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ABSTRACT 

 

This report presents the theoretical background, methodology, configuration of 

the proposed tag antenna, performance analysis and challenges encountered in 

developing the tag antenna. The aim is to design a compact and high-

performance metal mountable tag antenna for omnidirectional radiation 

applications in the UHF RFID passbands. This project focuses on patch 

antenna structure that incorporates zeroth-order resonance (ZOR) principles to 

enhance performance while maintaining a compact form factor. 

The study investigates the fundamental concepts of RFID systems 

and the impact of metal surfaces on antenna performance, as well as various 

approaches to overcome these challenges. Through a series of simulations 

using CST Studio Suite, design iterations were conducted to optimize the 

antenna’s radiation pattern, gain, and impedance matching. 

Overall, a compact UHF RFID tag antenna based on zeroth-order 

resonance (ZOR) is proposed for on-metal omnidirectional tag design. The 

proposed tag antenna consists of two identical patches, which are placed in the 

antipodal arrangement. Each patch is connected to the ground by a pair of 

elongated shorting stubs as well as a pair of open-ended side stubs. This 

structure can generate sufficient antenna impedance for achieving good 

conjugate matching, despite having a miniature size of 0.0824λ × 0.0824λ × 

0.0098 λ (or 27 mm × 27 mm × 3.2 mm). A tag prototype has been fabricated, 

and achieves a constant read range of ~9.8 m (4 W EIRP) in all azimuthal 

directions with 4W EIRP when mounted on metal. 

 

Keywords: UHF RFID tag; patch antenna; omnidirectional; on-metal; zeroth-

order resonance 

 

Subject Area: TK5101-6720 Telecommunication 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 General Introduction 

In modern industrial and logistical systems, the demand for reliable and 

efficient identification technologies has led to the widespread adoption of 

RFID (Radio Frequency Identification) systems. UHF RFID (Ultra High 

Frequency RFID) are essential for facilitating wireless communication in asset 

tracking, inventory management, and automated data collection. These 

systems operate within the 902 to 928 MHz frequency range under FCC 

regulations, providing a balance between long read range and high data 

transfer rates (Finkenzeller, 2010). 

Commonly, a dipole has been used for most tag antenna designs as 

they exhibit omnidirectional characteristics, which is useful for inventory 

management due to increased spatial coverage. However, mounting a dipole 

on a metallic object will experience degraded radiation efficiency (Nguyen et 

al., 2021) as well as a loss of its omnidirectionality. To address these 

challenges, various on-metal omnidirectional UHF tag antennas are proposed 

with a ground plane to omit the effects of the backing metal. Some designs 

include the use of a mushroom patch antenna (Tan et al., 2024) and a magnetic 

loop antenna (Lee et al., 2020). However, these designs have sizes that should 

be reduced further for better applicability in tagging purposes. 

Recently, zeroth-order resonator (ZOR) antennas have emerged as a promising 

solution due to their miniaturization capability, and omnidirectional radiation 

characteristics (Li et al., 2020). By leveraging the unique properties of ZOR 

antennas, multiple ZOR based on-metal tag antenna designs have been 

proposed. 

In this report, a ZOR antenna has been proposed for designing an on-

metal tag antenna with omnidirectional characteristics. The proposed tag 

antenna consists of two identical patches, which are placed in the antipodal 

arrangement. It will be shown that this symmetrical design has an improved 

omnidirectionality. Also, multiple notches are introduced on the patch of the 

tag antenna to further reduce its physical size. This report presents the 
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theoretical background, methodology, configuration of the proposed tag 

antenna and performance analysis. 

 

1.2 Importance of the Study 

This study demonstrates the potential to achieve improved performance and 

compactness in UHF RFID tag antennas designed for use on metallic surfaces. 

In addition, the design process and findings may serve as a reference for future 

developments in compact antenna engineering, especially in the context of 

metal-mountable RFID systems. The techniques applied in this work can 

potentially be extended to other frequency bands or applications where 

antenna miniaturization and metal interference mitigation are required. 

 

1.3 Problem Statement 

In many practical applications, such as industrial asset tracking and warehouse 

inventory systems, RFID tag antennas are required to operate effectively when 

mounted on metallic surfaces while maintaining omnidirectional radiation 

characteristics. However, conventional antenna designs often experience 

significant performance degradation under these conditions. Firstly, typical tag 

antennas encounter a loss of omnidirectionality and a reduction in radiation 

efficiency when mounted on metal due to the interference caused by the 

reflective metal surface. Secondly, typical tag antennas provide insuffienct 

antenna impedance to achieve good conjugate matching when the size of 

antenna is small. This impedance mismatch further degrades the overall 

system performance by reducing power transfer efficiency. 

 

1.4 Aim and Objectives 

This project focuses on designing and developing a compact and high-

performance metal-mountable zeroth-order resonator (ZOR) antenna for 

omnidirectional radiation applications. The antenna will operate within the 

UHF RFID frequency band (902 MHz to 928 MHz) and address the challenges 

associated with a loss of omnidirectionality and a reduction in radiation 

efficiency caused by metal surfaces as well as insufficient antenna impedance 

when the size of antenna is small. The objective of the project include: 
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• To propose a compact UHF RFID tag antenna with omnidirectional 

radiation characteristics, which is suitable for metal-mountable 

applications. 

• To design an antenna capable of achieving a read range exceeding 5 

meters in the whole azimuth plane. 

• To reduce the dimension of the tag antenna as below 30mm × 30mm × 

3.2mm. 

 

1.5 Scope and Limitation of the Study 

The focus of the study is to propose a new type of compact patch antenna 

design for UHF RFID tag. The result should improve the performance of the 

tag with a minimature size and cost, more flexibility and long read distance. 

However, there might be some limitations in this study, which may include: 

• The study is lacked of detailed performance evaluation under various 

environmental condition. 

• The study of this project is only focusing on a specific frequency range 

(902-928 MHz) only. 

• The study of the project is focusing on low-cost condition. Thus, 

limited materials is allowed to use. 

 

1.6 Contribution of the Study 

Due to the reflective nature of metallic surfaces, metal-mounted RFID tag 

antennas typically exhibit directional radiation patterns. This limits their 

usability in applications that require full angular coverage. Therefore, if a 

compact tag antenna can maintain an omnidirectional radiation characteristics 

even when mounted on metal, it would greatly broaden the applicability of 

RFID technology. 

This study presents a compact UHF RFID tag antenna based zeroth-

order resonance (ZOR) principle. The proposed tag antenna is able to achieve 

omnidirectional radiation while mounted on metal. Furthermore, it has a small 

electrical size of 27 mm × 27 mm × 3.2 mm (0.0824 λ × 0.0824 λ × 0.0098 λ), 

and achieves a read range of approximately 9.8 meters. Compared to existing 
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omnidirectional tag antennas, the proposed design offers a more compact form 

factor and simplified structure without compromising performance. 

 

1.7 Outline of the Report 

The report is structured as follows: Chapter 2 presents a literature review and 

existing solutions. Chapter 3 outlines the methodology and project planning. 

Chapter 4 details the antenna configuration and evaluates the performance of 

the proposed tag antenna, including a parametric analysis of its impedance 

characteristics. Finally, Chapter 5 provides the conclusion and 

recommendations for future work. 
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Introduction 

This chapter provides a comprehensive review of the theoretical foundations 

and recent advancements relevant to the design of compact tag antennas, 

especially those for UHF RFID passbands. The review begins with an 

exploration of RFID technology and its critical components, followed by an 

in-depth analysis of antenna design principles, challenges, and solutions for 

metal-mountable applications. A detailed discussion of ZOR antennas is also 

included, highlighting their unique characteristics and potential in the context 

of RFID systems. Lastly, the chapter examines existing research on compact 

tag antennas, focusing on recent developments and areas requiring further 

exploration to inform the direction of the present study. 

 

2.2 Overview of RFID Technology 

Radio Frequency Identification (RFID) systems have transformed how 

industries manage assets and inventory by using electromagnetic fields to 

identify and track objects. The system typically consists of three main 

components: the RFID tag, the RFID reader, and the back-end system for data 

processing. 

 

 

Figure 2.1: RFID System Overview. (TT Electronics, 2024) 
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RFID tags, also known as transponders, contain microchips for data 

storage and antennas for communication with RFID readers. Tags can be 

passive or active, depending on their power source. Passive tags, which are 

more common due to their low cost and long battery life, rely on the reader's 

energy for operation. Applications for passive RFID tags include retail 

inventory management and access control systems. (Chawla & Ha, 2007). 

The RFID reader, or interrogator, sends a signal to the tag, which 

responds with its stored data. The reader processes this information and relays 

it to the back-end system, where the data is analyzed. RFID readers can be 

either fixed or mobile, with fixed readers being commonly used in warehouses 

or at entry/exit points, while mobile readers are used for on-the-go scanning in 

environments like retail stores and hospitals (Dobkin, 2012). 

RFID systems operate across different frequency bands, such as Low 

Frequency (LF), High Frequency (HF), and Ultra High Frequency (UHF). 

Among these, UHF RFID has become increasingly popular due to its longer 

read range and faster data transfer rates (Want, 2006). Ultra High Frequency 

(UHF) RFID systems operate within the frequency range of 902 to 928 MHz 

under FCC regulations. This frequency band is part of the Industrial, Scientific, 

and Medical (ISM) spectrum, making it suitable for unlicensed use in various 

wireless communication applications, including RFID. UHF RFID is widely 

adopted due to its long read range, high data transfer rate, and ability to 

support multiple tag reads simultaneously, which is essential for large-scale 

applications like supply chain management, asset tracking, and inventory 

control (Finkenzeller, 2010). 

UHF RFID systems typically utilize passive RFID tags, which rely on 

backscatter modulation to communicate with RFID readers. In this process, the 

reader transmits an electromagnetic wave that powers the passive tag and 

enables it to reflect and modulate the signal back to the reader. Unlike active 

RFID tags, passive tags do not require an onboard power source, making them 

more cost-effective and lightweight (Dobkin, 2012). 

UHF RFID systems are highly sensitive to the surrounding 

environment, especially when placed near metal surfaces, which can cause 

interference and detuning of the antenna (Finkenzeller, 2010). This poses a 
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challenge for designing RFID tag antennas that maintain optimal performance 

when mounted on or near metallic objects. 

In summary, RFID systems provide an efficient and automated 

method for data collection, significantly enhancing operational efficiency in 

various industries. The technology continues to evolve, with ongoing research 

focusing on improving the performance of RFID tags, especially for 

challenging environments like metal-mountable applications. 

 

2.3 General Antenna Design Principles 

The fundamental goal in designing an RFID antenna is to achieve optimal 

performance across several key parameters. These elements ensure that the tag 

can communicate effectively with the reader, transmitting and receiving 

signals without significant losses. One of the most common designs for RFID 

tags is the patch antenna, known for its compact size, planar structure, and 

ease of integration into various applications (Balanis, 2016). Patch antennas 

are particularly advantageous in UHF RFID systems because they are capable 

of providing long read ranges and are relatively straightforward to 

manufacture. 

 

2.3.1 Directional and Omnidirectional Antennas 

Antennas are generally classified into directional and omnidirectional types 

based on their beamwidth characteristics. Beamwidth refers to the angular 

separation between the two 3 dB points of an antenna's radiation pattern, 

representing the effective coverage area of the antenna. Figure 2.2 illustrates 

the difference in coverage regions between directional and omnidirectional 

transmissions. 
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Figure 2.2: Coverage regions for directional and omnidirectional antennas. 

 

Directional antennas concentrate most of their radiated energy in a 

specific direction, resulting in higher gain in that direction. This makes them 

highly effective in applications where the communication link is fixed or 

where long-distance coverage is required. For example, Yagi-Uda antennas 

and parabolic reflectors are commonly used in scenarios such as point-to-point 

communication or satellite systems (Balanis, 2016). However, the focused 

beam of directional antennas can limit their versatility in environments where 

the antenna's orientation or the tag-reader alignment changes frequently. In the 

context of RFID systems, directional antennas are often employed in portals or 

gates where items pass through a predefined path. Their high gain allows the 

RFID reader to detect tags from a significant distance, ensuring reliable 

operation even in noisy environments. Nonetheless, the need for precise 

alignment can introduce challenges in dynamic or unpredictable setups 

(Dobkin, 2012). 

Omnidirectional antennas, on the other hand, radiate energy 

uniformly in all directions within a plane, usually the azimuth plane. This 

characteristic makes them well-suited for applications requiring 360° coverage, 

such as wireless access points or mobile communication devices (Finkenzeller, 

2010). For UHF RFID systems, omnidirectional antennas are advantageous in 

environments where tags may approach from any direction, ensuring 

consistent detection without the need for orientation adjustments. 
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The trade-off with omnidirectional antennas is their lower gain 

compared to directional antennas, as the energy is distributed over a broader 

area. However, their flexibility and ease of deployment make them a popular 

choice for applications like inventory management in warehouses, where items 

can be scattered or moved unpredictably. 

 

2.3.2 Antenna Gain and Read Distance 

Antenna gain is a critical parameter in determining the efficiency and 

effectiveness of an RFID system. It represents the ability of the antenna to 

focus radiated power in a specific direction compared to an isotropic radiator. 

Gain is defined as the ratio of the radiation intensity in a given direction to the 

radiation intensity of an isotropic source under the same power input (Balanis, 

2016). It is usually measured in decibels relative to an isotropic source (dBi). 

Antennas with higher gain are typically designed for directional radiation 

patterns, concentrating energy in a specific direction. For instance, directional 

antennas used in RFID portals can achieve higher read distances by focusing 

energy on a narrow beam. However, this comes at the cost of reduced 

coverage in other directions (Dobkin, 2012). 

The read distance of an RFID tag depends on several factors, 

including antenna gain, transmitted power, tag sensitivity, and environmental 

conditions. Higher antenna gain improves the read distance by focusing more 

energy on the tag, enabling stronger backscatter signals to be received by the 

reader (Dobkin, 2012). However, environmental factors such as interference 

from metal surfaces or signal absorption by liquids can also affect the read 

range. The Friis transmission equation provides a mathematical basis for 

understanding the relationship between antenna gain and read distance. It can 

be expressed as: 

 𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟 (
𝜆

4𝜋𝑟
)
2

 (2.1) 

Where 

𝑃𝑟 = power received by the tag, W 

𝑃𝑡 = power transmitted by the reader, W 

𝐺𝑟 = gain of the reader antenna, unitless 

𝐺𝑡 = gain of the tag antenna, unitless 
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𝜆 = wavelength of the signal, m 

𝑟 = distance between the reader and the tag, m 

 

2.3.3 Radiation Efficiency 

Radiation efficiency represents how effectively an antenna converts input 

power into radiated electromagnetic energy. It serves as a key metric for 

evaluating overall antenna performance. However, for electrically small 

antennas, radiation efficiency is inherently limited due to increased reactive 

fields and ohmic losses, which constrain the amount of power that can be 

efficiently radiated. 

On the other hand, poor conductivity in metallic components or high 

dielectric loss in substrates, power reflection caused by impedance mismatch, 

reflections, absorption, or detuning effects caused by proximity to metallic 

surfaces or high-permittivity materials can result in reduced efficiency. 

 

2.3.4 S-Parameter, Impedance Matching and Resonant Frequency 

The S-parameter, particularly 𝑆11, is a measure of the reflection coefficient at 

the input port of the antenna. It represents the fraction of power reflected back 

into the source due to impedance mismatch. A lower S11 value (typically 

below -10 dB) indicates better impedance matching and efficient power 

transfer between the antenna and the feed line or RFID chip (Balanis, 2016). 

Impedance matching is critical to minimize power reflection and 

maximize power transmission. According to the Maximum Power Transfer 

Theorem, maximum power transfer occurs when the impedance of the antenna 

(𝒁𝐴) equals the complex conjugate of the chip impedance (𝒁𝑐
∗): 

 𝒁𝐴 = 𝒁𝑐
∗  (2.2) 

Where 

𝒁𝐴 = input impedance of the antenna, Ω 

𝒁𝑐 = impedance of the chip, Ω 

 

In this condition, the reflected power is minimized, resulting in the 

lowest 𝑆11 value and efficient energy transfer to the antenna. As impedance 

matching achieved, the capacitive reactance and inductive reactance cancel 
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each other out, will result in resonant frequency. Figure 2.3 show the resonant 

frequency of the antenna. 

 

 

Figure 2.3: Resonant frequency of the antenna. (Electronic notes, 2024) 

 

The resonant frequency of the antenna is determined by its geometry, 

material properties, and environmental factors. For RFID systems in this 

project, this frequency is designed to fall within the UHF band (902-928 MHz) 

to meet the standards. 

 

2.3.5 Bandwidth 

Bandwidth refers to the range of frequencies over which an antenna operates 

efficiently, maintaining acceptable performance in terms of impedance 

matching, gain, and radiation characteristics. It is typically defined as the 

frequency range where the reflection coefficient (S11) remains below a 

specified threshold, commonly −10 dB. In UHF RFID systems, the antenna 

bandwidth must cover the designated operating range—for example, 902–928 

MHz in FCC-regulated regions—to ensure consistent and reliable tag 

performance (Finkenzeller, 2010). Figure 2.4 illustrates an example of 

reflection coefficient (S11) plotted versus frequency. 
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Figure 2.4: Reflection coefficient (S11) graph versus the frequency. 

 

The bandwidth of an antenna is influenced by its design and material 

properties. Antennas with high-quality substrates and optimized geometries 

tend to exhibit broader bandwidths. However, achieving wide bandwidth can 

be challenging in compact antennas, where size constraints often limit 

performance.  

 

2.4 Patch Antennas 

2.4.1 Patch Antenna Design 

A patch antenna typically consists of a conducting patch placed on top of a 

dielectric substrate, with a ground plane underneath the substrate. The patch is 

usually made of metal and can take various shapes, such as rectangular, 

circular, or triangular, depending on the design requirements. The fundamental 

working principle of patch antennas is based on the radiation of 

electromagnetic waves from the edges of the conducting patch. The radiation 

is generated when the electric and magnetic fields in the patch resonate at 

specific frequencies, determined by the physical dimensions of the patch and 

the properties of the dielectric material (Balanis, 2016). 
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Figure 2.5: Microstrip Patch Atenna. (www.emtalk.com, n.d.) 

 

The dimensions of the patch are generally a fraction of the operating 

wavelength, making patch antennas compact and suitable for portable devices 

such as RFID tags. A key factor in patch antenna design is the operating 

frequency, which dictates the size of the antenna. For UHF RFID applications, 

patch antennas are typically designed to operate in the 902 MHz to 928 MHz 

range, which corresponds to the UHF RFID passbands. 

There are various methods for feeding patch antennas, each with its 

advantages and design considerations. The most common feeding techniques 

include: Microstrip Line Feeding, Coaxial Probe Feeding, Proximity Coupling. 

In Microstrip Line Feeding, a microstrip line is printed on the dielectric 

substrate and connected to the edge of the patch. This method is easy to design 

and fabricate but may suffer from impedance mismatch and radiation losses 

(Pozar, 2012). In Coaxial Probe Feeding, A coaxial cable is fed through the 

ground plane and dielectric substrate, with the inner conductor connected to 

the patch. This method provides better impedance matching and less spurious 

radiation but requires precision in drilling the substrate (Garg et al., 2001). 

While Proximity Coupling involves placing a microstrip line below the patch 

and coupling the energy through the dielectric substrate. This technique offers 

improved bandwidth and isolation between the feed and the radiating patch but 

is more complex to design (Balanis, 2016). 
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Figure 2.6: (a) Microstrip Line Feeding, (b) Coaxial Probe Feeding, (c) 

Proximity Coupling. 

 

2.4.2 Patch Antenna Performance on Metallic Surfaces 

Traditional patch antennas typically suffer from performance degradation due 

to the strong reflection and interaction with surface currents on the metal when 

placed on metallic surfaces. These antennas are not inherently designed to 

handle such conditions, which can result in issues like reduced gain and poor 

impedance matching. 

In contrast, metal-tolerant designs incorporate features that help 

maintain performance even in the presence of metallic surfaces. Metal-tolerant 

patch antennas often include additional layers of dielectric material or high-

impedance surfaces to prevent direct interaction with the metal. Additionally, 

these antennas may be designed with specialized feeding techniques to ensure 

proper impedance matching and minimal radiation loss (Foster and Burberry, 

2004). These designs are particularly beneficial in UHF RFID systems, where 

tags are frequently mounted on metallic objects such as containers and 

machinery. 

 

2.5 Metal-Mountable RFID Tag Antennas 

RFID systems mounted on metallic surfaces face unique challenges, such as 

altered electromagnetic field distributions, leading to poor antenna 

performance. Significant research has been conducted to address these issues 

by designing specialized antennas that function well in such environments. 

Many early designs of metal-mountable RFID antennas, such as patch 

antennas with dielectric spacers, were developed to reduce interference caused 

by the metal surface and to maintain consistent antenna performance. These 

designs focus on maintaining high read ranges, low-profile structures, and 
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sufficient impedance matching even when the tag is attached to metallic 

surfaces (Karmakar, 2010). 

One common approach is the use of dielectric spacers, where a layer 

of dielectric material is inserted between the antenna and the metallic surface 

to reduce electromagnetic interference and mitigate detuning effects. Another 

effective solution involves the use of artificial magnetic conductors (AMCs) or 

high-impedance surfaces, which minimize the interaction between the tag and 

the metal surface. These surfaces act as electromagnetic shields, reflecting 

signals without generating destructive interference, thus improving antenna 

performance. Various research studies have demonstrated the effectiveness of 

this approach in mitigating the negative effects of metal surfaces on antenna 

performance (Chen et al., 2009). 

 

 

Figure 2.7: Patch Antenna with AMC Structure. (Ihsan & Munir, 2020) 

 

However, these solutions are not without limitations. The added 

complexity of including dielectric layers or AMCs can increase the cost and 

size of the tag, which may not be ideal for applications where a compact 

design is required. Furthermore, many of these designs are highly specific to 

certain metal surfaces, and their performance may vary significantly when 

mounted on different types of metallic objects. 

Recently, zeroth-order resonator (ZOR) antennas have emerged as a 

promising solution for metal-mountable applications. These antennas achieve 

resonance independent of their physical size, enabling compact designs that 

maintain high radiation efficiency even when mounted on metal surfaces. ZOR 
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antennas also provide omnidirectional radiation patterns above the surface, 

ensuring reliable operation in dynamic industrial environments. 

 

2.6 Zeroth-Order Resonator (ZOR) 

2.6.1 Resonators 

Resonance is a phenomenon that occurs when a system oscillates with greatest 

amplitude at specific frequencies, known as resonant frequencies. This 

happens due to the constructive interference of oscillatory energy, where the 

natural frequency of the resonator aligns with the frequency of an external 

excitation. A resonator typically refers to a homogeneous object in which 

waves propagate at an approximately constant velocity, reflecting back and 

forth between boundaries. These oppositely traveling waves interfere with 

each other, and at the resonant frequencies, they reinforce one another to form 

standing wave patterns within the resonator. As illustrated in Figure 2.9, the 

condition for resonance in a resonator can be expressed as: 

 

 𝑑 =
𝑛𝜆

2
, 𝑛 ∈ ℤ (2.3) 

Therefore, the resonant frequencies (𝑓) and phase constant (𝛽) are: 

 𝑓 =
𝑐

𝜆
=

𝑛𝑐

2𝑑
, 𝑛 ∈ ℤ (2.4) 

 𝛽 =
2𝜋

𝜆
=

𝑛𝜋

𝑑
, 𝑛 ∈ ℤ (2.5) 

Where 

𝑑 = distance between the sides of resonator, 𝑚 

𝜆 = wavelength, 𝑚 

𝑓 = resonant frequency, 𝐻𝑧 

𝑐 = velocity of the wave, 𝑚𝑠−1 

𝛽 = phase constant, 𝑟𝑎𝑑𝑚−1 
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Figure 2.8: Resonant modes in resonator. (Sanada, Caloz and Itoh, 2003) 

 

The lowest resonant frequency called fundamental frequency (n = 1), 

the higher allowable frequencies are entire number of multiples in a 

fundamental frequency, called harmonic. It is important to note that the 

fundamental frequency is defined as the frequency corresponding to n = 1, but 

not n = 0. While mathematically, the condition n = 0 is permissible in wave 

equation. It does not correspond to typical physical resonance behavior. When 

n = 0, the phase constant (𝛽) becomes zero, resulting in a scenario where the 

wavelength ( 𝜆 ) becomes theoretically infinite. This means no physical 

standing wave pattern can form, as the wave effectively does not oscillate. 

However, this special case has practical significance in engineered 

systems like Zeroth-Order Resonators (ZORs). In ZOR systems, resonance 

occurs even when n = 0, not due to the wavelength of the EM wave, but due to 

the unique properties of the resonator's geometry or materials, such as the 

Composite Right/Left-Handed (CRLH) transmission line. In these cases, 

resonance is independent of the physical dimensions of the resonator, which 

enables the design of compact and efficient antennas, making ZORs 

particularly advantageous for applications with strict size constraints. 

 

2.6.2 Composite Right/Left-Handed Transmission Line (CRLH-TL) 

Transmission lines are essential components in electromagnetic systems, 

serving as pathways for signal propagation. Traditional transmission lines can 
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be categorized as right-handed (RH) or left-handed (LH) based on the phase 

and group velocity relationship. A right-handed transmission line (RH-TL) 

exhibits conventional properties where the phase velocity and group velocity 

travel in the same direction. The series inductance (𝐿𝑅) and shunt capacitance 

(𝐶𝑅 ) of an RH-TL are associated with the natural inductive and capacitive 

behavior of the line (Pozar, 2012). Figure 2.10 (a) shows the equivalent circuit 

model (unit cell) of Homogeneous RH-TL. The phase constant ( 𝛽 ) of 

Homogeneous RH-TL can be expressed as: 

 𝛽 = 𝜔√𝐿𝑅
′ 𝐶𝑅

′  (2.6) 

Where 

𝛽 = phase constant, 𝑟𝑎𝑑𝑚−1 

𝜔 = angular frequency, 𝑟𝑎𝑑𝑠−1 

𝐿𝑅
′  = series inductance per unit length, 𝐿𝑚−1 

𝐶𝑅
′  = shunt capacitance per unit length, 𝐶𝑚−1 

 

In contrast, a left-handed transmission line (LH-TL) is an artificial 

medium where the phase velocity and group velocity are in opposite directions. 

This unique property is achieved by engineering the transmission line to 

exhibit effective negative inductance ( 𝐿𝐿 ) and capacitance ( 𝐶𝐿 ). LH-TL 

support backward-wave propagation and are often realized using periodic 

structures, such as series capacitors and shunt inductors, which enable them to 

exhibit properties not found in natural materials (Christophe Caloz and Itoh, 

2002). Figure 2.10 (b) shows the equivalent circuit model (unit cell) of 

Homogeneous LH-TL. The phase constant (𝛽) of Homogeneous LH-TL can 

be expressed as: 

 𝛽 = −
1

𝜔√𝐿𝐿
′ 𝐶𝐿

′
  (2.7) 

Where 

𝛽 = phase constant, 𝑟𝑎𝑑𝑚−1 

𝜔 = angular frequency, 𝑟𝑎𝑑𝑠−1 

𝐿𝐿
′  = shunt inductance per unit length, 𝐿𝑚−1 

𝐶𝐿
′  = series capacitance per unit length, 𝐶𝑚−1 
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Figure 2.9: Equivalent circuit model (unit cell). (a) Homogeneous RH-TL, (b) 

Homogeneous LH-TL. 

 

The composite right/left-handed transmission line (CRLH-TL) 

combines the characteristics of both RH and LH transmission lines. As shown 

in Figure 2.11, it consists of distributed elements that simultaneously exhibit 

right-handed and left-handed behavior, depending on the frequency of 

operation. At lower frequencies, the structure behaves as a left-handed 

medium due to the dominance of the series capacitors and shunt inductors. At 

higher frequencies, the inherent inductance and capacitance of the RH 

components take over, leading to right-handed propagation. The transition 

between LH and RH behaviors creates a balanced structure capable of 

supporting zeroth-order resonance (ZOR) and broadband operation (Lai, Caloz 

and Itoh, 2004). 

 

 

Figure 2.10: Equivalent circuit model (unit cell) of Homogeneous CRLH-TL. 

 

It is evident that when the resonant frequency of the series 

components and shunt components are equal, a unique condition arises. At this 

frequency, the series components act as a short circuit, while the shunt 
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components behave as an open circuit. This condition allows the transmission 

line to achieve zeroth-order resonance, where the phase constant (𝛽) becomes 

zero, and the theoretical wavelength ( λ ) approaches infinity. The critical 

condition for achieving same resonant frequency of the series components and 

shunt components can be expressed as: 

 𝐿𝑅
′ 𝐶𝐿

′ = 𝐿𝐿
′ 𝐶𝑅

′  (2.8) 

The resonant frequency under this condition is: 

 𝑓 =
1

2𝜋 √𝐿𝑅
′ 𝐶𝐿

′𝐿𝐿
′ 𝐶𝑅

′4
=

1

2𝜋√𝐿𝑅
′ 𝐶𝐿

′
=

1

2𝜋√𝐿𝐿
′ 𝐶𝑅

′
 (2.9) 

Where 

𝐿𝑅
′  = series inductance per unit length, 𝐿𝑚−1 

𝐶𝑅
′  = shunt capacitance per unit length, 𝐶𝑚−1 

𝐿𝐿
′  = shunt inductance per unit length, 𝐿𝑚−1 

𝐶𝐿
′  = series capacitance per unit length, 𝐶𝑚−1 

𝑓 = resonant frequency, 𝐻𝑧 

 

2.6.3 ZOR Antennas 

Zeroth-Order Resonator (ZOR) antennas are a unique class of antennas that 

operate based on zeroth-order resonance. The working principle of ZOR 

antennas is rooted in Composite Right/Left-Handed (CRLH) transmission line 

theory. Unlike conventional resonant antennas, which rely on their physical 

dimensions to determine their operating frequency, ZOR antennas achieve 

resonance independently of their size. Besides, The zeroth-order mode 

provides uniform field distribution and stable radiation characteristics. These 

unique properties allows for the design of highly compact and efficient 

antennas suitable for applications where space constraints are critica. 

The design of a ZOR antenna involves replacing the lumped 

inductance and capacitance of a CRLH-TL with distributed elements in a 

microstrip structure. Instead of using discrete inductors and capacitors, 

different parts of the microstrip antenna itself serve as equivalent inductive 

and capacitive elements. The gap or slot between the patch and the feed line 

functions as a series capacitance, mimicking the left-handed capacitance of a 

CRLH-TL. Similarly, a shorting via or shorting wall, which connects one edge 

of the patch to the ground plane, introduces shunt inductance, substituting for 
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the left-handed inductor. The ground plane and dielectric substrate also 

contribute to right-handed inductance and capacitance, which support 

conventional wave propagation. By carefully designing these elements, the 

antenna can achieve the unique zeroth-order resonance condition required for 

efficient operation (Sanada, Caloz and Itoh, 2003). 

In most cases, only a single CRLH-TL unit cell is required to achieve 

resonance. This makes them much more compact compared to traditional 

multi-cell CRLH-TL structures. The use of a single unit cell ensures that the 

antenna resonates at zeroth-order mode, allowing it to radiate efficiently 

despite its small size. Additionally, ZOR antennas are well-suited for 

omnidirectional radiation applications because they provide a more uniform 

radiation pattern. 

 

2.7 Advances in Compact RFID Tag Antennas 

Recent advancements in RFID technology have driven the demand for 

compact and cost-effective RFID tag antennas that can still perform well when 

mounted on metal surfaces. Researchers have focused on miniaturizing RFID 

tag antennas by employing techniques such as antenna meandering, which 

increases the electrical length of the antenna while keeping its physical size 

small. Other methods include the use of inductive loading and metamaterials 

to further reduce the size of the antenna without compromising its 

performance (Chen and Chiau, 2010). 

 

 

Figure 2.11: Antenna Meandering Technique in Patch Antenna. (Salih & 

Abdullah, 2022) 
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The integration of folded dipole structures and multi-layer designs 

has also shown promise in creating miniaturized antennas that can be used in 

metal-rich environments. These designs focus on maintaining a compact form 

factor while addressing issues such as impedance matching, radiation 

efficiency, and polarization. 

The use of high-permittivity substrates is another effective method for 

reducing the physical size of antennas. By increasing the relative permittivity 

of the substrate, the wavelength of the resonant frequency within the material 

decreases, allowing the antenna's dimensions to be reduced without affecting 

its electrical characteristics. This technique is particularly advantageous for 

compact designs, as it helps maintain the desired operating frequency and 

impedance matching while minimizing the antenna's footprint. 

 

2.8 Existing Solutions 

2.8.1 Zeroth-Order Serpentine Antenna 

 

(a) 
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(b) 

Figure 2.12: (a) Tag antenna configuration. (b) Single sided inlay. 

 

The article introduces a zeroth-order resonant (ZOR) serpentine antenna 

designed for omnidirectional UHF RFID anti-metal tags, leveraging a double-

layered serpentine structure folded around a low-permittivity foam substrate 

(Murugesh et al., 2021). This configuration comprises two closely stacked 

copper lines separated by a thin polyimide layer, generating strong capacitive 

reactance and parasitic elements critical for enabling zeroth-order resonance 

(ZOR).  

The ZOR mode, facilitated by composite right/left-handed 

transmission line (CRLH-TL) characteristics, decouples the operating 

frequency from physical dimensions, allowing the antenna to resonate at 915 

MHz despite its compact footprint (50 mm × 50 mm × 3.38 mm). Structural 

innovations include broad shorting walls replacing traditional stubs to stabilize 

impedance matching (achieving ~99% power transmission) and a folded 

geometry that simplifies fabrication while maintaining a low profile (0.010λ). 

The serpentine lines’ inductive paths (𝐿𝑅) and shorting walls’ contributions to 

left-handed inductance (𝐿𝐿) and capacitance (𝐶𝐿) are tuned via line widths (𝑖2, 

𝑖3) to adjust resonance without altering the antenna’s size.  

Omnidirectional radiation arises from equivalent magnetic loop 

currents formed by apertures in the folded layers, ensuring uniform azimuthal 

coverage. The antenna demonstrates robust performance on metallic surfaces, 

achieving a consistent read range of 7.9–8.9 m with minimal sensitivity to 

backing materials or plate dimensions.  

However, limitations include a relatively large footprint (50 mm ×50 

mm), which may restrict use in space-constrained applications, and fabrication 
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complexity due to precise folding and stacking requirements, posing 

challenges for mass production. While the read range suffices for many 

scenarios, it may fall short in environments demanding longer detection 

distances.  

 

2.8.2 Zeroth-Order Slot-Loaded Cap-Shaped Patch Antenna 

 

Figure 2.13: Schematic diagram of the proposed tag antenna. 

 

The article presents a zeroth-order resonant (ZOR) UHF RFID tag designed 

for omnidirectional radiation when mounted on metallic surfaces (Ooi et al., 

2023). The antenna features a cap-shaped patch etched with two pairs of L-

shaped slots and is connected to the ground plane through two vertical 

inductive stubs. These structural elements introduce parasitic reactances (right-

handed inductance, 𝐿𝑅 , left-handed inductance, 𝐿𝐿 , and right-handed 

capacitance, 𝐶𝑅 ) to enable zeroth-order resonance (ZOR), decoupling the 

operating frequency (915 MHz) from physical dimensions.  

The ZOR mode is achieved through composite right/left-handed 

transmission line (CRLH-TL) characteristics, where the L-shaped slots 

elongate current paths to enhance inductive effects, while the stubs provide 

capacitive coupling. The antenna generates omnidirectional radiation via 

magnetic loop currents formed by equivalent magnetic currents (𝑀⃑⃑ 𝑆 =
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−𝑛⃑ × 𝐸⃑ 𝑎)  along sidewall apertures, mimicking a horizontal magnetic loop 

antenna. Key innovations include the single-element ZOR design for 

simplicity, vertically polarized fields on metal, and tunability via slot 

dimensions (𝐿𝑎, 𝐿𝑏) to adjust resonance without altering footprint. 

The antenna demonstrates a read range of 14.56 m in the azimuth 

plane with uniform spatial coverage and peaks at 19.18 m in elevation (𝜃 =

50°). It maintains stable performance across metallic plates of varying sizes 

and household metal containers, with minimal frequency drift (913–918 MHz).  

However, limitations include a relatively high profile (4.8 mm) and 

footprint (44.8 mm × 44.8 mm), which may hinder use in space-constrained 

applications. The design relies on precise tuning of L-shaped slots for 

frequency adjustment, and fabrication involves complex folding of copper-

clad polyimide layers, posing challenges for mass production. 

 

2.9 Summary 

In this chapter, a comprehensive review of the literature related to RFID 

systems, antenna design, and metal-mountable applications was conducted. 

The key principles behind RFID technology, particularly UHF RFID systems, 

were discussed, highlighting their advantages in various industrial applications. 

The challenges associated with designing antennas with omnidirectional 

radiation for metal surfaces, including impedance mismatch, detuning effects 

and lossing of omnidirectionality were identified as critical factors in 

achieving optimal performance. 

Antenna design principles were examined, with an emphasis on patch 

antennas due to their compact size and ease of integration. Special attention 

was given to zeroth-order resonator (ZOR) Antenna, exploring their unique 

radiation characteristics and adaptability for compact designs. Recent 

advancements in RFID tag antenna technology, especially for metal-

mountable applications, were also reviewed, revealing ongoing efforts to 

overcome metal interference through innovative solutions. 

Despite significant progress in the field, gaps remain in designing 

compact, high-performance antennas for metal environments. These gaps 

provide the motivation for the current study, which aims to leverage ZOR 
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antenna principles to develop an efficient metal-mountable RFID tag antenna. 

The findings of this review underscore the need for continued exploration of 

miniaturized, robust antenna designs, with a focus on overcoming the specific 

challenges presented by metallic surfaces. 
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

3.1 Methodology 

In the development of antenna systems, particularly for applications such as 

UHF RFID, a well-defined methodology is essential to achieving optimal 

performance. Initially, the process begins with requirement analysis, where the 

key performance parameters of the antenna are identified, including frequency 

range, bandwidth, gain, and radiation pattern. This phase involves 

understanding the specific needs and constraints of the application, such as 

environmental factors like metal surfaces or spatial limitations. 

The next phase is conceptual design, where initial antenna designs are 

created based on the project's requirements. This includes selecting the 

appropriate antenna type and defining the basic dimensions and materials. The 

design is then refined through simulation and modeling, utilizing simulation 

software to predict the antenna’s behavior under various conditions and 

configurations. In this phase, the software CST Microwave Studio, which is an 

electromagnetic waves simulator, is used to design and simulate the proposed 

antenna design. This software can be used to design and develop the 

omnidirectional tag antenna. The characteristics such as the impedance and 

radiation characteristics of the proposed tag antenna can be observe and 

monitor by using the software.  

Once the design is optimized, the next step is prototype fabrication, 

which involves constructing a physical model of the antenna based on the 

simulated design. This is typically done using techniques such as printed 

circuit board (PCB) manufacturing or 3D printing, depending on the material 

and structural requirements. After fabrication, the prototype is subjected to 

testing and evaluation to measure key performance parameters such as 

impedance matching, radiation pattern, and efficiency. This testing process 

verifies that the antenna functions as intended under real-world conditions and 

confirms that the design objectives have been successfully met. 
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The final phase, analysis and refinement, involves reviewing the test 

results and making any necessary adjustments to the design. This iterative 

process continues until the antenna meets all performance criteria. A 

structured approach to antenna design and testing is crucial for several reasons. 

It ensures that the antenna meets the specified performance criteria, reduces 

the risk of costly modifications or failures, improves efficiency by 

streamlining the design process, and provides reliable data for validating the 

antenna’s performance. Furthermore, it supports iterative improvements, 

leading to a well-optimized final design. 

 

3.2 Project Planning 

This project is divided into four main stages. In the first stage, a 

comprehensive literature review is conducted, and the CST Studio Suite 

software is explored to gain familiarity with its simulation environment and 

capabilities. In the second stage, an UHF RFID tag antenna is designed and 

simulated using CST Studio Suite. In the third stage, the antenna parameters 

are further optimized using a conventional optimization algorithm to ensure 

that the tag exhibits a good omnidirectional radiation characteristic when 

mounted on metal surfaces. Finally, prototypes are fabricated and 

experimentally measured to validate the design. 

This project aims to propose a novel UHF RFID tag antenna capable 

of achieving an omnidirectional radiation pattern, particularly in metal-

mountable scenarios. To ensure timely completion of the project, a Gantt chart 

outlining the work plan has been developed. Table 3.1 and Table 3.2 displayed 

the gantt chart fot FYP1 and gantt chart for FYP2. 
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Table 3.1: Gantt chart for FYP 1. 

 

 

 

Table 3.2: Gantt chart for FYP 2. 
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

4.1 Introduction 

Radio frequency identification (RFID) technology that operates in the ultra-

high frequency (UHF) range has become a crucial component in industrial 

automation and inventory management due to its ability in wireless 

identification and object tracking. Commonly, the dipole has been used for 

designing tag antennas as they exhibit omnidirectional characteristic, which is 

useful for inventory management due to increased spatial coverage. However, 

mounting a dipole on a metallic object can experience degradation in radiation 

efficiency (Nguyen et al., 2021) as well as loss in omnidirectionality. To 

address these challenges, various on-metal omnidirectional UHF tag antennas 

that have a ground plane are proposed for mitigating the effects of the backing 

metal. Some of these designs include the use of the mushroom patch antenna 

(Tan et al., 2024) and the magnetic loop antenna (Lee et al., 2020). However, 

these designs are bulky, and they should be miniaturized further.  

Recently, the application of the zeroth-order resonator (ZOR) 

antennas has emerged to be a promising solution due to their miniaturization 

capability (Li et al., 2020). By leveraging the unique properties of the ZOR, 

on-metal tag antennas that are designed using a single-element ZOR have been 

proposed. Two serpentine lines were overlapped for establishing a ZOR 

structure for generating omnidirectionality (Murugesh et al., 2021). A cap-

shaped patch antenna, which is a mushroom structure in principle, was 

employed for designing an omnidirectional tag that was able to be read from a 

far read range (~ 15 m) (Ooi et al., 2023). However, the large footprint of the 

two antennas may limit their practical applications. Also, their 

omnidirectionality is slightly poorer as the gain variation in the azimuth plane 

is a bit higher (~ 1 dB) for both the tags.  

In this part, a ZOR antenna has been proposed for designing an on-

metal tag antenna with good omnidirectionality. The ZOR structure consists of 

two closely placed patches which are loaded with four L-shaped arms around 

its four corners. Two inductive lines are tactfully incorporated into the side 
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walls of the antenna for improving the electric fields distribution. By such 

means, improvement is seen in the omnidirectionality. This paper is organized 

as follows. Section 4.2 describes the antenna configuration. Section 4.3 

presents the working principle. Section 4.4 presents the parametric analysis. 

Section 4.5 presents the simulated results of the optimized antenna. Section 4.6 

presents the measurement results. Finally, a summary is drawn in Section 4.7.  

 

4.2 Antenna Configuration 

 

Figure 4.1: Tag antenna configuration. (la = wa = 27, lp = wp = 13, d1 = d2 = d3 

= d4 = 1, d5 = d6 = 0.5, w1 = w2 = w3 = w4 = 4, w5 = w6 = 1, L = 1.6, all 

parameters in mm). 

 

 

Figure 4.2: Snapshot of the prototype. 

 

The structure of the proposed tag antenna is shown in Figure 4.1. The radiating 

element consists of a geometrically patterned copper layer with a thickness of 

9 µm, which is etched on a single-sided copper-clad polyimide film with a 

thickness of 50 µm (DuPont, 2009). This inlay is subsequently folded and 

wrapped around a polyethylene (PP-2) foam (ECCOSTOCK, 2015) with εr = 
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1.03 and tanδ = 0.0001, which has a size of la × wa (27 mm × 27 mm) and a 

thickness of h = 3.2 mm. As shown in Figure 4.1, the proposed tag consists of 

two rectangular patches that are closely placed with a narrow gap of d5. The 

patches are then loaded with two pairs of L-shaped arms (lp × wp) around its 

four corners. Finally, two highly inductive lines are loaded to the upper-left 

and lower-right side walls. To complete the design, a UCODE9 microchip 

(UCODE 9, n.d.) with an impedance of 10 – j191 Ω and a read sensitivity of –

21.85 dBm is bonded, as shown from Figure 4.2. 

 

4.3 Antenna Working Principle and Eigenmode Analysis 

Table 4.1: Two Intermitent Tag antenna structures with their Radiation 

Patterns. 

 Intermittent Antenna 
Configuration 

3-D Gain Radiation 
(Logarithmic Scaling) 

A 

 

 

B 
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Table 4.2: Simulated surface currents and electric fields of antenna structures. 

 Simulated Surface 
Currents 

Simulated Electric Fields 

A 

  

B 

  

 

To elaborate the structural significance for achieving good omnidirectionality, 

analysis on the radiation patterns of two tag structures is performed at the 

zeroth-order mode, as shown in Table 4.1. The corresponding surface currents 

and electric fields are simulated in Table 4.2. An intermittent tag structure is 

first created by removing the two loading inductive lines on the two left and 

right walls, as shown in Case A. In this case, as observed in the tables, the 

omnidirectionality is observed to be compromised slightly. This is due to the 

uneven distribution of the electric fields around the four arms, as can be seen 

in Table 4.2. By appending two highly inductive lines on the left and right 

walls in Case B (Table 4.1), which is forming the final tag structure, the 

surface currents on the lower-left and upper-right arms are enhanced, causing 

the fields to distribute more evenly (Table 4.2). Due to this reason, the 

omnidirectionality has been significantly improved with a gain variation of 

only 0.205 dB, as seen in Table 4.1. Also observed is that high current density 

is observed in the two inductive lines, which has also successfully brought 

down the tag resonant frequency from 1.217 GHz to 0.920 GHz. 
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Figure 4.3:Simulated dispersion curve of the proposed tag antenna. 
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Figure 4.4: (a) Simulated currents and (b) electric fields in the eigenmode 

analysis. 
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specifications described (Ooi et al., 2023). Figure 4.3 presents the simulated 

dispersion curve as a function of the antenna’s resonant frequency as well as 

its electrical length (βl). It can be observed that the ZOR frequency (βl = 0) is 

approximately 0.872 GHz, which is not far from the operating frequency 

(0.920 GHz) of the proposed tag antenna. Referring to Figure 4.3, the footprint 

of the antenna structure does not significantly affect its operating frequency, 

making it useful for miniature tag antenna design. This is also an important 

feature of the zeroth-order resonance. The surface currents and electric fields 

are simulated in the eigenmode analysis, as shown in Figure 4.4(a)-(b). The 

electric fields and surface currents are identical with those observed in Table 

4.2 for antenna B, proving that the ZOR mode has been excited for the tag 

design. 

 

4.4 Parametric Analysis 

4.4.1 Patch Dimensions (la × wa) 

 

(a) 

0.80 0.84 0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16 1.20

-1000

0

1000

2000

3000

4000

R
es

is
ta

n
ce

 (
Ω

) 

Frequency (GHz)

la = wa = 26 mm, R          , X

la = wa = 27 mm, R          , X

la = wa = 28 mm, R          , X

la = wa = 29 mm, R          , X

la = wa = 30 mm, R          , X 

-1000

0

1000

2000

3000

4000

R
ea

ct
an

ce
 (

Ω
)



36 

 

(b) 

Figure 4.5: Impact of varying the patch dimension (la × wa) on (a) input 

impedance and (b) power transmission coefficient. 

 

Parametric analysis was conducted to examine the effect of varying the patch 

dimensions (la × wa) on the antenna’s input impedance and power transmission 

characteristics. As observed in Figure 4.5(a), increasing the patch dimensions 

(la × wa) causes the impedance curves shifts to left and lead to a decrease in 

resistance. In Figure 4.5(b), as the patch size (la × wa) increases from 26 × 26 

mm2 to 30 × 30 mm2, the resonant frequency decreases with a tuning 

sensitivity of ∂2f/∂la∂wa = −43.9 MHz/mm. Additionally, the power 

transmission coefficient shows a distinct peak at each resonant frequency, with 

higher values achieved when the antenna is better matched to the chip 

impedance. 

Overall, the patch dimensions primarily affect the resonant frequency, 

which larger patch size result in lower resonant frequencies. However, in UHF 

RFID applications, the antenna size is often constrained by the need for 

compactness. When the antenna size is too small, its operating frequency tends 

to shift above the desired UHF range (902 MHz – 928 MHz). Therefore, 

additional parameters must be carefully tuned to bring the resonant frequency 

back within the target band but also to ensure proper impedance matching with 

the RFID chip. 
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4.4.2 Width of narraw gap (d5) 

 

(a) 

 

(b) 

Figure 4.6: Impact of varying the width of narrow gap (d5) on (a) input 

impedance and (b) power transmission coefficient. 

 

As shown in Figure 4.6(a), increasing the width of the narrow gap (d5) 

increases the reactance (X), while the resistance (R) remains relatively 

unchanged near the resonance frequency of 920 MHz. Changing d5 allow for 

adjustment of the inductive reactance (XL) at the rate of ∂XL/∂d5 = −160.0 

Ω/mm at 920 MHz. According to Figure 4.6(b), as the width of the narrow gap 

(d5) increases from 0.0 mm to 1.0 mm, the resonant frequency increases with a 

tuning sensitivity of ∂f/∂d5 = 61.6 MHz/mm. 
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Notably, adjusting d5 provides effective control over the impedance 

matching between the antenna and the RFID chip, as reflected by the variation 

in the power transmission coefficient shown in Figure 4.6(b). Therefore, d5 

served as a main paramter in tuning the impedance matching in this antenna 

design. Ensuring proper impedance matching is essential in maximizing power 

transmission from the reader to the RFID chip. While d5 offers flexibility in 

impedance control, it also influences the resonant frequency. As a result, 

additional parameters must be tuned in parallel to maintain the resonance 

within the target UHF RFID band while optimizing overall performance. 

 

4.4.3 Width of Highly Inductive Thin Lines (w5) 
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(b) 

Figure 4.7: Impact of varying the width of highly inductive thin lines (w5) on 

(a) input impedance and (b) power transmission coefficient. 

 

According to Figure 4.7(a), increasing the width of the thin lines (w5) increases 

the reactance (X), while the resistance (R) remains relatively unchanged near 

the resonance frequency of 920 MHz. Changing w5 allow for adjustment of the 

inductive reactance (XL) at the rate of ∂XL/∂d5 = −128.8 Ω/mm at 920 MHz. In 

Figure 4.7(b), increasing the width of the thin lines (w5) results in a tuning 

sensitivity of the resonant frequency, with ∂f/∂w5 = 43.25 MHz/mm. Despite 

this frequency shift, the power transmission coefficient remains nearly 

constant across different values of w5, indicating stable transmission 

performance regardless of the thin line width. 

Overall, the width of the highly inductive thin lines primarily affects 

the resonant frequency through its impact on the antenna’s inductive 

characteristics. However, it is worth noting that the power transmission 

coefficient remains nearly constant across different values of w5, indicating 

that this parameter has minimal influence on impedance matching. This 

stability in power transmission makes w5 a useful tuning parameter for 

adjusting the resonant frequency without significantly affecting the antenna's 

matching performance. Therefore, w5 serves as a secondary tuning element 

that can be leveraged to fine-tune frequency response after primary impedance 

matching has been achieved through other parameters such as d5. 
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4.5 Simulated Results of the Optimized Antenna 

4.5.1 S-Parameter and Resonant Frequency 

 

Figure 4.8: S-parameter versus frequency graph of the optimized antenna. 

 

The S-parameter (S11) versus frequency graph of the optimized tag antenna is 

presented in Figure 4.8. The reflection coefficient (S11) has a minimum point at 

920 MHz, indicating the resonance of the antenna occurred at this frequency. 

At resonance, the imaginary components of the antenna and the RFID chip 

cancel each other out, resulting in a purely resistive impedance. Furthermore, 

the reflection coefficient at this point is −29.72 dB, demonstrating good 

impedance between the RFID chip and the proposed tag antenna is achieved. 

As a result, a significant portion of the input power is successfully delivered to 

the antenna rather than reflected back. 
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4.5.2 Input Impedance 

 

Figure 4.9: Input impedance of the optimized antenna. 

 

The input impedance (Z11) is simulated using CST Studio Suite software. 

According to Figure 4.9, the input impedance of the optimized antenna at the 

resonant frequency of 920 MHz is 9.371 + j190.929 Ω, which closely match 

the conjugate impedance of the UCODE 9 chip (10 − j191 Ω). This result 

demonstrates excellent impedance matching, ensuring maximum power 

transmission. 

 

4.5.3 Power Transmission Coefficient 

 

Figure 4.10: Power transmission coefficient of the proposed antenna. 
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The good impedance matching is further validated by analyzing the power 

transmission coefficient (τ) of the optimized tag antenna. According to Figure 

4.10, the power transmission coefficient achieves 0.9989 at the resonant 

frequency of 920 MHz, meaning that 99.89% of the power from the RFID chip 

is efficiently transferred to the antenna. This high transmission efficiency 

confirms that the impedances of the antenna and chip are well-matched, 

minimizing reflection-related power loss and ensuring optimal performance of 

the tag in UHF RFID applications. 

 

4.5.4 Radiation Pattern and Realized Gain 

 

Figure 4.11: Simulated 3-D gain radiation characteristic of the optimized 

antenna. 

 

 

Figure 4.12: Simulated realized gain in the azimuth plane. 
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As shown in Figure 4.11, the proposed tag antenna exhibits a good 

omnidirectional characteristic. When mounted on an aluminium plate, the 

antenna achieves a realized gain of approximately −6.4 dBi, with a gain 

variation of only 0.2 dBi across different azimuth directions, indicating a fairly 

uniform radiation distribution, as illustrated in Figure 4.12. Additionally, the 

radiation efficiency is found to be 0.2324 at the resonant frequency of 

920 MHz, which is considered a good efficiency for an electrically small 

antenna with dimensions of 27 mm × 27 mm × 3.2 mm. As a result, the 

proposed tag antenna is capable of achieving a theoretical read distance of 

approximately 9.8 m in all azimuth directions. 

 

4.6 Measurement Results 

 

Figure 4.13: Measured and simulated realized gains along with the measured 

tag sensitivity. 
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(a) 

 

(b) 

Figure 4.14: Measured read patterns in the (a) xy plane, (b) xz plane and yz 

plane. 

 

The prototype of the optimized tag antenna was manufactured. Its performance 

was characterised with the commercial RFID measurement system – Voyantic 

Tagformance (Voyantic Ltd., 2012). Throughout the experiment, the tag 

antenna was attached to an aluminium plate (20 cm × 20 cm × 1 cm). With 

reference to Figure 4.13, the simulated and measured resonant frequencies are 

920 MHz and 921 MHz, respectively, with a difference of 1 MHz. The 

maximum achievable simulated and measured realized gains are –6.287 dBi 

and –6.225 dBi, respectively, with a difference of 0.062 dB. Next, the 

measured read patterns of the proposed tag antenna are shown Figure 4.14 (a)-

(b) in the xy, xz and yz planes. It can achieve a maximum read range of ~9.8 m 

in the azimuth plane. 
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(a) 

 

(b) 

Figure 4.15: Measured (a) read ranges and (b) spatial read patterns of the 

proposed tag antenna in the xy plane when placed on different metal plates. 

 

The prototype antenna was also tested on several square metallic 

plates, with the corresponding results shown in Figure 4.15 (a)-(b). Referring 
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changing the metal plate’s size can slightly affect the read performance of the 

tag antenna, whereby a larger metal plate has resulted a longer read range. 

Similar trend was also seen in previous research (Murugesh et al., 2021), (Ooi 

et al., 2023). As shown in Figure 4.15(b), omnidirectional read pattern could 
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that the tag resonant frequency remains stable at 921 MHz regardless of the 

metal plate’s size, indicating its usefulness for tagging metallic objects. 
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CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

A compact ZOR tag antenna with a size of 27 mm × 27 mm × 3.2 mm has 

been proposed for designing an omnidirectional tag for on-metal tagging 

purposes. The excitation of the zeroth-order resonance has been verified 

through eigenmode analysis. The antenna consists of two rectangular patches, 

which are loaded with two pairs of L-shaped arms around the four corners. It 

has been shown that introducing the two highly inductive lines to the side 

walls has successfully improved the omnidirectionality by bringing down the 

gain variation to ~ 0.2 dB in the antenna’s azimuth plane. When mounted on a 

metal, the antenna maintained a stable omnidirectional radiation charateristic 

with a realized gain of –6.225 dBi and an estimated read range of up to 9.8 

meters across the entire azimuth plane. The proposed antenna has a operating 

frequency of 920 MHz and exhibits a high power transmission coefficient of 

99.89% due to the good impedance matching. Overall, all design objectives of 

this study were successfully fulfilled. 

 

5.2 Recommendations for future work 

Although the proposed ZOR tag antenna has successfully achieved its design 

objectives, several improvements can be explored in future work. One key 

direction is bandwidth enhancement, as the current design operates optimally 

at 920 MHz with a relatively narrow bandwidth (~4.5 MHz). Expanding the 

bandwidth to cover the full UHF RFID range (902–928 MHz) would improve 

the antenna’s versatility and ensure compatibility with global RFID systems. 

Another potential improvement is the development of multi-band operation, 

which would allow the antenna to support multiple RFID standards or even 

integrate other wireless functionalities, such as sensing or environmental 

monitoring. This could broaden the antenna's applications across different 

industries. Additionally, the antenna can be redesigned using flexible or 

stretchable materials to achieve flexible and conformal designs, enabling it to 
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be mounted on curved or irregular metal surfaces. This enhancement would 

make the antenna more suitable for real-world industrial scenarios, such as 

tagging cylindrical objects, machinery, or even biomedical equipment, where 

surface flatness cannot be guaranteed. 
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