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Abstract

In this work, two antenna designs are proposed. First, we propose a tag antenna which
implemented on a square Rogers RO4003C substrate with a compact size of 35 x 35 x
0.508 mm?3. Four triangle shapes are slightly curved that used to enhance the axial ratio
and improve circular polarization (CP). The meander lines remained unchanged, but the
end circles are replaced with squares to reduce simulation time. Square delay elements
with slight curves are also introduced, while the T-match structure was retained for better
impedance matching. These modifications aim to adjust the antenna to the UHF band
and enhance circular polarization. At the resonant frequency of 915 MHz, the antenna
achieves a low reflection coefficient of —31.12 dB. Additionally, a high gain of 1.62 dBic
supports a large reading range of 8.84 m in broadside bidirectional radiation, making it
highly suitable for long-range RFID applications in random mobility scenarios.

The second part contains a reader antenna which is printed on the RO4003C substrate
with dimensions of 104 x 104 x 1.524 mm?. Two pairs of double-sided dipoles are printed
on the top and bottom of the substrate and fed by a 50 Q coaxial cable. The reader an-
tenna operates using the sequential phase mechanism with phase shifts of 0°, 90°, 180°,
and 270° to achieve circular polarization. The dipoles are connected through a concentric
ring delay-line feed structure, enabling circular polarization across both frequency bands.
The longer and shorter dipoles enable circular polarization in the UHF/SHF bands, pro-
viding gains of 1.73 dBi and 5.7 dBi, respectively. At the resonant frequencies of 915 MHz
(UHF) and 2.4 GHz (SHF), the antenna achieves low reflection coefficients of —30.87 dB
and —45 dB, indicating excellent impedance matching. These features make it well-suited
for universal RFID systems operating in the UHF and SHF bands.

Keywords-RFID, Tag antenna, Reader antenna, UHF/SHF band, Miniaturization, Cir-
cularly polarized antenna, Impedance matching, T-match.



Résumé

Dans ce travail deux structures d’antennes sont proposées. La premiére est une antenne
étiquette réalisée sur un substrat carré de type RO4003C avec des dimensions compactes
de 35 x 35 x 0.508 mm?3. Quatre triangles ont été légérement courbés afin d’améliorer le
rapport axial et ainsi la polarisation circulaire (CP). Les lignes en méandre sont restées
inchangées, mais les cercles aux extrémités ont été remplacés par des carrés afin de ré-
duire le temps de simulation. Des éléments de retard carrés avec une légere courbure ont
également été introduits, tandis que la structure en T a été conservée pour un meilleur ap-
pariement d'impédance. Ces modifications visent a ajuster I’antenne a la bande UHF et
a améliorer la polarisation circulaire. A la fréquence de résonance de 915 MHz, I'antenne
atteint un faible coefficient de réflexion de —31.12 dB. De plus, un gain élevé de 1.62 dBic
permet une grande portée de lecture de 8.84 m avec un rayonnement bidirectionnel en
broadside, ce quila rend particulierement adaptée aux applications RFID a longue portée
dans des scénarios de mobilité aléatoire.

La deuxiéme structure est une antenne lecture imprimée sur un substrat RO4003C
avec des dimensions de 104 x 104 x 1.524 mm3. Deux paires de dip6les double face sont
imprimées sur les faces supérieure et inférieure du substrat et alimentées par un cable
coaxial de 50 Q. L'antenne lecture fonctionne selon le mécanisme de phase séquentielle
avec des déphasages de0°, 90°, 180°, et 270° pour obtenir une polarisation circulaire. Les
dipdles sont reliés par une structure d’alimentation a ligne de retard annulaire concen-
trique, permettant une polarisation circulaire dans les deux bandes de fréquence. Les
dipoles longs et courts permettent une polarisation circulaire dans les bandes UHF et
SHE avec des gains respectifs de 1.73 dBi et 5.7 dBi. Aux fréquences de résonance de
915 MHz (UHF) et 2.4 GHz (SHF). L'antenne affiche de faibles coefficients de réflexion
de —30.87 dB et —45 dB, indiquant un excellent appariement d'impédance. Ces carac-
téristiques la rendent bien adaptée aux systemes RFID universels fonctionnant dans les
bandes UHF et SHE

Mots clés— RFID, Antenne étiquette, Antenne lecteur, bande (UHF/SHF), Polarisation
circulaire (CP), Adaptation d'impédance, T-match.
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GENERAL INTRODUCTION

Radio Frequency Identification (RFID) is an emerging technology that is expected to
become ubiquitous soon. It allows for the identification of objects by exchanging data
through radio frequency signals, such as traceability, medical monitoring of a patient’s
condition, and production management. In essence, RFID systems are little transpon-
ders, or tags, that are affixed to actual objects. They might end up being the most popular
chip ever. RFID tags wirelessly respond to RFID transceivers or readers by providing spe-
cific identifying information that can be connected to arbitrary data records [1]. RFID
systems can be classified according to how frequently they operate and which compo-
nents they contain. It falls into the low frequency (LF), high frequency (HF), ultra high
frequency (UHF) and microwave range for two Industrial Scientific Medical bands (ISM),
2.4 GHz and 5.8 GHz, based on frequency bands [2].

Single-band, large size, low reading range, and polarization losses are the main prob-
lems with RFID readers and tags in the literature. We proposed a miniaturized, circularly
polarized RFID system consisting of a dual-band reader antenna and a tag antenna with
enhanced gain, designed to overcome some of the aforementioned limitations. To help
with the creation of the suggested antenna and make it acceptable for a range of RFID
applications, we employed the CST Studio Microwave Simulator. The performance of the
proposed tag antenna will be evaluated and compared with existing designs reported in
the literature, particularly in terms of size, frequency bandwidth, field polarization, gain,
and reading range [3-7]. In terms of gain, the proposed tag antenna demonstrates com-
petitive performance compared to works in [3-6]. The work in [7] achieves a high gain of
6 dBi. However, this comes at the cost of occupying a significantly larger surface area of
220 x 30 x 1 mm?3, as well as, a linearly polarized radiation is shown which makes losses
due to the polarization mismatch. It also exhibits a reading range of only 5 meters, limit-
ing its effectiveness in dynamic RFID environments. The proposed tag antenna exhibits
an extended reading range in compact size, outperforming several existing designs, which
makes it highly suitable for long-range RFID applications. In addition, it provides circu-
larly polarized radiation in a broadside bidirectional radiation, enhancing its reliability in
environments with varying tag orientations. In summary, the proposed RFID tag antenna
combines compact size, wide operational bandwidth, and improved radiation character-
istics, positioning it as a strong candidate for UHF RFID applications involving random
mobility scenarios.

As a second part of our work, a circularly polarized RFID reader antenna operating in a
dual-band configuration is designed to support both the UHF and SHF frequency bands.
This reader antenna demonstrates favorable characteristics, including broad frequency
coverage and robust polarization performance, ensuring its suitability for a wide range of
RFID systems and promoting universal applicability.

Most previously reported RFID reader antennas are limited in terms of frequency cov-
erage, polarization diversity, and overall adaptability to various RFID systems [8-11]. To
this end, we propose a dual-band, circularly polarized RFID reader antenna designed to
operate efficiently not only within the UHF and SHF frequency bands but also beyond.
Compared to existing reader designs, the proposed antenna offers a broad operational
bandwidth and supports circular polarization, enhancing its suitability for universal RFID
applications. The antenna enables reliable tag detection regardless of tag orientation or
movement, which is essential for ensuring robust performance in real-world, dynamic
environments. Moreover, the wide-band capability increases the system’s versatility by al-
lowing communication with various types of RFID tags operating over different frequency
ranges. In terms of performance, the proposed reader antenna demonstrates stable radi-
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ation characteristics, compact size, and high efficiency across the operating frequency
bands. These features make it an ideal candidate for advanced RFID systems that require
robust, wide band, and polarization-agile reader antennas.

The current manuscript is organized as follows:

The first chapter presents a comprehensive overview of RFID technology, with a focus
on its fundamental components, including readers, tags, and data processing systems. It
begins by detailing the working principles of RFID, followed by a classification of different
types of RFID tags. The chapter also outlines relevant standards, regulations, and com-
mon coupling techniques used in RFID systems. Special emphasis is placed on passive
UHF RFID systems, highlighting their structure and wide range of applications. The chap-
ter concludes with a critical analysis of the advantages and limitations of RFID technology,
offering a well-rounded understanding of its capabilities and practical implications.

The second chapter begins with a review of fundamental antenna characteristics, with
particular emphasis on patch antennas due to their relevance in RFID applications. It
then explores various feeding techniques used for patch antennas, which significantly
influence their bandwidth, impedance matching, and radiation performance. Addition-
ally, the chapter introduces the meandering strategy employed in antenna miniaturiza-
tion and design, followed by a discussion on impedance-matched antennas. These topics
collectively aim to build a solid foundation for understanding the key aspects of antenna
design and performance.

The third chapter is dedicated to the design and simulation of a dual-band, circularly
polarized (CP) RFID reader antenna capable of operating across both UHF and SHF fre-
quency bands, 0.915 GHz and 2.45 GHz. The antenna’s key characteristics—including
axial ratio, return loss, realized gain, efficiency, and radiation pattern—are presented and
analyzed. All simulations and performance evaluations are carried out using CST Studio
Microwave Software, ensuring accurate modeling and validation of the proposed design.

The fourth chapter focuses on the design and simulation of a miniaturized, circularly
polarized RFID tag antenna operating in the UHF band at 915 MHz. The chapter presents
a detailed analysis of the antenna’s performance, including axial ratio, return loss, real-
ized gain, efficiency, and radiation pattern. All simulation results are obtained using CST
Studio Microwave Software, ensuring accurate and reliable performance evaluation of the
proposed design.

The manuscript concludes with a general conclusion that highlights the key outcomes
of this work, emphasizing the main contributions and potential applications of the pro-
posed RFID system.
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1.1 Introduction

RFID (Radio-frequency Identification) technology is a wireless communication technol-
ogy used to capture data, which may be linked to different identification attributes (serial
number, position, color, date of purchase, etc.) of entities carrying RFID labels (tags). The
data collection process is based on an exchange of electromagnetic waves between RFID
tags and RFID readers. This Automatic Identification and Data Capture (Auto-ID) tech-
nology is capable of providing further labelling granularity when compared to barcodes
and previous Auto-ID technologies. For instance, with RFID, it is possible to allocate dif-
ferent identification codes for similar items, and different levels of identification allowing
better visibility and tractability in logistical and manufacturing processes [12]. The first
chapter is structured as follows: first we will present a few concepts of RFID systems,
the various components of RFID, such as readers, tags, and data processing systems, the
working principle will be outlined, and we will examine many types of tags, rules, and
guidelines of RFID technology and the types of couplings. In addition, we will discover
passive UHF RFID systems and several RFID applications. Finally, we will examine the
benefits and limitations of RFID technology.

1.2 RFID systems

RFID or Radio Frequency Identification is a wireless communication system that uses
modulated backscattered waves to provide the radio link between the base station and
the transponders. An RFID system is composed of three main elements: The RFID tag,
which contains an electronic chip and an antenna, the chip stores information that can
be read remotely. The RFID reader emits radio waves to interrogate nearby tags. Then, the
data processing system collects and analyzes the information transmitted by the reader
as shown in figure 1.1 [13, 14].

RFID Tag
,—‘ Data
/ Data
Data
L -
y

Figure 1.1: RFID setup.
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1.3 RFID Components

An RFID system operates by transmitting and receiving an electromagnetic signal via an
antenna and an integrated circuit (IC) [15]. An RFID system consists of two components :

* The transponder, which is located on the object to be identified.

e The interrogator or reader, which depending on the design and technology used,
may be a read-only or read/write device [16].

1.4 RFID reader

RFID readers use a radio frequency (RF) channel to communicate with RFID tags and
gather identifying information. RFID readers usually have two interfaces to extract tag
identities: an RF interface to interact with tags within their read range and a communi-
cation interface, usually IEEE 802.11 or 802.3, to establish a connection to servers [17].
There are two types of RFID readers: fixed and mobile.

1.4.1 Mobile reader

Mobile readers or handheld readers. These devices typically do not have additional an-
tenna connectors because they come with an integrated antenna. They weigh between
82 and 700 grames, run on batteries, and have reading ranges of only 100 meters, which
is less than stationary readers. Mobile readers are commonly used to locate products in
inventory and warehouses, track livestock (farm animals such as sheep, goats, and cows),
and more. They use wireless communication protocols to connect with a PC host, which
stores data in the memory block. Since handheld RFID readers are often combined with
barcode scanner, users may identify tags and barcodes using a single device, opening up
a wide range of versatile applications [14].

Figure 1.2: Mobile RFID reader.

1.4.2 Fixed RFID Reader

Stationary readers, also known as fixed RFID readers figure 1.3, are designed to be in-
stalled in a permanent location, such as walls, gates, doors, or other objects, where they
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can perform efficient tag readings. These readers are mainly used in wireless data collec-
tion applications, like in supply chain management and asset and product control. These
days, fixed RFID readers mounted on gates and doors are utilized for both personnel iden-
tification and authentication in restricted-access zones. They can provide reading ranges
of up to 300 meters and weigh between 1.5 and 5 kg [14].

Figure 1.3: Fixed reader.

1.5 RFID Tag

RFID tag or transponder is a small electrical device used to store and transmit data and
information wirelessly using radio frequency signals. It consists of: an antenna, a basic
silicon microchip, and a chip-based data collection system. The tag can be fastened to an
item such as, a box, clothes, and other objects with several different formats as shown in
figure 1.4 [18].

e

RFID Tag 4 P
GNP a5 Sy tag

&6 -

ABS keylob Plastic keychain

Figure 1.4: Different forms of tag.

1.5.1 Types of RFID Tags

A wide range of RFID tag types are available, where each tag is designed with specific
features and applications. Choosing the right tag type allows operations to be optimized

8
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and better based on factors such as range, environment, and cost.

1.5.1.1 Active RFID tags

The tag’s built-in battery can supply the processor with the energy it needs to generate the
signal. Because the reader does not need to power the tag, it only needs to provide very
low-level signals to it. As a result, the active tag can read far farther than the other two tags,
and its chip can access memory more readily. An active tag’s primary advantage is its abil-
ity to actively communicate with the reader by using its own power source. Furthermore,
whether or not an RFID tag is in the reader’s field, it is always powered on. Despite having
the best capabilities, this form of tag has a battery life limit and stops working when the
battery runs out, unlike the other two varieties. Active tags are typically big and costly to
make because of the integrated power supply [19]. Active RFID tags are capable of trans-
mitting signals within frequency ranges of 433 MHz to 2.45 GHz. Typically, active beacons
and transponders have a lifespan of 3 to 5 years without requiring a battery replacement,
if permissible. Additionally, active RFID tags can achieve a communication range exceed-
ing 100 meters.

active

reader " transmitted signa battery

from lag [
i
|
power for tag and raco

Figure 1.5: Schema representation of Active Tag.

1.5.1.2 Passive RFID Tag

A passive UHF RFID tag consists of a chip and an antenna. It is called passive because
it does not have its own energy source. It is remotely powered by transforming the elec-
tromagnetic energy radiated by the reader hwo transmit data into continuous electrical
energy necessary for the activation and operation of its chip [20]. They function within
a frequency range of 125 KHz (LF) to 960 MHz (UHF). Their lack of moving parts or in-
ternal power sources contributes to their longevity. The maximum reading distance for
passive RFID tags can reach up to 15 meters, while the minimum range is between 1 to 10
centimeters.

1.5.1.3 Semi-passive RFID Tag

Semi-passive tags and passive tags are extremely similar, however they differ in that the
former have a battery that powers the chip exclusively, as seen in Figure. These tags were
created with the intention of preserving the reader’s energy output, particularly when it is
poor, and preventing the chip from being powered by it. This explains why semi-passive
tags function effectively even in the presence of a weak signal. Semi-passive tags perform
better in terms of reading distance and communication quality with the reader [21].
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[ passive |
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Figure 1.6: Schema representation of passive tag.
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Figure 1.7: Schema representation of semi-passive tag.

1.6 Operating principle of RFID systems

Three parts make up every RFID system: a transceiver, a transponder, and a scanning
antenna. An RFID reader or interrogator is the term used to describe the combination of
the transceiver and the scanning antenna. RFID readers come in two varieties: mobile
readers and fixed readers. RFID reader is a network-enabled gadget that can be fixed or
carried about. It transmits impulses that activate the tag via radio waves. When the tag
is engaged, it transmits a wave back to the antenna, which converts it into information.
RFID tag itself contains the transponder. The type of tag, reader type, RFID frequency, and
interference from other RFID tags and readers or the surrounding environment all affect
the reading range of RFID tags. The reading range of tags with a more powerful power
source is also longer.

1.7 Operating frequency and reading range for RFID sys-
tems

Between the electrical and infrared signals is the radio frequency signal. It has a broad
frequency range of 3 KHz to 300 GHz. Systems that use radio frequency identification
(RFID) are often categorized according to their operating frequency spectrum. The length
of radio waves utilized for system component communication is indicated by frequency.
The low frequency (LF), high frequency (HF), ultra-high frequency (UHF), and super-high
frequency (SHF) bands are used by RFID technology worldwide. Every frequency band
has its own operational range, power needs, performance, and range of applications, and
radio waves behave differently in each of these bands. The previous bands are shown in
figure 1.8 [1].
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ELECTROMAGNETIC SPECTRUM
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Figure 1.8: Operating frequency and reading range for RFID systems.

1.7.1 Low frequency (LF) band

The frequency range covered by the LF band is 30 KHz to 300 KHz. Although RFID LF
systems typically operate at 125 KHz, some operate at 134 KHz. This range of frequencies
provides a brief range of approximately 10 cm. While its reading speed is slower than that
of higher frequencies, it is not particularly sensitive to radio interference. Applications for
RFID LF include access control and detailed tracking [1].

1.7.2 High frequency (HF) band

The 13.56 MHz is the frequency at which high-frequency (HF) RFID tags function. HF
tags are frequently presented in a credit card form factor or foil inlay. Thus, HF tags are
helpful for ID badges, contactless payment cards, and building access control. Several
asset-tracking applications also make use of HF tags. HF foil inlays are frequently used by
retailers and libraries to trace books. HF RFID luggage tags are now being used in several
airports for baggage handling purposes. Although HF tags have a faster data read rate
than LF tags, they are less effective when placed close to liquids or metals [1].

1.7.3 Ultra high frequency (UHF) band

The range of frequencies covered by the UHF band is 300 MHz to 3 GHz. Despite regional
variations in frequency, RFID RAIN systems typically operate between 900 and 915 MHz
in most countries. The reading range of passive UHF systems can reach 12 meters, and
RFID UHF has a faster data transfer rate than LF or HE Although UHF RFID technology
is the most sensitive to interference, many UHF product manufacturers have managed to
design tags, antennas, and readers that maintain high performance even in challenging
environments. Compared to LF and HE UHF passive labels are easier and less compli-
cated to manufacture. Long-range RFID systems are those that have ranges much greater
than one meter. All long-range systems use microwave and UHF electromagnetic waves
to function. Because of their physical working principle, the majority of these systems are
also referred to as backscatter systems. Furthermore, there are long-range systems that
use microwave-range surface acoustic wave transponders. All of these systems run on the
microwave frequencies of 2.5 GHz and 5.8 GHz as well as the UHF frequencies of 868 MHz
(Europe) and 915 MHz (USA) [16].

11
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1.7.4 Super high frequency (SHF) band

Super high frequency (SHF) band operates in the 2.45 GHz and 5.8 GHz range and use
radiative coupling for communication. A transponder’s passive SHF range can reach up
to three meters, a distance that can reach 300 meters if you choose to use active transpon-
ders. The rate of RFID SHF system transfers is extremely high among all RFID frequency
bands, enabling rapid and efficient data exchange. SHF signals are easily affected by
moisture and metals, and they have limited ability to penetrate obstacles. In addition,
SHF RFID systems are typically more expensive and require complex infrastructure, mak-
ing them more suitable for specialized applications such as electronic toll collection, trans
portation monitoring, and high-speed asset tracking. The following table displays the dif-
ferences and features of the previous bands, table 1.1 [22].

Low Frequency High Frequency Ultra High Frequency

Figure 1.9: Some examples of LE HE and UHF tag antennas.
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Table 1.1: Comparison of radio frequency ranges and characteristics of different RFID systems [22].

Description Low Frequency | High Frequency Ultra-high Fre- | Super-high Fre-
quency quency
f;ﬁg‘elency 125-134 KHz 13.56 MHz 850-950 MHz 2.45 or 5.8 GHz
Coupling Inductive Inductive Radiative Radiative
Tag type Passive Passive Active/Passive Active/Passive
Read range 0-0.5m <15m A'ctlve: 3-10 m, Pas- Actwe: 3-10 m, Pas-
sive: >10 m sive: >10 m
Tag size Larger Larger Smaller Smaller
Data  transfer Slow Medium Fast Fastest
rate
Ability to read
near metal or | Best Better Worse Worst
wet surface
High h LF
Tag cost High igher - than Lowest High
tags
- Livestock track- - Supply chain
ing - Item-level | tracking - Electronic toll col-
Typical appli- | - Beer kegs tracking - Warehouse man- | lection
cations - Auto keys and | - Airline baggage | agement - Railroad monitor-
locks - Building access | - Case, pallet, truck, | ing
- Library books trailer tracking
- Works well
near liquids and
- Larger memory | - Long read range
metals .
- Global stan- | - Write large | - Long read range
- Global stan- . .
Advantages dards dards amounts of data - High commercial
. - Tolerant to | - Low-costreaders | potential
- No radia- . .
. . fluids/metals - High data rate
tion/reflection
problems
- Very short read
range . .
- Limited mem- Higher read | - High t.ag cost
rate than LF - Requires complex .
ory . - Most expensive
. . - Still low trans- | software
Disadvantages | - Low transmis- .. . . | - Complex system
. mission rate - Ineffective in
sion rate . . development
. - Poor metal | moist environ-
- High cost compatibili ments
- Not ideal for P R
warehouses
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1.8 Coupling types in RFID systems

The crucial differentiation criterion for RFID systems is the physical coupling method.
The two main types of RFID systems currently available for purchase are far-field sys-
tems, which are coupled with real free-space energy that emits planar electromagnetic
waves, and near-field systems, which use inductive (magnetic) tag coupling with RF reac-
tive energy circling the reader’s antenna. Electric, magnetic and electromagnetic fields are
used for the physical coupling. In addition, RFID systems with a narrow range, typically
in the region of up to 1cm, are known as close coupling systems. Close-coupling systems
are coupled using both electric and magnetic fields and can theoretically be operated at
any desired frequency between DC and 30 MHz because the operation of the transponder
does not rely upon the radiation of fields [16].

1.8.1 Magnetic (inductive) coupling

Near field systems or inductive coupling, a single microchip, large-area coil, or conduc-
tor loop serving as an antenna make up an inductively coupled transponder. Since these
transponders are usually passive, the reader must provide the energy required for the mi-
crochip to function. The reader’s antenna coil creates a strong, high-frequency electro-
magnetic field that permeates the coil’s cross-section and surrounding surroundings. The
electromagnetic field functions as a straightforward magnetic alternating field since the
frequency’s wavelength is significantly larger than the distance between the transponder
and the reader’s antenna. Only a tiny percentage of this field makes it to the antenna coil
of the transponder, which is placed at a distance away from the coil of the reader. After
rectification, the voltage produced by the transponder’s antenna coil’s inductance powers
the microchip. Figure 1.10 below illustrates the system.

Magnetic field bn the near field reglon

Bagretic field coupling

Betaeen the tag and the
Transfer of dats and power from

Hear feeld codl antenna thee reader reader
p 1
RFID reader ._ [(‘.I)] L) tﬂg

Backscatiered data (1D and sensed values)
From the tag to the reader

Figure 1.10: Near field system.

1.8.2 Far-field systems

Data sharing in the UHF or SHF range depends on electromagnetic (EM) wave propaga-
tion. An electromagnetic wave is produced when a high-frequency signal is applied to the
reader antenna. On the other hand, an electrical voltage shows at the tag antenna’s termi-
nals when it is positioned in the electromagnetic field that the reader produces. The tag
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chip is powered by this voltage. The antennas on passive UHF RFID tags come in a variety
of shapes for radiative coupling. The application is the primary determinant of the RFID
antenna selection. The antenna’s cost, which comprises the substrate, chip-fixing tools,
and antenna material (conductive ink, copper, etc.), is the main limitation. The antenna’s
size, which ultimately dictates the label’s size, is the second limitation. For the size, the
application should be considered.

Lot Ty Lo
(]

Figure 1.11: Comparison between far field and near field in RFID.

1.9 RFID system interference

1.9.1 Reader/Tag interference

When several concurrent queries from several readers are sent to a tag, this is known as a
reader-to-tag collision (tag interference). This problem can be solved by assigning differ-
ent channels to nearby readers [23]. This may stops the tag from being read when multiple
readers attempt to read it at the same time. In practice, when two or more readers attempt
to read the same tag, the latter cannot be read if the difference between their signal inten-
sities is greater than the threshold that the tag can withstand. However, by employing a
filter that reduces some of the interference, the tag can react to one of the conflicting sig-
nals. For a tag to distinguish between two colliding signals and react to a single reader,
there must be an intensity differential of 6 to 15 dB (tolerance) [24].

1.9.2 Reader/Reader interference

A reader-to-reader collision occurs when neighboring readers simultaneously interrogate
a specific tag in the same frequency band. Furthermore, it may occur when the tag is
within the readable range of one reader and the interference range of the other reader;
the signal from the latter reader may interfere with the return signal from the tag [25-28].
This can be solved by assigning different channels to neighboring readers [29].

1.9.3 Tag/Tag interference

When several signals reach the reader at once, it is impossible to reliably detect every tag
inside its interrogation zone, resulting in a tag-to-tag collision. Figure 1.12 depicts this
situation, in which tags T1, T2, T3, and T4 all send signals to the same reader at the same
time, making it impossible for the reader to identify a specific tag. The data from these
tags would collide at the reader without an anti-collision mechanism, deteriorating their
identification and wasting energy and bandwidth [11, 30-32].
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Figure 1.12: Tag-to-tag collision.

1.10 Regulations and standards for RFID systems

1.10.1 Regulations of RFID systems

The selection of operating frequency in RFID systems is determined by the specific appli-
cation requirements, However, compliance with regulatory standards is essential. These
regulations help prevent interference with other radio communication systems. To sup-
port global compatibility, certain frequency ranges, termed ISM (Industrial, Scientific,
and Medical), have been designated for such use. The frequencies most commonly used
in RFID applications are 135 kHz, 13.56 MHz, and 2.45 GHz, corresponding to low, inter-
mediate, and high-frequency bands, respectively [33]. Table 1.2 outlines the key regula-
tory standards for RFID systems.

1.10.2 Standards of RFID systems

Driven by industry and user demands, the continuous development of standards, par-
ticularly testing protocols, is essential to master RFID technology and expand its mar-
ket reach. These standards certify system interoperability, component interchangeabil-
ity, and operational reliability. ISO has established key standards that govern parameters
such as frequency, bandwidth, power limits, modulation, data rates, and communication
protocols. Table 1.3 outlines the key ISO standards.

Table 1.2: UHF RFID spectrum allocations by region [34].

Region Frequency Range Authorized Powers
869.4 to 869.65 MHz 500 mW ERP
Europe 865 to 868 MHz 100 mW ERP-LBT
865.6 to 867.6 MHz 2 mW ERP-LBT (10 channels of 200 KHz)
865.6 to 868 MHz 500 mW ERP-LBT
. 4W EIRP-FHSS
America 902 to 928 MHz (80 channels of 325 KHz)
Japan: 952 to 954 MHz 4W EIRP
Asia and Oceania | Korea: 908.5 to 914 MHz 4W EIRP
Australia: 915 to 928 MHz 1W EIRP
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For passive UHF RFID, ISO-specific standards include:

e ISO 18000-6: Communication protocol

* IS0 18047: Conformance testing

¢ ISO 18046: Performance evaluation

Currently, the EPCglobal consortium (headed by GS1, which unified EAN and UCC
barcode systems) developed the EPC Class-1 Generation-2 standard to streamline the
reader-tag interfaces and promote the adoption of RFID. Unlike ISO, EPCglobal focuses
exclusively on traceability applications, with the aim of establishing an Internet of Things

framework. Its strength lies in managing both technical specifications and unique tag

identification codes leveraging existing barcode standardization infrastructure [16].

Notably, major industry players and research laboratories support EPCglobal, and its
UHF identification standards now converge with ISO frameworks.

Table 1.3: Overview of ISO/IEC 18000 RFID Standards by Frequency and Status

Reference | Frequency | Title Status

18000-1 definitions | RFID for object management — | Published on
Part 1: Reference architecture and | 13/09/2004
definition of parameters to be
standardized

18000-2 <135kHz RFID for object management — | Published on
Part 2: Communications parame- | 13/09/2004
ters of an air interface below 135
kHz

18000-3 13.56 MHz | RFID for object management — | Published on
Part 3: Communications param- | 13/09/2004
eters of an air interface at 13.56
MHz

18000-4 2.45 GHz RFID for object management — | Published on
Part 4: Communications parame- | 31/10/2004
ters of a 2.45 GHz air interface

18000-5 5.8 GHz RFID for object management - | No consensus
Part 5: Communications parame-
ters of a 5.8 GHz air interface

18000-6 | 860-960 MHz | RFID for object management — | Published on
Part 6: Communications parame- | 31/10/2004
ters of an air interface between 860
and 960 MHz

18000-7 433 MHz RFID for object management - | Published on
Part 7: Communications parame- | 12/12/2005
ters of a 433 MHz air interface
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1.10.3 Radio Link Budget in RFID Systems

A typical UHF RFID system consists of a reader and several passive tags. In the uplink
communication, the reader interrogates the tag by transmitting data using Amplitude
Shift Keying (ASK) modulation. The return communication, from the tag to the reader
(downlink), utilizes a backscattered modulation scheme. In the uplink communication,
the reader generates a carrier signal, which is radiated through the antenna. The tag col-
lects energy from the electromagnetic waves emitted by the reader and converts it into
DC power for the chip. Once powered, the tag is ready to receive commands, which are
transmitted by modulating the reader’s carrier signal. After completing the command se-
quence, the reader sends an unmodulated continuous wave (CW) signal to provide con-
tinuous DC power for the tag. The power available for the tag’s operation (Pr, tag) is de-
termined by a modified version of the Friis transmission equation [35].

1.11 Innovative applications of RFID

1.11.1 RFID technology in the food industry

RFID tags are used in supply chain management to monitor food items while they are
distributed and stored. For this specific application, barcode scanners are replaced by
RFID technology. Compared to barcodes, RFID technology offers the following benefits:
RFID systems can read tags without requiring line of sight, have a wider operating range
than barcodes, allow readers to connect with numerous RFID tags at once, and store more
data than barcodes [36].

Figure 1.13: RFID chain management and monitoring food.

1.11.2 Patrolling Log Applications

RFID technology is also used to audit and control security personnel themselves. The
app provides checkpoints to monitor security guards. Checkpoints are the RFID tags that
security guards need to scan during their successive patrols through a reader. The reader
keeps a record of the time and point at which the security guards swiped their cards. This
will not only help security company management to check the performance of security
guards but also serve as a reference to track events. This app can also help to improve the
patrol process, for example by identifying the need for increased patrols or checkpoints
in the patrol area [37].
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Figure 1.14: RFID access control.

1.11.3 Baggage applications

The airline industry and package delivery services face significant financial losses due to
the delay or misplacing of packages and baggage. Managing a diverse range of packages
travelling from several locations to different destinations on many paths may be highly
complex. In these cases, RFID technology has a significant role to smooth and ease the
operation by ensuring efficient package handling. It facilitates package identification and
provides detailed records that assist the airline industry in finding areas of improvement,
and keep customers informed about their package status [37].

Figure 1.15: RFID technology in airline industry.

1.11.4 RFID applications with animals

Animal identification has been known since ancient times to determine ownership and
recover lost or stolen animals. Early methods included tattooing, branding, ear notching
and ear tags. Nowadays, electronics and biometric IDs are more common, as shown in
Figure 1.16 [38]. In livestock management, RFID technology is commonly used to ef-
fectively identify and track individual animals, such as cows and goats. Every animal
has a UHF RFID tag, which is usually fixed to its ear and covered in sturdy plastic. Two
disks joined by the animal’s ear make up the conventional design. During inventory
checks, farmers can now swiftly and easily identify their animals thanks to this technol-
ogy, which significantly improves management effectiveness. Livestock management has
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Figure 1.16: Traditional animal identification methods. (a) tattooing (b) ear notch (c) cold stamp-
ing (d) hot stamping (d) ear tag.

been transformed by UHF RFID, which provides a more efficient and fruitful method [38].

RFID Reader ("

(Transceiver)

Personal Digital
Assistant
(Drata Accumulasor)

RFID Ear Tag
(Transponader)

Figure 1.17: Applications of RFID tags.

1.11.5 RFID applications in libraries

RFID uses flexible, thin tags that are placed inside document covers. The Library Man-
agement Software has the details of every document as shown in figure 1.18. Without staff
help, an RFID reader scans the tag on a document brought in by the user for issuance or
return, updating the system in seconds. In order to prevent theft, antennas at the library
exit automatically check to see if the document has been issued correctly and sound an
alertifit hasn't or is being stolen. In addition to circulation, RFID is utilised in libraries for
stock-taking [39].

1.11.6 Automatic toll road applications

RFID applications make toll collection/charging better with improved traffic flow, as cars
and vehicles cannot pass through toll stations without stopping for payment. RFID is
used to automatically identify the account holder and make faster transactions. This ap-
plication helps to keep good traffic flow and to identify traffic patterns using data mining
techniques that can inform the administration or decision support systems. For example,
the information can be used to report traffic conditions or to extend and develop future
policies.
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Figure 1.19: Toll road application.

1.11.7 Waste management

Waste management is another area where RFID technology can be applied. Each trash
can is fitted with an RFID tag in this system, while garbage trucks are equipped with RFID
readers. The reader wirelessly transmits the data to the driver’s cabin after scanning the
tag on a bin that has been emptied into the truck. The data, which includes the collector’s
name, collection time, and bin number, is sent to the central server at the end of the route
[40].

Understanding RFID Technology

)
Antenna

-

Figure 1.20: RFID waste management.
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1.12 Passive UHF RFID system

In recent years, research has focused on passive UHF RFID technology, which has grown
in popularity. This provides a very affordable option. In comparison to other passive
RFID technologies, it also provides a greater reading distance (3 to 10 m) and a higher
data throughput (about 200 kbit/s). Because of this desire, most parts of the world have
adopted laws and industry norms, which has allowed the market for this technology to
grow [20]. A passive UHF RFID system, as shown in Figure 1.21, consists of two elements
tag and reader [14].

Antenna |

Transmitted I 1

signal
Reflected ,’,--i\ E—— V
g RN

i -
signal L=

Tag
Reader IT system

Figure 1.21: Passive UHF RFID system.

1.12.1 Performance criteria in passive UHF RFID communication

A number of traits of both the tag and the reader work in tandem to determine how well
RFID communication works. A radiofrequency sinusoidal wave is released by the reader
with the dual purposes of powering the tag and facilitating the information transmission
(the emitted wave is modified in transmitter mode). The reader’s maximum power output
is controlled. It is defined by the Equivalent Isotropic Radiated Power (EIRP), which is the
result of multiplying the antenna gain (PGr) by the power applied or transmitted to the an-
tenna (Pth). The European Telecommunications Standards Institute (ETSI) sets the maxi-
mum EIRP level in Europe, which is equivalent to 3.2W (for the original frequency range);
the Federal Communication Commission (FCC) sets the EIRP level in the US, which is
worth 4W [41].

1.12.1.1 Transformation of energy and information between tag and reader

A passive UHF RFID tag is composed of an antenna and an integrated circuit. The first
function of this circuit is to recover the energy transmitted by the reader in order to pro-
vide the power supply necessary for its own operation, and secondly, to ensure its other
tasks including the impedance switching at the origin of the transmission of information
by retro-modulation from the tag to the reader. Thus, a rectifier converts the alternating
current from the reader’s RF signal into a direct current providing power to the integrated
circuit. The architecture of this rectifier is based on a Cockcroft-Walton type circuit which
is composed of two or more stages of diode voltage doublers whose non-linear behavior
is at the origin of the harmonics returned by the tag [42]. As a result, in order to activate
the tag chip, the RFID reader must send enough power (within the permitted limit) to
exceed the tag’s minimum activation power (Pth), also known as its sensitivity. After com-
munication is established, the reader (in receiver mode) needs to be able to demodulate
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the tag’s returned information. As a result, it needs to be able to identify the backscat-
tered signal in general as well as differentiate between the two levels that correspond to
the modulation [41].

1.12.1.2 Power transfer between the antenna and the tag chip

The power transfer between the antenna and the RFID tag chip is optimal (i.e., 50% of
the power effectively transmitted), and a fundamental condition known as impedance
matching in the radio frequency domain is met. This means, the antenna impedance
(Zany) is equal to the complex conjugate of the chip impedance (Z* p) in the frequency

chi
range [13,43]:
Zant = ZZhip (1.1)
with

Zchip :Rchip+chhip (1.2)
Zant :Rant"‘jxant (1.3)

Thus, the matching conditions become:
Rchip =Rant (1.4)
Xchip = —Xant (1.5)

1.12.1.3 Impedance matching in RFID

Unlike traditional RF systems which commonly used 50 Q, RFID systems do not follow
this standard. Instead, the chip impedance is predefined as specified in manufacturer
datasheet, and the matching network is designed accordingly to achieve impedance match-
ing [41].

1.12.1.4 Transmission coefficient

The transmission coefficient, which varies between in the range of 0 to 1, quantifies the
efficiency of the impedance matching. It is calculated by:

4RchipRant

- > (1.6)
|Zchip + Zant|

1.12.1.5 Passive UHF RFID system in the 860-960 MHz and 2.4 GHz bands

Passive UHF RFID system at 860-960 MHz is the most commonly used in RFID appli-
cations. This technology offers a higher reading range than 2.4 GHz passive UHF RFID
systems, reaching several meters depending on the specifications of RFID tags and read-
ers. Passive UHF RFID tags at 860-960 MHz are often used for supply chain management,
logistics, product traceability, asset tracking, access control, etc. Passive UHF RFID read-
ers at 860-960 MHz are available in different sizes and shapes, ranging from handheld to
fixed readers, to meet the needs of different applications. This technology is widely used
in industry and enterprises to improve operational efficiency and reduce costs [44]. Pas-
sive 2.4 GHz RFID systems are used in applications that require very short-range reading,
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typically less than one meter. Passive 2.4 GHz RFID tags are often used for in-store in-
ventory management, asset management, retail item tracking, etc. Passive 2.4 GHz RFID
readers are available in various sizes and shapes, ranging from handheld to fixed read-
ers, to meet the needs of different applications. Passive 2.4 GHz RFID tags are often less
expensive than passive 860-960 MHz UHF RFID tags, making them more economical for
short-range reading applications [44]. Although this technology is not suitable for all ap-
plications, it is very effective for applications that require short-range reading (inventory
management). The choice between 860-960 MHz and 2.4 GHz passive RFID systems de-
pends on the application specifications and read range requirements. The 860-960 MHz
passive UHF RFID system offers a higher read range, while the 2.4 GHz passive RFID sys-
tem is more cost-effective for short-range reading applications.

1.13 Passive UHF RFID systems and their environment

1.13.1 Deployment of passive UHF RFID systems in their environment

The deployment of RFID systems is particularly interesting from the point of view of elec-
tromagnetic compatibility. It requires first carrying out a spectral analysis of the site and
taking into account interference that may occur between readers [41].

1.13.1.1 Spectral analysis of the environment

Implementation on a site involves carrying out a spectral analysis in order to minimize in-
terference [45]. Indeed, UHF RFID operates in the ISM (Industrial, Scientific and Medical)
band, in which many disruptor including GSM can intervene. This measurement makes
it possible to identify disruptive sources and to take precautions to minimize their effects
on RFID systems.

1.13.2 Passive UHF RFID tags in their environment

Although it is a passive element that does not transmit radiofrequency waves, the design
of a passive UHF RFID tag must take into account the constraints related to its environ-
ment. First of all, a tag must be operational in a multi-tag environment. It must also be
adapted to its immediate environment, and in particular to the object with which it is as-
sociated. Finally, it must be immune as much as possible against electrostatic discharges
to which it may be subjected.

1.13.2.1 Multi-tag environment

In the identification process, multiple tags may be present in the electromagnetic field of
an RFID reader. Collision between tags is generally avoided by two types of approaches,
both described in [46]:

* probabilistic approaches based on the ALHOA protocol, which make it possible to
reduce the probability of collision by making the tags respond at different time intervals.

* deterministic approaches based on sorting tree protocols. This type of protocol con-
sists of dividing the groups of tags queried into subgroups until all the tags have been
identified.
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1.13.2.2 Effect of the environment on RFID systems

RFID tags are designed to be associated with objects whose electromagnetic properties
are different and influence the properties of the tag (adaptation of the antenna to the chip,

etc.).

These characteristics must therefore be taken into account from the design of the

tags in order to minimize the effects of the environment and optimize the performance
[47,48].

1.14 Benefits of using an RFID system

Although RFID is unlikely to completely replace traditional barcodes in the near future, it
provides many advantages that make it valuable for identification purposes such as [49]:

Reduces human intervention: Minimizes human error during data collection and
lowers labor costs.

Read/Write capabilities: Unlike barcodes, RFID tags can store and update a greater
amount of data.

Flexible tag positioning: No line-of-sight is required, allowing more placement op-
tions and less strict alignment.

Simultaneous tag reading: Multiple tags can be scanned at once, which minimizes
the time required for circulation operations and provides a much faster alternative
to barcodes.

Lower inventory costs: Helps reduce expenses associated with stock management.

Durability: Resistant to dust, chemicals, and physical damage.

1.15 Challenges and limitations of RFID

Challenges and limitations of RFID systems are as follows [49]:

Standardization: Incompatible data formats, communication methods, and colli-
sion management result from a lack of consistent standards.

Cost: The economic viability of widespread use is limited by high tag prices, partic-
ularly for active and semi-passive tags.

Signal collision: When several tags are read at once, data loss may occur, necessi-
tating the deployment of expensive anti-collision techniques.

Frequency issues: Performance and compatibility are impacted by international
frequency regulations, transmission types, and environmental interference (such
as water or metals).

Tag defects and detection issues: Read failures may result from manufacturing
flaws, environmental damage, or incorrect positioning.

Rapid obsolescence: Older systems soon become obsolete due to rapidly changing
technology, which affects long-term investment.
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e Security and privacy risks: Protective measures and encryption are necessary to
prevent unauthorized access to data.

* Virus attacks: RFID systems connected to databases are susceptible to hacking at-
tempts and malware.

1.16 Conclusion

In this chapter, we have provided a general scope of the basics of an RFID system, in-
cluding the tag and the reader by providing their essential characteristics. We have also
introduced its various applications, such as healthcare, access control, and automatic toll
collection, that make it a valuable identification technology. In addition, we have dis-
cussed passive UHF RFID, highlighting its benefits and limitations in different contexts.
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2.1 Introduction

This section focuses on an essential component in RFID systems, which is the antenna.
Antennas are crucial devices that transmit or receive electromagnetic waves [50]. Posi-
tioned at the end of the transmission chain, the antenna is essential to enable commu-
nication between the tag and the reader. In this chapter, we will specifically examine an-
tennas used in both readers and tags. This chapter first reviews antenna characteristics,
particularly patch antennas. Next, we describe various techniques used to feed patch an-
tennas, which are important in determining their bandwidth and radiation. In addition,
we focus on the meandering strategy and, finally, on the impedance-matched antenna.

2.2 Antenna parameters

The antenna serves the purpose of converting the electrical energy of a signal into electro-
magnetic energy and vice versa. Energy is transferred from the transmitter to free space,
where it propagates, with the help of a transmitting antenna. On the other hand, a re-
ceiving antenna ensures the transmission of the energy of a wave propagating in space
to a receiving device [51]. Therefore, the characteristics of an antenna can be classified
into two categories based on the types of energy: electrical characteristics and radiation
characteristics.

2.2.1 Electrical parameters

The electrical parameters describe the antenna as a component within its connected cir-
cuit. They enable the assessment of the load which the antenna imposes on the circuit
and assess how effective power is transferred between the antenna and the radio system.
These include metrics like input impedance, the reflection coefficient, the standing wave
ratio, the bandwidth, the quality factor, and the noise temperature [51].

2.2.1.1 The inputimpedance of an antenna
The input impedance Z;, is defined as the ratio of the input voltage to the input current

at the antenna’s terminals:

\%
Zin= T (2.1)

An antenna’s input impedance can be broadly represented using the following model
in Cartesian form:

Zin:Rin+inn:RR+RL+inn (2.2)

where,

R;n: The resistive part of the antenna

Rg: The radiation resistance (The energy radiated by the antenna)

Ry: The loss resistance (The conduction losses, dielectric losses, and surface wave of the
antenna)
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Xin: Represents the reactive part of the antenna, where:

1
Xin=Low-—
n C(D

w: Angular frequency (w = 2n f).
The radiation resistance Ry should be zero, and R;;, should equal the transmission line
characteristic impedance [51].

The imaginary part corresponds to the energy stored in the near-field region. If the
matching conditions are not met, waves are reflected back toward the source, resulting
in standing waves, measured by the Standing Wave Ratio (SWR) (discussed later). The
amount of power an antenna radiates depends on the current flowing through it, with the
highest radiation occurring at peak current. When the antenna is resonant, its impedance
should be minimized to remain purely resistive. For optimal impedance matching ensur-
ing maximum power transfer between the transmission line and the antenna the loss re-
sistance Rp should be zero, and the radiation resistance R; should equal the transmission
line’s characteristic impedance [51].

Ri=R, +R_

Antenna
input
terminals

Figure 2.1: Input impedance of antenna.

The efficiency of an antenna can be defined as:

Rradiati
n= radiative 2.3)
Rradiutive+Rloss

To obtain better efficiency, the resistance linked to losses must be smaller than the resis-
tance linked to radiation.

2.2.1.2 Reflection coefficient and the standing wave ratio

The reflection coefficient shows how much of an electromagnetic wave is reflected by an
impedance discontinuity in the transmission medium. The reflection coefficient is equal
to the ratio of the amplitude of the reflected wave (the wave returning to the generator) to
the incident wave (the wave coming from the generator) [52].

Zant—Zec

I'x=1D= = 2.4
(x=D)=S11 Zor 2o (2.4)

The line is matched if Za,; = Z.. In this case, 100% of the power is perfectly transmit-
ted to the load and there is no mismatch loss. The significance of impedance matching
are shown when: impedances are significantly out of balance, the majority of the power
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Figure 2.2: The schematic equivalent of an antenna connected to a generator by a transmission
line.

will be reflected away from the load (the load is an antenna in our case). The amplitude
of the reflection coefficient S;; in decibels (dB) is:

IS11l(aB) =2010g|S11] (2.5)

VSWR, or standing voltage wave ratio, measures the efficiency of the antenna system
in transferring power from the transmitter to the antenna by dividing the greatest voltage
point of the antenna by its minimum voltage point. It can be found:

1+1S
VSWR = -5l (2.6)
1-1S11l

An impedance mismatch between the transmitter and the antenna, indicated by a
high VSWR, could result in worse transmission and reception quality [52].

2.2.1.3 The bandwidth

The bandwidth or passband of an antenna is the frequency range in which the reflection
coefficient remains below a specified threshold. It can also be described as the range of
frequencies where the energy transfer between the power source and the antenna (or from
the antenna to the receiver) surpasses a defined limit, ensuring proper matching between
the excitation source and the antenna.
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Figure 2.3: The -3dB bandwidth representation [53].

30



CHAPTER 2. ANTENNA FUNDAMENTAL PARAMETERS OF RFID SYSTEM

An antenna’s bandwidth is typically determined from its reflection coefficient curve
or, in some cases, its VSWR curve. It is generally defined by a reflection coefficient below
-6 dB, -10 dB, or -15 dB, depending on the chosen criteria. However, the most widely used
standard is the -10 dB threshold [54, 55], which means that 90% of the energy from the
source is successfully delivered to the antenna, with only 10% being reflected. The band-
width is commonly viewed as a frequency range centred around the central frequency f¢,
the bandwidth A f is given by [51]:

Af=f-h 2.7)

Where fi and f, are the inferior and superior cutoff frequencies, respectively, at a given
threshold. The relative fractional bandwidth FBW is a percentage expressing the ratio of
the band to the center frequency fc is expressed by:

Af
FBW (%) = 0 100 (2.8)

c

| Bandwidth Af |

S14..] (dB)

' High frequency f;
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R S
Itlleer frequency f, |

Frequency (GHZ)

Figure 2.4: Estimation of the bandwidth of an antenna from its reflection coefficient curve.

2.2.1.4 Quality factor

The quality factor is a key property of an antenna, defined by analogy with linear elec-
tronic circuits. It is usually calculated at the resonance and connected to the bandwidth.
The quality factor represents the losses in the antenna, which include: radiation losses,
conduction losses, dielectric losses, and surface wave losses. Thus, the total quality factor
is impacted by all these types of losses and it is expressed by [51, 56]:

1 1 1 1 1

= +—+—+
Qt Qrad Qc Qd st

(2.9)

where:
Q; = total quality factor.
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Q;qa = quality factor due to radiation(space wave) losses.
Q. = quality factor due to conduction (ohmic) losses.

Qg = quality factor due to dielectric losses.

Qsw = quality factor due to surface waves.

2.2.2 Radiation parameters

The radiation parameters of an antenna define how it transmits or receives electromag-
netic waves in space. The following characteristics are some of the most important radia-
tion characteristics in the antenna:

2.2.2.1 Radiation pattern

The antenna radiation pattern, or in other words, the antenna pattern, is a mathemat-
ical function or graphical representation of the radiation properties of the antenna as a
function of space coordinates. In the most common case, antenna radiation patterns are
determined in the far-field region. This region is where the angular field distribution is
essentially independent of the distance from a specified point in the antenna region. The
parameter represented by the radiation pattern is typically a normalized magnitude of the
pattern function or one of its components, the directivity or partial directivity, or the gain
or partial gain — but it may be the phase of a polarization-phase vector component, the
axial ratio, or the tilt angle as well; these parameters are reviewed in the following subsec-
tions [57].

2.2.2.2 Radiation characteristic function

The radiation characteristic function (RCF), denoted F(0, ¢), is a graphical representation
of the ratio between the power radiated by the antenna in a specific direction defined
by angles 0 and ¢, and the maximum power P (0, ¢¢) radiated by the same antenna. In
other words, RCF is a normalized pattern varies between 0 and 1 in real values (up to 0 in
decibels). This depends on the considered direction [51].

P(6, d)
P60, do)

Typically, there are three main forms of radiation patterns which are:

F(0,¢) = (2.10)

a)isotropic radiation
The definition of an isotropic radiator is "a hypothetical lossless antenna having equal
radiation in all directions." It is frequently used as a reference for defining the directional
features of real antennas, even though it is ideal and not physically possible Figure 2.6
illustrates it.

b)directional radiation
An antenna with the ability to emit or receive electromagnetic waves more efficiently in
certain directions than others is called a directional antenna. This word is typically used
to describe an antenna whose maximum directivity is much higher than that of a half-
wave dipole. Figure 2.6 illustrates a directional radiation pattern.
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c)omnidirectional radiation
An omnidirectional antenna is known for its ability to radiate with equal strength in all
directions within a plane. The monopole antenna serves as a classic example of such an
antenna. Figure 2.7 illustrates a typical depiction of the omnidirectional radiation pat-
tern.

hH —
al Horizontal

Vertic

Figure 2.5: Isotropical radiation pattern in vertical and horizontal planes.

beamwidth at 3-dB (Aperture angle at half power)

Major Lobe
S

y

___side lobe

back lobe

Figure 2.6: Directional radiation pattern in the elevation plane.

2.2.2.3 Half-Power Beamwidth

The half-power beamwidth (HPBW) is identified in a cut of a radiation pattern as the
angle between the two directions in which the radiation intensity is half of its maximum
value. HPBW characterises the behaviour of the antenna in its main lobe, but it does not
take into account the amount of power radiated out of the main beam. For this reason,
parameters are normally used to evaluate the antenna’s directional performance [57].
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Figure 2.7: Omnidirectional radiation pattern.

2.2.2.4 Field polarization

The polarization of the electromagnetic wave is described by the point locus of the vector
electric field E (or magnetic field H) over time, which can distinguish three types of po-
larization. By taking the z-axis as the propagation direction, the expression on the field is
expressed by:

E(z, 1) = XEx(z, 1) + JE (2, 1) (2.11)

If the propagation of the wave follows the direction of positive z, the trigonometric
form can be written as follows:

E(z, 1) = XEy,cos (Wt —kz + @x) + JEy, cos(wt —kz+¢y) (2.12)

Where, Ey, and E,, are respectively the amplitudes of the electric field E components
in the x and y directions; k is the wave number; ¢, and ¢, are the initial phases of the
two components Ey, E, respectively. Three types of polarization are briefly described
below [51,58,59]:

a)Linear polarization
For the wave to have linear polarization, the time-phase difference between the two com-
ponents must be

Ap=¢y—¢py=nmn=0,12,3,.. (2.13)

Therefore, in trigonometric form it is expressed by:
E(z, t) = XEx, cos(wt — kz) = JE,, cos (wt — kz) (2.14)

Figure2.9 represents the orientation of the electric field vector in the linear polarization.
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L J

(+) (=)
Figure 2.9: Cartesian representation of linear polarization.

b)Circular Polarization
Circular polarization, Figure 2.10, is obtained only when the components of the field vec-
tor have the same amplitudes and the phase difference, Ag, between these two compo-
nents is an odd number of n/2.That is,

Ex, =Eyo (2.15)

+G+2mmn=1,2,. for CW

A‘p:‘py_‘px:”“:{ ~A+2mmn=1,2,.. for ccw (216

c) Elliptical Polarization
In the case of elliptic polarization, if we take only the case of an ellipse aligned on one
of the main axes, the amplitudes of the components of the electric field vector are differ-
ent.Moreover, the phase difference between the two components is an odd multiple of
7t/2.That is,
Ex, ZEy0 (2.17)
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Figure 2.10: Cartesian representation of circular polarization.

and
+G+2mmn=1,2,. for CW

A(P:(Py—(l)x:”m:{ _(%+2n)n,n:1,2,... for CCW

In Figure 2.11, the ellipse is traced by the end of the electric field vector over time.

(2.18)
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Figure 2.11: Cartesian representation of elliptical polarization.

Knowing that the + and- in the equation respectively represent the left-hand elliptical
polarization (RHEP) and the right-hand elliptical polarization (LHEP). In Figure 2.11 the
ellipse is plotted by the end of the electric field vector over time. The ratio of the semi-
major axis to the semi-minor axis of the ellipse is called the axial ratio. It satisfies the
following relationship [51, 58, 59]:

major axis

; : (2.19)
minor axis
¢ [f AR=1, then the polarization is circular.
e If AR equals to infinite, then the polarization is linear.
AR is often measured in dB:
ARy = 20log(AR) (2.20)

If the antenna provides a polarization less than 3dB, it is then considered as circularly
polarized.
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2.2.2.5 Fieldregions

The space surrounding an antenna is usually subdivided into three regions: (a) reactive
near-field, (b) radiating near-field (Fresnel) and (c) far-field (Fraunhofer) region as shown
in Figure 2.12 [60].

Far-field
(Fraunhofer) region

Radiating near-field
(Fresnel) region

Figure 2.12: Representation of radiation zones.

a)Reactive near-field

The reactive near-field region is the area directly surrounding the antenna where the
reactive field dominates. For most antennas, this region can extend up to R < 0.62vD3/A
from the antenna surface, where A is the wavelength, and D is the antenna’s largest di-
mension. In the case of a very short dipole, this limit is generally considered to be of a
very short dipole, or equivalent radiator, which is commonly assumed to exist at a dis-
tance of A/2n from the antenna surface.

b)Radiating near-field (Fresnel) region
The radiating near-field is located between the reactive near-field region and the far-field
region of an antenna. In this zone, radiation fields are dominant, and the angular field
distribution depends on the distance from the antenna. Fresnel zone refers to the radi-
ating near-field region of an antenna focused at infinity, based on an optical language
analogy. Given that D is the antenna’s biggest dimension, the inner boundary is defined
as R < 0.62vD3/A and the outer border as R < 2D?/A. The criterion is predicated on a 7t/8
maximum phase inaccuracy. The radial field component may be noticeable in this region,
where the field pattern is often a function of the radial distance.

c)far-field region
The far-field region represents the area around an antenna where the angular distribu-
tion of the field is unaffected by distance. This region is typically considered to begin at
distances greater than 2D?/A from the antenna. However, this distance may not always
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be suitable for certain antennas, such as multi-beam reflector antennas, whose far-field
patterns are influenced by phase variations across their apertures. In this zone, the field
components are primarily transverse, and the angular distribution remains constant re-
gardless of the radial distance at which measurements are taken. The lower boundary of
this region is at R = 2D?/A, while the upper boundary theoretically extends to infinity.

2.2.2.6 Antenna Directivity

The directivity of an antenna in a given direction is the ratio between the power radiated
in that specific direction and the power that an isotropic antenna would radiate.

The directivity of an antenna is the ratio between the radiation intensity in a given
direction and the radiation intensity of an isotropic antenna that radiates the same total
power.

PO,¢) PO,

Piso Praq/4m

If the direction is not specified, it implies the direction of maximum radiation intensity
(maximum directivity) expressed as

D(6,¢) = (2.21)

P 4nP
D,x = Do = max _ max (2.22)
Piso Pmd

2.2.2.7 Antenna gain

The gain of an antenna differs from its directivity only by the efficiency n of the antenna:

G(0,9) =nxD(6, ) (2.23)

In general, the gain corresponds to the gain in the direction of maximum radiation.
This property characterizes the ability of an antenna to focus radiated power in a specific
direction. Gain is expressed in decibels (dB) as follows:

G(dB) = IOIOgIO(G) (224)

The radiation intensity that corresponds to the isotropically radiated power is calcu-
lated by dividing the power that the antenna accepts (input) by 4n. Equation form allows
for this to be stated as

radiation intensity B 4HP(9,¢) (2.25)

n ; =
total input (accepted) power Pin

2.2.2.8 Radiation efficiency

The radiation efficiency n, of an antenna measures the part of the power lost between the
RF source and the propagation medium. It represents the ratio of the total radiated power
P, to the feed power P, supplied to it [51].
n= Pr (2.26)
P4
The gain is then related to the directivity in real values by:

PO,¢)  P(O,¢)
= = =nD 2.2
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2.2.2.9 Friis Transmission Equation

A telecommunication system is made up of a gain antenna G;, powered by a power P; and
receiving by a gain antenna G, located at an emission antenna station. The station has
been closed since then is [51]:
pr= PiGe (2.28)
4nd?
The power received, P,, by areceiving antenna of surface equivalent to Ar to a distance
dis then [51]:

G,\?
P, = prA;,where A, = i (2.29)
T

The telecommunications equation (Friis’ formula) is, therefore:

A 2
P, =P o 2.
r tGGr (4T[d) (2.30)

This yields the Friis formula, which provides the free-space path loss Ag:

A—Pr—( A )ZGG (2.31)
7P, “\ana) T ’

The first factor in this expression is called propagation loss.

2.3 Patch antenna

2.3.1 Overall

Nowadays, microstrip patch antennas or patch antennas are widely adopted worldwide
[55]. This type of antenna first developed in 1970s. Its flat profile and reduced weight,
compared to parabolic reflectors and other antenna options, made it attractive for air-
borne and spacecraft applications. More recently, the use of materials with high dielectric
constant has enabled further miniaturization, making patch antennas a popular choice in
mobile devices, GPS receivers and other mass-produced wireless technologies.

2.3.2 Basic patch antenna design

A microstrip patch antenna (MPA) mades up of a conducting patch which can have a pla-
nar or nonplanar geometry on one side of a dielectric substrate. This substrate id char-
acterised by a relative dielectric permittivity u, and a relative magnetic permeability pr.
In the other side of the substrate lies a ground plane includes a metallic engraving that
supports surface currents as shown in Figure 2.13, generating electromagnetic radiation.
These Currents are transmitted via a microstrip line from the generator to the antenna.

2.3.3 Dielectric materials

Dielectric materials are often used as an intermediate layer between the radiating element
and the surface [51]. A dielectrics characterized by two basic parameters; the dielectric
constant €, and the loss tangent tand [61]. These materials have a considerable impact on
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Radiating
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Dielectric
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Ground
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Figure 2.13: Conventional patch antenna geometry [61].

the characteristics of the antenna. The qualities that they need to be used micro-ribbons
are [51]:

 Sufficient mechanical strength to support the entire structure.

Sufficient thermal conductivity to prevent overheating.

Excellent hydrophobicity, as water impairs material performance.

Very low dielectric alarms.

Low dispersion.

e Low anisotropy and linear behaviour.

One machine and one piece of machinery.

2.3.4 Conductive materials

The section of conductive material is essential as it significantly impact the performance
of the patch antenna. Copper is widely used and common due to its high conductivity,
resistance to corrosion, and simple method of fabrication. Aluminum is another option,
even though its less commonly used compared to copper. Depending on the specific de-
sign requirements, other materials with suitable conductivity and fabrication properties
may be used. The radiating patch can be designed in several shapes, such as a square,
rectangle, thin strip (Dipole), triangle, circular ring, ellipse, or combination of these. Fig-
ure 2.14 provides effective examples of these shapes. Although each shape has unique
properties, the most used shapes are square, rectangular, and circular due to their ease of
production and analysis [62].
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100
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Figure 2.14: Representative shapes of microstrip patch antenna.

2.4 Feeding techniques for patch antennas

A feedline is used to excite to radiate by direct or indirect contact. There are many differ-
ent techniques of feeding, and the four most popular techniques are coaxial probe feed,
microstrip line, aperture coupling and proximity coupling [61].

2.4.1 Coaxial probe feeding

Coaxial probe feeding is a feeding method in which the inner conductor of the coaxial is
attached to the radiation patch of the antenna while the outer conductor is connected to
the ground plane. Advantages of coaxial feeding is easy of fabrication, easy to match, low
spurious radiation and its disadvantages is narrow bandwidth, Difficult to model specially
for thick substrate Figure 2.15 [61].

Patch antenna

Substrate > |

Ground Plane § '\\ Coaxial
Cable

!

Figure 2.15: coaxial probe feeding [61].

2.4.2 Microstrip line feed

Microstrip line feed is one of the easier methods to fabricate as it is just a conducting strip
connecting to the patch and, therefore, it can be considered as an extension of the patch.
It is simple to model and easy to match by controlling the inset position. However, the
disadvantage of this method is that as substrate thickness increases, surface wave and
spurious feed radiation increases, which limits the bandwidth [61].
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Microstrip
Antenna

Microstrip
line

‘\ Substrate

Figure 2.16: Microstrip line feed patch antenna [61].

2.4.2.1 Aperture coupled feed

Aperture-coupled feed consists of two different substrates separated by a ground plane.
On the bottom side of the lower substrate, there is a microstrip feed line whose energy is
coupled to the patch through a slot on the ground plane separating the two substrates.
This arrangement allows independent optimisation of the feed mechanism and the radi-
ating element. Normally, the top substrate uses a thick low dielectric constant substrate,
while the bottom substrate is the high dielectric substrate. The ground plane, which is in
the middle, isolates the feed from the radiation element and minimizes the interference
of spurious radiation for pattern formation and polarization purity. The advantage is that
it allows independent optimisation of the feed mechanism element [61].

Patch Antenna

v

Ground
plane /

with

aperture /

Transmission Line

Figure 2.17: Aperture coupled feed patch antenna [61].

2.4.2.2 Proximity coupling

Proximity coupling has the largest bandwidth and low spurious radiation. However, its
fabrication is difficult. The length of the feeding stub and the width-to-length ratio of the
patch is used to control the match. Its coupling mechanism is capacitive in nature [61].

The major disadvantage of this feeding technique is that it is difficult to fabricate be-
cause of the two dielectric layers that need proper alignment. Also, there is an increase
in the overall thickness of the antenna. In the wide range of antenna models, there are
different structures of Microstrip antennas, but on the whole, we have four basic parts in
the antenna [61]:

They are:
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Figure 2.18: Proximity coupled microstrip patch antenna [61].
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The characteristics of microstrip patch antennas, microstrip sot antennas and printed
dipole antennas are summarized compared in table 2.1 [61]:

Table 2.1: Characteristics comparison

Characteristics Microstrip ~ patch | Microstrip slot an- | Printed dipole an-
antenna tenna tenna

Profile thin thin Thin

Fabrication Very easy easy easy

Polarization Both linear and cir- | Both linear and cir- | linear
cular cular

Dual-frequency opera- | possible possible possible

tion

Shape flexibility Any shape Mostly rectangular | Rectangular and tri-

and circular shapes | angular
Spurious radiation Exists Exists Exists
Bandwidth 2-50% 5-30% ~30%

2.5 Types of patch antenna arrays

Sometimes, the use of a single patch is insufficient to meet the constraints of radiation.
To improve antenna performance, a multilayer structure that allows an increase in the
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bandwidth and combines the different radiant elements forms a system called a network.
This makes it possible to compensate for the limitations of the characteristics of a single
antenna by playing on many factors, such as the spacing and phase of the patches and
the size of the ground plane, to have a higher gain and a conforming main lobe. Figure
2.19 identifies three typical configurations of antenna arrays, which are linear, planar and
circular arrays [51, 63, 64].

¥

L.

o o o o0

(a) (b (©)

Figure 2.19: Different geometric configurations of antenna arrays: (a) linear, (b) planar and (c)
circular [51].

2.5.0.1 Linear array

In a linear array, the radiating elements are placed one after the other through a parallel
displacement along the same line, as shown in Figure 2.19.a

2.5.0.2 Planner array

In a planar network, the radiating elements are deduced from each other through parallel
translations on the same plane as shown in Figure 2.19.b.

2.5.0.3 Circular Array Antenna

An antenna consists of a group of identical radiating elements in which each set of points
is placed on a circle, Figure 2.19.c explain it.

The parameters considered to control the shape of the overall radiation pattern are:

* The array’s geometry (linear, planar, or circular).

The relative spacing between each element.

The amplitude of the excitation of each element.

The phase applied to each excitation.

The radiation pattern of each element.

2.6 Methods for size reduction

Since most UHF RFID tags must be attached to small objects, the antenna’s geometry
should be miniaturised without unacceptable degradation of the radiation efficiency. In
order to achieve that, meandering strategy and inverted-F structures are proposed. Both
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strategies require a single or multiple folding of the radiating body, However, the inverted-
F antennas additionally include a finite approximation of a ground plane [65].

2.6.1 The meandering strategy

A wire configuration is produced by folding in the arms of a dipole antenna along a me-
andered path with distributed capacitive and inductive reactances that globally affect the
antenna’s input impedance. Up to the first antenna resonance, the currents on the adja-
cent horizontal segments of mender-line antennas (MLA) have opposite phases. These
transmission-line currents do not contribute to the radiated power but produce losses.
Resonances are achieved at much lower frequencies than in the case of a straight dipole
of the same height, at the expense of a narrow bandwidth and low efficiency [65].

Figures 2.21 shows some relevant examples of RFID tag antennas found in recent sci-
entific publications, which use the meander-line technique to reduce the size.

Figure 2.20: The geometry of a meander-line antenna having multiple unequal turns [65].

A meander-line antenna can have periodic shapes or be individually optimized to
match a specific impedance, which helps to enhance the performance for a diverse range
of applications like RFID and wireless devices.

2.6.2 The F-inverted configuration

The size of a vertical wire monopole can be reduced by folding part of the wire paral-
lel to the ground plane according to an inverted-L structure. Which typically has a low
resistance and a high capacitive reactance. To provide tuning freedom, the structure is
augmented with a shorting pin, giving the F-type (Inverted F Antenna, IFA) configura-
tion. This can also be viewed as a monopole version of the T-match, where the radiating
body is folded to reduce the space occupied.
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0.05A4 x 0.04

(a) Equi-spaced meander line antenna. Dimen-
sions: 0,05 A x 0,04 A and 0,24 A x 0,05\

0.31.x 0.042

I

(c) Equi-spaced meander-line with loading bar
. Dimensions: 0,3\ x 0,04 A, 0,27 A x
0,01 A

0.27A x 0.01A

(e) Multiconductor antenna with double T-
match

. Dimensions: 0,22 A x 0,12 A

0.241 x 0.05%

-

(b) Meander line antenna with coupled loop
feed

. Dimensions: 0,24 A x 0,05 A

. 2ZFA. X W27 R

(d) Doubly-folded L-shaped dipole
. Dimensions: 0,22 A x 0,12 A

0.22). x 0.12A

[c1=]

(f) Multiconductor meander-line tag [22]. Di-
mensions: 0,22 A x 0,12 A

Figure 2.21: Comparative layouts of meander-line RFID tag antennas with their respective dimen-
sions (wavelength A scales). Figures (a)-(b) show basic designs, (c)-(d) intermediate configura-

tions, and (e)-(f) advanced matching techniques.
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RF_IN

Figure 2.22: Inverted-F antenna.

2.7 Impedance matching

The three types of lumped element matching networks that are commonly used are based
on the L-network, m-network, and T-network. The advantage of L-network is that it only
has two reactive components whose values can be tuned easily for a given load impedance.
However, its impedance matching capability is limited. On the other hand, then- or T-
networks have the capability of providing superior impedance matching flexibility than
the L-network because they have three reactive components that can be tuned.

Figure 2.23 shows equivalent circuit of a typical L- and T-matching networks. The re-
active components can be either lumped elements or realized using transmission lines
based on microstrip integrated circuit technology. Capacitors can be realized using in-
terdigital or low impedance microstrip lines and inductors can be realized using high
impedance microstrip lines. Reactive components realized using microstrip lines can,
however, result in a larger circuit size [66].
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Figure 2.23: (a) Equivalent circuit of L-matching network, and (b) equivalent circuit of T-matching
network.

2.8 Conclusion

A theoretical demonstration on antenna parameters and characteristics has been dis-
cussed in this chapter, by exposing microstrip patch antenna features and their appli-
cations in the RFID systems. Some factors are involved in the selection of feeding tech-
niques. Particular microstrip patch antenna can be designed for each application and
different merits are compared with conventional microwave antennas.
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CHAPTER 3. DESIGN OF A CIRCULARLY POLARIZED RFID READER ANTENNA FOR
UHF/SHF APPLICATIONS

3.1 Introduction

In this chapter, we present the design and the simulation of a dual-band circularly polar-
ized (CP) RFID reader antenna. This antenna operates at 0.915 GHz and 2.45 GHz. All the
results are obtained by using CST Studio Microwave Software. We start with a parametric
study, showing the mean parameters that affect the antenna performance. Then, we show
the final results of the optimized reader antenna which demonstrate a high performane
for UHS/SHF applications.

3.2 CST Studio Microwave Software

CST is a 3D simulation software used for designing and analyzing electromagnetic sys-
tems, It is widely used in fields like antennas, high-frequency circuits, microwaves, and ra-
diation control. It supports both time and frequency domain analysis, showing results like
S-parameters and field distributions. Users can create precise 3D models of components
such as antennas and filters. It is used in industry and academia to reduce prototyping
costs and shorten development time. It is known for its high accuracy and user-friendly
graphical interface for design and simulation.

3.3 Design process of the proposed reader antenna

In order to create a circularly polarized RFID reader antenna to cover the UHF/SHF band,
we have followed several steps and considerations. Figure 3.1 provides an overview of the
design process.

Define design targets
Simulation and

Optimisation

Creating our READER
Antenna in CST

@ l'n—s

[ Results Analysis J

Figure 3.1: The Methodology Flowchart.
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3.4 Antenna design

3.4.1 Finalized reader antenna design

The design of the proposed reader antenna is inspired from the sequential phase con-
figuration [10]. The design is implemented on a Rogers 4003c substrate, featuring a rel-
ative permittivity of €, = 3.55 and a loss tangent of tand = 0.0027, with dimensions of
104 x 104 x 1.524 mm?. First, we had two L longer-shaped arms. Then, we changed
the L-shape by dividing it into five segments and intentionally created an open quasi-
rectangular shape at the end of the arm in order to obtain a circular polarization. Addi-
tionally, we modified the width and the length of the shorter L-arm to achieve the desired
PC and to target the SHF band. Double-sided dipoles are patterned on both the upper and
lower surfaces of the substrate, comprising two dipole pairs fed centrally through a 50 Q
coaxial cable. For the upper three-quarter ring delay line, the bottom layer’s pink metal
serves as the ground plane, whereas for the lower ring, the top red metal layer performs
this function. To eliminate blockage caused by the longer dipole over the shorter one fig-
ure 3.2. The longer dipole is rotated by 90 degrees. Furthermore, 90° bend is introduced
at the end of the longer dipole to reduce the antenna overall footprint. Both dipole pairs
are linked via a concentric ring delay line, defined by inner and outer radii denoted r; and
ra.

Figure 3.2: Geometry of the proposed reader antenna.

Table 3.1: Dimensions of the proposed reader antenna.

Parameter S I c b W, W, W3 f a rn d
Value (mm) 104 104 17 14 65 2 71 2 175 7 175
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3.4.2 Parametric study

3.4.2.1 Axial ratio

Figure 3.3 illustrates the axial ratio (AR) in dB as a function of frequency in GHz for dif-
ferent values of the design parameter denoted W3. The following results show that the
configuration with W3= 11 mm achieves the lowest axial ratio at 915 MHz and 2.4 GHz
(AR<3 dB), indicating the presence of circular polarization.
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Figure 3.3: Axial ratio (dB) as a function of frequency of the proposed reader antenna.

3.4.2.2 Reflection coefficient

Figure 3.4 represents the line graphs for the first attempts used to obtain effective results
of the magnitude of reflection coefficient |S1;| as a function of frequency GHz of the pro-
posed RFID reader antenna. The parameter W2 is crucial for enhancing [S;|.

3.4.3 Finalized reader antenna
3.4.3.1 Reflection coefficient

Figure 3.5 shows the reflection coefficient for the proposed reader antenna which covers
UHF and SHF bands. The value of the return loss for UHF band at 0.915 GHz is -30.87 and
for SHF(large band) at 2.4 GHz, 2.8 GHz and 3.7 GHz is -45 dB, -49.39 dB and -27.38 dB,
respectively.

3.4.3.2 Axial ratio

Figure 3.6 shows the axial ratio of the proposed reader antenna. The axial ratio within the
UHF band is around 1 dB, and for the SHF band is 3 dB. These values demonstrate that
the reader antenna performance is good regarding circular polarization.

52



CHAPTER 3. DESIGN OF A CIRCULARLY POLARIZED RFID READER ANTENNA FOR
UHF/SHF APPLICATIONS

-10 ¢4t4

|
N
o
1

I
w
o

1

The magnitude S11 (dB)

|
IS
o
1

_50 -

1 2 3 4 5

Frequency (GHz)

Figure 3.4: The return loss (dB) as a function of frequency of the proposed reader antenna.

3.4.3.3 Electric field

Figures 3.7, 3.8 and 3.9 show the radiated electric field at various instances: wt = 0° (figs.
3.7a,3.8aand 3.9a), ot =90° (figs. 3.7b, 3.8b and 3.9b), w¢ = 180° (figs. 3.7c, 3.8c and 3.9¢)
and ot = 270° (figs. 3.7d, 3.8d and 3.9d). The electric field rotates in RHCP toward z > 0,
whereas the LHCP of electric field is in z < 0. Figures 3.10, 3.11, 3.12 and 3.13 represent
the surface current on the reader antenna at 915 MHz, 2.4 GHz, 2.8 GHz and 3.7 GHz,
respectively, where the substrate current goes to zero.

3.4.3.4 Realized gain

Figure 3.14 shows the realized gain in dBi versus frequency in GHz for reader antenna.
The realized gain in UHF band is 1.73 dBi, for SHF (large band) at 2.4 GHz, 2.8 GHz and
3.7 GHz is 3.41 dBi, 5.9 dBi and 5.72 dBi respectively. These values demonstrate that the
reader antenna performance is good in terms of realized gain.

3.4.3.5 Total efficiency

Figure 3.15 shows a graph of the efficiency of reader antenna over a specific bandwidth.
The reader antenna shows high efficiency. This latter reaches 98% at 0.915 GHz, which
means that 98% of the antenna input is converted into electromagnetic radiation. Also,
an efficiency of 96% at 2.4 GHz, 98% at 2.8 GHz and 97% at 3.7 GHz are achieved. This
indicates that the antenna radiates efficiently at all frequencies.

3.4.3.6 Radiation Pattern

Our proposed antenna shows directional radiation at 0.915 GHz and 2.4 GHz, as it is
shown in the Figure 3.16.

Figure 3.17 shows the radiation pattern in polar representation of the proposed an-
tenna with a maximum gain of 1.73 dBi and 5.9 dBi at 0.915 GHz and 2.4 GHz respectively.
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Figure 3.7: Radiated electric field at various instances of antenna at 0.915 GHz.

This figure shows a maximum bidirectional radiation at frequency 0.915 GHz and 2.45

GHz at the x-z and y-z planes for ¢ = 0° and ¢ = 90°.
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Figure 3.8: Radiated electric field at various instances of the proposed reader antenna at 2.4 GHz.
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(b) at 90°.

(a) at0°.
Figure 3.10: Surface current of the reader antenna at 0.915 GHz.
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(a) at 0°. (b) at 90°.

Figure 3.11: Surface current of the reader antenna at 2.4 GHz.

(a) at 0°. (b) at 90°.

Figure 3.12: Surface current of the reader antenna at 2.8 GHz.

(a) at0° (b) at 90°

Figure 3.13: Surface current of the reader antenna at 3.7 GHz.
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Figure 3.14: The value of realized gain in dBi versus frequency in GHz of antenna.
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3.5 Performance comparison with reported antennas

Table 3.2 represents a comparison between the proposed antenna and those mentioned
in literature [8-11], in terms of size, bandwidth, field polarization, and gain. This compar-
ison shows that the proposed antenna has the higher gain of 1.73 dBi at 0.915 GHz and 5.7
dBi at 2.4 GHz and 5.9 at 3.7 GHz compared to the other antennas [8-11]. It has a size of
104 x 104 x 1.527 mm3 with a circular polarization for both UHF and SHF bands. As well
as, a elliptical polarization at 3.7 GHz is achieved. This performance makes the proposed
antenna an excellent candidate for RFID applications operating within UHF/SHF band in
CP-radiation.

Table 3.2: Comparison of antenna performance characteristics.

Ref., year Size (mm?>) Bandwidth Field Gain
(GHz) Polarization (dBi)
(8], 2019 41 x 100 x 1.6 0.88-0.96 / 2.28-2.57 LP 4.37
[9], 2020 85x85x1.6 0.882-0.936 / 2.35-2.58 CP 14/3.1
[10],2021 104x104x 1.524 0.840-0.960 / 2.4-2.48 CP 0.8/4.6
[11],2024 120x140x 0.817 0.881-0.942 / 2.32-2.52 CP -1.26 / 3.26

Proposed 104x104x1.524 0.866-1.05/ 2.25-3.13 / 3.48-3.8 CP/EP 1.73/5.7/5.9
antenna

3.6 Conclusion

In this chapter, we have designed a circularly polarized reader antenna for UHF/SHF ap-
plications with a size of 104 x 104 x 1.524 mm3, covering three frequency bands at 0.915
GHz, 2.4 GHz and 3.7 GHz. The proposed design demonstrates excellent performance
across both UHF and SHF frequency bands. Key points include:

* Reflection Coefficient: Very low return loss values, indicating excellent impedance
matching and minimal reflection level:
—30.87 dB at 0.915 GHz (UHF) and even lower values at SHF: —45 dB, —49.39 dB,
and —-27.38 dB at 2.4, 2.8, and 3.7 GHz, respectively.

¢ Polarization: Maintains circular polarization with axial ratio values:
Around 1 dB in UHF and up to 3 dB in SHE within acceptable limits for reliable
performance in varying environments.

* Realized Gain:
1.73 dBi at UHF and up to 5.9 dBi at SHE indicating a strong radiation capability,
especially at higher frequencies.

* Total Efficiency: Very high, reaching up to 98%, which means minimal power losses
and excellent radiation efficiency.

* Radiation Pattern: Broadside bidirectional characteristics with significant gain at
0.915 and 2.4 GHz, supporting targeted communication applications.
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In summary, the antenna is highly efficient, well-matched, and provides stable circu-
lar polarization radiation and strong performance across multiple frequency bands, mak-
ing it a strong candidate for multi-band RFID and wireless communication systems.
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4.1 Introduction

In this chapter, we discuss the design and the simulation of a miniaturized circularly po-
larized RFID tag antenna that operates at the UHF band of 915 MHz. We display the ax-
ial ratio, return loss, realized gain, efficiency, and radiation pattern of the proposed tag
antenna. All results are obtained by using CST Studio Microwave Software. The tag an-
tenna feeding is based on two 90 degree delays to make the antenna circularly polarized.
Meander-lines are used in the miniaturization of the antenna. Our objective in this chap-
ter is to design a miniaturized circularly polarized UHF tag antenna resonant at 915 MHz
with enhanced gain and integration of a chip. After simulating the proposed design using
CST software, we have obtained the results.

4.2 Tagantenna

4.2.1 Design process

In order to create the miniaturized and circularly polarized RFID tag antenna for the UHF
band, we have to follow several steps and considerations. Figure 4.1 provides an overview
of the design process.

Define design targets

Simulation and
— - - -
Optimization

|

Creating our Tag Antenna
In CST

No
l Satisfactory

Parametric study — l Yes

Integrating chip

|

Results analysis

|

END

Figure 4.1: Methodology flowchart for antenna design process.

The following flowchart represents the main steps in obtaining the desired antenna.
The first stage was to define the design target. Once the objectives are set, the antenna
is created in CST Studio after the substrate and conductor materials are chosen. A para-
metric study is then conducted to analyze the effect of each parameter used. Then, the
simulation and optimization; if the results are unsatisfactory, the process returns to the

64



CHAPTER 4. DESIGN OF A CIRCULARLY POLARIZED RFID TAG ANTENNA FOR UHF
BAND USE

previous step (parametric study). If the results are satisfactory, then we can integrate the
chip to our antenna. Finally, a second round of simulation; however, the results analysis
is added now to achieve high performance and to ensure that the entire system functions
as intended, leading to the end of the design process.

4.2.2 Tagantenna design

The antenna development is carried out in two stages: the initial antenna design is based
on the two 90° delays as in [67]. Then we have made modifications to achieve the final tag
antenna design with the required performance.

Figure 4.2: Geometry of the proposed tag antenna.

4.2.3 Tagantenna without chip
4.2.3.1 Inputimpedance

Figure 4.3 represents the input impedance of the proposed tag antenna in Q as a function
of frequency (MHz). The real and imaginary parts of the antenna input impedance are
shown in this figure, where Z,,; = 10 + j78 Q at 915 MHz, which is similar to the UHF
Gen2 STRAP chip, which has 10 — j64  as impedance.

4.2.3.2 Axial ratio

Figure 4.4 illustrates the axial ratio (AR) in dB as a function of frequency in MHz for three
different values of the design parameter denoted Li. The following results show that the
configuration with Li = 20.75 mm and a = a0 = 3 mm achieves the lowest axial ratio at 915
MHz (AR< 3dB), indicating the presence of circular polarization.

Other parameters were used here in addition to Li to achieve the previous results; how-
ever, Li was the main parameter.
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Figure 4.3: Input impedance of the proposed tag antenna as a function of frequency.
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Figure 4.4: Axial ratio (dB) as a function of frequency of the proposed chipless tag antenna.

4.2.4 Tagantenna with chip
4.2.4.1 Reflection coefficient of the proposed tag antenna with chip

Figure 4.5 represents the line graphs for the first attempts used to obtain effective results
of the magnitude of reflection coefficient |S;;| as a function of frequency (MHz) of the
proposed RFID tag antenna. Parameters denoted shiftT and d1 are crucial to enhance the
S 11-
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Figure 4.5: Magnitude of S1; as a function of frequency of the proposed tag antenna.

4.2.5 Finalized tag antenna design

The design of the new antenna, in Figure 4.2, retains some properties from the initial
design (built on a square Rogers RO4003C substrate with a dielectric constant of 3.55
and a loss tangent of 0.0027). However, the dimensions have been modified to 35 x 35 x
0.508 mm?®. In addition, the shape of the four triangles was changed by introducing a
slight curve to enhance the axial ratio for better circular polarization (CP). The meander
lines remains the same, however, we altered the end circles to squares to reduce simu-
lation time. Furthermore, delay elements are replaced by L-shaped delays with a slight
curve, and the T-matched remained the same for better impedance matching. These
modifications aim to shift the antenna back to the UHF band and improve the axial ra-
tio to be lower than 3 dB to achieve circular polarization.

Table 4.1: Dimensions of the finalized antenna.

Parameter W chip L, L; L3y w, w1 g L Hy a ap
Value(mm) 35 05 36 2075 21 16 04 04 14 8 3 3

4.2.6 RFID tag antenna with chip

In this section, results are presented using the Gen2 STRAP chip. The location of the chip
and the port are at the antenna input as shown in figure 4.6.

To minimize power loss, it is essential to ensure proper impedance matching between
the tag antenna and the chip. To achieve optimal power transfer and minimal reflection,
the antenna impedance must be equal to the complex conjugate of the chip impedance.

Zant =7 (4.1)

*
chip
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> D

Figure 4.6: Location of the chip at the tag antenna input.

4.2.6.1 Reflection coefficient

Figure 4.7 represents the magnitude of the reflection coefficient |S;;| as a function of fre-
quency (MHz) of the proposed RFID tag antenna. The resonant frequency is at 915 MHz,
while (|S11]| < -10 dB) covers a wide bandwidth ranging from 909.47 MHz to 922.34 MHz,
which supports robust performance in varying environments. The reflection coefficient
at 915 MHz was about -31.12 dB, indicating a well-matched antenna.

@-104 e N
©
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k]
3
5 -20+
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_30 -
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Figure 4.7: Magnitude of S1; in dB as a function of frequency in MHz of the proposed tag antenna.

4.2.6.2 Axial ratio

Figure 4.8 shows the value of the axial ratio in (dB) versus the frequency (MHz) of the
proposed tag antenna. At the resonant frequency 915 MHz, the value of the axial ratio was
(1.88 dB < 3 dB), and this indicates that the radiation of the RFID tag antenna is circular,
and we achieved the circular polarization characteristics.
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Figure 4.8: Axial ratio (dB) as a function of frequency of the proposed tag antenna.

4.2.6.3 Realized gain

Figure 4.9 displays the realized gain of the proposed antenna in (dB) as a function of the
frequencies in (MHz). The peak of the realized gain at 915 MHz is 1.62 dBi, which indicates
optimal power transmission efficiency, directly influencing the tag reading range.

Realized gain (dB)
A
1

-10 T T T T T T T T T T T
880 890 900 910 920 930 940
Frequency (MHz)

Figure 4.9: Realized gain (dB) as a function of frequency of the proposed tag antenna.

4.2.6.4 Total efficiency

Figure 4.10 shows the total radiation efficiency of the proposed tag antenna as a func-
tion of frequency. At 915 MHz, the efficiency reaches 96% ,which means that 96% of the
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antenna input is converted into electromagnetic radiation. In addition, it illustrates the
relation between the antenna gain and antenna efficiency as it is well explained in Chap-
ter 2.

100

80

60

40 4

Total efficiency (%)

20

T T T T T T T T T T T
880 890 900 910 920 930 940
Frequency (MHz)

Figure 4.10: Efficiency in % as a function of frequency of the proposed tag antenna.

4.2.6.5 Radiation pattern

Figure 4.11 represents the radiation pattern of the proposed tag antenna at 915 MHz for
different angular cuts in two different planes: ¢ = 0° and ¢ = 90° (the x-z and y-z planes).
Figure 4.11a shows the radiation pattern for ¢p = 0° in polar representation of the proposed
tag antenna with a maximum gain of 1.62 dBic. Figure 4.11b represents the radiation
pattern for ¢ = 90° in polar representation of the proposed tag antenna with a maximum
gain of 1.62 dBic. These figures show a maximum bidirectional radiation at frequency 915
MHz. Figure 4.12 represents the 3D radiation pattern of the proposed tag antenna at 915
MHez. It shows a broadband bidirectional radiation.

Realized gain(dBic)

p=0°
(@ p=0° (b) @ =90°

Figure 4.11: Radiation pattern of the tag antenna at 915 MHz at ¢p = 0° and ¢ = 90°.
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|

4

Figure 4.12: Radiation pattern of the proposed tag antenna at 915 MHz in 3D.

4.2.6.6 Electric field

Figure 4.13 shows the radiated electric field at various instances at 915 MHz, when wt = 0°
(fig. 4.13a), ot =90° (fig. 4.13b), wt = 180° (fig. 4.13¢c), and w? = 270° (fig. 4.13d). When
the Z-direction is positive (z>0), the electric field is observed to spin counterclockwise,
showing thereby a right-hand circular polarization (RHCP). When the Z-direction is nega-
tive (z<0), the electric field is observed to exhibit a left-hand circular polarization (LHCP).

Figure 4.14 represents the surface current of the tag antenna at 915 MHz for two in-
stances (wf =0° and wt = 90°), where the substrate current goes to zero.

4.2.6.7 Maximum reading range of the RFID tag

In order to calculate the maximum reading range of the proposed RFID tag antenna, we
use the following equation:

A |JEIRPxG, xT

=— 4.2
47 Pth ( )

max
where,

EIRP: Equivalent Isotropic Radiated Power.

G;: Received gain of the antenna.

P : The sensitivity of the UHF Gen2 STRAP chip (in Watts).

1: Transmission coefficient.

We now proceed with the numerical application of the above equation:

3x108
A=—=————_=0.327m
f 915x108
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Figure 4.13: The behavior of the electric field of the proposed tag antenna at various instances at
915 MHz.

We have,
EIRP=4W;
G, = 1.62 dBi = 1016210 ~ 1 45;
Pj=-13dBm=5.012x107° W;
T=1.
Then, we get the reading range of the proposed tag as follows:

b 0.327 [4x1.45x1 884
= ~ 0. m
M 4V 5.012x 1075

The calculated reading range is approximately 8.84 meters. This result shows how an-
tenna gain and chip sensitivity affect the read distance. Small variations in these two pa-
rameters can significantly affect the range of the RFID tag antenna, making them critical
in the performance of the RFID system.
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(@ wt=0° (b) ot =90°

Figure 4.14: Surface current of the tag antenna at 915 MHz.

4.3 Performance comparisons with reported antennas

Table 4.2 illustrates a comparison of antenna performance characteristics among the pro-
posed RFID tag antenna and five different previously published works in the literature, in
terms of antenna size, frequency bandwidth, field polarization, gain, and reading range.
The provided table shows that the proposed tag antenna has the smallest size of 35 x 35 x
0.508 mm? compared to the antenna sizes in [3-7]. In terms of gain, the proposed tag
antenna demonstrates competitive performance compared to works in [3-6], except the
work in [7], which achieves 6 dBi of gain. However, it occupies a large surface of 220x30x 1
mm?, as well as, the antenna does not show a circularly polarized radiation and only 5
meters of reading range is exposed. The proposed tag antenna shows the longer reading
range of 8.84 m outperforming other antennas, which makes it highly suitable for long-
range RFID applications. As well as, the proposed tag shows circularly polarized radiation
in a broadside bidirectional radiation with a gain of 1.62 dBic. In summary, the proposed
RFID tag antenna, offers a compact size, wide bandwidth, and long reading range com-
pared to the existing previously published works in the literature. This makes it an ex-
cellent candidate for RFID applications dedicated to the UHF band in random mobility
use.

Table 4.2: Comparison of antenna performance characteristics.

Ref., year Size (mm>) Bandwidth Field Gain Reading
(MHz) Polarization (dBi) range (m)
(31,2020 7 x 36 x 1.27 902-944 CP -30.4 0.8
(4], 2021 50x50x4.5 908-924 CP -7.1 5.8
[5], 2022 55.2x44.2x1.5 920 LP -4.11 8.14
[6], 2024 38x20x1.15 915 LP -7.8 5.2
[7], 2024 220%x30x1 902-928 LP 6 3-5
Proposed 35x35x0.508 909.47-922.34 CP 1.62 8.84
antenna
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4.4 Conclusion

In this chapter, we have designed a miniaturized tag antenna with circularly polarized
radiation. The proposed tag radiates bidirectionally with a gain of 1.62 dBic in stable radi-
ation. The low size of the antenna of 35 x 35 x 0.508 mm?® makes it very compact, ideal
for space-constrained applications. At the resonant frequency 915 MHz, the antenna
achieves a low reflection coefficient of -31.12 dB, indicating excellent impedance match-
ing. In addition, the tag offers a large read range of 8.84 meters, which makes it suitable
for long-range RFID applications. Compared to other previously published works in the
literature, the proposed design demonstrates superior performance in terms of size and
reading range, making it practical for modern RFID systems.
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To sum up, this project aims to design a miniaturized circularly polarized tag antenna
for the UHF American band of 915 MHz. Also, a dual-band circularly-polarized reader
antenna, which operates at both 915 MHz and 2.45 GHz, has been designed for RFID ap-
plications. Both of the proposed antennas have been designed to achieve characteristics
meeting market requirements. The CST software tool is used to design, simulate and an-
alyze the results.

In the first chapter, we have presented the RFID systems by outlining its concepts,
components, and various classifications. Furthermore, we have explained how it oper-
ates, several standards, regulations, and its applications. We have concluded the chapter
with the benefits and limits of RFID systems.

Then, in the second chapter, we have shown the main characteristics of antennas,
such as radiation parameters and electrical parameters. In addition, different methods
of matching and wandering have been demonstrated. Moreover, we have reviewed the
patch antenna configuration and its various feeding techniques.

The third chapter has focused on designing a dual-band circularly-polarized (CP) reader
antenna that operates at 915 MHz and 2.45 GHz radio frequency identification (RFID)
bands. This is based on the use of the sequential phase technique exciting with phases of
0°, 90°, 180°, and 270°. Simulation results have been obtained using the CST Studio Mi-
crowave simulation tool. The dimensions of the proposed reader antenna are 104 x 104 x
1.524 mm?3. We have obtained very low return loss values, indicating excellent impedance
matching, with -30.87 dB at 915 MHz (UHF) and even lower values at SHF of -45 dB, -49.39
dB, and -27.38 dB at 2.4, 2.8, and 3.7 GHz, respectively. An axial ratio around 1 dB in UHF
and up to 3 dB in SHF has been achieved within acceptable limits for reliable performance
in varying environments. Moreover, a realized gain of 1.73 dBi at UHF and up to 5.9 dBi at
SHE is obtained, with a very high total efficiency reaching 98%. Broadband bidirectional
radiation characteristics have been achieved with significant gains at 915 MHz and 2.4
GHz, supporting targeted communication applications.

In the fourth chapter, a miniaturized tag antenna with circularly polarized radiation
has been designed. The proposed tag radiates bidirectionally with a gain of 1.62 dBic
in stable radiation, with a total efficiency of 96%. This means that 96% of the antenna
input energy is converted into electromagnetic waves. The low size of the antenna of
35 x 35 x 0.508 mm?® makes it very compact, ideal for space-constrained applications. At
the resonant frequency 915 MHz, the antenna achieves a very low reflection coefficient
of —-31.12 dB, indicating excellent impedance matching with a minimal reflection level.
Furthermore, at 915 MHz the value of the axial ratio is 1.88 dB, which indicates that the
radiation of the RFID tag antenna is circularly polarized. The results have been presented
by using the Gen2 STRAP chip having an impedance of 10-j64 Q. The tag offers a large read
range up to 8.84 meters, which makes it suitable for long-range RFID applications. Com-
pared to other previously published works in the literature, the proposed design demon-
strates superior performance in terms of size and reading range, as well as the polarization
matching, making it practical for modern RFID systems.
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