Antenna 1" refers to the left-side antenna, "Antenna
2" pertains to the right-side antenna, and "Antenna 3" corresponds to the front fixed
antenna.

The platform is equipped with two RFID readers: the Alien 9900+, which was available at

the beginning of the project, and a more recently acquired reader, the Impinj R700.

1.5.1 Alien 9900+ reader

The majority of the experimentation conducted in this thesis utilized the ALR-9900+ alien
reader. This reader shown in, photo 1.12, is built compliant with the Global EPC Gen 2
standard and offers an autonomous mode, allowing it to be programmed and controlled
through commands [51]. It has numerous features, including a high read rate, excellent
sensitivity, and performance. The ALR-9900+ reader has a transmit power range of 15.7
to 30.6 dBm, with a resolution of 0.1 dBm. It adheres to the ETSI regulation and operates
within the frequency ranges of 865 — 868 MHz and 915 — 921 MHz.
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Figure 1.12 — Photo of Alien 9900+ Reader

However, it’s important to note that the alien reader’s receiver does not provide the actual
power measurement; instead, it outputs the Received Signal Strength Indicator (RSSI).
Furthermore, the manufacturer does not provide the specific relationship between RSSI

and the actual power in dBm.

Several papers which are using the same Alien 9900+ reader [4, 52, 53], deal with the
raw RSSI which is not a power quantity. In Chapter 3, we will address the challenge of
converting the integer RSSI value from the reader into an accurate power value in dBm.

1.5.2 Impinj R700 reader

Figure 1.13 — Photo of Impinj R700 Reader

In the subsequent stages of experimentation, another reader utilized was the Impinj R700.
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This RAIN RFID reader is equipped with four ports and complies with the GS1 UHF
Gen2v2 protocol, standardized by ISO/IEC as 18000-63. The Impinj R700, shown in photo
1.13, is specifically designed to cater to the growing requirements of next-generation loT
solutions and enterprise-grade RAIN deployments. It conforms to the ETSI regulation and
operates within the frequency ranges of 865 — 868 MHz and 915 — 921 MHz.

The transmit power range of the Impinj R700 reader spans from 10 to 30 dBm, with a
transmit power resolution of 0.5 dBm. In this aspect, the alien reader 9900+ holds an
advantage with its higher resolution of 0.1 dBm. However, the Impinj R700 reader offers a
significant advantage over the alien reader by directly providing the power measurement

in dBm, rather than the RSSI. This characteristic is more favorable for our purposes.

Additionally, the Impinj R700 reader boasts a reader sensitivity of -92 dBm, which is likely
superior to the Alien reader’s sensitivity. Although the manufacturer does not specify the
exact sensitivity of the Alien reader, our observations during this research suggest it to be
approximately -80 dBm, as no power levels lower than -80 dBm were detected. Note that
the Impinj sensitivity can be controlled and modified, which could be helpful to investigate
the effect of the sensitivity variation on the RFID link budget. Another advantage of the

Impinj R700 reader is its notably faster acquisition speed compared to the alien reader.

To summarize, the Impinj R700 reader offers the advantage of providing power measure-
ments in dBm instead of RSSI, along with a higher sensitivity. However, the alien reader

surpasses it in terms of transmit power resolution, with a resolution of 0.1 dBm.

1.5.3 Reader antenna

The four reader UHF RFID antennas used in this platform are similar and have a circular
polarization. These antennas have a maximum gain in the bore-sight of G,,,,, = 9dB and
the half power beam-width is H PBW deg = 65 deg. For determining an angular variation

of the antenna pattern we use a Gaussian model:

_ 02
HPBW,

G(0) = Gape E5z2yT2 (1.30)

64



1.6. Conclusion
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Figure 1.14 — Platform’s antenna Gaussian pattern G, = 9 dB, HPBW = 65

1.6 Conclusion

In this chapter, we provided an extensive review of the literature on the UHF RFID system,
covering various aspects related to its operation and applications. We began with an
introduction to RFID technology, explaining its components, operation frequencies, and
highlighting its diverse range of applications. We also discussed the regulatory framework
governing RFID systems and explored different types of UHF RFID tags. Additionally,
we presented specific use cases of UHF RFID technology and introduced the EPCglobal

Generation 2 standard.

Moreover, we delved into the link budget of the UHF RFID system, covering the commu-
nication between the reader and tag. We emphasized the importance of characterizing UHF
RFID systems by presenting the power transmission coefficient and the modulation factor,
and explored energy conservation techniques within this context. We then presented the
optimal design of an antenna for a given chip. Additionally, we discussed the over-the-air
characterization of UHF RFID tags, providing valuable insights into their behavior in

real-world scenarios.

Furthermore, we covered the modelling methods for multipath channel in UHF RFID

communication

To conclude this chapter, we provided a detailed description of the RFID platform employed
in our research, specifically emphasizing the Alien ALR-9900+ reader and the Impinj
R700 reader. This platform enables autonomous experimentation on UHF RFID. It plays a
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crucial role in our thesis as it serves as the foundation for conducting all the experiments

that will be discussed in the subsequent chapters.
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CHAPTER 2

THEORETICAL ASPECT OF UHF RFID

2.1 Introduction

This chapter aims to provide a comprehensive study of the theoretical aspects of UHF
RFID system. Building upon the state of the art in the field, we explore two key parameters
of UHF RFID: the newly defined mean power transmission coefficient 7 introduced in Sec.
1.4.2.4 and the modulation factor M discussed in Sec. 1.4.2.6. While these parameters
have been mentioned in the literature, we present them in a more detailed and explicit
manner, highlighting their significance in characterizing the performance of UHF RFID

systems.

To begin, we derive an expression for the channel coefficient, which simplifies the calcula-
tion of the power transmission coefficient and modulation factor based on the concept of
the reciprocity of the channel. By understanding the channel coefficient, we gain insights
into the propagation characteristics and signal strength in UHF RFID systems.

Next, we delve into the concept of activation profiles. The activation profile represents the
minimum power transmitted by the reader required to energize the UHF tag. By defining
the activation profile, we establish a link between the transmitted power and the tag’s

sensitivity, an important parameter that directly affects the overall performance of the tag.

In order to provide a more comprehensive evaluation of UHF RFID tags, we introduce the
concept of tag receptivity. This measure is derived from the extracted activation profile.

The margin between the chip sensitivity and tag receptivity is defined as the tag offset Q.

To synthesize the performance of UHF RFID tags, we propose a chart that plots the
modulation factor against the power transmission coefficient. This chart serves as a valuable
tool for visualizing and analyzing the performance of various tags in relation to these
key parameters. We also define the tag efficiency 7. The tag can be placed in the chart
either by the knowledge of (v/M, 7) or equivalently by (@, 7). Furthermore, we present

an algorithm that estimates the power transmission coefficient and modulation factor
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of a set of tags based on the Q quantity and the ratio between the power transmission
coefficients. This algorithm aids in the evaluation and comparison of different tags in
practical scenarios.

Moreover, we define the read range obtained under the assumption of free space propaga-
tion using the theory we propose. This read range is limited by two factors: the backward
link, which depends on the modulation factor and reader sensitivity, and the forward link,
which depends on the mean power transmission coefficient and chip sensitivity.

Finally, we present in this chapter the validity domain for a chip and illustrate the optimal
matching that can be achieved in this domain, by taking three different chips as an example.
We will determine the optimal impedances of these chips by using the (\/M ,T) chart.
By studying the theoretical aspects of UHF RFID in this chapter, we aim to provide a
better understanding of the technology and its performance, ultimately leading to improved
design and evaluation of UHF RFID tags.

2.2 Intrinsic Characteristics of UHF RFID tag

We distinguish two key intrinsic characteristics UHF RFID tag: the mean power transmis-
sion coefficient 7 and the modulation factor M.

The mean power transmission coefficient 7 is a newly defined parameter that considers the
transmission coefficient in both states, based on the conservation of energy law as seen in
Sec. 1.4.3. It quantifies the efficiency of power transfer between the reader and the UHF
RFID tag, providing a comprehensive evaluation of power transmission efficiency.

On the other hand, the modulation factor introduced in Sec. 1.4.2.6 is a predefined ex-
pression that plays a crucial role in UHF RFID systems. It reflects the tag’s modulation

capabilities.

2.2.1 Mean power transmission coefficient

The operation of an RFID tag involves absorbing and back-scattering the energy it receives
from the reader. Let us consider the impedance states of the RFID chip: Z;, representing
the backscatter impedance state (typically close to a short circuit), and Z; representing the
absorbing impedance state, as illustrated in Fig. 2.1 and detailed in the reference [18].

To simplify the problem, the author [29] assumes that the backscatter state impedance is a

short circuit (Z; = 0). However, it has been demonstrated in [30, 31] that, in practice, this
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Figure 2.1 — General schema of UHF RFID system highlighting the channel reciprocity

impedance is not strictly zero and may vary depending on the applied power. Generally, the
complex conjugate matching condition Z; = Z, is designed to maximize power transfer,
regardless of the actual value of Z; which is often not provided in the chip datasheet. Note
that in [27] and [29], the power transmission coefficient (73) depends only on the input
state Z5. They assume that the two input impedances states of the chip optimally are: the
conjugate of the impedance of antenna for Z = Z, for a higher power transfer, and 0 for
Zy (short circuit) for higher power reflection. However, the definition of 7 exploited in this
work considers the absorption in both states, acknowledging that Z; is not ideally zero.
Although manufacturers typically do not provide the value of Z; it has been demonstrated
in [54] that the chip architecture commonly includes a FET transistor in parallel with the
rectifier circuitry. As a result, Z; can be estimated by considering Z, in parallel with the

resistance known as R,,,q of the transistor:

o Z2Rmod
B ZZ + Rmod

Where R,,.q is a resistance typically between 10 €2 and 100 §2. We consider this expression

Z 2.1

of Z; to give an analytic expression of the optimum impedance matching Z,, presented in
1.4.2.7 and detailed in Annex B.

When an incident wave with a power density of S (measured in 1/ /m?) hits an RFID tag,
the tag absorbs a portion of the energy and reflects the rest in all directions. The proportion

of the energy that is reflected back towards the RFID reader is referred to as the tag’s gain
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in the reader’s direction explained in Sec. 1.4.2. This gain also determines the amount of

energy absorbed by the tag.

The effective surface A., presented in Sec. 1.4.2, allows to express the quantity of power
taken from the incident field. But as it is a question of communicating information with
the reader, the tag cannot be permanently in the absorption mode, it must also dedicate
portions of time with less absorption and more back-scattering. When the load is an open
circuit there is neither absorption nor reflection because no electric current is induced
on the antenna. The wave continues forward its propagative path unaltered by the tag.
On the other hand a short circuit situation induces a maximum of current and therefore
a maximum of reflectivity. What matters for the receiver is the power of the fluctuation
between these two states 1 and 2, the dynamic power carried by the modulation of the
signal. But as this fluctuation is generated by an energy previously captured by the tag, the
energy balance necessarily involves a memory effect and must result from an integration
over time. On average, the energy received by the tag must be divided equally between
the energy used to power the tag and the energy back-scattered statically and dynamically
to the environment. Only the energy of the side bands of the spectrum is exploitable
in reception for the demodulation. The total electromagnetic power available at the tag
is therefore P, = pA. expressed in Watts. This total power is decomposed into a term

absorbed by the device and a term backscattered to the environment:

pAe = pAe(l - |Fz|2) +pAe|Fi|2 (22)
~ —

total absorbed reflected

pAe = pAeTi +pAe‘Fi’2 (23)
-~ =\ ——

total absorbed reflected

pA. = Pic + P, (2.4)

Where the complex reflection coefficient has been introduced in Sec. 1.4.2.
The power transmission coefficient 7, on state 2 parameter was presented in Sec. 1.4.2.4.

Here we introduce the distinction between the power transmission coefficient:
7 =1— | (2.5)
and the mean power transmission coefficient over both states with an arbitrary cyclic ratio
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0 < p < 1,ityields:

T=prn+(1—p)m=1—p|l1]* = (1 —p)|Ty)? (2.6)

or the most often assuming staying the same time on both state p = %:

T + T2 T4 [? + Ty
T = — = 1 _——

2 2
7 will refer to the mean of the absorption over the two switched impedance unlike in Sec.

1.4.2.4.

(2.7)

Furthermore, let’s demonstrate how the modulation factor can be determined and how to

partition the energy absorbed by the tag into 7 and M.

2.2.2 Modulation Factor

The RFID principle consists on switching the termination load, thereby modulating the
reflecting coefficient of the tag. Assuming a modulation with a shaping function g, a symbol
duration T"and I'y, € {I', 'y} associated to an equiprobable binary train of symbols, we

can express the reflecting coefficient as follows:

L(t) = > Tug(t—kT) (2.8)

keZt

Assu