Chapter 1

Introduction and Motivation

1.1 Automatic Identification and Data Capturing

As wireless communication technology continues to advance, Automatic Identification
and Data Capture (AIDC) has become a crucial industry in modern times. AIDC en-
compasses a variety of technologies designed to identify, verify, store, and transmit data
pertaining to individual items or packaged goods. Common examples of these auto-
identification techniques include barcodes, optical character recognition, biometrics, smart
cards, and Radio Frequency Identification (RFID) [1]. Figure 1.1 illustrates the diverse
array of automatic identification technologies. These technologies not only enhance effi-
ciency but also ensure accuracy and security in data handling. The integration of AIDC
solutions is pivotal in streamlining operations across various sectors.

Biometric auto-identification, which entails comparing unique physical traits of in-
dividuals, primarily includes two types: fingerprinting and retina identification. Finger-
printing involves identifying specific patterns on an individual’s fingers. Biometrics are
predominantly used in access control and security applications. A common use of finger-
printing is in workplace employee time tracking systems. However, this method is lim-
ited to living beings only. Handwritten or printed text can be transformed into machine-
readable code using Optical Character Recognition (OCR), a technology that assigns a

unique code to each character. Despite its potential, OCR has not achieved widespread
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Figure 1.1: Different AIDC Techniques

adoption due to its higher cost and complexity. Smart cards are extensively used world-
wide as cash cards that store electronic data. Transactions with smart cards necessitate a
galvanic connection between the reader and the card’s contact surfaces for data transfer,
making them susceptible to dirt and wear. Although RFID systems operate similarly to
smart cards, they have the distinct advantage of not requiring a galvanic connection. This
wireless nature of RFID enhances its durability and ease of use, further broadening its
range of applications. Consequently, RFID technology has become a more practical and
resilient option for various identification and data capture needs.

Barcodes have dominated the Auto-ID industry since their introduction. These codes
consist of a series of parallel bars and spaces, each representing a specific binary code.
The black bars are arranged in a pattern that corresponds to predetermined data elements,
creating symbols that can be numerically translated. Barcodes are scanned using optical
laser scanners, where the black bars and white spaces reflect the laser beam differently.
However, barcodes have shown limitations due to their low storage capacity, need for line-
of-sight operation, and inability to be reprogrammed. QR codes, which store information
in black and white square patterns, also require line-of-sight operation. Because barcodes
need to be read in this manner, a person is needed to scan them.

To address these limitations, data can be stored in a silicon chip, which led to the de-

velopment of radio frequency identification (RFID) technology. Unlike barcodes, RFID
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technology offers several advantages, such as higher storage capacity, data encryption for
security, and read/write capabilities. Additionally, RFID eliminates the need for human
intervention during the reading process, making it a more efficient and reliable solution
for various applications. This advancement in technology ensures greater flexibility and
enhanced performance in automatic identification systems, meeting the growing demands
of modern industries [2].

Radio Frequency Identification (RFID) is a wireless technology used in real-time for the
localization, identification, and tracking of objects through radio frequency signals. An
RFID system typically includes a tag attached to the items being tracked and a reader con-
nected to a host computer. The tag comprises an antenna and a reprogrammable microchip
that stores information about the tagged items. Communication between the tag and the
reader is achieved through magnetic fields (near-field coupling) or electromagnetic fields
(far-field coupling) [3]. Over the years, RFID has largely replaced other commonly used
Auto-ID technologies, thanks to its longer read ranges, faster data transfer rates, elimina-
tion of the need for line-of-sight, and the ability to detect multiple entities simultaneously
[4].

In recent years, RFID technology has experienced substantial growth due to reduced
costs and its broad applications in retail stores, service industries, manufacturing, and
supply chain management. This expansion has made RFID a preferred choice for many
businesses seeking efficient and reliable identification solutions. Figure 2 illustrates a
schematic diagram of an RFID system. Table 2 presents a comparison of the strengths
and weaknesses of the various AIDC technologies discussed above. The continuous ad-
vancement in RFID technology promises further improvements in operational efficiency
and data accuracy, driving its adoption across various sectors. This widespread imple-
mentation underscores RFID’s vital role in modern tracking and identification systems,

showcasing its potential for future innovation and development.
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Figure 1.2: Diagram of RFID system

Table 1.1: Comparison of different features of AIDC techniques

Parameters
Line-of- | Simultaneous| Response Unauthorised| Data cost Dirt Read range
ll AIDC sight ?ientiﬁca- Time copying Stor- Influ-
ion age ence
(Bytes)
OCR Required| One at a | Low(3s) | Slight 1-100 | Medium| Very <lcm
time High
Barcode & || Required| One at a | Low Slight 1-100 | Very Very 50cm
QR Code time Low High
Smart card || — One at a| Low Impossible | 16-64k | Low Possible| Physical
time contact
Biometrics — One at a | Low Impossible | — Very - Physical
time High contact®
RFID Not Re- | Multiple tag | Very Impossible | 16- Medium No 20m(Passive)
quired | detection fast(0.5s) 128k influ- 100m(Active
ence

2 In case of Fingerprint

1.2 RFID Applications

RFID (Radio Frequency Identification) technology has diverse applications across various
domains due to its ability to automatically identify and track tags attached to objects. These
tags contain electronically stored information which can be read from a distance using
radio waves. RFID is employed in areas such as logistics, healthcare, transportation, and
security. Its specialty lies in improving operational efficiency, enhancing security, and
providing real-time data visibility. This technology is revolutionizing how organizations
manage their assets, ensure safety, and streamline processes. Some of the applications are

discussed below:
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1.2.1 Amarnath Yatra Pilgrimage Tracking

RFID technology is used to monitor and manage the movement of pilgrims during the
Amarnath Yatra. RFID tags are issued to pilgrims, allowing authorities to track their lo-
cation in real-time, ensuring their safety and managing crowd control. This system helps
in providing timely assistance during emergencies and ensures a smoother flow of the

pilgrimage.

1.2.2 Passport Biometrics

RFID is integrated into biometric passports, enhancing security and facilitating faster pro-
cessing at border controls. The RFID chip embedded in the passport stores personal in-
formation and biometric data, such as fingerprints and facial recognition, which can be
quickly read by border control systems, reducing the risk of forgery and speeding up the

verification process.

1.2.3 Access Control

RFID technology is widely used in access control systems to secure buildings and re-
stricted areas. Employees and authorized personnel are given RFID cards or badges that
grant them entry to specific areas. The system logs entries and exits, enhancing security

and providing an audit trail of movements within the premises.

1.2.4 Marathons

In marathons, RFID tags are attached to runners’ bibs to accurately track their race times.
RFID readers placed at various checkpoints and the finish line record the time when each
runner passes by. This technology ensures precise timing and helps organizers efficiently

manage large-scale events by automating the tracking process.
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1.2.5 Museums and Libraries

RFID is used in museums and libraries for asset tracking and inventory management. In
libraries, books are tagged with RFID chips, allowing for quick check-in and check-out
processes and efficient inventory tracking. In museums, RFID tags help in tracking valu-
able exhibits and monitoring their movement, ensuring better security and management

of collections.

1.2.6 Luggage Tracking at Airports

Airports use RFID technology to track luggage and improve baggage handling efficiency.
RFID tags attached to luggage allow for real-time tracking throughout the journey, re-
ducing the chances of lost baggage. This technology streamlines the sorting and routing

process, ensuring passengers’ luggage arrives at the correct destination.

1.2.7 Hospitals

RFID technology enhances patient care and operational efficiency in hospitals. Patients
are given RFID wristbands that store their medical history and treatment information,
enabling quick access by healthcare professionals. RFID is also used to track medical
equipment and supplies, ensuring they are available when needed and reducing the risk of

theft or loss.

1.2.8 Transportation

In transportation, RFID is used for toll collection, fare payment, and vehicle tracking.
RFID tags on vehicles enable automatic toll payment as vehicles pass through toll booths,
reducing congestion and improving traftic flow. Public transportation systems use RFID

cards for fare collection, simplifying payment processes for passengers.
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1.2.9 Animal Identification

RFID technology is used for identifying and tracking animals in agriculture and wildlife
management. Animals are tagged with RFID chips that contain unique identification num-
bers and health records. This information helps in monitoring the health, breeding, and
movement of animals, facilitating better management and disease control in livestock and

wildlife populations.

1.3 Challenges

Designing RFID tag antennas presents several challenges that must be carefully addressed
to ensure optimal performance. One of the primary concerns is size constraints, as the
antenna must be small enough to fit on various items while still providing effective per-
formance. Frequency matching is critical to ensure the antenna resonates at the correct
frequency for the RFID system being used, which can vary by region and application.
Manufacturing tolerances must be tight to ensure consistent performance across large vol-
umes of tags, as even small variations can affect functionality. Read-range optimization is
crucial, as the distance over which the tag can be read directly impacts the usability of the
RFID system. Finally, cost effectiveness is a key consideration, especially for large-scale
deployments, where the price per tag must be kept low without compromising perfor-

mance.

1.3.1 Size Constraints

* The antenna must be compact to fit on small items without affecting the overall

design.

* Smaller antennas may have reduced performance, necessitating innovative designs

to maintain efficiency.

+ Balancing the antenna size with the tag’s readability and durability.
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1.3.2 Frequency Matching

 Ensuring the antenna resonates at the correct frequency (e.g. HF, UHF..etc) required

by the RFID system.
* Variations in regional frequency regulations demand adaptable designs.

» Antenna designs must account for the dielectric properties of the materials to which

they are attached.

1.3.3 Manufacturing Tolerances

* Maintaining tight tolerances during mass production to ensure consistent antenna

performance.

* Small deviations in antenna dimensions or materials can lead to significant varia-

tions in performance.

* Ensuring quality control processes are in place to detect and correct manufacturing

defects.

1.3.4 Read-Range Optimization
* Maximizing the distance over which the RFID tag can be read reliably.

* Antenna design must consider the environment in which the tag will be used, as

nearby objects can affect performance.

 Balancing read-range with power consumption and regulatory limits on transmis-

sion power.

1.3.5 Cost Effectiveness

* Designing antennas that are inexpensive to produce while maintaining high perfor-

mance.
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* Material costs and manufacturing processes must be optimized to keep the price per

tag low.

* Trade-offs between cost and performance must be carefully managed to meet application-

specific requirements.

1.4 Motivation

Designing RFID tag antennas is a crucial endeavor driven by the need for efficient and re-

liable identification systems in various applications. One of the primary motivations is the

challenge posed by the UHF band wavelength range, which is relatively large (between

312 mm to 357 mm). Even half of this wavelength is still significant in size, necessitat-

ing innovative size contraction techniques to create compact yet effective antennas. This

challenge is particularly important as it directly impacts the feasibility of embedding RFID

tags in small items, thereby broadening the scope of their applications.

Another key motivation is the use of impedance matching techniques. Effective impedance

matching is essential to maximize power transfer between the RFID tag and the reader,

ensuring optimal performance. Additionally, enhancing the detection range of RFID tags

remains a fascinating research subject. A longer detection range improves the utility of

RFID systems in various sectors, such as logistics and asset tracking. Finally, addressing

the issue of weak backscatter signals, which are vulnerable to interference from metallic

objects, is crucial. Developing antennas that can operate efficiently in such environments

enhances the reliability and robustness of RFID systems. UHF RFID tag antennas have

some crucial motivation points:

1.4.1 UHF Band Wavelength Range

The UHF band wavelength range (312 mm to 357 mm) presents a significant challenge

because even half of this wavelength is substantial in size. This constraint necessitates

the development of innovative size contraction techniques to design compact yet effective

antennas. Addressing this challenge is critical for embedding RFID tags in small items,
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thereby expanding their application range.

1.4.2 Use of Impedance Matching Techniques

Effective impedance matching is essential for maximizing power transfer between the
RFID tag and the reader, ensuring optimal performance. Proper impedance matching
techniques enhance the overall efficiency and reliability of RFID systems. This involves
designing antennas that can maintain consistent performance despite variations in their

operating environment.

1.4.3 Enhancing the Detection Range

Improving the detection range of RFID tags is a key research area with significant im-
plications for various applications. A longer detection range increases the utility and ef-
fectiveness of RFID systems, particularly in logistics, asset tracking, and supply chain
management. This improvement can lead to more efficient operations and better resource

management.

1.4.4 Weak Backscatter Signal and Vulnerability to Metallic Objects

Backscatter signals from RFID tags are inherently weak and can be significantly affected
by metallic objects, which interfere with signal transmission. Developing antennas that
can efficiently operate in such environments is essential for ensuring the robustness and re-
liability of RFID systems. Overcoming this challenge enhances the performance of RFID

technology in real-world applications.

1.5 Thesis Organization

The thesis is divided into three main parts: Introduction, UHF RFID Tag Antennas, and
Conclusion and Future Scope. The first part consists of two chapters: Chapter 1, which
provides an introduction and motivation for the research, and Chapter 2, which explores

the fundamentals of UHF RFID antennas. The second part includes Chapters 3, 4, 5,
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and 6, each focusing on specific aspects of UHF RFID tag antenna design. Chapter 3
introduces matching techniques such as the Nested slot and T-Match network, using me-
andering techniques for size contraction with comparative simulated and measured results.
Chapter 4 presents the inductively coupled loop for impedance matching and further ex-
plores meandering for size contraction. Chapter 5 combines all the matching techniques
from the previous chapters, achieving a maximum read range of up to 14.1 meters. Chap-
ter 6 employs L-shaped load bars, sectorial patches, and vias for circular polarization (CP)
and wide-range impedance matching in the 906-923 MHz frequency range, achieving an
8.4-meter detection range on a metal plate and transitioning to a circular design with circu-
lar polarization using a low-cost FR4 substrate. The final part, Chapter 7, summarizes the
work, presents conclusions, and provides recommendations for future research to improve

UHF tag antenna designs. The thesis outline is shown in figure 1.3.

Thesis
1 L / .
UHF Tag Antenna Conclusion
Introduction for Extended &
Read range Future Scope
y
v v '
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7
Introduction Exploration of Nested slot & Meandered Combined Circular tag Conclusion
& UHF RFID T-Match Inductive Loop matching RFID Antenna &
Motivation Antenna based antenna based antenna | | based antenna for Metallic Future Scope

Figure 1.3: Thesis outline

1.5.1 Chapter 1: Introduction and Motivation

* This chapter introduces the overall scope of the thesis and the significance of RFID
technology, particularly in the UHF band. It outlines the motivations behind the

research and sets the stage for the subsequent chapters.

Amit Kumar Singh 11



CHAPTER 1. INTRODUCTION AND MOTIVATION

1.5.2 Chapter 2: Exploration of UHF RFID Antenna

* This chapter delves into the fundamentals of UHF RFID antennas, covering basic
principles, design considerations, and the challenges associated with RFID tag an-

tennas in the UHF range.

1.5.3 Chapter 3: Matching Techniques - Nested Slot and T-Match

Network

* This chapter introduces the Nested slot and T-Match network techniques for impedance
matching. It discusses size contraction using the meandering technique and presents
a comparative analysis of simulated and measured results to validate the effective-

ness of the proposed methods.

1.5.4 Chapter 4: Inductively Coupled Loop and Meandering for Size

Contraction

* This chapter introduces the inductively coupled loop method for impedance match-
ing and continues the exploration of size contraction through the use of meandering
techniques. It provides a detailed analysis and performance results of the proposed

design.

1.5.5 Chapter 5: Combined Matching Techniques with Maximum

Read Range Achievement

* This chapter integrates all the matching techniques discussed in Chapters 3 and 4,
using meandering techniques to optimize the design. It achieves a maximum read
range of up to 14.1 meters, demonstrating significant improvements in RFID tag

performance.
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1.5.6 Chapter 6: L-Shaped Load Bars, Sectorial Patches, and Circu-

lar Polarization

* This chapter utilizes L-shaped load bars, sectorial patches, and vias for CP and wide-
range impedance matching within the 906-923 MHz frequency band. It achieves
an 8.4-meter detection range on a metal plate and shifts the design to a circular
configuration with circular polarization using a low-cost FR4 substrate to improve

cost efficiency and performance.

1.5.7 Chapter 7: Summary, Conclusions, and Future Scope

* This chapter summarizes the work presented in the thesis and draws key conclu-
sions from the research findings. It provides recommendations for future research
to further improve UHF RFID tag antenna designs, addressing identified gaps and

suggesting new areas of exploration.

As discussed, the foundational principles and the motivation for optimizing RFID tag
antennas highlight the challenges and potential in the UHF band. This sets the stage for
a deeper exploration in Chapter 2, where we analyze the fundamental aspects and perfor-
mance parameters of RFID antennas, focusing on system components and the significance

of frequency selection for effective operation in diverse environments.
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