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Ya Byeic otov mnyanpo yio Ty Tddnen, v ebyeoon vavor poxpls 6 BpdUog, YEUATOS TEQLTETELES,
yepdrtog yvwoeic. Tobe Aaotpuydvag xal tolg Koxdwnog, tov Juumuévo Hooeddsva ur gofldoa,
TETOLOL GTOV OpOUOo oou TOTE Gou Bev Vo Beels, av pév’ 1 oxédic cou LYNAY, &v Exhextn cuyxivnolc TO
nvebpa xol 0 adspa oou ayyilel. Tobe Amotpuydvoe xal Toug Kixdwnae, tov dyplo Hooewdhva dev
Yd cuvaVTAHOELS, &V 88V ToUC xoUBavels peg oty Puyr) cou,dv 1) Yuyr cou Bev ToUC OTHVEL EUNEOC COU.

Kovotavtivog 1. Kafdgne

Quand tu partiras pour Ithaque, souhaite que le chemin soit long, riche en péripéties et en expériences. Ne
crains ni les Lestrygons, ni les Cyclopes, ni la colére de Neptune. Tu ne verras rien de pareil sur ta route si
tes pensées restent hautes, si ton corps et ton dme ne se laissent effleurer que par des émotions sans
bassesse. Tu ne rencontreras ni les Lestrygons, ni les Cyclopes, ni le farouche Neptune, si tu ne les portes
pas en toi-méme, si ton cceur ne les dresse pas devant toi.

Constantin P. Cavafy

As you set out for Ithaka hope your road is a long one, full of adventure, full of discovery. Laistrygonians,
Cyclops, angry Poseidon—don’t be afraid of them: you’ll never find things like that on your way as long as
you keep your thoughts raised high, as long as a rare excitement stirs your spirit and your body.
Laistrygonians, Cyclops, wild Poseidon—you won’t encounter them unless you bring them along inside
your soul, unless your soul sets them up in front of you.

C. P. Cavafy
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INTRODUCTION

0.1 The evolution of radio frequency identification technology: From identification to sensing

The origin of the Radio Frequency Identification (RFID) technology can be tracked down back during the
middle of the 20th century and in the period before and after the World War II. The radar has already been
invented by Sir Robert Alexander Watson-Watts in 1935 and was used by both opposing sides to turn the
tides of the ongoing war. It was this time that this great invention faced a main problem: the radar could
detect an airplane but it could not identify it. Nobody could tell if the incoming blinking dot in the radar
screen was an ally or a hostile airplane. This problem was partially solved by the Germans who discovered
that if their returning airplanes performed rolling maneuvers, the reflected signal received by their radars
would be alternating and they could identify their own airplanes. This rolling maneuvers can be considered
as a backscatter modulation of the radar signal and a very first implementation of an RFID system.

Some years later and during the birth of the cold war, a wooden plaque of the U.S. Great Seal was given
as a gift from the Soviets to the U.S. ambassador in Moscow and it turned out to be something more than
a nice gesture. Inside the structure of the plaque, there was one cavity with a metallic membrane and a
monopole antenna, designed in such a way that could act as a backscatter modulator of sound waves when a
proper RF beam was pointed at the location of the plaque. Due to this device, known later as “The Thing”,
the Soviets would intercept conversations from the office of the U.S ambassador.

Since, these early “RFID” systems and their value in espionage and air-combat, a lot of progress has
been made. The RFID technology has been commercialized and standardized and is being used since the
late 80’s - early 90’s initially for applications such as access control in public transportations and later on
for applications concerning supply chain control.

In the dawn of the 21st century, the RFID technology is being redefined targeting sensing applications
due to the Internet of Things (IoT). The IoT is a concept, which aims to introduce, develop and establish the
smart management and lead the fourth industrial evolution. According to 10T everything will be connected
with everything, monitoring the environment and sending continuously information and data regarding the
operating conditions. To achieve the monitoring functions, the IoT concept is required to have somewhere

in the physical layer a number of wireless sensor networks (WSNs). These WSN’s are required to be able



to send information regarding temperature, pressure, proximity, strain, displacement, illumination, humid-
ity; to name just a few of the countless parameters which need to be monitored. This is where the RFID
technology comes handy, demonstrating numerous advantages to fulfill the required sensing and monitoring

part.

0.2 Thesis scope and contributions

The main goal of this thesis was to explore the capability of the RFID technology to offer sensing solutions in
the harsh industrial environment of hydroelectric power plants and especially in the interior of the generators.
The bulky generators of power plants are susceptible to break downs due to the oxidation of high current
conducting parts. One solution to avoid such break downs is to monitor the temperature or the deformation in
the interior of the generators and especially of the vulnerable parts. In order to monitor these parts, the small
size, the high accuracy and a potential passive operation of the sensors are critical attributes of the sensing
solution. In addition to these constrains regarding the sensors, the interior of the generators is consisted by a
big fast rotating metallic rotor with high electric and magnetic fields, which can result in major perturbation
of the wireless communications. The recent developments of the RFID technology and especially in the
UHF band towards the concept of sensor-tag can offer solution to this complex and challenging problem.
The UHF RFID technology offers many promising options while exhibiting the inherent advantages of this
technology: unitary identification, small size, low-cost and remote supply which allows power autonomy
and maintenance-free operation for years.

The first step of the thesis was to study the environment of an operating generator to identify disruptive
parameters of performance and radio communication, determining the most favorable areas and conditions
of operation. Initially, the effects of the heavy metallic environment on the sensor tag as well as on the RFID
communication were studied. By this study more robust and efficient sensor-tags could be designed in order
to achieve their communication and sensing functionality. The following step was to analyze and assess the
time delay of a UHF RFID system, aiming to identify the capability of the RFID system to operate within
fast rotating setups. This study focused on the minimum time required for the RFID system, including
the respective RFID protocol and processing hardware, to perform the appropriate steps for establishing a
communication link. Furthermore, experiments were conducted in environment with high magnetic field to
identify any disruptive effects on the RFID communication link.

The second step was to define the RFID sensor specifications by considering the following two ap-



proaches: (a) traditional integrated sensor to the RFID sensor-tags (including the associated challenge of
energy autonomy) and (b) RFID sensor-tags integrating the sensor functionality via their antenna or their
chip used as a transducer (sensitive to the parameter to measure). In this step, it was necessary to compare
the performance of commercially available RFID chips and quantify their potential to enable sensor func-
tions for the specific application. This established detailed specifications based on the state of the art and the
specifications required by the particular application as they were defined in the first step. The final required
specifications excluded the possibility of utilizing RFID sensor-tags with their functionality based on the
approach (b). However, several original RFID sensor-tag concepts based on such approach were proposed
and developed.

The third step of the thesis involved the design, fabrication of the final RFID sensor-tags. They were de-
veloped by appropriate simulation in electromagnetic tools and they were validated by fabricating a number
of prototypes. In parallel, the associated reading protocol and its integration into an RFID reader was also
developed. The reading protocol was based on the EPC Gen?2 protocol of the RFID UHF technology. In
addition, antennas for the RFID reader were also designed, simulated and fabricated in order to conform to
the appropriate specifications of the application.

The fourth and final step of the thesis was the selection of the qualified designed UHF RFID sensor-tags
and their laboratory validation. Also, the fabricated RFID reader antennas were experimentally validated
to ensure their operation with the total RFID system. In addition, these RFID sensor-tags were tested and
validated in real conditions.

The work which was conducted in the context of this thesis is organized as follows:

e Chapter 1: A short introduction in RFID technology is initially presented followed by a presentation
of the state of the art of the RFID technology for sensing applications. Following, a generalized
classification of the RFID sensing systems is proposed, aiming to set the distinguishing parameters of
the different techniques. Finally, a detailed analysis of the different approaches found in the literature

is illustrated, with examples and comparison between them, focusing in applications in the UHF band.

e Chapter 2: The impact of the harsh environment on antennas in general and on RFID tags specifi-
cally is discussed. This chapter includes among other, theoretical discussion and simulations of case
studies regarding the impact of metal on antenna structures. In addition, the impact of high electric

and magnetic fields on the RFID communication is discussed. Finally, an exploration on the time



constraints which govern the RFID communication is presented.

o Chapter 3: A variety of novel RFID sensor tag antenna designs are presented, aiming to evaluate
their performance according to imposed specifications. The design process with simulations, fabrica-
tion and measurement details is illustrated. Additionally, a property of one of the designs is further

exploited to offer a multiband operation in the specific RFID sensor tag.

e Chapter 4: A developed RFID sensor tag structure is the main subject of this chapter. This structure,
named as twin RFID sensor, offers a solution towards a higher quality temperature measurement.
Also, in this chapter the design and validation of some antenna structures for operation as RFID

reader antennas are presented and discussed

e Chapter 5: In this chapter, measurements of temperature and stress in the laboratory environment are
presented. In order to perform these measurements, the previously designed RFID sensor tags were

used. In addition, the capability of the twin RFID sensor tag is accessed.

e Chapter 6: Some different approaches on RFID sensing are presented in this chapter. A novel tech-
nique utilizing a self-tuning feature of some RFID chips is exploited in order to transform an off-the-
shelf chip to a temperature sensor. In addition, a series of chipless RFID sensor tags are presented and

discussed, while a type of chipless RFID reader is proposed.

e Chapter 7: In this chapter, the developed RFID sensor tags will be installed and tested in hydroelec-
tric power-plants and in particular on the interior of large-scale generators as well as on high voltage
transformers. The discussion will include also a variety of other information regarding the different
types and the geometries of the generators, the advantageous characteristics which can be utilized to
better exploit the RFID communication and the different issues faced during the visits in the different

industrial sites.

o Chapter 8: In the final chapter of this thesis, the general conclusion of this work is summarized while

future work regarding various concepts is proposed.



CHAPTER 1
RFID TECHNOLOGY AND SENSING

1.1 Introduction

The Radio-Frequency Identification (RFID) technology is currently one of the most promising technologies
as far as identification is concerned. It has been developed and exploited for the past few decades offering
more and more solutions in a variety of applications, such as traceability, access, security, and payments, to
name a few. Due to the versatility and the advantages that it offers, the RFID technology has been in the
center of a lot of research activity in order to find even more usages in areas where other technologies have
been traditionally used. Such usages included sensing applications, where the inherited passive operation of
the RFID technology, as well as the low cost and size of RFID devices, could offer great advantages. Last
but not least, the worldwide regulation of RFID is a decisive characteristic that favors its implementation in
a real environment.

In this chapter, a comprehensive description of the RFID systems is presented, discussing the various
RFID subcategories, focusing mainly on the Ultra High Frequency (UHF) RFID category. Following, the
evolution of the RFID technology into a sensing solution in the context of the Internet of Things (IoT) is
discussed and analyzed, presenting the different techniques which are implemented in the literature. This
implementation, concerning the RFID transformation into a sensing solution, is divided into multiple stages,
focusing each time in a different part of the RFID operational chain (i.e. RFID tags, radio interface, RFID
reader). Based on the different techniques and implementations, a general classification of the RFID sensors
is proposed, aiming to clarify the logic behind the main RFID sensing adaptations. This state of the art dis-
cussion is also accompanied with different examples found not only in the literature but also in commercially
available solutions, in order to offer a clear view of the differences of each technique and implementation.
Also, another objective of this chapter is to highlight the advantages and disadvantage of each case as well

as their performance by considering and comparing some examples of temperature sensing solutions.

1.2 RFID technology in a nutshell

A good way to start a chapter about RFID technology and sensing is to display and cite the principles of

the RFID technology. The goal is to set the basic lines of understanding and keep everyone on the same
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page during this chapter and this thesis overall. Presenting the RFID technology in many details is out of
the scope of this work, so the RFID technology will be presented in general lines. For more information on
the principles and the RFID technology in general, numerous articles and books can be referred such as [1,

2,3,4,5,6,7,8].

1.2.1 RFID technology in general

In general, the main components of an RFID system are the RFID reader, the antenna of the RFID reader and
the RFID tags. The RFID technology has quite numerous different implementations, protocols, operating
frequencies, and applications, making a classification of the different types of RFID systems a not so easy
task. One of the simplest ways to categorize the RFID systems could start by a separation between active and
passive RFID systems. In the first category, the active RFID tags, a power source is being used to support
their operation. This feature allows a wider range of communication and the ability to use more complex
and energy consuming functions, but at the expense of a higher cost. The passive RFID tags do not have a
conventional power source and they rely on the electromagnetic energy transmitted by the RFID reader to
power up their functions and communicate. The passive RFID tags exhibit less communication range than
the active RFID tags but they allow a lower cost, they are maintenance-free and they are easily disposable.

Another categorization feature for the RFID systems is the separation between near field and far field
RFID systems. This classification is based on the difference of coupling between the RFID reader and the
RFID tags. In the near field RFID systems, the nature of coupling is mainly inductive [3] and the data
transmission is performed through load modulation. The near field RFID systems are divided between two
major categories, the Low Frequency (LF) and the High Frequency (HF) depending on their frequency of
operation. The range of communication for near field RFID systems is between some centimeters to less
than a meter due to the fact that the near field coupling drops off at a fast rate relative to ~ %3 , where r is
the distance between tag and reader antenna. Moreover, the maximum range which inductive coupling can
be used is relative to the factor ~ % , where c the light speed and f the frequency, resulting in the need
for low frequency in order to operate with sufficient range. This low frequency imposes constraints relative
to the data transmission rates due to the limited available bandwidth. In Fig. 1.1 typical HF RFID tags are
presented.

The far field RFID systems can operate with much higher communication range and with higher data

transmission rates. The most used frequency band for far field RFID systems is the UHF 860-960 MHz
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Figure 1.1: Typical near field HF RFID tag [3]

Industrial Scientific Medical (ISM) frequency band. Other frequency bands are also used, such as the 433
MHz band and the 2.45-5.8 GHz band but with limited usage. A closer look at the operation of the far field

RFID systems will follow in the next subsection. In Fig. 1.2 some typical UHF RFID tags are illustrated.

e T

J“ () LJUK

Figure 1.2: Typical far-field UHF RFID tags [8]

Finally, it is worth mentioning the category of chipless RFID tags. In comparison to the traditional
RFID tags, there is no switching device (RFID chip), as their name suggests, and thus the communication
is not based on load or backscatter modulation. The chip-less RFID tags are actually a set of resonators
with different sizes or shapes and electromagnetic signatures (EMS). In order to model this EMS, the radar
cross section (RCS) feature is being used. For every resonator of the chip-less RFID tag, the RCS feature

is calculated and their combination is the identifier of the specific chip-less RFID tag. In order to achieve
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high capacity and readability, the chipless RFID tags require to operate in Ultra Wide Band frequency

(UWB) from 3.1 GHz to 10.6 GHz. More information regarding chipless RFID systems can be found in

[9],[10],[11]. In Fig. 1.3 a typical chipless RFID tag is presented.

In Table 1.1 is presented an overview of the RFID technology with information regarding near and far

field RFID systems.

=Y

8.5cm

Figure 1.3: Typical chipless RFID tag [12]

Table 1.1: Overview of RFID systems

Type Near Field Far Field

LF HF UHF/Microwave
Frequency 120-150 kHz 13.56 MHz 433 MHz, 860-960

MHz, 2.45-5.8 GHz

Read Range ~few centimeters <Im <20m
Protocols of com- ISO 14223/ 18000-2 1SO 14443715693/ 18000-3 1SO 18000-6/ 18000-4
munication
Regulation Regulated power and ISM band ISM band

frequency
RFID tags Passive Passive Passive/Active
Memory of tags Low Up to 8 Kbytes Up to 8 Kbytes
Data rate Low Moderate High
Common applica- Animal identification — Access, payments Identification,  asset

tions

tracking
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1.2.2 UHF RFID technology

In this thesis, the focus is the UHF RFID case and specifically for RFID tags with passive operation. The
main parts of a standard UHF RFID system are the RFID reader and the RFID tags. Such a system is

presented in Fig. 1.4.

RFID Tag

Figure 1.4: Standard UHF RFID system

The RFID reader is responsible for multiple operations. First of all, it contains all the appropriate soft-
ware in order to store and correctly encode the transmitting baseband signal, according to specific protocols
(e.g. ISO 18000-6). Secondary, it contains the RF front end where the baseband signal is up-converted to
higher frequency according to the appropriate frequency band depending on the region of operation (e.g.
Europe, North America). The difference for each geographical region is associated to the regulatory institu-
tion which supervises the operation of wireless communications (see Fig. 1.5). Besides the frequency, the
transmitted power is also regulated, depending on the operating region, and it is limited either by the figure
of the effective isotropic radiated power (EIRP) or the effective radiated power (ERP, EIRP=ERP+2.15 dBi).
For instance, in Europe according to the European Telecommunication Standards Institute (ETSI) the limit
is 2 W or 33dBm of ERP, while in North America, according to the Federal Communication Commission
(FCC) the limit is 4 W or 36 dBm of EIRP.

The RFID reader is connected to an antenna which is the mean for transmitting the interrogating signal

to the environment and eventually to the RFID tags. The antenna used can differ, according to the desired
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Figure 1.5: RFID frequency bands over the globe

application, but the typical choice for the UHF RFID operation is a circular polarized antenna with 6 dBi
of gain. This choice is usually made because the standard RFID readers have an output of around 30 dBm
and by adding the gain of this antenna results to 36 dBm of EIRP which is the maximum allowed power,
according to FCC. Also the choice of the circular polarization is made in order to avoid problems related to
miss-polarization due to the fact that the RFID tags are usually linear polarized.

The RFID tags are the most unique part of the RFID system, since so far the RFID reader and the
antenna are pretty much similar to other wireless communication systems. The RFID tags consist of two
parts: the antenna and the application specific integrated circuit (ASIC) which will be referred from now on
as the RFID chip. The main parts of the RFID chip include a digital processing unit, a non-volatile memory
and an RF power harvesting circuit. In the memory of the RFID chip appropriate information regarding the
protocol of operation are stored, while the digital processing unit among others, is responsible for different
functions such as the switching the input impedance of the RFID chip between two impedance states. The
energy harvesting circuit is responsible for powering up the RFID chip using the ambient electromagnetic
energy transmitted from the RFID reader. Without the existence of an RFID reader, the RFID tags cannot
be powered up and they do not operate. In order for this power to be maximized, it is important for the
used antenna to operate as efficient as possible, meaning that the RFID chip and the antenna of the RFID
tag should be carefully conjugated matched in as wide frequency band as possible. By this condition the

RFID tag can more easily power on its circuitry and operate. When powered, the RFID chip is switching
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between the two aforementioned impedance states, resulting to switching the RCS of the RFID tag between
two different values. This operation is leading in the modulation of the backscatter signal, enabling the
exchange of the information sent by the RFID chip according to the chosen protocol of communication.
This function that the RFID tag performs is known as backscatter modulation. The antenna of the RFID tag
can be chosen from a variety of different designs, based on the intended application, but the typical selection

is usually a meandered, for size reduction, dipole (see Fig. 1.2).

1.2.3 Internet of Things (IoT) and RFID

The concept of Internet-of-Things (IoT) is getting into everyone’s life more and more as the time pro-
gresses. A universal network, interconnecting multiple devices and integrating multiple functionalities will
be the backbone towards the realization of various “smart” environments (smart cities, smart houses, smart
agriculture, smart industries). With the IoT concept, the users will have access and will be able to monitor
and control many devices remotely through their smart phones, tablets or laptops. Many domains, such as
health care, smart grids, environment monitoring, traffic control, etc. can take advantage of the IoT, en-
abling a vast amount of information to be distributed and shared among the end users. The IoT has the
potential to become a key service for automating small, daily tasks such as controlling the heating system in
a smart house but also automating more complex functions such as controlling smart cars in highways. In
addition, the IoT can have a great impact on industrial environments by better monitoring and controlling
the production process. This could eventually result in a higher productivity, less industrial accidents and a
more effective usage of energy [13]. Furthermore, the IoT concept becomes even more appealing when it
is connected with the upcoming 5G technology [14]. The parameters of 5G cellular networks are expected
to be flexible and able to target specific applications and services with 10T being one of the top priorities
[15]. Considering this flexibility of 5G technology it will be very advantageous for the implementation of
Wireless Sensor Networks (WSN) which are the backbone of the physical layer of IoT.

In order to realize such WSN’s effectively, several attributes are very substantial. The IoT WSN’s
should be robust and reliable, especially when sensitive and impactful processes should be controlled and
monitored (for instance in healthcare or industry); secure and resilient to malicious interactions; sustain their
functionality with low power requirements; offer good accuracy; and present a low cost in order to be easily
adopted. All these attributes have created the need of cheap, easy deployed sensors and actuators, which are

capable of operating autonomous with very low energy consumption. These, so needed sensors, will be able
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to transmit the sensed information from the environment, as well as, interact with it. A very good candidate
for realizing the sensing functionalities for such an ambitious plan is the RFID technology [16]. The RFID
technology is a well-established identification technology which has become popular during the past two
decades and is still expanding. It offers reliable wireless identification solutions for many applications. This
is also indicated by the current trend of the RFID market which is expected to grow in revenues in the near

future (see Fig. 1.6 and [17]).
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Figure 1.6: Increase and projected revenues of the RFID market

Due to the mass production printing techniques and the advances in fabrication of Integrated Circuits
(ICs) the cost of an RFID tag can be very low, less than 0.10 for passive tags intended for general use [18].
However, there are also RFID tags with more capabilities and complexity that can cost more than 100. These
tags are usually active tags with very long read range (more than 100 m) and more than just identification
capabilities [19]. The RFID tags can work without energy source, in a passive mode, acquiring theoretically
lifelong autonomous operation.

The advances in IC technology in the last decade allowed the development of very sensitive RFID chips,
which offer a very sufficient read range that enables several new applications and can lead the implementa-
tion of the last few meters of the IoT. Table 1.2 presents the evolution of passive UHF RFID chip sensitivity
and its impact on the read range. Moreover, recent advances in RFID chips enabled them to be designed
for sensing a variety of physical parameters, such as temperature, pressure, acceleration, humidity, light,
inclination, strain and location to name a few, with adjustable characteristics, such as sensitivity, read range

and accuracy.



CHAPTER 1. RFID TECHNOLOGY AND SENSING 13

Table 1.2: UHF RFID chip sensitivity and read range for ETSI regulation during the past 20 years

Year Sensitivity (dBm) Read Range (m)
1997 -8 5.07

1999 -10 6.38

2005 -12 8.03

2007 -13 9.01

2008 -15 11.34

2010 -18 16.02

2011 -20 20.16

2014 -22 25.38

Note: Estimated theoretical read range considering operating frequency 868 M H z, reader power 2IW ERP,
reader antenna with gain 2 dBi, tag antenna ideal dipole and perfect match between RFID chip-tag antenna

Furthermore, the RFID technology, especially when operating in the Ultra-High Frequency (UHF) band
is very promising. It offers connectivity to a widely used frequency band (860-960 MHz) according to
the local regulations (mainly the European Telecommunication Standards Institute (ETSI) or the Federal
Communication Commission (FCC)) with well-defined protocols of operation (ISO, EPCglobal), achieving
reading ranges in some cases up to 20 meters for passive tags. Moreover, the RFID has a unique charac-
teristic in comparison with other technologies used for establishing WSN: The RFID sensor is actually a
“fusion” between a communication protocol and a sensor, while in the other technologies there is an actual
sensor connected to a communication module, in order to transmit the information. Also the RFID technol-
ogy allows WSN to consist of vast number of sensors due to the 32-bit EPC code used for identification,
whereas in other technologies this number is considerably lower. Because of this particularity of RFID tech-
nology, any new features should be capable to be implemented in the communication protocol. In addition,
the RFID technology is mainly operating passively lowering substantially the cost of the devices, prolonging
their lifetime, while reducing the carbon footprint [20]. All these aspects are presenting a clear view of why
during the last years much effort has been given in designing and developing efficient UHF RFID sensors
for a wide range of applications. Several classification attempts have been made in the past regarding the
integration of RFID sensor systems in WSN [21]-[22]. Also proposals about RFID sensor classification,
either in terms of “transducer” type RFID tags have proposed in [23] and [24] or in more general context
concerning RFID tags including circuits and chips with processing capabilities have been proposed in [25]-

[26] and [27]. In [28] there is a classification between analog and digital sensor and in [29] is presented an
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RFID classification specialized in food industry.
1.3 RFID communication chain

In Fig. 1.7, a general and synthetic diagram describes every block of the UHF RFID sensor communication
chain (integrating identification and sensing functionalities) with ultimate goal of underlining the properties
of each block. This diagram serves also as a summary of all the met cases and highlights the different links
in each step of radio communication, including the transmission of sensing data and identification (ID). The
communication chain between RFID sensor tag and RFID reader is presented in six levels: the RFID sensor
tag, the RFID data capture level, the RFID tag process level, the RFID communication channel, the RFID

reader process level and the RFID reader.
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Figure 1.7: Description of the classification format. Each Latin number represents a part of communication
between the RFID reader and the RFID sensor tag

1.3.1 RFID sensor tag

The RFID sensor tag exceeds the usual RFID tag functionality by offering sensing capabilities on top of
the identification functionality. This is why these types of RFID tags are also known as augmented RFID
sensor tags [30]. One important parameter that must be taken into account is the energy requirements of
the RFID sensor tag, Fig. 1.7 level I. The optimum design should be capable to sustain its functionality
without any additional external power source (passive mode), using only the rectifying capabilities of the
RFID chip. However, in many situations this is not feasible, thus the RFID tag should have a complementary

external power source (semi-passive mode) or it is powered exclusively by an external power source (active
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mode). For instance, in many cases additional power source is required either to power up sensors or an
extra micro-controller, while the communication with the reader is supported by the rectified RF power. In
any case the energy requirement is an application oriented characteristic and it is dependent on the operating

environment and the desired read range.

RFID reader RFID reader

Antenna

Antenna

Sensor

RFID chip RFID chip + extra

(a ) functionalities ( b)

Figure 1.8: Example of the internal/external RFID sensor concept

1.3.2 RFID data capture level

Initially, the state of the sensor must be clarified in terms of how the sensing procedure is being performed
at the sensor tag. The desired physical parameter can be sensed either using an internal sensor (Fig. 1.8a.)
or an external sensor (Fig. 1.8b.). The concept of internal sensor refers to designs using partially or even the
whole RFID tag structure to perform the physical parameter detection. The associated technique consists of
either frequency shifts due to the effective permittivity changes or the polarization conditions (i.e., where
the antenna is used as a transducer) or matching condition alterations due to changes to the input impedance
of the chip (i.e., where the chip is used as a transducer). Sensor tags without a chip (so called chipless
RFID tags) can also be classified in this category. These sensing capabilities can be detected in the reader as
backscattered signal alterations: power variations, shifts of frequency or phase variations. On the other hand,
external sensor is referred to RFID sensor tags that use sensors to enhance the sensing mechanism. These
sensors are connected to the RFID chip either with an external port through a microcontroller or they are

integrated within. There is a variety of sensors that can be used in such cases depending on the application.
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Usually the types of sensors used in these cases are resistive, capacitive or even voltage sources. Besides
the characteristics of each sensor type, regarding the RFID communication chain, there are some more
considerations that should be taken into account. The number of sensors that each type of RFID sensor tag
can accommodate is one interesting parameter. For instance, for the internal type sensor, the simultaneous
measurement of different physical parameters is a challenge, since the behavior of different parameters is
very difficult to be separated and recognized. On the other hand, for the external type sensor RFID tag, the
existence of external ports can allow the simultaneous usage of sensors for different physical parameters.
The limitation of the number of sensors for the external type sensor tag is due to the energy requirements
since each sensor consumes more power in order to be operational. In addition, the range, resolution and
accuracy of the measured parameter is an important factor, where the internal type sensor tag usually relies
heavily on the capability of the RFID reader to detect the corresponding changes, while in the external type
sensor these attributes depend on the used sensor and the resolution of the Analog to Digital Converter
(ADC) used for the measurement. A graphical representation of this level can be seen in the Fig. 1.7 level

IL.

1.3.3 RFID tag process level

The processing capability of the ICs used in RFID sensor tags is a very important feature for their overall
operation. The ICs used in RFID sensor tags can be divided into two categories: common off-the-shelf
ICs with their functionality limited to identification and ICs with upgraded functionalities including micro-
processors, ADCs, serial peripheral interface (SPI) ports or Inter-Integrated Circuit I12C) ports for more
processing capabilities and extra functionalities. Currently there are a series of RFID IC’s with these kinds
of capabilities from different manufacturers and with different specifications as presented in Table 1.3. This
separation is related to the internal/external sensor concept. Internal type sensor tags can be realized with
any types of ICs. On the other hand, in order to realize a sensor tag with an external type sensor, the usage of
an IC or a circuitry with additional processing capabilities either with an integrated sensor or external ports
which can accommodate various sensors is mandatory. However, the RFID chips with additional capabilities
usually have a low sensitivity which reflects to limited read range, while the off-the-shelf RFID chips have
higher sensitivity and thus superior read ranges.

For the internal type sensor tag, the physical parameter can be evaluated when the RFID reader receives

the interrogation response and according to the received power level or frequency or phase, the state of the
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Table 1.3: RFID ICs with extra functionalities

Functionality RFID ICs
SL900A Rocky Andy RFM 405 Magnus EM Monza
[31] 100 100 Xerxes-1 S-3 4325 X-8K
[32] [33] [34] [35] [36] [37]
Power-on sensitivity in -6.9 -13 -2 -18.6 -16.6 -8.3 -21.6
passive mode (dBm) (dual-
antennas)
Analog to digital con- Yes No No Yes No No No
verter
SPI or I*C SPI SPI SPI - - SPI Ige)
Integrated temperature Yes No No Yes Yes Yes No
sensor
Temperature accuracy  +1°C - - +0.5°C +i1°C +0.5°C -
Temperature range -40 to - - -40 to 40 to -40 to -
125°C 85°C 85°C 64°C

physical parameter can be determined according to preliminary calibration curves. In this case the RFID
sensor tag transmits the unique ID code which is stored in the non-volatile memory of chip and the useful
information is acquired by the reader prior to decoding process of the received signal. For the external type
sensor tag, a portion of the generated data from the sensor is digitalized and processed in the tag (since the
RFID tag in this case has extra functionalities) and embedded in the binary signal transmitted to the reader.
A great example for the case of the external type RFID sensor tag can be seen in [38]. In this case the
information about the physical parameter is acquired after the decoding process of the received signal. The

graphical representation of these processes can be seen in Fig. 1.7 level I11.

1.3.4 RFID communication channel

The concept of internal/external sensor is closely related to the communication channel (Fig. 1.7 level
IV) and to its role at the sensing procedure. In the case of internal sensor concept, the communication
channel is being altered in connection to the sensed physical parameter. These alterations include the back-
scattered signal power level, the center frequency and the phase. In this way, the variations of physical
parameters are linked to measurable quantities in the reader by calibration curves which correspond to the
status of the sensor to the measured physical parameter. Moreover, the most advanced off-the-shelf RFID

chips include auto-tuning” capabilities. In this case the RFID chips are capable of changing their input
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impedance according to environmental de-tuning effects. These changes can then be detected by the RFID
reader by simply acquiring the value of the “auto-tune” parameter from the memory bank of the chip. If
these changes can be related to certain effects linked to a physical parameter, then the RFID tag can work as
an internal type sensor communicating digitally [39].

In the case of the external sensor concept, the communication channel for an RFID tag sensor in a fixed
position is independent from the status of the physical parameter measured. The sensing information is
being processed in the RFID chip and it is enhanced in the bit stream received by the reader. The signal
contains all the information about the status of the sensor in binary form acquired by the reader after the
decoding process of the received signal.

Another consideration is the read range for each type of RFID sensor, especially in a passive mode
case. The internal type sensor depends on phase/frequency shift and impedance mismatches to transmit
information. This fact has an immediate impact on the read range, due to the condition of maximum power
transfer to the RFID IC, since the perfect match condition cannot be maintained continuously in most of the
cases. This issue is discussed in [40] where a different approach is suggested. For the external type RFID
sensor, an initial clarification to the meaning of read range should be made. When the desired information
is included in the binary stream a separation between the “power on” and “read” range should be included.
The fact that the RFID tag can be identified by the reader and there is a received power indication does not
ensure that the sensor tag can transmit the necessary power so that the bit steam with the information of the
sensor to be read. Thus, in this case the “read” range corresponds to the actual read range.

From this prospective there can also be a distinction of internal/external sensor to a distinction between

analog/digital information transmissions over the communication link.

1.3.5 RFID reader process level & RFID reader

In the RFID technology the main processing load is carried out by the RFID reader. A typical RFID reader
architecture can be seen in Fig. 1.9. The main parts of a typical RFID reader are the high frequency (HF)
interface and the control unit, responsible for the radio communication and the data processing respectively
[3]. The reader according to the RFID sensor tag should have different attributes. In the case of the internal
sensor type tags, the reader should be first calibrated with appropriate curves in order to translate correctly
the backscattered power, frequency shift or phase alterations received, to match them to the correct physical

parameter status. In this part it is very important to take into consideration the regulations, since for ETSI
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the available bandwidth is 2 MHz and for the FCC is 26 MHz. Furthermore, if the polarization of the signal

is used as an indicator parameter, the reader’s antenna should be carefully selected to match the criteria.
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Figure 1.9: Typical RFID reader architecture

In the case of external type sensors, since the communication channel, for a fixed position RFID tag
sensor, remains relatively stable, the reader has to be programmed to match the binary code, which is
included to the received bit stream, to the appropriate physical parameter magnitude. In the case of external
sensor type the antenna polarization is not as significant factor as in the case of internal type sensor. The
RFID reader and RFID reader process block corresponds to Fig. 1.7 level V and VI.

Furthermore, a very important attribute is the existence of the same protocol in both sensor types. For the
RFID tag sensor to be identified by the majority of commercial readers, the existence of a communication
protocol is crucial. In the literature, designs without the existence of protocol can be found, which mainly
focus to the proof of a certain concept. On the other hand, since there are globally used predefined protocols
like EPCglobal and ISO 18000-6, the majority of designs in the literature are compatible with either of these
protocols.

Finally, another characteristic which applies to both categories is the local regulations of the RFID
communication. The regulations used for the RFID communication, as it was already mentioned, can be
distinguished mainly between the regulations in USA (FCC) and the regulations in Europe (ETSI). The
main differences can be found at the frequency bands that are being used for each territory (865-868 MHz
for ETSI band and 902-928 MHz for FCC band), at the transceiver technique (4 channel plan for ETSI and
Frequency Hopping Spread Spectrum (FHSS) for FCC) as well as the maximum allowed transmitted power

from the reader, using the effective isotropic radiated power (EIRP) indication (3.2 W for ETSI and 4 W for
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FCC). Finally, it is worth noting that a new UHF spectrum, in addition to the 865-868 MHz band, is planned
to be available in Europe (around 917 MHz) demonstrating the dynamic of UHF RFID evolution [41]. In

Table 1.4 a summary of the attributes of each RFID sensor type are presented.

Table 1.4: Summary of RFID sensor types

Types of sensors

Level Internal External

Data capture Via tag structure Via dedicated sensors

Tag processes Basic RFID functionalities Advanced functionalities

Communication channel Varying/stable Stable

Reader processes Predefined calibration/memory Programmed with respective
bank commands

1.4 RFID sensor tags: Examples from literature and commercially available products

Significant examples of prototypes of UHF RFID sensors proposed in the literature are presented according
to the sensed parameter(s) and described according to the general diagram proposed in Fig.1.7. In Table 1.5
the literature examples, as well as some commercially available UHF RFID sensors are summarized, high-
lighting their characteristics according to the introduced classification. Finally based on RFID temperature
sensing which is one of the most researched areas regarding RFID sensors (e.g. [42], [43] and [44]), an
example of illustrative comparison is made for sensors of both types aiming to underline the performance in

terms of read range, accuracy, resolution and temperature range.

1. Orientation sensing: In [45] the orientation of an object is determined by the usage of two passive
UHF RFID tags attached on an object. These two tags have a known angle difference between them.
The communication channel is varying according to the orientation and the status of the orientation
parameter is calculated by a statistical estimator based on the Received Signal Strength (RSS) varia-
tion, which is being caused by the polarization angle between the tags and the antenna of the reader.

This is an example of an RFID tag with an internal type sensor, since the sensing data capture is due
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to antenna’s characteristics. The chip used in this case is an off-the-self chip (ALN-9740) with basic

identification capabilities.

Figure 1.10: Orientation sensing with RFID tags [45]

2. Motion and temperature sensing: In [46] (see Fig. 1.11), a both motion and temperature semi-
passive UHF RFID sensor tag is presented. The communication channel in this case is independent of
the physical parameters which are being sensed and an appropriate programmed reader is needed to
evaluate the status of these parameters. According to the inclination of the object towards the earth’s

magnetic field, the sensor can monitor and log the motion of the object and at the same time it can

monitor the temperature of the object as well.

Reader ante

Figure 1.11: Motion and temperature sensing RFID sensor tag [46]

This is an external type RFID sensor able to detect the motion and the temperature of an object, using a
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chip with processing capabilities (AMS SL-900A), accommodating an integrated temperature sensor

and an externally connected anisotropic magneto-resistive sensor.

3. Temperature sensing: In the example of [47], two temperature passive UHF RFID sensors are pre-
sented, one external type (example a) in Fig. 1.12 and one internal type (example b) in Fig. 1.13.
For the external type sensor, an RFID chip (EM Microelectronic- EM 4325) with an integrated tem-
perature sensor and extra functionalities is being used. The communication channel is independent of
the physical parameter sensed and the reader must be programmed to make the temperature readout.
In this case a double folded patch antenna is used. For the internal type RFID sensor, a meander
dipole antenna is used with a thermistor connected in parallel to the chip. According to the ambient
temperature the resistance of thermistor changes which affects the reflecting impedance of the RFID
chip. The chip used is an off-the-shelf chip (Impinj Monza-R6), the communication channel is vary-
ing according to the physical parameter and a reader will be able to make the measurement of the

temperature using calibration curves.

RFID chip

vV

Antenna

Figure 1.12: RFID temperature sensor (a) (external type)
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RFID chip

4
\

Thermistor

Figure 1.13: RFID temperature sensor (b) (internal type)

4. Pressure sensing: In the example of Fig. 1.14, [25] a passive RFID external sensor is presented.
The pressure sensor is externally connected to the RFID tag and a chip with processing capabilities is
used (AMS SL900A), connected with a micro controller in SPI mode. The communication channel
is independent from the physical parameter and the reader must be programmed in order to have the

readout of the pressure. A dipole antenna is used in this case.

Figure 1.14: Pressure sensing RFID sensor[25]

5. Gas sensing: In the example of Fig. 1.15, [48], a passive internal RFID sensor for gas sensing
(ammonia), is designed utilizing carbon nanotubes (CNT). The CNT drop is connected with a meander
dipole antenna. The existence of ammonia in the vicinity of the CNT is causing an impedance change
and this change affects the back-scattered power. This is an example of internal RFID sensor. Even
though this example is chip-less it can be classified as an internal type passive RFID sensor with the

sensing mechanism operating due to matching alterations caused by the physical parameter sensed.
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Figure 1.15: Chipless gas sensor

The communication channel changes according to the physical parameter and a reader with calibration

curves should be used in order to measure the quantity of ammonia.

6. Light sensing: In the example of Fig. 1.16 [25], an external type passive UHF RFID light sensor is
being realized using a chip with processing capabilities (AMS-SL900A). The communication channel
is independent of the physical parameter variations and the reader must be programmed to translate the
data bits. Since this chip includes an integrated temperature sensor, it is capable of sensing temperature

and luminosity at the same time.

Dipole antenna

Figure 1.16: Light sensing RFID sensor tag

7. Threshold temperature sensing: The internal type RFID sensors can be also used as threshold sen-
sors. In the example of Fig. 1.17, [49] a passive UHF RFID sensor with an internal type temperature
sensor, realized on appropriate paraffin substrate, can sense the temperature rise over a certain thresh-
old. An off-the-shelf chip is used (Alien Higgs 2) and the communication channel is varying along
with the temperature. From the reader’s part calibration curves should exist. When the temperature

exceeds a certain threshold the RFID sensor changes its proprieties permanently.
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Parafin substrate

Antenna

Figure 1.17: Threshold temperature RFID sensor tag

8. Meat quality sensing: Another method of sensing is to exploit the permittivity variations of the
substrate. It is well known that foods, like meat, contain a large percentage of water (more than
60%) that will decrease over time due to the evaporation process. Exploiting this feature can be
used to measure the freshness of meat. This process has been exploited in [50] to design an RFID
sensor of meat quality that provides back-scattered signal linked to the freshness of the meat. The
communication channel is varying in this case and a reader with predefined curves should be used in

order to evaluate the condition of the meat.

RFID chips
Antennas

Figure 1.18: Meat quality sensing RFID tags
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9. Commercial temperature sensing: A commercially available UHF RFID sensor in the RFM3240 of
RF Micron [51] is presented in Fig. 1.19. It is a passive temperature sensor dedicated for on-metal
applications with a temperature range from -40 °C to +85°C. This sensor utilizes the Magnus S3 RFID
chip which has the ability to change its internal impedance to de-tuning effects. It can be classified
to internal sensors but in this case the communication channel is not varying since the information
is in digital form. Based on the value of the variable input impedance of the chip this sensor can be
calibrated to transmit information about the temperature which is a detuning factor. The accuracy of

this sensor is less than 4 2 °C.

RFM3240-AFS
Temperature Sensor

Figure 1.19: Temperature sensor from RFMicron

10. Commercial pressure and temperature sensing: Another commercially available UHF RFID sensor
is the CYCLON-14BA from the company Farsens [52], Fig. 1.20. This is a passive pressure and
temperature sensor utilizing a circuit with an ANDY 100 RFID chip, a microcontroller, a pressure and
a temperature sensor. It has a pressure range from 0 to 14 bars with an accuracy of + 140 mbar and
resolution of 14 mbar. The temperature range is from -30 °C to +85 °C, with an accuracy of = 1 °C

and resolution 0.1 °C. This is an external type RFID sensor.
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Figure 1.20: Temperature and pressure sensing RFID tag from Farsens
Table 1.5: Comparison of Examples from Literature

Example 1 2 3a 3b 4 5 6 7 8 9 10
Energy iy Semi- . . Semi- . . . . iy iy

Passive . Passive Passive 5 Passive Passive Passive Passive Passive Passive
(Level I) passive passive
Physical . . Motion 5 5 5 Light & Permittivity Temperature

Orientation  tempera- Temperature ~ Temperature  Pressure Gas tempera- Temperature Temperature
parameter of meat & pressure

ture ture

il:l:,l;:r of 2 1 1 1 1 2 1 1 1 2
Data capture I/?ternal Internal Internal Internal l/?termzl I/?ternal

via  an- External External . y External P External P via  an- via  an- External
(level IT) via chip via chip via chip

tenna tenna tenna
Tag Process  \;nosu0  s1-9004 EM-4325 MonzaR6  SL-900A Chip-less SL-900A Alien-H2 AK3- Magnus- ANDY-100
(level I1I) Tagsys S3
Chip
(s;::s'i'x“y -20 dBm -6.9dBm  -83dBm  -21dBm -6.9 dBm 6.9dBm  -14dBm -15 dBm -16.6dBm -2 dBm
mode)
Communication
channel Varying Stable Stable Varying Stable Varying Stable Varying Varying Stable Stable
(level IV)
Reader Calibration Calibration Calibration Calibration ~ Calibration Through
process Programmed  Programmed Programmed Programmed memory Programmed

curves curves curves curves curves
(level V) bank
:::;‘:;:‘g“e 2m 7m 15m 13m 15m 1.6m 7m 14m 19m 15m

EPC EPC Gen EPC EPC EPC Gen No Proto- EPC Gen EPC EPC
Protocol Gen2/ISO 2 Gen2/ISO Gen2/ISO 2 col 2 Gen2nso  EPCC2  Guopso  EPCCen?
Regulations ETSI/FCC ETSI/FCC ETSI/FCC ETSI/FCC ETSI/FCC ETSI ETSI/FCC ETSI/FCC ETSI ETSI/FCC ETSI/FCC
Dimensions 3 ;gQ 52 x gg 1857 x 120 x 79 x 44  x 63 X 52 5 x  T6x34x
(mm=) NaN 74 X 3 NaN 22.2x 2 30 x 0.2 5.5x1.5 30 x 1 67 x 0.2 35 4

1.5 Comparison of different types of RFID temperature sensors

In this part some of the RFID sensor tags capable to measure the temperature are selected from Table 1.5.

Based on the previous discussion, the type of RFID sensor tag (internal/external) is expected to have an

important role to the performance of the temperature RFID sensor tag.

In the case of the internal RFID temperature sensor tag type, the sensing mechanism is realized through
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the variation of the reflection impedance and thus, the read range is expected to be affected due to miss match
between antenna and RFID IC. The other attributes, such as resolution, accuracy and temperature range
are mostly results from the designing process, the interacting method with temperature and the calibration
curves used in the reader to quantify the measured parameter.

In the case of the external RFID temperature sensor tag, the actual sensor used for the measurement
of the temperature presents a specific resolution, accuracy and temperature range. When an integrated
temperature sensor is used in a chip with processing capabilities the aforementioned attributes are fixed
according to its initial characteristics. When the temperature sensor such as a thermistor or a thermocouple
is interconnected externally through a microcontroller, the resolution, accuracy and temperature range are
solely dependable on the sensor used. Finally, the fact that the communication channel is independent
from the measured physical parameter makes the reading range dependent upon the chip sensitivity, the
polarization miss match, the antenna design, the operating environment and the power of the RFID reader.
In general, the comparison of the examples of RFID temperature sensor tags, can lead to remarks concerning

in general the RFID sensor tags. In both types, internal and external, pros and cons can be observed, (see

Table 1.6).
Table 1.6: Comparison of temperature sensing examples

Example # #3a #3b #4
attributes
Sensor Type External Internal External
RFID chip EM 4325 Monza R6 SL900A
EIRP of RFID reader 047 W 0.13W 04w
RFID chip sensitivity -8 dBm -22 dBm -15 dBm (semi-passive)
Read Range 1.5m 1.3m 1.5m
Temperature resolution 0.25°C 0.5°C to 3°C 0.15°C
Temperature accuracy +0.5°C +1°C +1°C
Temperature range —40 to 64°C 28 to 200°C —40 to 125°C




CHAPTER 1. RFID TECHNOLOGY AND SENSING 29

For the case of external type RFID temperature sensors, the usage of RFID ICs with low sensitivity
results in limited read range and also the processing functions of the chip are adding a time delay which
is important, especially when there are involved in real time sensing applications [53]. On the other hand
the connectivity option of these chips with a variety of sensors using even the Serial Peripheral Interface
(SPI) mode offers great advantages in terms of design flexibility, ease of realization and reliability in the
communication.

For the case of internal type RFID sensor tags the usage of chips with high sensitivity, leads to higher
read ranges even though the techniques used involve impedance miss-matching conditions which affect
partially the performance of the sensor tag. The physical phenomena detected by such sensor tags can be
seen to the reader faster, without additional delay due to processing functionalities at the side of the tag. The
internal type RFID sensor lacks the ease of realization and usually requires high expertise in antenna design,
since in every case the tags should be carefully designed and matched to the sensing structure or mechanism.
Also effects in the communication channel can lead to ambiguous results. The fact that calibration curves
should pre-exists makes these type of tag sensors highly customized according to the operating environment

and application.

1.6 Conclusion

The main target of this chapter was to present the state of art in RFID sensing. Initially, a short introduction
on the RFID technology has been attempted and hopefully it will be able to offer a basic understanding on
the operation of the RFID systems in general.

In addition, the connection between the RFID sensing and the IoT is illustrated, pinpointing the impor-
tant role of the RFID technology in the 4th industrial revolution which is upon us. Enabling smart cities,
industries, agriculture is a step towards the future and the qualities that the RFID technology is offering in
the field of sensing is something which is difficult to be denied.

Following up, the RFID sensing concepts have been introduced through a review and a comprehensive
classification. The main differences in each part of the RFID communication chain have been highlighted
while the different techniques of realizing RFID sensors are listed. From this part, someone can affiliate
the different approaches for designing and realizing RFID sensors based on specific requirements. Different
design approaches offer different advantages and disadvantages related to read range, quality of sensing,

cost, processing requirements and ease of fabrication. Furthermore, a plethora of UHF RFID sensor designs
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are discussed, explained and compared. This part holds a high interest as it can illustrate the potential of
the RFID sensing technology which is quite versatile, since the sensing function can be implemented with
different materials, transducers and communication style (i.e. phase shift, frequency shifts). Moreover,
in this conclusion section it is quite important to mention and underline the unique features of the RFID
technology as far as it concerns the formation of Wireless Sensing Networks (WSN). The RFID technology
has the privilege to be a priori passive, a feature that other technologies are not designed for and this attribute
has the potential to enable a vast amount of RFID sensor to be deployed in the environment of interest. This
potential scenario of numerous RFID sensors in the same environment can be linked to another feature of
the RFID technology: the EPC code used in the RFID tags is a 32-bit number which results to around
4 billion of unique EPCs. This feature results in a practical unlimited number of RFID sensing tags in
a single node of a WSN. Finally, the well-established protocols and regulations which govern the RFID
communication is another facilitating element towards the vision of the future WSNs. Concluding, the 5G
and 10T implementation and the current and future research on RFID sensing worldwide is very likely to
enable new and unprecedented applications. These milestones can be the breakthrough to move a step closer
to the realization of the IoT of the future and all these reasons are making the RFID sensing technology

without any doubt a cornerstone of WSN and IoT.



CHAPTER 2
ENVIRONMENT OF OPERATION

2.1 Introduction

A very important part of the thesis has been the efforts to study and understand the impact of the very un-
hospitable environment of the interior of a big scale generator and generally of the industrial environment.
The interior of a generator has some, very specific properties, which can pose great limitations on the prop-
agation of electromagnetic waves, while dramatically impacts the operation of the RFID tags, in particular
at UHF bands.

The interior of a large scale generator is entirely made from different kind of metallic parts (iron, copper,
steel, silicon steel). The presence of metal has a very detrimental effect on the antenna structures, as well
as on the RFID communication due to multipath phenomena. Moreover, the impact of the high electric and
magnetic field which are present in the interior of the generator has to be explored to fix any complication
on the performance of either the RFID sensor-tags or of the RFID communication. The important and
nonnegotiable feature is to be compliant with RF ad RFID regulations that impose the frequency band, the
maximum power and communication protocol.

In addition, the fast rotation of the generator can contribute to these potential limitations and more
specifically disturb the RFID communication. The overall system (RFID tags-RFID reader) is in a dynamic
state in such a rotating scenario where their relative positions are quickly and periodically varying. This
behavior can introduce small time windows were the RFID communication is possible, with limitations
depending on the rotational speed and the delays due to the processing capabilities of the individual sub-
systems and the communication protocols.

In this chapter, the described points of interest are discussed and explored through a theoretical back-
ground study and through testing the RFID communication and the performance of the RFID sensor-tags
in such conditions. Initially, the effects of metal on antennas in general are discussed and analyzed. Fur-
thermore, the radiation properties of antennas in the interior of a large generator is studied by constructing
numerical models of the generator and of the RFID antennas and simulating their co-existence in appropri-

ate electromagnetic tools. An exploration on the time constrains of the RFID communication is following,

31
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presented through theoretical and experimental results. The last part presents test and measurements in

environments where high magnetic field is present.

2.2 Effects of metal on the antennas

In general, the presence of conductive materials in close proximity to an antenna, affects its performance

and mainly its radiation pattern and impedance and therefore its effective efficiency.

2.2.1 Effects of metal on the radiation of antennas

In this section the effects of a conductive surface in close proximity to a dipole antenna will be examined,
aiming to evaluate the impact on the radiation pattern. Initially the case where the dipole is positioned near
to an infinite large conductive plane will be examined. The conductive plane will be considered to exhibit
infinite conductivity, which is a good approximation of real cases where good conductors are used, such as
copper or aluminum surfaces. Finally, the conductive plane will be considered as infinite with regard to the
operating wavelength, which can be considered accurate when antennas with high enough frequencies are
studied.

The radiation pattern and the effects of a metallic surface on a random antenna can be analyzed by the
image theory [54]. The analysis of the effects on the radiation of a dipole antenna near a conductive surface
with the image theory is mainly done by considering either the case of a horizontal or vertical dipole antenna
over the conductive plane. The RFID antennas are usually positioned in parallel to a surface, since they need
to maintain a low profile. Hence, an analysis of a horizontal dipole over a perfect electric conductive surface
will be used to demonstrate the effects of the metallic surface on the farfield of the antenna.

Let’s consider for simplification an infinite large electrically conductive surface with infinite conductiv-
ity o — oo (perfect electric conductor denoted as PEC hereinafter), as depicted in Fig. 2.1 and Fig. 2.2.
The dipole is positioned in a distance h from the conductive surface and the generated reflections can be
modeled with an imaginary dipole at a distance i below the surface.

The direct component of the electric field at the point P; will be (2.1):

kIyle Ikr2

Ef = jnTTlsim/J (2.1)
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Figure 2.1: Example of horizontal dipole parallel to an infinite large PEC [54]
And the reflected component will be (2.2):
. . k]ole_jkm . . kfole_jkm .
Ey, = jRy— ———sin = —jn— ———siny (2.2)
47y A7ry

where 7 the intrinsic impedance of the medium, &k the wavenumber, [y the magnitude of current at the
feeding port of dipole, [ the length of dipole in meters, r; and 79 the distance in meters of P; from the source
and source image respectively and R = —1 the reflection coefficient.

Where the siny will be (2.3):

siny = /1 — sin20sin?¢p (2.3)

In addition, for the farfield where the distances r; and 72 are much greater than h the following approx-
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Figure 2.2: Far-field observation of the horizontal dipole [54]

imations are used(2.4),(2.5):

r1 ~r — hcost
for phase variations:

ro =71+ hcosf

and for amplitude variations : 7| &~ ro = 1

Hence, the total electric field at the point P; will be:

kIgle kT
E, = Eff, + Ey = Ey = jnL\/ 1 — sin?0sin?¢| j 2sin(kh cos(6))]

4mr
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2.4)

2.5)

(2.6)

The expression 2.6 will be valid only above the infinite large conductive surface, when the point of

observation P; will satisfy the conditionsof : 2 > h,0 < 0 < g and 0 < ¢ < 27. Based on the behavior of

the electric field at the farfield, the radiation pattern will be affected by the distance h and the angles 6 and

¢ of the observation point.
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2.2.2  Numerical model and representation of the radiation pattern

The impact of the conductive plane on the antenna which was described in the above section can be more
intuitive if the results are demonstrated in a more straightforward way. For this reason, a simple numeri-
cal model of an ideal, center-fed dipole antenna in parallel with an infinite sized metallic plane was used
in Matlab [55]. The dipole and the infinite large conductive plane were simulated for different distances
(A/8,A/4,)/2,3\/4, X and 2\ where X the wavelength for frequency 900 MHz). In Fig. 2.3 the corre-

sponding setup in graphic interface of Matlab is presented:

dipole over infinite ground plane

150

CImetal

Ilfeed
“linfinite ground

Figure 2.3: Model of horizontal dipole close to infinite large PEC

The corresponding radiation pattern of the dipole for variable distance A is depicted in Fig. 2.4 through

Fig. 2.9.
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Output Directivity
Frequency 900 MHz
Max value 8.65 dBi

Min value -85.3 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.4: Radiation pattern for distance h = \/8

Output Directivity
Frequency 900 MHz
Max value 7.43 dBi

Min value -82.7 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.5: Radiation pattern for distance h = \/4
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Output Directivity
Frequency 900 MHz
Max value 8.33 dBi

Min value -78.2 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.6: Radiation pattern for distance h = \/2

Output Directivity
Frequency 900 MHz
Max value 8.01 dBi

Min value -73.5 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.7: Radiation pattern for distance h = 3\ /4
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Output Directivity
Frequency 900 MHz
Max value 8.12 dBi

Min value -71.9 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.8: Radiation pattern for distance h = A

Output Directivity
Frequency 900 MHz
Max value 8.26 dBi

Min value -65.5 dBi
Azimuth [-180°, 180°]
Elevation [-90°, 90°]

Figure 2.9: Radiation pattern for distance h = 2\
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As the dipole is placed at greater distance from the conductive surface, additional lobes are appearing

with their number being dictated by the relation in 2.7:

1< N~=2- 2.7

>

where N € Z is the number of lobes.

The directivity of the antenna, as presented in [54] varies according to the distance h at 900 MHz, as

demonstrated in Fig. 2.10.

T T

g 8Directivity of Horizontal Half-Wave Dipole over Infinite Large PEC

T

8.6

8.4

8.2

Directivity (dBi)

7.8

76

7.4 : % : : t : :

A8 N4 N2 34 A 3)\2 2\
Distance h (wavelengths)

Figure 2.10: Directivity of dipole for different values of A at 900MHz

For distances h < 2 the directivity is varies rapidly and significantly When the distance increases to
3 y pidly g y

values h > % the variation of directivity becomes smaller. The expression of the directivity is governed by

(2.8):

4Sin2(kh) kh< E(h< A)

D= R(kh) — 2 — 4 (28)
s A
ey okh>5(h>q)

where R is the radiation resistance which will be defined later on and depends on the intrinsic impedance

of the medium n, the wavelength A, the length of the antenna [ and the distance h.
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2.2.3 Effects of metal on the impedance of antennas

The effects of conductive materials on the radiation properties of the antennas are not the only disturbing
factors. Also, the impedance of the antenna varies and is closely related to the distance between the metallic
surface and the antenna. One way to demonstrate such an effect is to consider the mutual coupling between
the antenna and the image antenna as presented in the previous section. The system of two identical antennas

can be described by the following two ports network, presented in Fig. 2.11 [56],[57]:

Il_’ -~ Iz
A\ [Z] V,
O— —C

11 IZ
: Z11-Z12 L2-7s '
\‘vlo— 117412 227421 —O\,z
Port 1 5 Port 2
Zl :{)N] T

1
© N
)

O

Figure 2.11: (a) two port network (b) T-network equivalent representing the mutual coupling between an-
tenna and image antenna as a two port network

The Z11, Z21, Z12 and Zyy are defined by the voltage-current relations [54](2.9),(2.10) :

Vi=2nl+ Zi21o
(2.9)
Vo = Zo1Iy + Zagls
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and

v
Zi1 = Tl
1ln=0
7 Vi
12=—
I _
2 h=0 (2.10)
V5
Zo1 = T
111=0
-
Zy = TQ
21ln=0

The Z7; is the input impedance at port 1 when port 2 is open circuited, the Z2; is the mutual impedance
at port 1 due to the current at port 2 ( when port 1 is open circuited), Z12 is the mutual impedance at port
2 due to the current at port 1 ( when port 2 is open circuited) and Za5 is the input impedance at port 2 due
to the current when port 1 is open circuited. The distance between the two antennas will be 2h , (see Fig.
2.1). For a single isolated antenna, where Zso = 0 and h — oo, the mutual coupling would be Z1o — 0
and Z; = Z1;. In general, where there are two identical real antennas in proximity the procedure to find the

mutual coupling would follow the below steps [56]:

e Open circuit antenna 2 and measure the open circuit impedance Zpc = Z1; at the terminals to antenna

1.

e Open circuit antenna 1 and measure the open circuit impedance Zpc = Za9 at the terminals to antenna

2.

e Short circuit antenna 2 and measure the short circuit impedance Zg¢ at the terminals to antenna 1.

e Compute Z1o with (2.11)

Zva =\ Zoc(Zoc — Zsc) (2.11)

The input impedance at the feeding point for each dipole will be (2.12), (2.13):

I

71 = Zn + lef—z (2.12)
1
I

Ty = Zgg + Zoy — (2.13)

I
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For reciprocal network Z15 = Z91 and for identical dipoles Iy = I = I resulting for the examined

case in (2.14)

Z =271+ Z2 (2.14)

,where Z11 = Zyo and Z19 according to (2.15)

1
Zo="2= 1 [* B()h()i: (2.15)
0 2l J-1

Such a procedure is used mainly in array antennas, where there are a lot of identical antenna elements
in close proximity. In the case examined here, this kind of method is impossible to be applied since the
real and image antennas cannot be treated with different configurations (open/short circuit one at a time).
However, this kind of procedure is useful to demonstrate how the effects of conductive surface can be
treated. In practice, the required currents and voltages can be computed with other numerical procedures
such as Method of Moments (MoM) [58].

The general trend, as far as the mutual coupling is concerned, can be summarized as follows [56]:

e The distance h between the antennas (real and image) is impacting the mutual impedance.

e The radiation pattern in far field, as shown previously, is indicating coupling effects. In (2.6) this

interaction is presented by the terms in the bracket (array factor).

e The orientation of the electric fields of each antenna can lead to greater disturbance and the coupling
effect is maximized when they are parallel in contrast when they are vertical. For the studied case the

two antennas (real and image) will always have parallel electric field lines

2.2.4 Numerical model and representation of the antenna impedance

The variation of the impedance of the antenna can be demonstrated by the same way used in §2.2.2. Using
the numerical model of a half wave, center-fed, dipole over an infinite large PEC for different values of
distance h (A\/8,A\/4,A/2,3)\/4, A and 2\ where X is the wavelength for frequency 900 MHz) the resis-
tance and reactance of the dipole antenna can be computed and it is presented in Fig. 2.12 and Fig. 2.13,

respectively.
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Frequency MHz

Figure 2.12: Resistance of dipole for different values of h
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Frequency MHz

Figure 2.13: Reactance of dipole for different values of h

The variation of the complex impedance for the half-way, centre-fed, dipole at the frequency of 900

MHz as function of distance h is presented in Fig. 2.14.
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Impedance of Horizontal Half-Wave Dipole over Infinite Large PEC at 900 MHz
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Figure 2.14: Complex impedance of dipole as function of distance h at 900 MHz

The complex impedance varies in similar way as the directivity presented in Fig. 2.10. It exhibits strong
variation for smaller values of / and it acquires more stable values as the distance h becomes greater and the
effect of mutual coupling between the antenna and its image weakens. For the case of RFID antennas, where
they are required to be attached on metal, it could be more interesting to follow the impedance changes for

very small values of h, as it is demonstrated in Fig. 2.15.

0 Impedance of Horizontal Half-Wave Dipole over Infinite Large PEC at 900 MHz
T T T T T

-o-Resistance
—Reactance

20

Impedance (£2)
B
T

ol 00000060008000800080

1 1 1 1 1 1
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Figure 2.15: Complex impedance of dipole as function of distance h (small values) at 900 MHz

The resistance part of the impedance is very close to zero and since the examined case is for an ideal
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lossless dipole, this value will be only dependant on the radiation resistance (2.16), (2.17):

2 sin(2kh)  cos(2kh)  sin(2kh)
Be=mm (3l - o — OhE T (ke | 2.16)

3273 1 o hog
—U?(X) (X) (2.17)

The reactance of the antenna also varies rapidly as function of distance 5, which results in the shift of the

resonance frequency of the dipole antenna. From the Fig. 2.13 the resonance frequency will vary according

to Table 2.1:

Table 2.1: Resonance frequency of dipole antenna as function of distance h

Distance h (wavelengths) Resonance frequency (MHz)
A/8 874
A/4 890
/2 960
3N/4 930
A 954
2\ 945

The reactance variation has a great impact on antennas, especially when the antenna is connected to
another device with a specific input impedance. According to the distance of the antenna with the metallic
surface the matching between antenna and device will also vary and result in an increase of the insertion
loss. Moreover, when the antenna has to operate in a limited frequency bandwidth, such variation poses even
a greater problem since small variation of distance could lead the system to operate out of the designated

frequency band.
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2.3 Multipath effects on RFID communication

When the communication channel between two antennas is considered, usually the analysis is based on a
line of sight (LOS) scenario in free space propagation. In such a system, the communication is assumed to
be carried out by a single path, connecting directly the two antennas. In reality though, beside the considered
main single path, there is a number of paths, mainly due to reflections and diffractions, which are forming the
communication channel [59]. Each of the additional paths will result in a signal at the destination antenna
with different amplitude and phase characteristics from the direct path. The phase difference between the
direct signal and all the additional signals will result in a constructive or a destructive interference causing
either higher or lower signal strength in the receiving position of the antenna. Such multipath scenario is
very dependent on the geometry and the materials forming the environment of propagation between the
two antennas. For instance, in an environment with absorbing materials the reflections and diffractions will
be minimized (case anechoic chamber), while in an environment with metallic objects, like an industrial
environment, the effect of multipath will be stronger [60].

The single path transfer function takes the form (2.18):

H(w) = ae™ ™t (2.18)

,where ¢ is the propagation delay and « is the path attenuation.

For multipath communication the transfer function will be (2.19):

N
H(w) =Y ope "™ p =0 +iw (2.19)
k=1

,where 7}, is the delay of the k* reflection, oy, the k*" path attenuation and NV is the number of reflections
[7-8].

The multipath phenomena should be taken into consideration for the RFID communication, especially
in an environment with multiple metallic surfaces and objects [61]. For a given RFID system, where RFID
reader’s antenna and RFID tags have fixed positions, a proper placement of each component can be achieved
by finding the positions where there will be a constructive interference. This proper selection will enhance
the read range of the RFID tags. In a moving system, where the antenna of the RFID reader is fixed but

the RFID tags are moving, the multipath phenomena will be quite difficult to predict since the system is
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time variant. In such case, a more practical and straightforward approach is by conducting real tests in the

intended environment.
2.4 Numerical model of a complex metallic environment

In the previous section an ideal case of an antenna near a PEC surface was studied. In a real environment with
higher complexity, such analytical representation of the phenomena would be very difficult to be calculated.
Imagine an antenna in the interior of a complex metallic structure. For every metallic surface in the vicinity
of the antenna there would be an image antenna and in order to compute for instance the impedance of
the antenna, the mutual coupling between numerous antennas should be calculated. Likely computational
algorithms, such as the Method of Moments (MoM) [58], Finite Difference Time Domain (FD-TD) [62]
and Finite Elements Method (FEM) [63], can solve this kind of problems as far as numerical models of the
antennas and the environment of operation can be constructed in appropriate electromagnetic tools, such as
CST Microwave [64] and HFSS [65].

In order to explore the radiation characteristics of an RFID antenna in a complex metallic environment,
a numerical model of a real sized generator with four RFID antennas in the interior was constructed and
simulated. The materials which were used for designing the generator were copper, iron and steel with a
plexiglas material at the exterior. The design of the generator model was inspired by a real generator. In Fig.

2.16 the designed generator is presented.

Diameter 3,1 m

w o' | gl

L4

Figure 2.16: Numerical model of a real sized generator with RFID antennas in the interior

The numerical model was simulated, aiming to point out the radiation pattern of the four RFID antennas.
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Due to the size of the simulated structure and the frequency of the desired operation (868 MHz), the time of
simulation was quite considerable (more than two weeks for an Intel i7 processor with 52 GB of RAM) and
the amount of generated mesh cells was in the order of a million. The radiation pattern of the simulation is

presented in Fig. 2.17.

Directivity

Figure 2.17: Radiation pattern of the 4 RFID antennas in the interior of the generator model

From the radiation pattern it can be seen that due to multipath phenomena the directivity is presenting
peaks and valleys in multiple positions, enhancing the radiation in some directions, while degrading it in
other directions. This simulation cannot account for the case where the generator is rotating, but it provides

some useful information regarding the expected performance.

2.5 Time constraints of RFID communication

In typical RFID identification systems, parameters such as sensitivity, backscatter signal strength and read
range or read rate are considered the most important performance parameters [66]. However, the assessment
of time delay in the RFID system is also important since it is a significant factor that must be taken into
consideration when using RFID tags in real time sensing applications [67]. Tracking motion [68, 69, 70]

and phase based positioning identification [71] are significant examples of application that are based on real
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time events, in which time delays play a crucial role. In addition, timing will play an important role when the

tagged objects are under motion such as when parts of the rotor of a generator are required to be monitored.

2.5.1 Real time RFID communication

When implementing RFID sensor-tag in real-time systems, some new challenges arise. These challenges
are due to the fact that in real time the control process requires continuous monitoring through different
sensor-tags that collect the required data for the controller for decisions making. This means that the system
control information must flow in a time frame faster than the physical flow; so there will be no data loss.
This issue is critical for real time sensing in which the RFID sensor-tag and reader response and/or recovery
times are important parameters [72]. In Fig. 2.18, the schematic diagram representing the RFID wireless

sensors communication link is shown.

Enviranment
.fH f

. ts
RFID chip H Sensor 1

Figure 2.18: RFID wireless sensor communication link with sources of time delays constrains

RFID sensors are used to send the data together with identification in order for the RFID reader to
distinguish multiple sensors in the network. The communicated data can be stored in a network database for
later time manipulations or comparisons. The notion of environment in Fig. 2.18 represents the surrounding
conditions in which the RFID sensors network operates. The RFID sensor-tag component imposes several
time-delay constrains that play a crucial role on the entire system. In order to accurately analyze these
constraints, Fig. 2.18 focuses on RFID sensor-tag part and introduces the time delays associated with each

component in addition to the time delay due to the radio link. The time delays in RFID sensor-tag arise from



CHAPTER 2. ENVIRONMENT OF OPERATION 50

two sources: first the delays that are due to sensor component and the extra functionalities associated with
it such as analog to digital conversion and digital control; second, the delays that need to be respected as a
timing requirement following the specifications of the standardized RFID protocols.

Any sensor requires a sensing time ts. This time depends on the physical phenomena to be sensed as
well as the sensor principle of operation [73]. It is usually divided into two times: the response time Zgg
which is the time required to reach 90% of its sensing signal and a recovery time ¢ which is the time to
reach 10 % of its reading and being ready for next measure [74].

The second delay arises from the RFID chip ¢~ which is due to either RFID tag read time delay or RFID
data processing time delay resulting from the chip microelectronic components. In some cases, where the
RFID chip has embedded sensor, t- comprises the sensing time tg and extra commands are added to the
standard protocol to access the sensed values [75, 76, 77]. The network communication time delay ¢p is
due to the propagation of the electromagnetic wave in the medium. ¢4 is the reader response time which
comprises protocol and processing delays.

Since this work concentrates on the RFID communication link, other delays such as decision-making
time delay by the controller, local or remote databases query response time delay and actuator decision

execution time delay are not going to be considered in this analysis.

2.5.2  Exploration on the causes of time delay

As depicted in Fig. 2.18, the overall time delay in an RFID sensing system can be estimated by taking into
consideration all the possible delays in all the components of the system (sensor, RFID tag, communication

channel, RFID reader).

Sensing time tg

The sensing time tS can vary based on the sensor type (chemical, pressure, temperature, gas concentration,
humidity, etc.). Since each of these physical parameters requires particular transducing phenomena, the
sensing time will be different for different transduction principles. For instance, measuring temperature
using thermocouple a transducer will have a delay based on the time constant of the thermocouple. This
time delay depends on the material from which the thermocouple is made. Otherwise, for sensing gas
concentration or humidity the transduction process is done by chemical interaction between the gas and

the sensor material. Hence, the sensing time will depend on the kinetics of the reaction. Typical values of
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responses for sensors are 10-20 seconds for thermocouple sensors, 4-8 seconds for humidity sensors and
3-15 seconds for gas sensors. So sensor timing can be estimated in the order of seconds or longer [78, 79,

80].

RFID chip delay tc

The RFID chip delay ¢¢ is due to the processing control unit which is limited to certain data rate. Typical
values can be in the range of 160 to 640 kbit/s. This RFID chip data rate can be used to estimate the delay
time based on the number of communicated bits. For instance, to process 32 bits the RFID integrated circuit
will need between 0.05 to 0.2 milliseconds. It is important to note that this delay is due to digital processing
unit. However, RFID chip with a built in sensor can have extra delay for processing the sensed values by its

internal sensor.

Propagation delay tg

The communication delay tB is caused by the medium (i.e., the propagation channel). It occurs due to two

R

mechanisms, single or multi path delay. In the single path propagation, the delay ¢p is equal to 7 = <+,
where v is the speed of the electromagnetic wave in the medium and R the distance traveled. For UHF
band ¢ can be estimated in the order of 3 nanoseconds for 1-meter direct free space link. In the case of
multi path, ¢t will depend on the number of reflections having a delay 75.(see (2.19)) In case of multi path,

the delay has been measured and analyzed statistically in [81] to be up to 400 nanoseconds in operational

factory with metal and concrete environment.

Reader delay t 4

The reader delay ¢ 4 comprises the latency in interrogation in one part from the EPC protocol and in other
part from the processing time of the reader. Since the protocol requires certain interrogation sequences
from the moment the communication is established between the reader and the tag till the reception of
the sensor value from the tag, this sequence will enter as a timing factor in real time sensing and will be
crucial when the RFID tag is interrogated for sensed values [82]. These sequences are treated by the reader
based on its processing capability. These processing capabilities are controlled by a microcontroller unit
(MCU) with typical bit rate of 5 Mbps. For processing 32 bits of information this requires 6.4 s Another

factor that increases the reader processing delay is the implementation of the anti-collision mechanism [83,
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84, 85], as this increases the interrogation bits’ sequence and hence, the reader processing time. Even
though the anti-collision mechanism is used for a population of tags, it can be implemented by default
for single tag communication. It is important to note that even if the reader processing rate is high (in
order of microseconds) the reader delay is limited by the implementation of the EPC protocol requirements.
These requirements set the time constraints that define the rate of interrogation and waiting time between
commands. Their values are calculated based on the ‘Tari’ values which define the pulse width of the

interrogation bit sequences (see EPC Gen2 standard [86]).

2.5.3 Analysis of time delay in rotating RFID sensing system

The time constraints of an RFID sensing system were additionally studied in a rotating measurement setup.

Motion detection using polarization mismatch

Since the interest here is to analyze time delay, a method to measure the response time due to rotation speed
is introduced here. The idea is to use the polarization mismatch for motion detection is based on measuring
the backscattered power from the tag with linearly polarized antenna. The backscattered power is given by
[23]

1 A

Preader%tag = E(W)QPM G?‘eader<97 ¢)77§ RCStag (220)

where 1), is the polarization mismatch, G¢qqer is the reader antenna gain, RC Sy is the tag radar cross
section, A is the wavelength of the signal, R is the distance between the reader and the tag, ¢, 6 are the
spherical coordinates and P, the input power to the reader.

During the interrogation, if the RFID tag is set into rotation the polarization mismatch 7, will change
based on the rotated angle. Given that all other parameters in (2.20) are held constant the backscattered
power level P.cqger«tag measured by the reader will change. For rotational motion, the polarization mis-
match will oscillate between minimum to maximum as a function of time as the tag rotates which in turn
induces a time variation in the backscattered power level. This time varying power level can be used as

indicator for the rotation motion and from which the rotational motion delay can be deduced.
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Motion detection measurement setup

The experimental setup used to measure the backscattered signal from an RFID tag during rotation motion
is depicted in Fig. 2.19. The tag under test is mounted vertically on a rotating platform with rotation speed
of 3.5 rpm. The interrogation distance was fixed to be 30 cm and the backscattered signal power level was
recorded by the reader. The EPC code is recorded by the reader software in each communication round and
at the same time the reader shows the received signal strength indicator (RSSI) value. The RSSI value will

change according to the angle of rotation of the tag.

Figure 2.19: The measurement setup for reader-sensor tag rotational motion

In this case study, one tag using the AMS SL900A RFID chip (see Appendix) was chosen as a test

sample for time delay measurement.

Motion detection results

The effect of protocol and tag processing delays can be investigated from the rotational response of the
RFID tag as a motion sensor. The RSSI values recorded by the reader during one rotation of the RFID tag
are shown in Fig. 2.20. In this test, the Tari has been chosen to be 25 us for both tag samples for response
time comparison. Without loss of generality, the RSSI values recorded by the Femto reader (see Appendix)
are left in their binary code form since the transition time from maximum to minimum backscattered power
is the main parameter to be measured in this study. By analyzing Fig. 2.20 for the RFID tag, the response

time to the variation of polarization from vertical to horizontal is 17.4 ms and 27.8 ms from horizontal to
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vertical variation.

Tari 25 usec

300 ¢ g
p - <>
™ 17 i 7 -!l-rr:-—-
- 200
o
=
o
= 100 |
2
[i]
L B T 8 g 0

Figure 2.20: RSSI values recorded by the interrogator software

Tari effect on the response to the rotational motion

The same measurement has been conducted as described in the previous section using different Tari values
in the interrogation. The transmitted power and the sensitivity of the reader are kept at 20 dBm and -83
dBm respectively at 865.7 MHz and 30 cm separation between the reader and tag antennas. The response
time has been measured for the three Tari values (6.25 us, 12.5 us and 25 us for the SL900A RFID tag.
The results are shown in Fig. 2.21. The response times comprise the delays due to protocol and processing
t4 and tc. However, from §2.5.2, one can see that the channel propagation delay ¢p is negligible (order
of ns) compared to the other delays and can be omitted from the response time analysis. The results show
that an increase in the response time as the Tari value increases. This is due to the fact that the choice
of the Tari affects the EPC protocol timing which affects the separation time between interrogation in one
communication round between the reader and the RFID tag. From the results of Fig. 2.21 and with the

suitable values of Tari, an RFID sensor-tag with the chip SL900A could operate in a system with rotational

frequency of around 100 Hz.
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Figure 2.21: Time responses for different Tari values of the RFID tag to the rotational motion

2.6 Effects of high magnetic field on the RFID sensor-tags and RFID communication

Another point of interest of this thesis was to assess the impact of high magnetic field on the RFID commu-
nication as well as on the RFID tag’s operation. The magnetic field in the interior of generators can be as
high as 1.5 Tesla with amplitude of oscillations of 100 mTesla with a frequency dependent on the rotational
speed. To explore experimentally the impact of high magnetic field on the RFID communication and on
RFID sensor-tags, measurement in an environment with high magnetic field of the order of 4.7 Tesla in the
CREATIS/ Platform PILoT of Lyon INSA University.

The measurement setup is presented in Fig. 2.22 where and RFID sensor-tag operating with SL900A
RFID chip was inserted in the middle of a Magnetic Resonance Imaging (MRI) scanner. The RFID sensor-
tag was positioned very close to the entrance of the 100mm diameter tube, in order to avoid rapid downgrad-
ing of the transmitted signal due to the transmission in the narrow tube of the MRI scanner. The antenna
of the RFID reader was positioned 30 cm away from the MRI scanner and the RFID communication was
tested, as well as the integrity of the transmitted backscattered data to the RFID reader.

The measurement results did not yield any worth noting effect, since the communication and the oper-
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Figure 2.22: Measurement setup in high magnetic field

ation of the RFID sensor-tag, remained unaffected by the high magnetic field. All the backscattered data,
including the temperature value detected by the integrated temperature sensor of the RFID chip were able to
be received by the RFID reader. Similar results were extracted by additional tests conducted in the presence
of small (100mTesla) alternating magnetic field.

This measurement setup was not the perfect mock up for a real operating generator and its magnetic

field, due to the absence of high magnitude alternating.

2.7 Effects of high electric field on the RFID sensor-tags and the RFID communication

Another consideration in this thesis was the impact of high electric field on the RFID sensor-tags and the
RFID communication overall. The electric field produced in the interior of generators can be very high due
to the very high potential of the generator’s connection which can be as high as 12 kV at a frequency of 50

Hz. Regarding the effects of the electric field on an RFID sensor-tag some information for a small generator
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can be found in [87] where the electromagnetic noise was found to be high in low frequencies (below 100
MHz), but quite insignificant in higher frequencies including the UHF band of RFID, 860-960 MHz. At the
author’s knowledge, for high electric field there were no more information in the literature.

In addition, creating a setup with such high values of electric field would be quite difficult to be realized
and also quite dangerous. Thus, the effects of high electric field were decided to be tested at a later stage of

the thesis, when measurements from areas with high electric field would be available.

2.8 Conclusion

In this chapter, a study and exploration of the impact of harsh industrial environment of generators on the
RFID communication and RFID antennas/RFID sensor-tags was presented. The conclusion of this part was
utilized in next stages of the thesis, mainly by guiding the formulation and the design procedure of proper
RFID sensor tags and their positioning in the intended places to be monitored.

The analysis on the impact of metallic surfaces/items in the vicinity of the antennas was one of the most
important conclusions, since it guided the characteristics which one RFID sensor-tag antenna should possess
to operate successfully in such environment. Furthermore, even though, the multipath phenomena cannot
be predicted, by appropriate positioning of the RFID sensor-tags some constructive interferences could be
utilized to enhance their operation. In addition, a time delay study, confirmed the potential of the RFID
technology to monitor real time rotating systems and indicated a threshold on the maximum frequency of
movement that could be potentially monitored. Finally, the exploration on the impact of high magnetic field

cleared any doubts regarding the feasibility of the RFID technology operating in such environment.
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DESIGN OF UHF RFID SENSOR-TAGS WITH ENHANCED RFID CHIPS

3.1 Introduction

The design of the RFID sensor tags is a non-trivial task, due to the fact that it is depending on the nature of
the intended application. For instance, when the application would require the RFID sensor tag to operate
on non-conductive materials, the constraints imposed on the design of the RFID antenna are very few and a
variety of different antenna configurations can be selected without impacting greatly the performance of the
RFID antenna. On the contrary, when the RFID sensor-tag is oriented in operation in a metallic environment
then the design specifications become much stricter and every small touch can impact, positively or nega-
tively, the performance. One common practice to overcome the impact of the effects of conductive items to
the UHF RFID tags is to take advantage of metallic surfaces and adopt different antenna tag designs such
as Inverted-F or patch based antennas [88, 89, 90, 91, 92] with the appropriate miniaturization techniques
applied [93].

In addition to constraints due to the environment of operation, there can be additional constraints due
to the required position of the RFID sensor-tag. More specifically, if a small metallic part is required to be
monitored, constraints on the size or weight of the RFID sensor-tag can arise. This is the case in this thesis
and chapter where several specifications needed to be taken into account.

In this chapter, a series of different designs of UHF RFID sensor tags are presented. Initially, an explo-
ration on the performance of the UHF RFID chip SL900A [31] (see also Appendix) is performed in order to
extract as many information as possible regarding its operation and its RF behavior. In addition, a series of
UHF RFID sensor tags were realized following the same consecutive steps: design, simulation, fabrication
and measurements. Finally, in this chapter, an RFID tag-antenna with dual band operation is presented by

utilizing a unique approach.

3.2 Specifications

As pointed out in the introduction, the main goal of the thesis was to monitor the temperature of the inter-
polar connections of large generators. Different designs and geometries of generators are used in various

power-plants, with each one presenting different configuration with different size. Due to this fact, and in

58
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order to monitor small areas, the RFID sensor-tag should maintain a small size and a low profile. Moreover,
every generator has multiple interpolar connections and the weight of each RFID sensor-tag has to be low
especially since the generator is rotating with high speed, presenting acceleration up to 1000 G. Due to this
acceleration the actual weight of each RFID tag-sensor can be considerably higher and if multiple RFID
tag-sensor are installed the overall weight needs to be accounted. Furthermore, this development should in-
clude the sensor characteristics which are required for the intended application, such as temperature range,
temperature precision, and temperature accuracy. For each application, different temperature requirements
apply. For instance, for temperature monitoring in the food industry, temperatures up to 40 °C are suffi-
cient. On the other hand, monitoring a generator is required to measure temperatures more than 100 °C.
Simultaneously, the expected variation of temperature is important if small variations can result in warning
incidents. Based on this, the accuracy and precision of the measured temperature are important. Finally,
one more important consideration for the design of the RFID sensor tags was the need to avoid closed loop
structures. The very high magnetic field in the interior of the generators can result to the creation of very
high currents and thus designs which would not result in closed loops should be selected. According to all
these considerations, a specification list of the characteristics of the RFID sensor-tag was formed initially to

guide the design of the RFID sensor-tag-antenna as well as the selection of the RFID chip, see Table 3.1.

Table 3.1: Specifications of the RFID sensor-tag

Characteristics Values
Length (mm,) < 60
Width (mm) <15
Thickness (mm) <4
Weight (grammars) <10
Temperature range (°C) 20-125
Temperature accuracy (°C) < #£1

From the discussion in chapter 1 and the sensing enhanced RFID chips, the most prominent candidate to
be utilized was the RFID chip of AMS, SL900A. It was the only RFID chip which according to the datasheet

at the period of selection, could sense temperatures up to 125 °C.
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3.3 Measurement and characterization of the SL900A RFID chip

The general target when designing an RFID tag-antenna is to maximize the power driven into the input of
the RFID chip, in order to maximize the performance of the RFID tag mainly regarding the read range. This
is usually achieved by conjugate matching the RFID antenna with the RFID chip [94], [95].

Assuming that the power delivered to the RFID chip is F.:

/\2G ) 4. R€{ZantennaZchip}

P:PT:SA ’T:S.
c a eff A7 ‘Zchip + Zantenna|2

3.1

where P, is the maximum available power from the antenna, 7 is the power transmission coefficient,
S is the poynting vector, A,y the antenna effective area, GG the gain of the antenna, A the wavelength and
Zehip = Renip + J + Xenip and Zantenna = Rantenna + 7 © Xantenna the complex impedances of the RFID
chip and RFID antenna respectively. For maximum power transfer from the RFID antenna to the RFID chip,

the coefficient 7, should acquire a value of 1. This is valid when:

Zantenna = Zchip*

Rantenna = Rchip (3.2)

Xantenna = —Xchip

According to (3.2), for maximum power transfer, the RFID antenna should present a conjugate impedance.
For this reason, it is very important to know as accurately as possible the impedance of the RFID chip. In
addition, since the input impedance of the RFID chips present a non-linear behavior due to the diodes which
are operating in their inputs, the input impedance of the RFID chip will depend on the specific operating
frequency and the input power. Having in mind the above-mentioned characteristics the input impedance of
the RFID chip SL900A was measured by connecting it to an RF connector, as presented in Fig. 3.1.

The RFID chip was then measured with a Vector Network Analyzer (VNA), Keysight (Agilent) PNA-X
series, N5242A. The VNA was calibrated with the mechanical standard of the calibration kit of Agilent
85052D and then using the port extension option to take into account the delay of the signal due to the
length of the RF connector. Initially, a power sweep was performed to find the minimum power required
in order the RFID chip to be activated. When the RFID chip is being activated, then a rapid change in the
reflection coefficient can be observed marking the initiation of the operation. This procedure is demonstrated

in Fig. 3.2, where the RFID chip starts to operate for an input power of 5.3 dBm. This power value will be
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Figure 3.1: SL900A RFID chip soldered on the RF connector

different than the reported value of -6.9 dBm which is provided at the RFID chip’s datasheet, since there is
no matching between RFID chip and RF connector and thus more power is required to activate the RFID
chip due to impedance mismatch.

In Fig. 3.3 the values of the real and imaginary part of impedance measured for different power levels
are provided. In contradiction to Fig. 3.2 it can be seen that at the activation power (5.3 dBm) the input
impedance of the RFID chip at 915 MHz is 29.35 — j273.5 Q2. This value is close to the value of input
impedance which was provided with an earlier version of the datasheet of the SL900A RFID chip (32 —
7323 Q) (version 1.5). The latest version of the RFID chip datasheet is indicating an impedance value of
123 — 5303 €2 (version 1.12).

As the power is increasing the value of impedance will be changing and for the value of 9 dBm, the
input impedance will be 80.81 — 5243 €.

Fig. 3.4 presents the input impedance of the SL900A RFID chip for the different values of input power

in a Smith chart. For the design of all the RFID tag-antennas which will be presented later on, the impedance
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Figure 3.2: Reflection coefficient of RFID chip in a power sweep mode for the frequency of 915 MHz
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Figure 3.3: Real and imaginary values of impedance for different values of power

used was the one provided in the latest version of the data sheet 123 — 7303 €2 except from the first design

(circular UHF RFID tag-antenna) where the former value of impedance was used (32 — 5323 2) since the

newer version of the datasheet was not published at the time. More information regarding the SL900A RFID

chip are available in the Appendix.
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Figure 3.4: Impedance of RFID chip for different values of power in Smith chart

Another important point was that the impedance of the RFID chips would differ from chip to chip. This
can be observed in Fig. 3.5 where for three different SL900A RFID chips at 915 MHz and for 9dBm input
power the impedance values differ substantially. This low yield is widely due to the soldering temperature

and technique (hand soldered).

—RFID chip 1
—RFID chip 2
RFID chip 3

+0.

0.0

/]330 @915 MHz

02 RFID chip1
ke 61.35-245 Q
RFID chip 2

7517173 Q

-1 RFID chip 3
33.7-j*188

Figure 3.5: Variation of impedance for different tested RFID chips
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This inconsistency of the particular chip was also observed in the fabricated prototypes. To demonstrate
this inconsistency, 4 prototypes which were realized by a PCB fabrication company and soldered by a pick
and place soldering machine, were measured in order to assess their performance regarding their resonance
frequency and read range, see Fig. 3.6. The resonance frequency of the prototypes differs in a span of 8

MHz (854-862 MHz) and the read range is between 3.1 and 3.3 meters.
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Figure 3.6: Comparison of identical RFID tags to demonstrate the low yield of the RFID chip

3.4 Designs of UHF RFID antenna-tags for sensing applications in metallic environment

One task of the thesis has been the conception, design, fabrication, and validation of different RFID tag-
antennas. In general, since the RFID sensor tags are intended to be operating in proximity to metallic

surfaces, all the designed RFID tag-antennas followed some specific design lines:

e The designed RFID tag-antennas include a ground plane, aiming to confine the electric field between
at least two metallic layers. With this technique the RFID tag-antenna is less susceptible to the metallic
environment. Typical antenna structures with this characteristic used as inspiration are the patch

antennas and the Inverted-F antennas.

e The used substrate has a high value of permittivity, for miniaturization purposes, and with low losses

for read range maximization.

In the next section, different RFID tag-antennas based on the above design lines will be presented and

discussed.
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3.4.1 Circular UHF RFID tag-antenna

One of the developed designs was a three layers circular RFID tag-antenna with a capacitive feed in the

middle layer, as presented in Fig. 3.7. This design was inspired by [96].

(a) (b) Radiating
Patch

Ground
Plane

35 mm

4 .50mm
00mm

(€)

Figure 3.7: Circular RFID tag-antenna: (a) RFID tag-antenna profile, (b) RFID tag-antenna top and bottom
view, (c¢) RFID tag-antenna dimension, (d) position of via, (¢) dimension of each layer

The RFID tag-antenna is composed of three layers:

e Top layer: In the top layer is positioned the radiating patch with a number of slits in order to elongate

the current path and reduce the physical dimensions. The top layer is connected through a metalized
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via to the bottom layer realizing the connection to the RFID chip, as depicted in Fig. 3.7(d).

66

e Middle layer: In the middle layer there is a circular trace which acts as a capacitive feed and it is in

parallel to the radiating patch. The distance between the middle layer and the top layer is dictated by

the thickness of the substrate (2.54 mm). The size of the capacitive feed is impacting the impedance

of the RFID tag-antenna as illustrated in Fig. 3.8. As the radius of the capacitive feed increases the

resonance frequency shifts to lower values. A metalized via is connecting the middle layer to the

bottom layer and the RFID chip.

e Bottom layer: In the bottom layer there is the ground plane and the designated space for the RFID

chip. The connection between the via and the RFID chip is realized by a small transmission line with

width 0.4 mm. The RFID chip is soldered at the bottom of the RFID tag-antenna leading to the need

of a thin superstrate to keep the RFID tag in place (see Fig. 3.7(a)-(b)).
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Figure 3.8: Real and imaginary part of the impedance of the circular RFID tag-antenna versus the radius of

the circular feed

The radiation characteristics of the circular RFID tag-antenna are presented in Fig. 3.9 where the max-

imum gain of the RFID tag-antenna is -2.41 dBi at 868 MHz when operating on a metallic surface with



CHAPTER 3. DESIGN OF UHF RFID SENSOR-TAGS WITH ENHANCED RFID CHIPS 67

dimensions 20 ¢m x 20 c¢m, with radiation efficiency of 13% or -9 dB. The directivity, in this case, is 6.57

dBi.
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Figure 3.9: Radiation pattern of the circular RFID tag-antenna

The circular RFID tag-antenna was fabricated in the laboratory with a Computer Numerical Control
(CNC) equipment. The substrate which was used is the Rogers RT6010.2LM [97] with permittivity of
€, = 10.2 (10.6 for designing) and losses T'and = 0.0023. The fabricated prototype is illustrated in Fig.
3.10(a). The RFID tag was measured in the environment of an anechoic chamber to evaluate the maximum
read range as depicted in Fig. 3.10(b). One advantage of the design of this particular RFID sensor tag, was
the tuning capability due to the slits on the top layer. By using copper tape with conductive adhesive on the
slits, a small tuning of the resonance frequency was possible. Due to this tuning, the resonance frequency

could be corrected to be inside the 865-868 MHz frequency band.
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Figure 3.10: (a) Fabrucated prototype of the circular RFID sensor tag (b) Measurement of the read range in
the anechoic chamber

The Tagformance Pro RFID reader was used to perform the measurements and the theoretical read range
over frequency measured is presented in Fig. 3.11 compared to the read range expected from the simulation
results, for different power thresholds of the RFID chip. According to the measurement results, there is
a deviation between the calculated read range and the measured one. The reason for this deviation was
attributed to the realization process, which was not as accurate as possible and to a possible polarization
mismatch.

The read range of the circular UHF RFID sensor tag was based on the simulated data and was calculated
by the following equation:

A |EIRP-G-1

R= w\ (3.3)

Where R is the read range in meters, A is the wavelength in meters, EIRP is the effective isotropic
radiation power transmitted by the RFID reader in watts, G is the gain of the RFID tag-antenna, 7 is the
coefficient of power transmission in the RFID chip and P, is the power threshold for the RFID chip to
activate in watts. In the above calculation it has been assumed that the RFID reader is transmitting the

maximum allowed power according to the ETSI regulation, 2W Effective radiated power (ERP) which
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Figure 3.11: Measured theoretical read range and calculated read range from simulation results

corresponds to 33 dBm + 2.15 dB = 35.15 dBm of EIRP. Also, it has been assumed that there will be no
loses due to polarization mismatch.

In addition, as mentioned before, the input impedance of the RFID chip was a matter of confusion due to
the variation of the nominal impedance value in the datasheets. Due to this confusion, the RFID tag-antenna
was designed to be matched to the former value of impedance which yield different results than the latter

value of impedance. This difference for the two values of impedances can be observed in Fig. 3.12.
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Figure 3.12: S11 parameters for different RFID chip input impedance values
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3.4.2 Rectangular UHF RFID tag-antenna corresponding to A/2 length

Besides the size and the performance attributes, another merit which should be taken into account is the ease
of realization. The previously presented, circular design of RFID tag-antenna, poses a level of complexity
which is enough to make the fabrication process more difficult and the cost of realization higher. From
this perspective, another design was realized aiming to maintain more simplicity and to lower the cost of
fabrication by utilizing two metallic layers and a simpler geometry.

Another RFID tag-antenna design attempt, was a rectangular design, utilizing a ground plane. The
length of the RFID antenna-tag is relative to the \/2 electrical length for the frequency of operation (in
the 865-868 MHz ETSI frequency band). The substrate used in this design was the Rogers RT 6010.2LM,
with thickness 2.54 mm, the permittivity of €, = 10.2 and losses Tand = 0.0023. The design of the RFID

tag-antenna is presented in Fig. 3.13.
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Figure 3.13: Rectangular RFID tag-antenna corresponding to A/2 length. (a) the dimension of the feeding
area (b) bottom view (c) top view

The overall length is exceeding by 2 mm the specification limit, but it is an acceptable deviation.
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The presented RFID tag-antenna was designed and simulated with CST microwave studio to evaluate
the performance regarding the parameters, S11, directivity, radiation efficiency, and gain. The simulation
was conducted when the tag-antenna was placed on a metallic plate (copper) of size 80 mm x 120 mm.

One interesting feature for the used substrate value is the permittivity value. The RT6010.2LM substrate
according to the respective datasheet has a permittivity of €, = 10.2 and for the designing stage a higher
value of around 10.6 should be used. However, this substrate is quite anisotropic and depending on the
orientation and the strength of the electric field it can exhibit different permittivity values. For instance,
the permittivity of the substrate for the z-axis is 10.6 but for the y-axis and x-axis the permittivity is 13.33.
Hence, the permittivity value for designing purposes can vary from 10.6 to 11.4 as reported in [98]. This
property was used after the initial fabrication of prototypes in order to compensate for any frequency shift
between measured and simulated results. For this particular design the value of permittivity which was used
ise, = 11.3.

The results of the simulation are presented below in Fig. 3.14 —Fig. 3.16. The RFID tag-antenna is

designed to be matched with the RFID chip of AMS SL900A.

dB
1.86 Farfield Gain Abs (Phi=90)

Theta / Degree vs. dB

Figure 3.14: Gain of RFID tag-antenna

The maximum gain simulated for the RFID tag-antenna is 1.86 dBi (see Fig. 3.14) with the directivity
at 4.97 dBi (see Fig. 3.15). The RFID tag-antenna has one main lobe vertical to the level of the radiating
surface. The RFID tag-antenna is positioned with the top side (Fig. 3.13(c)) facing the metallic surface in
the background. This configuration was selected due to the fact that with this positioning the RFID chip is

attached to the metallic surface and thus the integrated temperature sensor of the RFID chip can monitor
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better the temperature of the desired metallic surface. This characteristic will be further explored in §5.2 In
a different configuration where the chip and metallic surface would be separated by the substrate material
of the RFID tag-antenna the temperature measured by the sensor wouldn’t be as accurate. This issue will be

discussed in more extend later on.

Farfield Directivity Abs (Phi=90)

Theta / Degree vs. dBi

Figure 3.15: Directivity of RFID tag-antenna

In Fig. 3.16 the reflection coefficient (S11) is presented, where the minimum value of -9.5 dB is corre-

sponding to 868 MHz.
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Figure 3.16: S11 of RFID tag-antenna

The gain and radiation efficiency are illustrated in Fig. 3.17 where the maximum gain is 2.2 dBi at 928
MHz and the radiation efficiency reaches 51%.

The proposed design of the RFID tag-antenna corresponding to A/2 tag-antenna was fabricated and
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Radiation efficiency and gain of the rectangular \/2 RFID tag-antenna
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Figure 3.17: Gain and radiation efficiency of RFID tag-antenna

shown in Fig. 3.18. The measured read range is compared to the read range calculated from (3.3) by using

the results of the simulation (see 3.19).

:
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Figure 3.18: Fabricated A/2 UHF RFID sensor tag

A deviation between the results of measurement and simulation is due to the value of threshold power
reported in the RFID chip’s datasheet (-6.9 dBm). From the measurements conducted in a series of proto-
types the value of threshold power is closer to the value of -4.75 dBm which is actually matching the value

reported in the datasheet if a dipole antenna with gain 2.15 dBi is connected to the chip.
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Figure 3.19: Read range of the RFID tag

3.4.3 Rectangular UHF RFID tag-antenna corresponding to A/4 length

The next proposed UHF RFID antenna-tag is designed to exhibit the best performance when it is placed on
a metallic surface, as the previous designs. In order to minimize the effects due to the impact of the nearby
metal, the electric field in this antenna structure is confined between two parallel, with uneven length, copper
plates. A set of metalized vias are connecting the top and the bottom layer of the RFID antenna in order to
short-circuit these two layers and extend the length of the current path. The overall length of the tag-antenna
corresponds to \/4, where A is the wavelength of the frequency of operation. A substrate with thickness
2.54 mm, permittivity €, = 10.2 (10.6 for designing) and losses Tand = 0.0023 (Rogers RT6010.2LLM) was
used. Hence, the design of the proposed antenna for the UHF RFID antenna-tag is mainly a A\/4 resonator

as presented in Fig. 3.20.
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Figure 3.20: UHF RFID antenna-tag corresponding to \/4

Flipping UHF RFID sensor tag

This RFID tag presents a quite interesting feature regarding the frequency operation. Flipping the tag in
respect to a metallic surface, a dual-band operation can be achieved depending on which of the two sides
of the tag is closer to the metallic surface. The uneven layers of the RFID antenna-tag present different
capacitances, depending on which side is closer to the metallic plane, hence the impedance of the RFID

antenna-tag differs in each case. The two cases are illustrated in Fig. 3.21.
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Figure 3.21: A/4 UHF RFID antenna tag on a metallic plane (a) with the top side closer to the metallic plane
(b) with the bottom side closer to the metallic plane

In the one side of the UHF RFID tag-antenna, there will be the RFID chip (AMS SL900A), hence for
practical reasons and in order the UHF RFID sensor-tag to be positioned with either side (top or bottom) on
a flat metallic surface, a support with thickness 1 mm and a square hole (to accommodate the RFID chip)
was fabricated in a 3D printer made by the Acrylonitrile Butadiene Styrene (ABS) material. This support is
visible in Fig. 3.21. Due to the 3D printing technique, the support is not homogeneous, having small air gaps
across the whole surface. The permittivity and losses of the ABS support were measured in a DAMASKOS
thin sheet tester cavity [99] to be €, = 2.29 and Tand = 0.005, respectively. The total dimensions of the UHF
RFID sensor-tag are 35 mm x 15 mm x 3.54 mm, including the thickness of the RFID chip and the ABS
support.

A numerica