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Abstract 

 

Radio Frequency Identification (RFID) is one of the leading supporting technologies for 

Internet-of-Things (IoT) allowing data from everyday objects to be collected and shared via 

internet. RFID technology was developed to overcome the short comings of the conventional 

optical object recognition methods like barcodes which required line-of-sight communication, 

human intervention, closer reading range and it could scan only one object at a time. RFID 

technology avoids all these limitations by providing a non-line-of-sight communication at a 

faster speed, greater reading range and without any physical contact, multiple objects can be 

detected remotely and simultaneously. 

Today, RFID finds vast applications in various sectors that include retail and logistics, 

healthcare, food and pharmaceutical industry, agriculture, transport, security, etc. for purposes 

like access control, inventory and asset tracking, parking, theft control, environmental 

monitoring, etc. Keeping in view the increasing demand of fast identification and tracking of 

objects without requiring direct line-of-sight, an RFID tag has been proposed in this research 

that has a compact dimension and offers a high data density. The reported tag is a chipless 

RFID based multi-sensor tag that can act both as a humidity sensor or a temperature sensor. 

The tag has a slot-resonator-based geometry and occupies a miniscule area of 2.4 cm2 with data 

transmission capacity of 29 bits. The tag has initially been designed using Rogers RT/duroid® 

5880 which operates in the frequency range of 5.48 – 28.87 GHz. The same tag has been 

optimized for four other rigid and flexible substrates that include Rogers RT/duroid® 5870, 

Taconic TLX-0 Kapton®HN and PET (Polyethylene Terephthalate) using copper, Aluminium 

and silver nano-particle-based ink as radiators. Integration of sensing feature within the same 

tag has been achieved by the deployment of a thin film of Kapton®HN over the longest slot of 

the tag for moisture sensing, and filling of Stanyl® Polyamide in the longest slot for temperature 

sensing. The sensing behavior of the tag is exhibited in the Most Significant Bit (MSB) in the 

microwave response of the tag. The novelty of the tag lies in its ability to tag 229= 536,870,912 

distinct objects, its flexibility, printability, high code density of 12.08 bits/cm2, and sensing 

property. 



6  

ACKNOWLEDGEMENTS 

 
All praise belongs to the Powerful Allah, who has given me the courage and resilience 

to accomplish my objectives. First of all, I would like to express my sincere gratitude 

to my Supervisor Dr. Mir Yasir Umair and my devoted and respectful co-supervisor 

Dr. Ayesha Habib for their assistance, cooperation, and direction during the course of 

my thesis. They generously offered to supervise me as I worked on my thesis and 

greatly assisted me in finishing my study. Additionally, I would like to express my 

gratitude to my committee members for their assistance and insightful comments on 

my study. Last but not least, I would like to thank my parents and siblings, to whom I 

am dedicating this effort, from the bottom of my heart. Without their generous 

assistance, prayers, and encouragement, this thesis would not be possible. 



7  

TABLE OF CONTENTS 

THESIS ACCEPTANCE CERTIFICATE ................................................................ 2 

DECLARATION ...................................................................................................... 3 

DEDICATION ......................................................................................................... 4 

ABSTRACT ............................................................................................................. 5 

ACKNOWLEDGEMENTS ...................................................................................... 6 

TABLE OF CONTENTS.......................................................................................... 7 

LIST OF TABLES ................................................................................................. 10 

LIST OF FIGURES ................................................................................................ 11 

ACRONYMS ......................................................................................................... 13 

Chapter 1 – INTRODUCTION ............................................................................. 14 

1.1 History of RFID .......................................................................................... 14 

1.2 Internet-of-Things (IoT) .............................................................................. 15 

1.3 Printed Electronics ...................................................................................... 16 

1.4 RFID Technology ....................................................................................... 16 

1.5 Types of RFID Systems............................................................................... 17 

1.5.1 LF RFID ............................................................................................ 17 

1.5.2 HF RFID ........................................................................................... 18 

1.5.3 NFC .................................................................................................. 19 

1.5.4 UHF RFID......................................................................................... 19 

1.6 Classification of RFID Tags ........................................................................ 19 

1.6.1 Active RFID Tags .............................................................................. 20 

1.6.2 Passive RFID Tags ............................................................................. 21 

1.6.3 Semi-Passive RFID Tags .................................................................... 22 

1.7 Coupling Mechanisms ................................................................................. 23 

1.7.1 Inductive Coupling ............................................................................. 23 

1.7.2 Backscatter Coupling ......................................................................... 24 

1.7.3 Transmitter Type Coupling ................................................................ 25 

1.7.4 Transponder Type Coupling ............................................................... 26 



8 

 

1.8 Applications of RFID Technology ............................................................... 26 

1.8.1 Retail ................................................................................................. 26 

1.8.2 Logistics and Supply Chain Management ........................................... 27 

1.8.3 Healthcare .......................................................................................... 27 

1.8.4 Manufacturing .................................................................................... 27 

1.8.5 Automotive Industry .......................................................................... 27 

1.8.6 Hospitality and Events ........................................................................ 27 

1.8.7 Agriculture and Livestock .................................................................. 28 

1.9 Sensor Integration ....................................................................................... 28 

1.10 Objectives ................................................................................................... 28 

1.11 Organization of Thesis................................................................................. 29 

Chapter 2 – LITERATURE REVIEW ................................................................. 30 

Chapter 3 – PROPOSED CHIPLESS RFID TAG ............................................... 38 

3.1 Fundamental Operation of the Tag ............................................................... 38 

3.2 Development of the Proposed Tag ............................................................... 40 

3.2.1 Surface Current Distribution............................................................... 43 

3.3 Humidity Sensor.......................................................................................... 44 

3.4 Temperature Sensor .................................................................................... 46 

Chapter 4 – RESULTS AND DISCUSSIONS ...................................................... 48 

4.1 Proposed Tag Analysis ............................................................................... 48 

4.1.1 Tag-A ................................................................................................ 48 

4.1.2 Tag-B ................................................................................................ 49 

4.1.3 Tag-C ................................................................................................ 49 

4.1.4 Tag-D ................................................................................................ 50 

4.1.5 Tag-D’ ............................................................................................... 50 

4.1.6 Tag-E ................................................................................................ 51 

4.1.7 Tag-E' ................................................................................................ 52 

4.1.8 Comparison of the Tags Designed ...................................................... 53 



9 

 

4.2 Experimental Setup .................................................................................... 54 

4.3 Multiple ID Combination ........................................................................... 56 

4.4 Humidity Sensing Behavior of the Tag ....................................................... 57 

4.5 Temperature Sensing Behavior of the Tag .................................................. 59 

4.6 Comparison with Previously Published RFID Tags .................................... 62 

Chapter 5 – CONCLUSION ................................................................................. 63 

5.1 Conclusion .................................................................................................. 63 

5.2 Trends in the RFID Market for 2023 and Beyond: A Five-Year Outlook ...... 64 

5.3 Future Work ................................................................................................ 66 

 

 

 
Chapter 6 – BIBLIOGRAPHY ............................................................................. 68 

List of Publications ............................................................................................... 75 



10  

LIST OF TABLES 

Table 1 Dimensions of the slot resonator structure .................................................... 42 

Table 2 Comparison table for the designed tags using different substrates ................. 53 

Table 3 Comparison of the reported tag with previously reported tags ........................ 62 



11  

LIST OF FIGURES 

 
 

Fig 1.1 RFID taking IoT to widespread applications ...................................... 15 

Fig 1.2 A commercial active RFID Tag .......................................................... 20 

Fig 1.3 Passive RFID tag ............................................................................... 21 

Fig 1.4 A semi-passive RFID Tag .................................................................. 22 

Fig 1.5 An RFID system with inductive coupling........................................... 24 

Fig 1.6 An RFID system with backscatter coupling ........................................ 25 

Fig 2.1 Design and RCS response of the tag presented in [18] ....................... 30 

Fig 2.2 Design and RCS response of the tag presented in [19] ....................... 31 

Fig 2.3 Design and RCS response of the tag presented in [20] ....................... 31 

Fig 2.4 Design and RCS response of the tag presented in [21] ....................... 32 

Fig 2.5 Design and RCS response of the tag presented in [22] ....................... 32 

Fig 2.6 Design and RCS response of the tag presented in [23] ....................... 33 

Fig 2.7 Design and RCS response of the tag presented in [24] ....................... 34 

Fig 2.8 Design and RCS response of the tag presented in [25] ....................... 34 

Fig 2.9 Design and RCS response of the tag presented in [26] ....................... 35 

Fig 2.10 Design and RCS response of the tag presented in [27] ....................... 35 

Fig 2.11 Design and RCS response of the tag presented in [28] ....................... 36 

Fig 2.12 Design and RCS response of the tag presented in [29] ....................... 36 

Fig 2.13 Design and RCS response of the tag presented in [30] ....................... 37 

Fig 3.1 Backscattering phenomenon in chipless RFID tags ............................ 39 

Fig 3.2 Arrangement of tag in simulation setup.............................................. 40 

Fig 3.3 Layout of the proposed tag ................................................................ 41 

Fig 3.4 (a) Single pentagon loop diagonally cut to create two slots ...................... 42 

Fig 3.4 (b) RCS response of the two lengths in Fig. 23 (a) .................................. 42 

Fig 3.5 Surface current distribution of the slot resonating at 28.87 GHz ......... 43 

Fig 3.6 (a) The equivalent series circuit of the shortest slot ................................. 44 

Fig 3.6 (b) Reactance vs. Frequency plot for the circuit in Fig. 25 (a) .................. 44 

Fig 3.7 Rogers RT/duroid® 5880 tag equipped with a Kapton®HN film ......... 45 

Fig 3.8 Chemical structure of a Kapton®HN molecule ................................... 45 

Fig 3.9 Front and back view of the temperature sensing RFID tag ................. 47 



12  

Fig 4.1 RCS response of tag designed using duroid® 5880 ............................ 48 

Fig 4.2 RCS response of tag designed using duroid® 5870 ............................ 49 

Fig 4.3 RCS response of tag designed using Taconic TLX-0 ......................... 50 

Fig 4.4 RCS response of tag designed using Kapton®HN with Al .................. 51 

Fig 4.5 RCS response of tag designed using Kapton®HN with Silver ink ....... 51 

Fig 4.6 RCS response of tag designed using PET with Al resonators .............. 52 

Fig 4.7 RCS response of tag designed using PET with Silver ink................... 53 

Fig 4.8 Experimental setup for the proposed chipless RFID tag ..................... 54 

Fig 4.9 Computed and measured results along H-probe ................................. 55 

Fig 4.10 Computed and measured results along V-probe ................................. 55 

Fig 4.11 (a) RCS and tag design for all-ones data word ........................................ 57 

Fig 4.11 (b) RCS and tag structure for all-zeros data word .................................... 57 

Fig 4.11 (c)   RCS and tag design for 10010010100110011000100010101 ............. 57 

Fig 4.12 Computed humidity sensing behavior of the proposed tag ................. 58 

Fig 4.13 Measured results of the humidity sensor ............................................ 59 

Fig 4.14 Temperature sensing behavior of the proposed sensor tag .................. 60 

Fig 4.15 Measured results of the temperature sensor on H-probe ..................... 61 

Fig 4.16 Relationship between Ɛ𝑟of Stanyl®TE200F6 and temperature ........... 61 

Fig 5.1 Total RFID market size 2021-2028. ................................................... 64 

Fig 5.2 Passive RFID tag market value by type and volume in 2023 .............. 65 

https://www.idtechex.com/en/timeline/total-s-a/c44741
https://www.idtechex.com/en/glossary/rfid/213
https://www.idtechex.com/en/glossary/rfid/213


13  

ACRONYMS 

 
RFID Radio Frequency Identification 

IoT Internet Of Things 

IFF Identify Friend or Foe 

EM Electromagnetic 

EPC Electronic Product Code 

PET Polyethylene Terephthalate 

RF Radio Frequency 

LF Low Frequency 

HF High Frequency 

NFC Near Field Communication 

UHF Ultra-High Frequency 

BAP Battery-assisted Power 

AC Alternating Current 

RCS Radar Cross Section 

RH Relative Humidity 

CMPA Circular Microstrip Patch Antenna 

MWCNTs Microwave Carbon Nanotubes 

VNA Vector Network Analyzer 



14  

Chapter 1 
 

INTRODUCTION 

 

 
 

1.1 History of RFID 

The advancement of Radio Recurrence Distinguishing proof (RFID) innovation started within 

the 1940s. This thought was acknowledged amid World War II when, for military purposes, 

radio waves were utilized for identifying hostile aircraft from friendly ones. A group driven 

by Watson-Watt came up with the thought of introducing transmitters in all British airplane. 

So, when they get a flag from the ground stations, they will rebroadcast the flag to distinguish 

friendly air crafts. This system is called Friend or Foe (IFF). This is how the British used radio 

waves to detect and locate aircraft, which laid the foundation for RFID technology [1]. 

 
In 1973, Mario W. Cardullo made significant contributions to the development of RFID 

technology by conceptualizing the active RFID tag. This innovative concept involved the 

ability to transmit information using radio waves. Cardullo's work laid the foundation for 

advancements in active RFID technology, enabling the transmission of data wirelessly through 

radio frequency (RF) signals [2]. Later in 1980s, passive tags were introduced which unlike 

active tags did not possess a battery and were powered by the radio waves that were emitted by 

the reader. It was due to these passive tags that RFID technology became more widespread. 

Such tags turned out to be very useful for inventory control in retail and manufacturing 

environment. The advancement of the Electronic Product Code (EPC) standard within the 

1990s [3] cleared the way for the broad adoption of this innovation due to the interoperability 

between RFID frameworks. As a result, the innovation has been utilized in asset tracking, 

access control, and supply chain management. With the creation of a printed chip utilizing 

carbon nanotubes by a Korean research facility in 2010, the cost of RFID technology was 

further decreased [4]. 

 
In present days, RFID technology continues to evolve with advancements in antennas, chip 

technology, software, etc. Its use has expanded to various sectors including healthcare, 

aerospace, pharmaceutical industry, food and beverages industry, transportation, agriculture, 

logistics, etc. Moreover, its integration with sensors has allowed it to be used in a variety of 

devices like smartphones and other wearable technology. 
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1.2 Internet-of-Things (IoT) & RFID 

RFID has been seamlessly integrated with other developing technology, counting the Internet-

of-Things (IoT), cloud computing, and enormous information analytics. RFID is one of the 

empowering advances for IoT [5]. RFID technology enables the automatic identification and 

capture of data from RFID tags attached to objects. These tags may consist of a microchip and 

an antenna or just an antenna that can communicate wirelessly with RFID readers. By 

integrating RFID with IoT, the captured data from RFID tags can be transmitted to IoT 

platforms for further processing and analysis. RFID combined with IoT allows for real-time 

tracking and monitoring of objects. The tags can be attached to items, and with the help of 

RFID readers and IoT connectivity, their location and status can be continuously updated in 

the IoT system [6]. IoT and RFID integration enabled the creation of smart environments where 

objects and devices are interconnected. For example, in retail, RFID tags on products can 

provide information about pricing, stock availability, or expiration dates, which can be 

integrated with IoT systems for dynamic pricing, smart shelves, and personalized customer 

experiences. Similarly, in healthcare, RFID-enabled patient tracking combined with IoT can 

enhance patient safety, asset management, and workflow optimization. Fig. 1 illustrates some 

of the applications where RFID has facilitated IoT. 

Fig. 1.1      RFID taking IoT to widespread applications. 

By combining RFID with IoT, organizations gain enhanced visibility into their assets, 

inventory, and supply chain processes. RFID technology enables the identification and tracking 

of physical objects, while IoT provides the connectivity and infrastructure to gather, 
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analyze, and utilize the data generated by these objects. In addition, this integration enables 

automation, streamlines manual processes, and reduces human intervention. 

 
1.3 Printed Electronics 

Printed electronics is an emerging technology that involves the fabrication of electronic devices 

using printing techniques, such as inkjet printing, screen printing, or roll-to-roll printing. It 

offers a cost-effective and scalable approach to manufacturing electronic components and 

systems on flexible substrates like plastic or paper. Printed electronics enable the creation of 

lightweight, flexible, and even disposable electronic devices with applications across various 

industries [7]. 

 
One significant application of printed electronics is in the field of RFID. Printed electronics 

techniques allow for the mass production of RFID tags. Such printing technologies enable the 

deposition of conductive inks, such as silver or carbon-based inks, to create the necessary 

conductive tracks and components on flexible substrates [8]. 

 
The use of printed electronics in RFID brings several advantages. Firstly, it offers a cost- 

effective solution for large-scale production, making RFID tags more affordable and accessible 

for various applications. The ability to print RFID tags on flexible substrates allows for easy 

integration into curved or irregularly shaped objects, enhancing versatility and enabling new 

form factors. Additionally, printed RFID tags can be lightweight and thin, making them suitable 

for applications where size and weight constraints are critical. It also opens up opportunities 

for innovative applications. For example, printed RFID tags can be embedded in packaging, 

labels, or even textiles, enabling item-level tracking and inventory management. This has 

implications for supply chain optimization, retail, and logistics industries. Moreover, printed 

RFID antennas can be integrated into sensors or wearable devices, enabling the combination of 

RFID tracking capabilities with other functionalities, such as monitoring temperature, 

humidity, or vital signs. 

 
1.4 RFID Technology 

A general RFID system is a technology that utilizes radio waves for identifying and tracking 

objects or individuals wirelessly. It consists of three main components: RFID tags, RFID 

readers, and a backend system. 
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1. RFID Tags: RFID tags encompass compact gadgets comprising a microchip as well as 

an antenna. These tags are classified as either active, being equipped with an internal 

power source like a battery, or passive, drawing energy from the RFID reader's 

electromagnetic field [9]. The microchip holds distinctive identification details and 

potentially supplementary data, while the antenna facilitates communication with RFID 

readers by utilizing radio waves. 

 
2. RFID Readers: RFID readers are gadgets furnished with antennas, emitting radio 

waves, and capturing signals from RFID tags [10]. Typically, they consist of an RF 

module and a controller. As an RFID tag comes into the reader's electromagnetic field, 

it activates and reciprocates by sending its distinct identification data to the reader. 

 

 
3. Backend System: The backend infrastructure takes on the task of handling and 

leveraging the information amassed by the RFID readers. Typically encompassing a 

database or software, it oversees and stores the tag-related data. Moreover, integration 

of the backend system with diverse systems such as inventory management, supply 

chain, or access control, further extends its capabilities, enabling a range of 

functionalities and applications. 

During the manufacturing process, each RFID tag is programmed with a distinct 

identification number or code. It is also possible to store additional data on the tag, such as 

product details or maintenance history. 

 
 

1.5 Types of RFID Systems 

RFID technology is used for the wireless transfer of data between a tag or label and a reader 

device. There are several types of RFID systems, categorized based on their operating 

frequency and the type of tags they use. Some common types of RFID are listed below [11]: 

 
1.5.1 Low-Frequency (LF) RFID: LF RFID operates at a relatively lower frequency 

compared to other RFID types. The frequency range of 30 kHz to 300 kHz allows for 

effective communication between the reader and the tag. These tags typically have 

shorter read ranges compared to higher frequency RFID systems. The read range for LF 

RFID tags is typically a few centimeters. This limited range makes LF RFID 
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suitable for applications where proximity detection is required, such as access control 

systems or animal tracking. LF RFID systems have relatively good resistance to 

interference from materials such as metals and liquids. This characteristic makes them 

suitable for applications in environments where there are high amounts of metal or 

liquid present, as it reduces the impact of signal degradation. LF RFID systems 

generally have slower data transfer rates compared to higher frequency RFID systems. 

The slower data transfer is due to the lower frequency range, which limits the amount 

of data that can be transmitted within a given time frame. LF RFID is commonly used 

for applications such as access control, animal identification and tracking, and 

proximity-based security systems. For example, LF RFID tags are used to identify and 

track livestock, pets, or assets within a restricted area. LF RFID tags are designed to be 

compatible with LF RFID readers, ensuring seamless communication between the two 

components. This compatibility allows for easy integration and deployment of LF RFID 

systems in various environments. 

 
1.5.2 High-Frequency (HF) RFID: HF RFID operates at a higher frequency compared to 

LF RFID systems. The frequency range of 3 MHz to 30 MHz enables efficient and 

reliable communication between the reader and the tag. HF RFID tags have moderate 

read ranges, typically ranging from a few centimeters to several meters. The read range 

can vary based on factors such as tag design, reader power, and environmental 

conditions. HF RFID systems offer relatively faster data transfer rates compared to LF 

RFID. The higher frequency range allows for quicker transmission of data between the 

reader and the tag, enabling faster identification and tracking processes. HF RFID 

technology is commonly used in applications that involve smart cards, such as 

contactless payment systems, electronic ticketing, and access control. HF RFID tags 

can be embedded in smart cards, allowing for convenient and secure transactions or 

access control authentication. HF RFID systems provide moderate resistance to 

interference from materials such as metals and liquids. While they are more susceptible 

to interference compared to LF RFID, proper tag and antenna placement can minimize 

the impact of interference and optimize read performance. HF RFID technology finds 

widespread use in various industries and applications. It is commonly utilized for 

applications such as access control systems, inventory management, library book 

tracking, supply chain management, and product authentication. 
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1.5.3 Near Field Communication (NFC): NFC is a subset of HF RFID that operates at 

13.56 MHz. NFC is primarily used for short-range communication, typically within a 

few centimeters. It is designed to be compatible with existing HF RFID standards, 

enabling NFC-enabled devices to interact with other NFC devices or HF RFID tags. 

This compatibility allows for seamless integration and interoperability between 

different NFC-enabled devices. It is commonly found in applications like contactless 

payment systems, mobile device communication, and smart home devices. 

 
1.5.4 Ultra-High Frequency (UHF) RFID: UHF RFID operates at a higher frequency 

compared to LF and HF RFID systems. The frequency range of 300 MHz to 3 GHz 

allows for longer-range communication between the reader and the tag. UHF RFID tags 

offer long read ranges, typically ranging from several meters to tens of meters. The 

extended read range makes UHF RFID suitable for applications where items need to be 

identified and tracked over greater distances, such as supply chain management and 

logistics. UHF RFID systems provide faster data transfer rates compared to LF and HF 

RFID. The higher frequency range enables rapid transmission of data between the reader 

and the tag, facilitating efficient inventory management and tracking processes. UHF 

RFID systems can be more susceptible to interference from materials such as metals 

and liquids compared to LF and HF RFID. Interference can affect the read performance 

and reliability of the system. Proper tag and antenna placement, as well as frequency 

hopping techniques, can mitigate interference issues. UHF RFID systems operate in a 

wideband spectrum, which allows for increased tag capacity and the ability to support 

multiple tags simultaneously. This feature is advantageous for scenarios that involve 

bulk reading of multiple RFID tags, such as retail inventory management or asset 

tracking. UHF RFID technology finds widespread use in various industries and 

applications. It is commonly used for applications such as supply chain management, 

inventory tracking, retail tracking, vehicle identification, and asset management. 

1.6 Classification of RFID Tags 

RFID tags can be classified based on various factors, including their power source, form factor, 

memory capacity, and read/write capabilities. Here is a breakdown of the classification of RFID 

tags: 
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1.6.1 Active RFID Tags: Active RFID tags are a type of RFID tag that have their own power 

source, typically a battery [12]. Unlike passive RFID tags that rely on energy from the 

RFID reader's electromagnetic field, active tags actively transmit signals to the reader, 

allowing for longer read ranges and real-time tracking capabilities. Active RFID tags 

are equipped with an internal power source, usually a battery. A commercial active 

RFID tag has been shown in Fig. 2. 

Fig. 1.2 A commercial active RFID Tag (Courtesy: https://www.infinidtech.com/v-tag- 

gps-products) 

 

The battery powers the tag's circuitry and enables it to actively transmit signals. The 

power source provides continuous energy to the tag, allowing it to operate 

independently of the RFID reader. Active RFID tags have significantly longer read 

ranges compared to passive tags. The read range can range from tens of meters to 

hundreds of meters, depending on the specific tag and reader configuration. The 

extended read range makes active tags suitable for applications that require tracking 

or monitoring objects over larger distances. Active tags enable real-time tracking of 

assets or objects. As they continuously transmit signals, they provide up-to-date 

information about the tag's location and status. Real-time tracking is particularly useful 

in applications such as supply chain management, vehicle tracking, and inventory 

management, where timely and accurate information is critical. Active RFID tags 

generally have a larger memory capacity compared to passive tags. This allows them to 

store more data, such as sensor readings, environmental conditions, or historical 

information. The increased data storage capacity enables active tags to capture and store 

additional information related to the tracked assets or objects. Active RFID tags are 

typically larger in size and more expensive compared to passive tags. The inclusion of 

a battery and additional circuitry contributes to the larger form factor 

https://www.infinidtech.com/v-tag-gps-products
https://www.infinidtech.com/v-tag-gps-products
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and higher cost. However, advancements in technology have resulted in smaller and 

more cost-effective active tags over time. Active RFID tags find application in various 

industries and use cases. They are commonly used for asset tracking, container tracking, 

inventory management, fleet management, and personnel tracking. For instance, in 

logistics, active tags can provide real-time location updates of shipments, ensuring 

better visibility and security throughout the supply chain. 

 
1.6.2 Passive RFID Tags: Passive RFID tags are a type of RFID tag that does not have an 

internal power source [13]. Instead, they rely on the energy harvested from the RFID 

reader's electromagnetic field to power the tag's circuitry and enable communication 

with the reader. Passive RFID tags do not have their own power source, such as a 

battery. An example is shown in Fig. 3. 

 

Fig. 1.3 A passive RFID tag (Courtesy: Radio Frequency Identification: 

https://telecom.altanai.com/tag/passive-rfid-tags/) 

 

They draw power from the electromagnetic field generated by the RFID reader 

during communication. The energy harvested from the reader's field is used to power 

the tag's circuitry, allowing it to respond to the reader's queries. Passive RFID tags have 

shorter read ranges compared to active RFID tags. The read range can vary depending 

on factors such as the frequency used, tag design, reader power, and environmental 

conditions. In general, read ranges for passive tags can range from a few centimeters to 

several meters. Passive tags rely on backscatter` technology to communicate with the 

reader. When the reader's electromagnetic field energizes the tag, the tag modulates or 

reflects the field back to the reader. This modulation contains the tag's unique identifier 

(ID) and any additional data stored on the tag.   Passive RFID tags are typically smaller 

and less expensive compared to active tags. Their 
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simpler design, lack of battery, and reduced components contribute to their smaller form 

factor and lower cost. This makes passive tags more suitable for applications where cost 

and size constraints are important factors. Passive RFID tags have a wide range of 

applications across various industries. They are commonly used in inventory 

management, supply chain tracking, access control, asset tracking, and retail inventory 

management. For example, in retail, passive tags can be attached to individual items to 

track inventory levels, reduce theft, and improve overall supply chain efficiency. 

 
1.6.3 Semi-Passive RFID Tags: Semi-passive RFID tags, also known as battery-assisted 

passive (BAP) tags, are a type of RFID tag that combines characteristics of both active 

and passive tags [14]. Semi-passive tags have a small onboard battery that powers 

specific functionalities of the tag, while still relying on the energy from the RFID reader 

for communication. Semi-passive RFID tags contain a small onboard battery that 

powers certain features of the tag, such as onboard sensors, data storage, or additional 

circuitry. One such semi-passive RFID tag has been shown in Fig. 4. 

 
 

Fig. 1.4 A semi-passive RFID Tag [14] 

 
 

The battery provides the necessary energy to support these functionalities while the 

tag still relies on the RFID reader's electromagnetic field for communication power. 

Like passive RFID tags, the read range of semi-passive tags depends on factors such 

as frequency, tag design, and reader power. It typically ranges from a few centimeters 

to several meters, depending on the specific configuration. The BAP allows for 

improved read ranges compared to purely passive tags. Semi-passive tags employ 

similar backscatter technology as passive tags for communication with the 
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RFID reader. When energized by the reader's electromagnetic field, the tag reflects or 

modulates the field back to the reader, allowing for data transmission. The onboard 

battery in semi-passive tags powers additional functionalities. These features can 

include sensors for temperature, humidity, or motion detection, which allow the tag to 

collect and transmit environmental data. The battery may also support increased data 

storage capacity, enabling the tag to store and transmit more information. The battery 

assistance in semi-passive tags provides increased sensitivity and responsiveness 

compared to pure passive tags. This enhanced readability can result in improved read 

rates and reliability, especially in challenging environments with weak or noisy reader 

signals. Semi-passive RFID tags are typically larger and more expensive than passive 

tags due to the inclusion of the onboard battery and additional components. However, 

advancements in technology have allowed for smaller and more cost-effective semi- 

passive tag designs over time. 

 
1.7 Coupling       Mechanisms 

RFID technology utilizes different coupling mechanisms to establish communication between 

RFID tags and readers. These coupling mechanisms enable the transfer of data and power 

between the two components. There are four coupling mechanisms between the RFID tag 

(transponder) and the reader, which vary based on the type of tag (passive, active, or semi- 

active) [15]. 

 
1.7.1 Inductive Coupling: Inductive coupling, also known as near field coupling or 

magnetic coupling, is widely utilized in LF and HF RFID systems. It involves the 

interaction between the magnetic fields generated by the reader and the tag to establish 

communication. In this coupling mechanism, the RFID reader generates an alternating 

current (AC) through its transmitter coil antenna. The alternating current flowing 

through the coil creates an alternating magnetic field around it. The RFID tag, equipped 

with a receiver coil antenna, is placed near the reader's magnetic field. The magnetic 

field generated by the reader's coil induces a voltage in the receiver coil of the tag 

through electromagnetic induction. This induced voltage powers the tag's circuitry and 

enables data transmission. The tag modulates the magnetic field by altering the load or 

impedance on its coil antenna. This modulation encodes information such as the tag's 

identification data or additional data stored on the tag. The reader's coil detects the 

changes in the magnetic field caused by the modulation 
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and decodes the information transmitted by the tag. This enables data retrieval and 

identification of the tag. The process is shown in Fig. 5. 

 

Fig. 1.5 An RFID system with inductive coupling 

 

Inductive coupling allows for short-range communication between the reader and 

the tag, typically within a few centimeters to a few meters. The range depends on 

factors such as the power of the reader's transmitter, the design of the antennas, and 

environmental conditions. Inductive coupling is advantageous in environments where 

close-range detection and reliable communication are required. It is less susceptible 

to interference from metals and liquids compared to other coupling mechanisms, 

making it suitable for applications such as access control, asset tracking, and 

proximity-based systems. 

 
1.7.2 Backscatter Coupling: Backscatter coupling, also known as backscatter modulation or 

backscattering, is commonly used in passive RFID systems, particularly in UHF RFID. 

It allows for wireless communication and data exchange between the reader and the 

tag. In this coupling mechanism, the RFID reader emits a continuous or modulated RF 

signal. When the RF signal reaches the RFID tag, it   is incident upon the tag's antenna. 

Instead of directly absorbing the energy, the tag reflects or backscatters the signal back 

towards the reader. The backscattered signal carries information encoded by the tag, 

such as its unique identifier or additional data. The modulation or alteration of the 

reflected signal is achieved by modifying the tag's impedance or load in response to the 

incoming RF signal. The RFID reader detects and decodes the modulated backscattered 

signal, allowing for data retrieval and identification of the tag. The reader can extract 

the transmitted information and process it as required for various applications, such as 

inventory management or access control. A general backscatter coupling RFID system 

is shown in Fig. 6. 
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Fig. 1.6 An RFID system with backscatter coupling 

 
 

Backscatter coupling offers several advantages in RFID systems. It enables long- 

range communication between the reader and the tag, typically ranging from a few 

meters to tens of meters. The long read range facilitates efficient data collection and 

identification of multiple tags simultaneously, improving overall system performance. 

Backscatter coupling allows for passive RFID tags that do not require a power source, 

resulting in smaller tag size and longer operational lifespan. The lack of an internal 

power source makes passive backscatter tags cost-effective and easy to deploy in large-

scale applications. However, backscatter coupling is susceptible to interference and 

environmental factors that can affect the quality of communication. Factors such as 

metallic objects, liquid substances, and electromagnetic noise can impact the signal 

integrity and read performance. 

 
1.7.3 Transmitter Type: Transmitter type coupling, also known as far field coupling or 

electromagnetic coupling, is commonly used in RFID systems operating at higher 

frequencies, such as UHF and microwave frequencies. It involves the transmission of 

radio waves from the reader's transmitter antenna to the tag's receiver antenna. In this 

coupling mechanism, the RFID reader emits a continuous wave or modulated signal at 

the designated frequency. The transmitter antenna generates an electromagnetic field, 

which propagates through the air or other media. The tag's receiver antenna, tuned to 

the same frequency, intercepts the transmitted signal. The receiver antenna captures the 

electromagnetic energy from the transmitted signal. The energy is then rectified and 

utilized to power the tag's circuitry. This energy harvesting process enables the passive 

tag to activate and respond to the reader's query or commands. Transmitter 
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type coupling allows for longer communication distances between the reader and the 

tag compared to near field coupling mechanisms. It enables read ranges ranging from 

a few meters to tens of meters or more, depending on the specific RFID system 

configuration and environmental factors. 

 
1.7.4 Transponder Type: Transponder type coupling, also known as near field coupling or 

inductive coupling, is commonly used in RFID systems operating at lower frequencies, 

such as LF and HF. It involves the proximity of the reader and the transponder for 

communication. In this coupling mechanism, the RFID reader generates an alternating 

magnetic field using its transmitter antenna. The magnetic field induces a voltage in 

the receiver antenna of the transponder. The transponder uses this induced voltage to 

power its circuitry and respond to the reader's queries. The transponder, which may be 

passive or semi-passive, modulates the backscattered signal or changes the load on its 

receiver antenna to encode data. The reader detects these changes in the magnetic field 

and decodes the information transmitted by the transponder. Transponder type coupling 

allows for relatively short communication distances between the reader and the 

transponder, typically within a few centimeters to a few meters. This proximity-based 

coupling enables reliable and efficient communication, making it suitable for 

applications such as access control, asset tracking, and proximity-based systems. 

 

 
1.8 Applications of RFID Technology 

 

RFID technology finds diverse applications across various fields, offering advantages such as 

automation, improved efficiency, and enhanced tracking capabilities. Let's explore some 

notable applications of RFID technology in different industries [16]: 

1.8.1 Retail: RFID technology revolutionizes inventory management by enabling real- 

time tracking and automated stock control. RFID tags attached to products provide 

accurate information on inventory levels, allowing retailers to optimize 

replenishment, reduce out-of-stock situations, and improve overall supply chain 

efficiency. RFID-based systems also help combat theft and counterfeiting through 

enhanced product authentication. 
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1.8.2 Logistics and Supply Chain Management: RFID technology plays a crucial role 

in streamlining logistics and supply chain operations. It enables real-time tracking 

and tracing of goods, improving visibility, and reducing errors in inventory 

management. RFID tags on packages, pallets, or containers facilitate automated 

data capture, ensuring accurate shipment verification, reducing manual handling, 

and enhancing overall logistics efficiency. 

 
1.8.3 Healthcare: RFID technology enhances patient safety, inventory management, and 

asset tracking in healthcare settings. RFID tags embedded in patient wristbands can 

help accurately identify patients, track their movements, and ensure correct 

medication administration. RFID systems also facilitate inventory management of 

medical supplies, reduce manual efforts in tracking medical equipment, and enable 

efficient asset utilization in hospitals. 

 
1.8.4 Manufacturing: RFID technology is used in manufacturing processes for asset 

tracking, work-in-progress monitoring, and quality control. RFID tags attached to 

components or products enable accurate tracking throughout the production cycle, 

enabling better inventory control, reducing errors, and improving process 

efficiency. RFID-based systems also support traceability and recall management by 

providing quick access to product information and history. 

 
1.8.5 Automotive Industry: RFID technology is utilized for vehicle tracking, anti-theft 

systems, and supply chain management in the automotive industry. RFID tags 

embedded in vehicles or components enable accurate tracking during production, 

logistics, and distribution processes. This enhances efficiency in assembly lines, 

optimizes inventory control, and improves overall supply chain visibility and 

security. 

 
1.8.6 Hospitality and Events: RFID wristbands or cards are widely used in the 

hospitality and events industry for access control, cashless payments, and 

personalized experiences. RFID technology enables seamless entry to venues, 

contactless transactions at concessions, and targeted marketing based on attendee 

behavior. It enhances security, reduces waiting times, and offers a convenient and 

enjoyable experience for guests. 
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1.8.7 Agriculture and Livestock: RFID technology is utilized for animal identification, 

tracking, and monitoring in agriculture and livestock management. RFID ear tags 

or implants help in individual animal identification, disease control, breeding 

management, and tracking livestock movements. This technology aids in improving 

traceability, ensuring food safety, and optimizing livestock operations. 

These are just a few examples of how RFID technology is applied across different 

industries. Its versatility, coupled with advancements in tag design and reader technology, 

continues to drive innovation and find new applications. With the ability to enhance efficiency, 

accuracy, and automation, RFID technology plays a significant role in transforming processes 

and operations across diverse fields. 

 

 
1.9 Sensor Integration 

 

The utilization of discrete environmental sensors for large-scale deployment is not 

economically viable due to their high cost. Nevertheless, a practical and cost-effective 

alternative arises through the integration of chipless RFID tags with sensors, offering immense 

potential for widespread sensing applications. These innovative sensing tags are engineered 

using substrates that exhibit alterations in their electrical properties in response to changes in 

specific environmental parameters [17]. By incorporating these modified substrates into the 

design of chipless RFID tags, the tags gain the ability to act as sensors, detecting and recording 

variations in environmental conditions. This transformative approach allows for the creation of 

versatile and affordable sensing solutions, facilitating extensive deployment across various 

industries and applications. The cost-effectiveness and adaptability of these integrated chipless 

RFID tags with sensors open up new possibilities for harnessing the power of IoT and 

advancing the concept of a connected world. 

 

 
1.10 Objectives 

The objectives of this research work are listed as follows: 

 
 

a. To develop a cost-effective and compact chipless RFID tag with a unique design 

that enables the tagging of multiple items simultaneously. 
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b. To implement chipless RFID technology on different substrates to enable the use 

of the tag in diverse environmental conditions. 

c. To utilize a substrate that provides both sensitivity and item tagging capabilities. 

d. To enable the printable functionality of the tag to facilitate mass production. 

e. To ensure the flexibility of the tag to enable its use on irregular surfaces. 

f. To maximize band utilization efficiency to achieve multiple bits with a reduced 

frequency band. 

 
1.11 Organization of the Thesis 

The thesis begins with Chapter 1, which provides an extensive introduction to RFID tags, 

encompassing their working principles, wide-ranging applications, various types of RFID 

systems, and their integration with IoT. Chapter 2 delves into a comprehensive literature 

review, analyzing and comparing the proposed RFID tag with previously published tags. 

Chapter 3 focuses on the architecture of the proposed RFID tag, elucidating the design 

principles. Chapter 4 presents the results and discussion, highlighting the outcomes of 

experiments conducted to evaluate the proposed RFID tag's performance. It analyzes the tag 

performance using various substrates. Chapter 5 concludes the thesis by summarizing the 

achievements, reiterating the significance of the research contributions, and outlining potential 

future research directions. Finally, the thesis ends with a bibliography, citing the relevant 

sources used throughout the research process. 
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Chapter 2 
 

LITERATURE REVIEW 

 

A lot of different approaches, techniques, and advancements that have been proposed and 

implemented in the design and operation of chipless RFID tags. A wide range of scholarly 

articles, conference papers, patents, and technical reports to establish a comprehensive 

understanding of the current state of chipless RFID technology are present in the literature. 

This chapter aims to explore and evaluate the existing research and developments in the field 

of chipless RFID tags. 

[18] introduces a chipless RFID tag having a coding capacity of 11 bits. The resonator 

design proposed in this study consists of truncated elliptical shapes formed by non- continuous 

arc slots. The slots exhibit a 1:1 correspondence between slots and bits as shown in Fig. 7(b). 

The electromagnetic performance of the tag design is analyzed using an ungrounded Rogers 

RT duroid® 5880 laminate. The overall size of the tag is shown in Fig. 7 

(a) which is 15 × 15 × 0.508 mm3, resulting in a bit density of 4.88 bits/cm2. 
 

 

 
 

Fig. 2.1 (a) Design of the tag presented in [18]        (b) RCS response of the same tag. 

 

 
 

A chipless RFID system is introduced in [19]. As illustrated in Fig. 8 (b), the tag exhibits 

the ability to encode 12-bit data within the 3 to 6 GHz frequency range. This system consists 

of a completely printable chipless tag and a set of reader antennas with high gain. The process 

of information encoding into the frequency spectrum is accomplished by employing a multi- 
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resonant circuit. This circuit is constructed using a distinctive arrangement of various 

microstrip resonators, including U and L-shaped open stub resonators, as depicted in Fig. 8 (a). 

 

Fig. 2.2 (a) Design of the RFID tag in [19] (b) Frequency response of the tag in [19] 

 

 
 

In reference [20], a chipless RFID tag is introduced, showcasing both an impressive data 

capacity of 22 bits and a versatile sensing ability for multiple parameters. The tag, which boasts 

a radius of 7.4 mm, interacts with incident plane waves that are dual-polarized. It employs a 

substrate based on Kapton® HN, integrated with copper as the radiating material. Additionally, 

the tag employs multiwall carbon nanotubes (MWCNTs) to function as a CO2 sensor. This tag's 

frequency response is observable across the frequency range of 4 to 25 GHz. The structure of 

the tag, along with its radar cross-section (RCS) response, can be observed in Fig. 9 (a) and 9 

(b), respectively. 

 

Fig. 2.3 (a) Layout of the tag in [20] (b) RCS response of the tag in [20] 
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In [21], a passive RFID tag is introduced, characterized by its compact size and insensitivity 

to polarization. The tag's design centers around slotted elliptical structures that are ingeniously 

arranged in a nested loop pattern, with the slot resonators having uniform dimensions, as 

illustrated in Fig. 10 (a). This RFID tag boasts a data storage capability of 10 bits and functions 

across a spectral range spanning from 3.6 to 15.6 GHz, as depicted in Fig. 

10 (b). The proposed tag architecture undergoes thorough analysis and refinement for different 

substrates—specifically, Rogers RT/duroid/5880, Rogers RT/duroid/5870, and Taconic TLX-

0—while being confined within a compact footprint of 22.8 x 16 mm^2. 

Fig. 2.4 (a) Structure of the tag in [21] (b) RCS response of the tag in [21] 

 
The study in [22] delved into the behavior of a moving chipless RFID tag as it moved to 

different discrete positions in the XY-coordinates. This tag employed slot resonators shaped 

like the symbol 'Δ', as visualized in Fig. 11 (a). The RFID tag, measuring 25.71 cm2 in size, 

was modeled, utilizing Taconic TLX-8 as the substrate material. The chosen substrate had a 

permittivity value of 2.55, a thickness of 0.13, and a loss tangent of 0.0019. The simulation 

outcomes for the tag's response are presented in Fig. 11 (b). 

 

Fig. 2.5 (a) Design of the tag in [22] (b) RCS response of the tag in [22] 
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In [23], a fully passive chipless RFID tag with dimensions of 16 × 15 mm2 is introduced. 

This tag offers a substantial data storage capacity of 15 bits and employs the ON-OFF keying 

principle to encode data within its compact structure. The resonating structure of the tag adopts 

a loop-based pentagonal geometry, depicted in Fig. 12 (a). Remarkably, this chipless RFID tag 

attains a noteworthy bit density of 6.25 bits/cm2 and functions within a frequency range 

spanning from 4.8 to 18.8 GHz, as showcased in Fig. 12 (b). To evaluate the electromagnetic 

performance of the tag's design, investigations are conducted using ungrounded laminates, 

specifically Rogers RT/duroid® 5880 and Rogers RT/duroid® 5870. 

 

 

 

Fig. 2.6 (a) Geometry of the tag in [23] (b) RCS response of the same pentagonal tag 

 

 
 

The study documented in [24] presents an innovative chipless RFID tag employing a nested 

octagon structure that is impervious to polarization. This tag possesses an encoding capacity of 

12 bits and exhibits a direct correspondence of 1:1 between its slots and bits. Crafted with 

precision, the tag maintains a compact size, measuring 23 × 23 mm2, ultimately yielding a 

remarkable bit density of 2.26 bits/cm2. The fabrication of this tag is executed using the flexible 

Rogers RT/duroid® 5880 laminate. The tag's distinctive geometry and its electromagnetic 

response are meticulously detailed in Fig. 13 (a) and (b) respectively. 
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Fig. 2.7 (a) Geometry of the tag in [24] (b) RCS response of the octagonal tag in [24] 

 

 
 

The study detailed in [25] introduces 7-bit chipless RFID multi-parameter sensor. This 

sensor is ingeniously devised using the advanced Rogers RT/Duroid 6010.2LM material. The 

sensor's architecture comprises six resonators in inverted U and L shapes, meticulously crafted 

with specific dimensions to resonate within the targeted frequency spectrum of 2-8 GHz. To 

facilitate the characterization of cracks, a circular microstrip patch antenna (CMPA) is 

incorporated. The developed sensor possesses the capability to monitor cracks in metal 

surfaces, a context where temperature monitoring is of paramount importance. The design of 

the sensor, alongside its RCS response, is vividly depicted in Fig. 14 (a) and (b) respectively. 

 

 

Fig. 2.8 (a) Layout of the tag in [25] (b) Corresponding RCS response of the tag 

 
The research presented in [26] introduces a chipless RFID tag spanning 11 bits and 

displaying polarization-independent attributes. This tag encompasses a frequency-selective 

surface, effectively catering to encoding purposes as well as RH sensing applications. The 
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architecture employs ten exterior U-shaped resonators for item encoding, while the interior 

resonator employs Kapton® material for RH sensing. Operating within the S- and C- frequency 

bands, this RFID tag exhibits a noteworthy fractional bandwidth of up to 88%, culminating in 

an impressive density of 4.46 bits/cm². The study undertakes an investigation into both single- 

and dual-layer tags, delving into their respective characteristics. The structure of the tag, along 

with its corresponding RCS response, is thoughtfully depicted in Fig. 15 (a) and (b) 

respectively. 

 

 

Fig. 2.9 (a) Geometry of the tag in [26] (b) corresponding RCS response of the same tag 

 
The chipless RFID tag in [27] is a 22-bit passive tag illustrated in Fig. 16 (a). The tag design 

incorporates 'U' and 'Inverted-U' shaped slots etched on a metallic plate measuring 39x40 mm², 

enabling a data capacity of 22 bits and the potential to label 4,194,304 objects. The optimization 

process focuses on Taconic TLX-0 and RT/duroid®5880 substrates. The corresponding RCS 

response for both the substrates is shown in Fig. 16 (b). 

 

 

Fig. 2.10 (a) Layout of the tag in [27] (b) RCS response of the tag in [27] 
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The tag in [28] is designed on a PET substrate, featuring a size of 1 cm radius and operating 

in the ultra-wideband frequency range of 3.5 to 16 GHz. The suggested sensor tag exhibits a 

high code density of 6.92 bits/cm2, a regular geometry, increased sensitivity to humidity 

variations of 60% RH, high magnitude frequency dips, and angular stability up to 60º. Fig. 17 

(a) and (b) show structure and RCS response of the given tag. 

 

Fig. 2.11 (a) Design of the tag in [28] (b) RCS response of the tag in [28] 

 

 
 

The study in [29] presents a frequency-coded chipless RFID tag designed for the Ku-band 

frequency range (12.4-18 GHz). To assess the performance of the chipless RFID tag, four 3- 

bit tags are designed and simulated, with two of them manufactured and tested. The simulations 

and measurements focus on codes 000 and 111, confirming the effectiveness of the proposed 

design. Additionally, the paper explores the tag's sensitivity to fabrication errors and 

orientation, providing simulations that demonstrate these aspects. 

 

Fig. 2.12 (a) Structure of the tag in [29] (b) RCS response of the same tag. 
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The study presented in [30] introduces an innovative printable Chipless RFID tag boasting a 

30-bit capacity and enhanced read range capabilities. The tag's structure is composed of two 

distinct triangular patches meticulously arranged in a fan-like configuration, as demonstrated 

in Fig. 19 (a). This unique arrangement contributes to the tag's improved read range 

performance. The proposed tag design undergoes comprehensive analysis utilizing a range of 

substrates, which include Taconic (TLX-8), Rogers RT/Duroid® (5880), PET, and Kapton® 

HN. This diversity in substrate options grants the tag adaptability to various environmental 

conditions. The optimization process takes place on Dupont Kapton® HN substrate, utilizing 

silver nanoparticle ink as the radiator material. The resultant tag, measuring 55.3 × 55.3 mm2, 

operates within a frequency band spanning from 2.63 to 9.22 GHz, as illustrated in Fig. 19 (b). 

 

Fig. 2.13 (a) Tag Configuration in [30]    (b) RCS response of the tag in [30] 
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Chapter 3 
 

PROPOSED CHIPLESS RFID TAG 

 

This research introduces a novel data-dense, miniaturized, and fully printable multi-sensor 

RFID tag, specifically designed for data encoding and sensing purposes. The tag's development 

involves a flexible substrate called Rogers RT/duroid®5880, with copper resonators sized at 15 

x 16 mm2. Further evaluation was conducted on PET and Kapton®HN substrates, both of which 

are flexible. The unique slot-resonator geometry of the tag enables the encoding of 29 bits, 

corresponding to 29 slots within the tag structure. The tag itself has a pentagonal shape, 

partitioned into 14 H-polarized slots and 15 V-polarized slots through metal radiators. One of 

the distinctive features of this research is the inclusion of a built-in multi-sensing capability, 

achieved by incorporating a humidity-sensitive substrate, Kapton®HN, and a temperature-

dependent polymer, Stanyl® polyamide. This novel combination enables the tag to perform 

multiple sensing functions effectively. 

This research stands out due to its compact design, ease of fabrication, high data encoding 

capacity, and its ability to identify 229 unique items, making it a significant advancement in the 

field of RFID technology and data sensing applications. 

 

 
3.1 Fundamental Operation of the Tag 

 

The chipless RFID tag operates on the backscattering technique, eliminating the need for 

external circuitry or power source to activate the tag. To retrieve data from the tag, the reader 

transmits an RF wave towards it; equation (1) representing the instantaneous E-field of the 

incident plane wave. 

𝐸(𝑧;𝑡) = 𝑎𝑥𝑅𝑒[𝐸𝑥0𝑒𝑗(𝜔𝑡 + 𝑘𝑧 + 𝜑𝑥) ] + 𝑎𝑦𝑅𝑒[𝐸𝑦0𝑒𝑗(𝜔𝑡 + 𝑘𝑧 + 𝜑𝑦) ] (1) 
 

After EM signal is transmitted to the tag [31], the tag draws power from this incident signal. 

The Friis transmission equation (2) calculates the power extracted by the tag, taking into 

account factors such as distance (r) between the transmitter and receiver, the transmitted power 

(PTX), and the gains of transmitting (GTX) and receiving (GRX) antennas [32]. 

𝑃𝑅𝑋 = (
 𝜆 

)2 GTXGRX (2) 
𝑃𝑇𝑋 4𝜋𝑟 
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Upon receiving the signal, the tag responds uniquely and scatters the encoded information 

back to the reader. This information is decoded and subsequently stored in the host computer. 

Chipless RFID tags store data in their structure, which can include resonators, microstrip lines, 

antennas, and other elements. The process is illustrated in Fig. 20. 

 

 

Fig. 3.1 Backscattering phenomena in chipless RFID tags 

 
The RCS response, responsible for providing the unique frequency signature of the tag, 

plays a crucial role in object identification through its electromagnetic behavior. To measure 

RCS, the tag needs to be positioned at a distance determined by the Fraunhofer distance 

formula [33]. The formula for the Fraunhofer distance (R) is given in equation (3): 

R= 
2𝐷2 

𝜆 

 
(3) 

 

Here, D represents the greatest dimension of the tag, and λ symbolizes the wavelength of 

the radio waves. For the proposed tag, the calculated far-field distance is 40 mm. 

For an item to be successfully identified, it must fall within the read range of the RFID 

system. The read range is defined as the maximum theoretical distance between the reader and 

the remotely located tag, and it is expressed in equation (4). This distance represents the range 

within which a chipless RFID tag can be activated by the reader without requiring any 

additional power for its operation [34]. 

R = 
4     

𝐺𝑟 𝑃𝑡𝐺𝑡𝜆2𝜎 (4) 
max √  

(4𝜋3)𝑃𝑟 

In the given equation, the variables Gr and Gt represent the gains of the receiving and 

transmitting antennas, respectively. Pt stands for the power of the transmitter, while Pr 
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symbolizes the sensitivity of the receiver. λ denotes the wavelength, and σ represents the RCS 

response of the tag. 

3.2 Development of the Proposed Tag 

 

The design and optimization of the proposed tag are carried out using CST Microwave Studio 

Suite®. The tag is fabricated on an ungrounded, flexible laminate known as Rogers RT/duroid® 

5880. To evaluate its performance, the tag is illuminated with both horizontally and vertically 

polarized plane waves directed towards its surface. To enhance the data density of the tag and 

achieve 29 slots corresponding to 29 unique frequencies in the RCS response, the slots are 

separated by metal radiators as shown in Fig. 22. Each frequency dip in the tag's response 

represents a logic state of '1', while the absence of a dip indicates a logic state of '0'. This 

approach effectively encodes information and increases the tag's capacity to carry data. Fig. 19 

displays the arrangement of the tag in the simulation setup. In order to capture and analyze the 

backscattered signal, both the E-field (far-field) and RCS probes are accurately positioned at a 

distance of 40 mm within the far-field region. The tag, which is dual- polarized, consists of 14 

horizontally polarized slots and 15 vertically polarized slots, necessitating the use of a linearly 

dual-polarized plane wave for its proper functioning. The layout of the designed tag is depicted 

in Fig. 20. The substrate area measures 240 mm², with a length (L) of 16 mm and a width (W) 

of 15 mm. 

 

 
Fig. 3.2. Arrangement of tag in simulation setup 

 

Throughout the design, a uniform width (d) of 0.2 mm is maintained for both the metallic 

portions and slots, ensuring ease of fabrication. The metallic portions C1 and C2, acting as 

dividers between the upper and lower halves of the tag, possess widths of 0.2 mm and 0.15 

mm, respectively. The innermost pentagon's height is set at H= 3.128 mm. The data within 
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the tag is encoded using a slot resonator geometry, which comprises 29 slots of varying lengths. 

Each slot induces a dip or notch in the resonant frequency in the RCS plot, and these dips occur 

at distinct frequencies. Consequently, the presence of 29 dips allows the tag to represent 29 

bits, thereby enabling it to label a total of 229 (536,870,912) unique items. 

 

Fig. 3.3 Layout of the proposed tag 

 
The slots from L3 to L29 have been arranged in a pattern that ensures a minimum separation 

of d= 0.2 mm between each slot. This deliberate spacing helps to mitigate the mutual coupling 

effect that may occur among adjacent resonators. The specific measurements that define the 

tag's structure are provided in Table 1 for reference. 

The slot-resonator configuration present on the tag's surface facilitates the backscattering 

process by ensuring that each resonant element is tuned to vibrate at a distinct frequency [35]. 

In this arrangement, every slot corresponds to a specific dip in the tag's frequency response, 

where each dip represents a single bit of information. The relationship between the resonant 

frequencies associated with a particular slot is expressed by equation (5): 

 

fr ≈  
𝑐 

2𝐿√Ɛ𝑟 
(5) 

 

 

where Ɛ𝑒𝑓𝑓 = 
1+Ɛ𝑟

 

2 

Here, c represents the speed of light (c = 3×108), L denotes the slot length, Ɛeff stands for the 



42 

 

effective permittivity, and Ɛr indicates the relative permittivity of the substrate. However, it's 
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important to note that this equation does not consider the impact of slot width and substrate 

thickness on the resonant frequency. The unit element design, as depicted in Fig. 23, serves as 

a foundation for constructing a multi-resonant data encoding structure. 

Fig. 3.4 (a) a single pentagon loop that has been diagonally cut to create two slots (b) the 

.radar cross-section displaying frequencies associated with the lengths L1 and L2. 
 

 

 
 

Parameter Length (mm) Parameter Length 

(mm) 

Parameter Length 

(mm) 

L1 21.57 L11 15.73 L21 9.90 

L2 24.48 L12 18.28 L22 12.11 

L3 20.40 L13 14.55 L23 8.74 

L4 23.24 L14 17.04 L24 10.87 

L5 19.26 L15 13.42 L25 7.56 

L6 22.03 L16 15.83 L26 9.62 

L7 18.06 L17 12.24 L27 6.43 

L8 20.76 L18 14.58 L28 8.41 

L9 16.89 L19 11.07 L29 12.81 

L10 19.52 L20 13.34   

 

 

Table 1. Dimensions of the slot resonator structure 
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3.2.1 Surface Current Distribution 

 

There is another way to calculate the resonant frequency of a slot using its inductance and 

capacitance. When the reader emits an RF wave directed at the tag, an EM wave propagates 

within the structure. This, in turn, triggers a current distribution in the tag, leading to its 

excitation. The current distribution of the smallest slot has been simulated and visualized in 

Fig. 24. Additionally, Fig. 25 (a) offers a magnified view of the tag structure, highlighting the 

corresponding LC circuit of the slot.46+ 

 

 

 

 

Fig. 3.5 Surface current distribution of the slot resonating at 28.87 GHz. 

 

 
 

Upon plotting the series RLC circuit, it is observed that the capacitance increases while the 

inductance decreases. These changing values intersect at a particular frequency labeled as 'fr' 

in Fig. 25 (b). At this juncture, the inductance (XL) and capacitance (XC) achieve equilibrium 

(XL = XC), resulting in resonance at a specific frequency defined by equation (6). 

 

𝑓𝑟 =  
1 

2𝜋√𝐿𝐶 
(6) 

 

In this equation, 'fr' represents the resonant frequency, 'L' denotes the inductance, and 'C' 

signifies the capacitance of the circuit. 
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Fig. 3.6 (a) The equivalent series circuit of the shortest slot (b) Reactance vs. Frequency plot  

for the given equivalent circuit 

 

 
3.3 Humidity Sensor 

 

To introduce humidity sensing capabilities into the proposed tag, two options are considered: 

using Kapton®HN as the substrate or placing it over a specific slot in the tag structure. For this 

research, a thin film of Kapton®HN with a thickness of 0.1 mm is applied over the longest slot 

of the proposed tag, which resonates at 5.48 GHz, as shown in Fig. 26. The sensing bit is 

associated with the Most Significant Bit (MSB) of the tag, while the remaining 28 slots are 

dedicated to data encoding. The Kapton®HN film possesses the ability to absorb moisture from 

the surrounding atmosphere, leading to changes in its electrical properties. Consequently, these 

changes cause a shift in the overall frequency band of the tag. This alteration in frequency 

provides a means for detecting and quantifying humidity levels in the tag's environment 

[36,37]. 

 

 
By employing this innovative approach, the tag becomes more than just a data encoding 

mechanism; it transforms into a multifunctional sensor that can provide valuable insights into 

the humidity conditions of its surroundings. This integration of humidity sensing functionality 

within the tag extends its utility to applications in environmental monitoring, agriculture, and 

other fields where humidity plays a critical role. 
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Fig. 3.7 Rogers RT/duroid® 5880 tag equipped with a Kapton®HN film, which is deposited 

over the longest slot. 

Kapton®HN, a hygroscopic polymer, possesses a unique property of displaying a linear 

variation in its dielectric permittivity in response to changes in RH. The data sheet [38] reveals 

that the dissipation factor of Kapton®HN ranges from 0.0015 at 0% RH to 0.0035 at 100% RH. 

This characteristic behavior of Kapton®HN is represented by equation (7): 

Ɛr = 3.05 + 0.008 × RH% (7) 
 

The chemical structure of Kapton®HN (C12H12N2O) is depicted in Fig. 27. When Kapton®HN 

encounters water, a hydrolysis process occurs, wherein water molecules are absorbed into the 

free spaces within the polymer's structure. This phenomenon contributes to the change in the 

dielectric properties of Kapton®HN as a result of humidity absorption. The linear relationship 

between dielectric permittivity and relative humidity allows for a straightforward calibration 

of the tag's frequency response with respect to varying humidity levels. By monitoring the shift 

in resonant frequency due to changes in dielectric permittivity, the tag can accurately and 

quantitatively measure the surrounding humidity conditions. 

 

 
Fig. 3.8 Chemical structure of a Kapton®HN molecule 
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The variation in internal electric polarization occurs in Kapton®HN due to the breakdown 

of carbon-nitrogen bonds. When the polymer absorbs humidity, it experiences changes in 

permittivity, and this change is directly linked to the amount of water absorbed [39]. As a 

consequence of this alteration in permittivity, the electrical polarization within the material is 

modified, resulting in a shift in the resonant frequency of the tag. 

The exceptional moisture-sensing capabilities of Kapton®HN polyamide make it highly 

suitable for deployment in various applications where moisture sensitivity is critical. 

Specifically, it proves to be an excellent choice for use in cold storages within the food industry, 

drug storage facilities, and other environments where maintaining optimal humidity levels is 

essential. In cold storages, the tag's ability to detect and respond to fluctuations in humidity 

levels ensures that food products remain properly preserved and safeguarded against spoilage. 

Likewise, in drug storage settings, where humidity control is vital for preserving the efficacy 

of medications, the Kapton®HN-deposited tag plays a crucial role in ensuring the quality and 

effectiveness of pharmaceutical products. 

 

 

3.4 Temperature Sensor 

 

The chipless design under consideration has been enhanced to include temperature sensing 

capabilities by introducing a temperature-sensitive material into a specific bit of the tag. This 

addition necessitated structural modifications within the tag architecture. To achieve 

temperature sensing functionality, the longest slot of the tag was modified to accommodate 

Stanyl®TE200F6 polyamide, a temperature-dependent polyamide, as illustrated in Fig. 28. 

Stanyl® polyamide is renowned for its exceptional thermal expansion coefficient of (0.2 x 

10-4 ppm/°C) [40], making it highly responsive to temperature changes. This unique property 

allows the tag to accurately detect and respond to variations in temperature levels. Moreover, 

Stanyl® polyamide exhibits remarkable resilience even in extreme temperatures and harsh 

environmental conditions. It can withstand high levels of stress and heavy loads without 

compromising its performance, rendering it highly reliable for temperature sensing 

applications. 

By integrating Stanyl®TE200F6 polyamide into the tag's design, the chipless RFID tag 

transforms into a versatile sensor capable of accurately measuring temperature fluctuations. 

This newfound functionality opens up a multitude of applications in industries where 
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temperature monitoring is critical, such as automotive, aerospace, industrial processes, and other 

environments where precise temperature control is essential for optimal performance and safety. 

 

Fig. 3.9 Front and back view of the temperature sensing RFID tag 

Front 

View 

 

Back 

View 
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Chapter 4 
 

RESULTS AND DISCUSSIONS 

 
4.1 Proposed Tag Analysis 

The primary goal in developing the chipless RFID tag is to create a cost-effective and easily 

printable solution. To achieve this, the tag design mechanism has been carefully crafted to 

maintain simplicity and efficiency. Various substrates and conducting materials have been 

meticulously utilized in the design process to ensure the tag's practicality and affordability. The 

tag comprises a total of 29 bits, with fourteen bits observed through the upper slots, stimulated 

by horizontally polarized incident plane waves. In contrast, the remaining fifteen bits are 

observed through the lower slots, energized by vertically polarized RF waves. This dual-

polarized configuration allows for efficient encoding and decoding of data, enabling the tag to 

represent a wide range of information in response to distinct frequencies within the specified 

range. 

 
4.1.1 Tag-A 

In the initial development, Tag-A was created using a flexible substrate known as 

Rogers RT/duroid®5880, incorporating copper resonators with a thickness of 0.35 mm. 

The substrate has a relative permittivity of 2.2, a thickness of 0.508 mm, and a low loss 

tangent of 0.0009. Fig. 29 illustrates the RCS response of the tag when an all-ones ID 

is applied. Each dip within the frequency range of 23.39 GHz corresponds to a '1' bit in 

the Tag ID. Notably, the MSB exhibits resonance at 5.48 GHz, while the LSB resonates 

at 28.87 GHz. 

 

Fig. 4.1 RCS response of tag designed using Rogers RT/duroid® 5880 substrate. 
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4.1.2 Tag-B 

The tag referred to as Tag- B is examined using a rigid laminate, specifically Rogers 

RT/duroid® 5870, with copper employed as the metallic radiator. Rigid tags are well- 

suited for various industrial applications, particularly in scenarios where items like 

boxes, containers, and similar objects require tagging. The substrate utilized for this 

rigid tag possesses a thickness of 0.78 mm, a dielectric constant of 2.2, and a loss 

tangent value of 0.0009. The electromagnetic response of the tag is depicted in Fig. 

30, covering a bandwidth of 22.42 GHz with MSB resonating at 5.34 GHz and LSB at 

27.76 GHz. 

 
 

Fig. 4.2 RCS response of tag designed using Rogers RT/duroid® 5870 substrate. 

 

4.1.3 Tag-C 

An identical prototype has been implemented on a different rigid substrate called 

Taconic TLX-0. This substrate has specific properties, including a thickness of h=0.635 

mm, a relative permittivity of Ɛr=2.45, and a loss tangent of tan δ=0.0019. Copper is 

utilized as the conductive material in this implementation. The simulated outcome of 

the tag can be observed in Fig. 31. This tag covers a bandwidth of 21.92 GHz, with 

MSB at 5.18 GHz and LSB (Least Significant Bit) at 21.1 GHz. With a thickness of 

h=0.635 mm, TLX-0 is a thin and lightweight substrate. This makes it suitable for 

applications where space and weight constraints are critical factors, such as in small 

RFID tags that need to be attached to various objects or products. Taconic TLX-0 is 

known for its stability and rigidity, which provides mechanical support and 
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protection for the delicate electronic components of the RFID tag. This ensures the tag's 

durability and robustness in different environmental conditions. 

 

Fig. 4.3 RCS response of tag designed using Taconic TLX-0 substrate. 

 
 

4.1.4 Tag-D 

Tag-D is assessed using Kapton®HN as the substrate material, coupled with an 

Aluminum metal radiator with a thickness of 0.007 mm. The Kapton®HN substrate has 

a thickness of 0.125 mm, a relative permittivity value of 3.5, and a loss tangent of 

0.0026. Fig. 32 showcases the RCS response of Tag-D, specifically for an all-ones ID 

combination. The operational frequency of this tag covers a range from 5.56 GHz to 

28.75 GHz. Moreover, the MSB resonates at 5.56 GHz, while the LSB resonates at 

28.75 GHz. The key electrical properties of Kapton®HN that are affected by humidity 

are its relative permittivity and loss tangent. Using Kapton®HN as a substrate for the 

development of chipless RFID tags turns the tag into a humidity sensor due to these 

properties of the Kapton material. 

 
4.1.5 Tag-D’ 

The tag-D, designed using Kapton®HN as the substrate, incorporates conductive traces 

made from a silver nano-particle-based ink with a thickness of 0.015 mm. The RCS 

curve of this tag is displayed in Fig. 33. Within a bandwidth of 23.07 GHz, the tag 

achieves 29 bits of data encoding, with MSB resonating at 5.50 GHz and LSB 

resonating at 28.81 GHz. The ink's nanoscale particles allow for high-resolution printing 

of conductive traces, enabling the creation of intricate and precise tag 
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designs. This enhances the tag's readability. The ink-based fabrication process allows 

for scalable and reproducible production of chipless RFID tags. 

 

Fig. 4.4 RCS response of tag designed using Kapton®HN substrate with 

Aluminum resonators. 

 

 

Fig. 4.5 RCS response of tag designed using Kapton®HN substrate with silver 

nanoparticle-based ink as radiator. 

 
4.1.6 Tag-E 

Tag-E is designed using a thin and flexible PET substrate. The PET substrate has a 

thickness of 0.1 mm and demonstrates specific electrical properties, including an 
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electric permittivity value of 3.3 and a loss tangent of 0.003. This tag uses Aluminum 

as the conducting material with a thickness of 0.007 mm. Fig. 34 provides a visual 

representation of the overall bandwidth achieved by Tag-E, which spans 23.32 GHz. 

The MSB resonates at 5.50 GHz, while the LSB resonates at 28.82 GHz. 

 
 

Fig. 4.6 RCS response of tag designed using PET substrate with Aluminum 

resonators. 

 
4.1.7 Tag-E’ 

 

Fig. 35 depicts the frequency response of Tag-C', showing the RCS with respect to 

frequency. This RFID tag is manufactured using a PET substrate and incorporates silver 

nanoparticle-based ink as the radiating material. To simplify the fabrication process, 

the traditional Aluminum metal is replaced with a conductive ink, which has a 

thickness of 0.015 mm and exhibits excellent electrical conductivity, measuring 9x106 

S/m. Tag-C' operates within a bandwidth ranging from 5.73 GHz to 29.73 GHz. A 

comprehensive comparison of the characteristics of the proposed tags is provided in 

Table 2. 
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Fig. 4.7 RCS response of tag designed using PET substrate with silver nanoparticle- 

based ink as radiator. 

 
 

4.1.8 Comparison of the Tags Designed 

Table 2 provides a comprehensive comparison of the seven different tags that were 

designed during the research phase. These tags exhibit variations in their electrical 

properties and thickness, which directly impact their performance characteristics. 

Consequently, the bandwidth of each tag varies accordingly. The diversity in the tags' 

electrical properties and physical dimensions allows for a wide range of operational 

frequencies and data encoding capacities. Depending on the application requirements and 

specific frequency bands of interest, different tags can be selected. 

 
Characteristics Tag A Tag B Tag C Tag D Tag D’ Tag E Tag E’ 

Laminate RT/duroid5880 RT/duroid5870 Taconic 
TLX-0 

Kapton®HN Kapton®HN PET PET 

Thickness 

(mm) 

0.508 0.78 0.635 0.125 0.125 0.1 0.1 

Permittivity 2.2 2.2 2.45 3.5 3.5 3.3 3.3 
Loss tangent 0.0009 0.0009 0.0019 0.0026 0.0026 0.003 0.003 

Radiator (μm) Copper (35) Copper (35) Copper (35) Al (7) Silver (15) Al (7) Silver (15) 

Bits 29 29 29 29 29 29 29jh 

Flexibility       

Spectral Band 

(GHz) 

5.48 – 28.8 5.34 – 27.7 5.18 – 27.1 5.56 – 28.75 5.50 – 28.81 5.50 – 28.82 5.73 – 29.73 

 

Table 2. Comparison table for the designed tags using different substrates. 
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4.2 Experimental Setup 

The performance evaluation of the proposed RFID tag is carried out using an experimental 

setup similar to the one described in reference [41]. The setup includes a Vector Network 

Analyzer (VNA) equipped with two ports, with each port connected to a pair of identical horn 

antennas. One of the antennas functions as the transmitter, while the other serves as the receiver. 

 
In this setup, the tag under test is affixed to a box and positioned in the far-field region 

relative to the horn antennas. The transmitter emits EM waves directed towards the tag. Upon 

interaction with the tag, it reflects a unique response onto the incident plane wave, which is 

then captured by the receiver. The backscattered encoded signal from the tag is fed back to the 

VNA for analysis of the transmitted and received response. The experimental setup illustrated 

in Fig. 36 demonstrates this procedure for testing and validating the performance of the 

proposed tag. 

 
 

Fig. 4.8 The experimental setup for the proposed chipless RFID tag 

 
When measuring the RCS response of the chipless RFID tag, two types of S11 parameters 

are obtained. The first parameter is S11isolation, which is measured when the chipless tag is 

absent from the setup. The second parameter is S11ref, which is measured with the chipless tag 

in place. To estimate the RCS value, equation (8) from reference [42] can be utilized: 

𝑡𝑎𝑔 𝑆11𝑡𝑎𝑔−𝑆11𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛    2 
𝑟𝑒𝑓 

𝜎 = [ 
𝑆11 

 

𝑟𝑒𝑓 
 
− 𝑆11𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 ]   𝜎 (𝑑𝐵𝑠𝑚) (8) 
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] 

Here, σtag represents the RCS response of the chipless tag, while σref denotes the RCS 

response of the proposed tag, as defined in equation (9): 

 

𝜎𝑟𝑒𝑓 = [𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑙𝑎𝑡𝑒  2 

𝜆 

 
4𝜋 (9) 

 

In Equation (9), λ represents the wavelength of the incident electromagnetic wave, and the 

"Area of Plate" is associated with the effective scattering area of the chipless tag. 

The results obtained from both simulations and experimental measurements are presented 

in Fig. 37 and Fig. 38. It is noteworthy that the computed and measured results exhibit a 

considerable level of agreement, indicating the validity and accuracy of the proposed model in 

predicting the RCS response of the chipless RFID tag. The close correspondence between the 

simulated and measured data enhances confidence in the tag's performance. 

 

 
Fig. 4.9 Computed and measured results along H-probe 

 

 

Fig. 4.10 Computed and measured results along V-probe 
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The results obtained from the measurements indicate that there is a slight deviation in the 

dips observed at certain resonant frequencies. This deviation can be attributed to a combination 

of environmental factors and minor design imperfections that may have occurred during the 

fabrication process. Environmental factors, such as variations in temperature, humidity, or 

electromagnetic interference in the testing environment, can influence the performance of the 

chipless RFID tag. These fluctuations may cause slight variations in the tag's electrical 

properties, leading to deviations in the resonant frequencies. Additionally, during the 

fabrication process, there might be subtle design disabilities or manufacturing imperfections 

that could impact the tag's performance. These imperfections could include variations in the 

thickness of the conducting material, alignment inaccuracies, or small defects in the substrate. 

 

 

4.3 Multiple ID Combinations 

 

The proposed prototype offers a high level of customization, enabling the encoding of distinct 

data words during the fabrication stage. Through the addition and removal of slots in the design, 

a remarkable variety of 229 different tags can be generated, each possessing unique encoding 

capabilities. Fig.   39 showcases three examples of these unique tag variants. The first variant 

represents an all-ones combination, with a data word of 11111111111111111111111111111. 

The second variant features an all-zero combination, with a data word of 

00000000000000000000000000000. Lastly, the third variant exhibits a random sequence with 

a data word of 10010010100110011000100010101. Each of these variants is depicted along 

with their physically altered structures, demonstrating how the addition or removal of slots 

results in specific encoding patterns. These alterations in the tag's physical structure correspond 

directly to the data word it represents. In Fig. 39 (a), no slot has been shorted. In Fig. 39 (b), all 

slots of the tag are shorted by filling the substrate material within the slots. In Fig, 39 (c), the 

slot numbers 2,4,6,7,8, 11, 12, 15, 16, 19, 20, 22, 24, 25, 27 and 28 are shorted. For the shorted 

slots, there are flat dips in the corresponding RCS response at those frequencies. The flexibility 

to create such a diverse range of tags provides valuable opportunities for tailoring RFID 

solutions to specific applications. 
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(a) (b) 

 

 

(c) 

 
Fig. 4.11 RCS and tag design for data word 11111111111111111111111111111 (b) RCS 

andtag structure for data word 00000000000000000000000000000 (c) RCS and tag design 

for 

data word 10010010100110011000100010101 

 

4.4 Humidity Sensing Behavior of the Tag 

The quantification of the resonance shift of the tag's sensing slot in the presence of moisture is 

referred to as humidity sensing. Fig. 40 illustrates the humidity sensing characteristics of the 

tag on the H-probe under different humidity levels (30%, 50%, and 80%) for the tag presented 

in Fig. 26. The results demonstrate that as the RH increases, the permittivity of Kapton®HN 

changes from 3.3 to 3.7. This variation in permittivity leads to a corresponding shift in the 

resonant frequency of the sensing slot. Specifically, the resonant frequency moves towards 

lower frequencies as the humidity level rises. In essence, the tag's ability to detect 

and respond to changes in humidity levels is attributed to the interaction between the 
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moisture in the environment and the electrical properties of the Kapton®HN substrate. This 

phenomenon offers a valuable humidity sensing capability, making the tag a versatile and 

adaptable solution for applications where humidity monitoring is crucial. 

 
A 20% increase in RH from 30% to 50% results in a frequency shift of 77.2 MHz in the 

RCS curve, while a further 20% rise from 50% to 80% leads to a frequency shift of 51.5 MHz 

towards the left side. It is essential to emphasize that these shifts in the resonating frequency 

of the sensing slot do not affect the number of bits generated by the tag. 

Fig. 4.12 Computed humidity sensing behavior of the proposed tag 

 
 

To measure the response of the proposed humidity RFID sensor tag, a well-defined setup 

as outlined in [20] is utilized. The setup includes an environmental chamber with dimensions 

of 50 x 34 x 36 cm³, two horn antennas, a water spray bottle, a commercial sensor, and the 

proposed humidity sensor. The measurement process is conducted at room temperature, with a 

VNA positioned near the environmental chamber. Within the chamber, the horn antennas and 

sensor are positioned 20 cm above the bottom of the box, while the proposed humidity sensor 

tag is placed at a far-field distance of 40 mm from the horn antennas. The RCS is determined 

using equation (8). To simulate different humidity levels, the measurement process involves 

spraying water inside the airtight chamber and subsequently closing the lid for a duration of 10 

minutes. 

Fig. 41 presents the humidity response of the proposed sensor, showcasing measurements 

taken along horizontal probes. To acquire the measured results at different relative humidity 

(RH) levels of 30%, 50%, and 80%, water is periodically sprayed inside the chamber, 

Computed H-Probe 
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inducing variations in the moisture levels. Consequently, the thin Kapton®HN tape deposited 

on the longest slot of the tag undergoes changes in its electrical properties, leading to a drift of 

the MSB towards lower frequencies in the RCS response. These variations in the environmental 

moisture level are depicted as ripples in the measured response. 

The observed shift in the MSB resonant frequency in the RCS response is significant, with 

a total shift of 128.7 MHz from 8.57 – 8.44 GHz when the relative humidity increases up to 

80%. This shift can be attributed to the alterations in the permittivity of the Kapton®HN 

substrate, caused by the fluctuating moisture levels within the chamber. 

 

 

 
Fig. 4.13 Measured results of the humidity sensor. 

 
These findings demonstrate the sensitivity of the proposed humidity sensor tag to changes 

in the surrounding humidity, making it a promising and reliable solution for humidity 

monitoring applications. The ability to detect and respond to environmental factors further 

enhances the tag's suitability for diverse practical scenarios where accurate humidity 

measurements are crucial. 

 
4.5 Temperature Sensing Behavior of the Tag 

Consider Fig. 28, a section with the same length as the longest slot is removed from the Rogers 

RT/duroid® 5880 substrate and replaced with Stanyl® polyamide. This alteration primarily 

affects the lowest resonant frequency within the tag's frequency signature, while the 

Measured H-Probe 
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neighboring resonant frequencies remain unaffected, preserving their role in data encoding. In 

Fig. 42, it is evident that as the relative permittivity (Ɛᵣ) increases from 3.5 to 3.8 due to a rise 

in temperature, there is a slight drift of 79.8 MHz towards lower frequencies in the resonant 

frequency of the sensing slot. This change in the resonant frequency provides valuable sensing 

information, which can be correlated with temperature variations. 

Fig. 4.14 Temperature sensing behavior of the proposed sensor tag 

 
The obtained results highlight an inverse correlation between the resonant frequency and 

temperature. As the temperature increases, the resonant frequency of the sensing slot shifts 

towards lower frequencies. This behavior enables the proposed tag to act as a temperature 

sensor, where the shifting resonant frequency serves as an indicator of changes in the 

surrounding temperature. This temperature-sensing capability adds versatility to the tag's 

functionalities, making it suitable for a wide range of applications that require temperature 

monitoring and control. The tag's ability to respond to temperature variations enhances its 

utility accurately and reliably in various practical scenarios. 

 
The experimental setup for testing the temperature sensing tag is the one used by N. Javed 

et al. in [20]. This setup includes an environmental chamber which comprises two horn 

antennas, an electronic commercial sensor, and the proposed sensor-embedded chipless RFID 

tag. This assembly is connected to a VNA. The chamber is injected with 20,000 ppm CO2 

concentration which raises the temperature inside the chamber. As the temperature increases, 

the dielectric constant of the substrate also varies. It is a good practice to place the sensor tag 
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to be tested over some surface like a wooden plank or cardboard to minimize the effect of 

ground reflections. Fig. 43 shows the measured results of the Stanyl® Polyamide filled chipless 

RFID sensor tag. 

 

Fig. 4.15 Measured results of the temperature sensor on H-probe 

 
In Fig. 44, an analysis is depicted, illustrating the connection between the dielectric constant 

and temperature. The results reveal a linear relationship, indicating that the Stanyl® polyamide 

material experiences predictable changes in its dielectric constant as the temperature varies 

[57]. As a consequence, the effective relative permittivity of the tag is influenced, causing a 

shift in its frequency response. 

 

 

Fig. 4.16 Relationship between dielectric constant of Stanyl®TE200F6 and 

temperature. 
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4.6 Comparison with Previously Published RFID Tags 

 

Table 3 provides a comparative analysis between the proposed chipless RFID tag and 

previously reported state-of-the-art tags. The table presents a comparison of various key 

parameters, highlighting the novelty of our work in relation to existing research. The proposed 

tag boasts several characteristic parameters that set it apart: high data density, flexibility, 

printability, high spectral capacity, and sensing capabilities. These attributes constitute the 

main strengths of our proposed tag, making it stand out in the field of chipless RFID 

technology. The realized sensor tag is based on stable and reliable materials, rendering it 

suitable for deployment in challenging and harsh environmental conditions. This robustness 

ensures the tag's performance remains consistent and dependable even in adverse settings. All 

these factors render the proposed tag a promising advancement in chipless RFID technology, 

addressing the limitations of previous designs and offering a more efficient and capable 

solution for diverse applications. 

 

 

 
Ref. Dimension 

(cm2) 

Bit Capacity 

(Bits) 

Bit Density 

(Bits/cm2) 

Flexibility Sensing Frequency 

Band (GHz) 

[43] 30.25 8 3.90  🗴  5 – 13 

[44] 1.41 20 15.15  🗴  3 – 8 

[45] 3.65 10 2.74  🗴  3.6 – 15.6 

[46] 3.03 3 0.99 🗴   3.86 – 5.75 

[47] 1.83 10 5.44  🗴  5.5 – 10.4 

[48] 2.25 5 2.22 🗴  🗴  5.5 – 9.5 

[49] 24.75 6 0.24   5.3 – 11 

[50] 4.25 20 4.70   4.1 – 16 

[51] 25 21 0.84 🗴  🗴  3 – 10 

[52] 16.66 8 0.48 🗴  🗴  3 – 6 

Proposed 

Work 

2.40 29 12.08   5.48 – 28.87 

 

 

Table 3. Comparison of the reported tag with previously reported tags 
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Chapter 5 
 

CONCLUSION AND FUTURE WORKS 
 

5.1 Conclusion 

 

This research presents a novel chipless RFID sensor tag that incorporates frequency domain- 

based encoding, enabling the tagging of an impressive 536,870,912 items. The tag's design has 

been meticulously engineered to achieve a compact size, measuring just 15 x 16 mm2. A 

comprehensive analysis of the tag has been undertaken, considering its performance on five 

distinct substrates: Rogers RT/duroid/5880, Rogers RT/duroid/5870, Taconic TLX-0, Kapton® 

HN, and PET. These substrate variations offer valuable insights into the tag's behavior and 

suitability across diverse operating conditions. 

Beyond its fundamental data storage capabilities, this tag incorporates advanced features 

for humidity and temperature sensing. To achieve humidity sensing, moisture-sensitive tape is 

thoughtfully integrated, allowing the tag to accurately monitor humidity levels in its 

surroundings. This feature is particularly advantageous in applications where maintaining 

optimal humidity conditions is critical, such as the storage of sensitive electronic components 

or perishable goods. 

Temperature sensing, on the other hand, is enabled by integrating heat-sensitive Stanyl® 

polyamide within the longest slot of the tag. This material, known for its excellent thermal 

conductivity properties, empowers the tag to effectively sense temperature fluctuations. This 

aspect makes the tag highly suitable for applications where precise temperature control is 

essential, such as in cold chain logistics or temperature-sensitive manufacturing processes. 

By incorporating both humidity and temperature sensing capabilities, the tag transforms 

into a versatile and comprehensive monitoring solution. Thus, it not only stores essential data 

but also provides valuable insights into the environmental conditions it operates within, 

ensuring optimal conditions and enhancing overall operational efficiency. 

The tag's sensing behavior is observed in the MSB of the RCS response. To verify its 

performance, a meticulous comparison of computed and measured results is conducted, 

demonstrating excellent agreement between the two. These experimental results further affirm 

the efficacy of the proposed tag, showcasing its remarkable capabilities in unique identification 

and sensing performance. 
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In conclusion, this novel chipless RFID sensor tag offers unparalleled data storage capacity 

and advanced sensing functionalities. Its compact design, versatility, and reliable performance 

make it an invaluable asset in a wide range of applications, enabling efficient and accurate 

monitoring in various environmental conditions. 

 

 
5.2  Trends in the   RFID   Market   for   2023   and   Beyond:   A   Five-Year   Outlook The 

RFID industry is experiencing ongoing expansion, and it is expected that the global RFID 

market will maintain its growth trajectory in 2023. According to IDTechEx's forecast, the 

market is poised to reach a value of US$14 billion in 2023, marking an increase from the 

US$12.8 billion recorded in 2022. This market valuation encompasses various RFID 

components such as labels, cards, fobs, and other physical formats, alongside tags, scanners, 

and software/services designed for both active and passive RFID technologies. 

 

 
Fig. 5.1 Total RFID market size 2021-2028. Source: IDTechEx - "RFID Forecasts, Players 

and Opportunities 2023-2033" 

It is noteworthy that the "Passive RFID Tags" segment commands a substantial share, 

constituting more than half of the total RFID market. According to the analysis presented in 

"RFID Forecasts, Players and Opportunities 2023-2033" by IDTechEx, there is a notable 

growth trend with 39.3 billion passive RFID tags projected to be sold in 2023, an increase from 

33 billion in 2022, indicating robust double-digit growth primarily driven by passive UHF 

RFID tags. 

https://www.idtechex.com/en/timeline/total-s-a/c44741
https://www.idtechex.com/en/research-report/rfid-forecasts-players-and-opportunities-2023-2033/927
https://www.idtechex.com/en/research-report/rfid-forecasts-players-and-opportunities-2023-2033/927
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Fig 5.2.   Passive RFID tag market value by type in 2023 and passive RFID tag volume by 

type in 2023. Source: IDTechEx - "RFID Forecasts, Players and Opportunities 2023-2033" 

 

 
Retail apparel continues to maintain its dominant position within the UHF RFID sector, 

both in terms of the sheer quantity of tags deployed and its overall market size. As per 

IDTechEx's projections, the usage of RFID labels in retail apparel tagging is expected to reach 

nearly 24 billion by 2023. However, it's important to note that this substantial number, 

impressive as it may seem, accounts for only 30% of the total potential market for RFID tagging 

in the retail apparel sector alone. 

While the retail apparel industry has undeniably achieved notable success, IDTechEx 

foresees robust growth potential in another arena—namely, the tagging of various other retail 

products such as electronics, soft furnishings, home appliances, and more. Valuable insights 

gathered through interviews conducted by IDTechEx reveal that Walmart's directive plays a 

pivotal role in driving this expansion. In addition to the retail sector, the supply chain and 

logistics industry is also experiencing significant interest and investment, demonstrating steady 

growth in response to market demand. 

While the RFID market maintains its upward trajectory, it grapples with persistent 

challenges. The global supply chain disruption that began in 2021 lingers, albeit with less 

severe repercussions than before. Due to the global economic deceleration, certain sectors have 

curtailed their RFID tag purchases, potentially dampening the pace of growth. Another 

enduring concern is the fragmented nature of the RFID ecosystem across numerous sectors, a 

matter that necessitates attention for widespread RFID adoption to occur. 

https://www.idtechex.com/en/glossary/rfid/213
https://www.idtechex.com/en/glossary/rfid/213
https://www.idtechex.com/en/timeline/idtechex/c4601
https://www.idtechex.com/en/research-report/rfid-forecasts-players-and-opportunities-2023-2033/927
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In contrast, the success of retail apparel tagging can be attributed to its well-established and 

stable solution ecosystem. Moreover, addressing issues related to education, regulation, and 

cost reduction remains imperative for RFID stakeholders as they navigate the evolving 

landscape. 

 

 
5.3 Future Works 

 

Several potential future works and developments can be explored for the proposed chipless 

RFID sensor tag to enhance its capabilities and applicability. Some possible avenues for future 

research include: 

 Multi-Sensor Integration: Explore the integration of additional sensors into the tag 

to enable multi-parameter sensing. This could involve incorporating sensors for 

pressure, light, gas, or other environmental parameters, providing a comprehensive and 

versatile monitoring solution for various applications. 

 Energy Harvesting: Investigate the possibility of integrating energy harvesting 

mechanisms within the tag to enable self-powering capabilities. By harnessing ambient 

energy sources, such as solar, mechanical, or RF energy, the tag can become self-

sustaining and prolong its operational lifespan. 

 Wireless Communication: Explore the incorporation of wireless communication 

capabilities in the tag. This could enable real-time data transmission to centralized 

monitoring systems, enhancing remote monitoring and control capabilities in IoT and 

smart applications. 

 Enhanced Data Encryption: Implement advanced data encryption techniques to 

ensure the security and privacy of sensitive information stored within the tag. This 

would be particularly relevant for applications where data security is of utmost 

importance. 

 Long-Range Sensing: Investigate techniques to extend the sensing range of the tag. By 

increasing the tag's read range, it can be employed in scenarios requiring long- range 

monitoring, such as environmental monitoring or asset tracking. 

 Material Selection: Explore alternative materials for the tag's construction to optimize 

its performance in specific environments or under extreme conditions. 
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Materials with superior durability, resistance to environmental factors, or unique 

sensing properties could be considered. 

 Energy-Efficient Sensing: Research methods to optimize the tag's power consumption 

during sensing operations. Energy-efficient sensing techniques would ensure extended 

battery life or better energy harvesting performance. 

 Standardization and Interoperability: Work towards standardizing the chipless 

RFID sensor tag to ensure compatibility with various systems and technologies. 

Standardization would foster wider adoption and seamless integration into existing 

infrastructures. 

 Field Trials and Validation: Conduct field trials and validation studies in real-world 

environments to assess the tag's performance and reliability under practical conditions. 

Field tests would provide valuable insights for further optimization and refinement. 
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