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ABSTRACT
Recently, radio frequency identification (RFID) technology has rapid grown in various
applications especially in supply chains. Such applications require a large number of tags placed
on different object materials including metallic ones which increases the RFID challenges. The
presence of metallic surfaces causes performance degradation of the RFID tag antenna. Thus, the
demand for compact, low cost and high-gain tag antennas that work effectively on metals is

increased.

In this work, a novel miniature mutual coupled folded- dipole metal mountable ultra-high
frequency (UHF) RFID tag antenna is presented. The proposed RFID tag antenna is composed of
two outer strips each loaded with seven identical open stubs and a middle shorter one forming two
symmetrical nested combs. The two nested combs are connected at the center by the RFID chip
which is attached to the two middle wide open stubs. Tuning the open stubs dimensions and the
gaps between them provides a simple and flexible tuning mechanism to achieve an optimal
impedance matching between the tag antenna and the IC chip at the required operating frequency
band. Indeed, providing the mutual coupling effect between the open stubs increased the surface
current thus, enhances the radiation field. The effect of the open stubs is investigated by increasing
the open stubs number from three to seven at each outer strip. The proposed structure has a
geometrical dimension of 55.8 x 44 x 1.5 mm? is implemented on a low cost dielectric
Polytetrafluoroethylene (PTFE) substrate. The substrate is coated by a thin copper layer at the
bottom side to be placed directly on metallic objects without the requirement of any spacer such as
air or foam. The design is simulated by using CST microwave studio software. The realized gain
of the tag antenna in free space is -7.13 dB. Placing the proposed tag antenna on a 20x 20 cm?

metallic plate enhanced its realized gain by 3.57 dB compared to free space at a resonance
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frequency of 912 MHz. The computed detection distance achieved 11.1 m when the tag is mounted
on the 20x 20 cm? metallic plate and 7.37 m in free space with the estimation of using 4 W EIRP.
The proposed tag antenna has a directivity of 3.24 dB in free space. The directivity increased to
7.36 dB when the tag is mounted on the metallic plate. The effect of varying the dimensions of the
metallic plate is studied. The same read range of 11.1 m is achieved by varying the length of the
metallic plate from 20 cm to 10 cm with a fixed width of 20 cm. On the other hand, the read range
decreased to 7.81 m when the metallic plate width is decreased from 20 cm to 10 cm with a fixed
length of 20 cm. In addition, the proposed tag antenna was placed on three different 20x 20 cm?
dielectric plates. The simulated realized gain is -8.63 dB and the computed detection distance is
6.51 m when the presented tag is placed on paper. Moreover, the computed detection distance of
the proposed tag antenna is 6.29 m and 5.94 m when the proposed tag is placed on 20x 20 cm?
polycarbonate and glass plate respectively. The presented tag antenna is implemented to operate at
the North American band (902 -928 MHz). The tag structure is simple and inexpensive, whereby it
has no shorting elements or metallic via. The presented design does not require any complex
fabrication work. Moreover, the proposed RFID tag is compact and has sufficient gain to achieve

a relatively high read range. Thus, the proposed tag can be used for various RFID applications.
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Chapter One

Introduction

This chapter introduces the purpose of this thesis. It presents the research motivations, problem

statements, literature review, aim and objectives. Finally, the thesis organization is presented.

1.1 Motivation and Problem Statement

Radio frequency identification (RFID) is an automatic wireless identification technology. It is
used in hundreds of mainstream applications such as theft prevention, inventory management,
vehicles, people and animals tracking, locating and tracking activities of patients, huge and
laborious manufacturing process management and much more. RFID system composed of three
components which are tag or transponder, RFID reader and a central processing unit. The RFID
tag stores the object’ data in an IC chip. The RFID reader transmits electromagnetic waves through
an antenna towards the tag to read the objects’ data. The tag encodes the stored data into the
received wave and scatters it back to the reader. Thereafter, the reader extracts and decodes the
data. Finally, the reader sends the data to the central processing unit. The power transfer amount
is determined by the reader and tag antennas. The antennas are the main part of the RFID system.
In general, the reader antenna has no restrictions on its geometrical parameters such as small-size.
On the other hand, designing the tag antenna is the critical part, where an optimal impedance
matching between the tag antenna and the IC chip should be achieved to power up the chip and
improves the tag performance [1]. The demand of ultra-high frequency (UHF) RFID tags is
growing substantially especially the passive ones. The Passive tags are used widely in supply chain
management, access point systems, security, transportation systems and much more. Such
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applications require a large number of tags placed on different object materials. Thus, the demand
of small size and low cost tag is increased. Although the RFID advantages in supply chain
management, it faces many challenges due to the increment of RFID technology implementations.
The major RFID challenges are [2]:

e Performance degradation of the RFID tag antenna due to the presence of metals.

e RFID tags’ cost.

e Small tags with low gain.

e Impedance matching between the tag antenna and the IC chip.

These challenges should be considered through the tag antenna design processes. Decreasing the
antenna size increases the ohmic loss [3]. Therefore, maintaining a balance between the tag size
and performance is a critical issue. This thesis aims to design a novel RFID tag antenna with low
profile, high gain and sufficient read range. Moreover, the proposed tag antenna is easy to fabricate
and works effectively for metallic object applications. The computer simulation technology (CST)
simulator is used for implementing and simulating the proposed design. The tag antenna is

designed to operate at UHF RFID North America band (902-928MHz) [4].

1.2 Literature Review

In order to understand the RFID tag antenna design especially for metallic objects, many
published researches of UHF RFID passive tags were reviewed. Many articles discussed different
RFID tag antenna configurations, impedance matching techniques, substrates, IC chips and ground
planes. Recently, the folded dipole antenna is used very widely due to its simple structure and low
cost. In order to minimize the tag size and reduce the resonance frequency, the folded dipole

antenna is used with various impedance matching techniques such as connecting identical stubs to



a circular slotted patch [5], loading triangular stubs [6], embedded of extra arms and outer strip
lines at a C-shaped resonator [7] and using U-shaped inductively coupled feed [8], [9], [10].
Moreover, various approaches are presented to avoid the metallic effect such as using foam [6]
and air spacer [11], Electromagnetic Bandgap (EBG) ground plane [12] and using multiple

dielectric substrates [9], [13].

e Slotted Circular Patch with Multiple Loading Stubs for Platform Insensitive Tag [5]

In this paper, a compact metal-mountable patch UHF tag antenna is presented. The antenna is
composed of a circular patch with a rectangular slot at the middle. Four open stubs are loaded
to the patch to reduce the tag resonance frequency. The IC chip is attached to the patch center.
The design is fabricated on a RO4003C dielectric substrate coated with a copper layer at the
bottom side. Adjusting the open stubs and the rectangular slot dimensions are used to tune the
resonance frequency and achieve an optimal impedance matching between the tag antenna and

the IC chip.

e Design and Characterization of a Compact Single Layer Modified S-Shaped Tag

Antenna for UHF-RFID Applications [6]

A single layer S-shaped UHF RFID tag is implemented on a FR4 substrate. The antenna
structure is composed of two outer strips connected at the center by the IC chip. Each strip is
loaded by a triangular stub to achieve conjugate impedance matching between the tag antenna
and the IC chip. The triangular stubs shifted down the resonance frequency to the required
UHF band. A foam spacer with a 1 cm thickness is used to separate the tag and the beck

metallic plate.



e Coplanar UHF RFID tag antenna with U-shaped inductively coupled feed for metallic

applications [9]

In this paper, a dual-layer coplanar UHF RFID tag antenna for metallic objects is implemented.
Two Via-loaded symmetrical coplanar grounds are used with two different dielectric
substrates. At the top layer, a U-shaped feeder is added to provide the inductive coupling effect

to the antenna to achieve an optimal impedance matching with sufficient gain.

e U-Shaped Inductively Coupled Feed UHF RFID Tag Antenna with Defected

Microstrip Surface for Metal Objects [8]

A metal-mountable UHF RFID tag is proposed. The tag antenna consists of two U-shaped
feeders inductively coupled with two transmission lines attached to a defected microstrip
surface (DMS). To form the DMS, a rectangular slot is etched. Tuning the feeders’ dimensions
provides a flexible impedance matching mechanism between the tag antenna and the IC chip.
The implementation of the DMS enhanced the antenna performance by increasing the realized

gain.

e Patch-loaded Semicircular Dipolar Antenna for Metal-Mountable UHF RFID Tag

Design [13]

In this research paper, the proposed antenna structure is composed of multilayers. Two
RO4003C dielectric substrates are used. The top layer is composed of a pair of semicircular
dipolar patches with a horizontal slot at the center. The middle layer (between the substrates)

is consisting of semicircular dipolar patches with a vertical slot. Two shorting stubs are used



to connect the middle layer with the ground plane. Rotating the top patch provided an effective

method to tune the resonance frequency and the impedance of the tag antenna.

In this proposed work, a folded dipole UHF RFID tag antenna for metallic objects is designed.
Two outer strips are connected at the center by the IC chip. Seven identical open stubs are added
to each upper and lower side of the design. The resonance frequency of the proposed tag is tuned
by adjusting the stubs’ number and dimensions. The open stubs are placed to form U-shaped
segments to provide the inductive coupling effect where a mutual coupling is formed between the
nested stubs. This provides an effective method to achieve optimal impedance matching between
the tag antenna and the IC chip with high gain thus, relatively high read range. In addition, the
design was implemented on a single dielectric substrate without using any via holes or shorting
elements. The proposed tag has a regular ground plane placed directly on the metallic plates

without adding any spacer.
1.3 Research Aim and Objectives

The main goal of this thesis is to design a novel miniature UHF RFID tag antenna using a
mutually coupled open stubs for metallic object applications and suitable for mass production.
The main objectives of this research are:

1- To design a new mutually coupled folded-dipole tag antenna for metallic objects.
2- To provide a simple frequency tuning mechanism without using any shorting elements or
hard fabrication work.

3- To study the back object dimensions and material effect.



1.4 Thesis Contribution

In this work, a novel mutually coupled folded-dipole UHF RFID tag antenna for metallic objects
is designed and simulated. A simple frequency tuning and impedance matching mechanism is used
without using any shorting elements or complicated fabrication process which makes the proposed
design suitable for mass production. Indeed, varying the back metallic object dimensions and

material is investigated.
1.5 Thesis Organization

This thesis has six chapters summarized as follow:
Chapter one: Identifies the motivation and problem statement of this work. Besides, it introduces
the literature review, the main research objectives, thesis contribution and organization.
Chapter two: Provides an overview of RFID technology. It presents the background with a brief
history of RFID technology. Then, it introduces types of RFID systems, frequency regulations,
some details about RFID system components and tag antenna design considerations. Finally, RFID
system applications are included and presented.
Chapter three: Describes different impedance matching techniques used in RFID tag antenna
design with a brief background of folded dipole antenna type which used in the proposed tag
design. Furthermore, the metallic surface effect on the RFID tag antenna performance is discussed
besides some solutions are suggested. Finally, it describes the methodology of designing passive
UHF RFID tag antenna.
Chapter four: Elaborates on the design of a novel mutually coupled folded dipole UHF RFID
tag antenna. It illustrates the antenna structure, design stages and parametric study in terms of

reflection coefficient factor using the full wave electromagnetic simulator CST software.



Chapter five: Includes the simulation results of the proposed tag performance in terms of gain,
radiation pattern, directivity, realized gain and computed read range. In addition, it presents the
effect of varying the back metallic plate dimensions as well as material on the realized gain,
radiation pattern and read range.

Chapter six: Contains the research conclusion followed by future work recommendations.



Chapter 2
Background



Chapter Two

Background

In this chapter, a background and a brief history of RFID technology are presented. RFID system
operating principles, types, and frequency regulations are introduced, followed by an overview of
the main RFID system components tags and readers. This thesis aims to design a UHF RFID tag
antenna thus; passive tag antenna design considerations are discussed. Finally, various applications

of RFID systems are presented.

2.1 Introduction to RFID

RFID technology is a wireless communication that provides automatic identification and data
collecting about physical objects or humans without requiring a line of sight. Nowadays, RFID is
used in hundreds of mainstream applications such as theft prevention, inventory management,
vehicles, people and animals tracking, race timing, traffic prevention, locating and
tracking activities of patients, huge and laborious manufacturing process management, goods
identification and transportation payment. Therefore, reducing costs, high speed, reducing errors
and staff shortage are strength points of RFID technology. Moreover, RFID has the ability to detect
multiple items simultaneously with non-line of site which makes it replace barcodes.
Consequently, RFID system includes two main parts divided into simple components which are
tags or transponders at the object end, and more complex components called readers or
interrogators on the other end terminal. The RFID tag is composed of an antenna and a chip that

contains memory where the tag’s ID and object’s data are stored in. RFID readers produce
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magnetic fields with high frequency through antennas to obtain tag recognition. Tags may be active
tags (powered by a battery), passive tags (activated by the radio signal sent by the reader) or semi-
passive tags. The tag retransmits the received signal loaded with the data stored in its chip. Then
the reader extracts the data from the magnetic field signal and passes it to a host computer system
via a communication interface, where the data are stored in a database and evaluated at a later time

[1], [14]. Figure 2.1 shows a typical RFID system.

e — e e————
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\ ((({’ 9 = [0
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-------------- Read range__...-----"""

e i e

Figure 2.1 Typical RFID system [15].

2.2 Brief History

e In 1935, The “Identify Friend or Foe” system (IFF) was developed using radar by Sir
Robert Alexander Watson-Watt. IFF is a long read range identification system; it was used
in World War |1 to distinguish between friendly and enemy aircraft. Where a ground radar
station sends a signal for identification, the friendly aircraft receives this signal and

transmitted it back [16].
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In 1960s, the electronic article surveillance (EAS) system was developed for anti-theft and
security purposes. EAS systems tags were only 1-bit tags (they have only two states “on”
or “off”). Thus, the objects’ presence was detected without identifying them [17].

In 1970s, the RFID explosion started to take place, where government laboratories,
academic institutions and companies were working increasingly on RFID. Alfred Koelle,
Steven Depp and Robert Freyman published an important development in a paper titled
“Short-Range Radio-Telemetry for Electronic Identification Using Modulated
Backscatter” [18]. The developments of RFID were applied for vehicle tracking, animal
tracking and factory automation.

In 1980s, full commercial RFID systems implementation started to extend in various
applications include personal access systems, keyless entry, transportation applications
and livestock management. The technology of CMOS integrated circuits was used with
discrete components to build RFID tags. This produced tag size reduction and increased
tags functionality.

In 1990s, RFID started to enter the line of business and technology. In this decade, RFID
began to be applied in vehicle toll collection and access control. Tags with CMOS circuits
without discrete components were implemented [17].

In 1999, in order to gather RFID researchers, manufacturers and users, the Auto-ID
organization center at the Massachusetts Institute of Technology was established. This
organization aimed to use RFID for identifying and tracking each object in the supply
chain down to a certain level. To achieve this aim, the tag cost should be minimized.
Therefore, each tag was labeled by a unique ID called (Electronic Product Code (EPC)).

The EPC is related to the needed data about the object stored in the user database. Thus,

12



the tag chip required a memory enough only for the EPC instead of a huge data amount
related to the object. By this concept the tag size was minimized thus, the cost was
decreased.

e In 2003, Auto- ID center divided its work and responsibility into two organizations
represented as Auto-ID labs and EPC global. EPC global and another organization called
International Organization for Standardization (ISO) work on developing RFID standards

[16].

2.3 RFID Systems Types and Regulations

The RFID system has several types which are classified based on their operating frequencies.
These operation frequencies start from 125 KHz (low frequency LF) up to 2.45 GHz (microwave).
RFID universal operation frequencies and their corresponding applications are classified in Table
2.1[19], [20].

For the low frequency (LF) and the high frequency (HF), the near-field coupling principle is
applied. The maximum detection distance of LF and HF RFID systems is limited as well as the
low data rate transfer compares to the higher operating frequencies. Therefore, both LF and HF
RFID systems are used for proximity applications only. However, the LF and HF are less sensitive
to environmental changes, whereby the RFID tags of LF and HF systems are attached to objects
containing liquids. On the other hand, the far-field radiation principle is employed for ultra-high
frequency (UHF) and microwave operation frequencies. UHF has different frequency regulations
in several countries around the world. Furthermore, UHF has anti-collision protocols, which
provide the ability to read multiple tags simultaneously unlike LF and HF. UHF tags supply a

larger memory size and better read range [21].

13



Table 2.1 RFID systems characteristics.

High Frequency

Ultra-High Frequency

Type Low Frequency LF Microwave
HF UHF
Frequency Range 125-134 KHz 13.56 MHz 860- 960 MHz 2.4- 5.8 GHz
Tag expense High Medium, high Medium High
Reader Cost Low Medium Medium, High High
Read Range 30cm Uptolm Uptol0m <100 m
Data Rate Low Medium High High
Read Multiple Tags Poor Good Very Good Good
Animal Smart cards, Supply chain Location

Application Fields

identification,
Access control,
Security, Items with

water identification

Access control,
Ticketing, Item
tracking,

Libraries

management, Container
tracking, Item
management, Toll

collection

systems, Cars
monitoring,
Industry, Toll

collection

The two main communication techniques used by RFID systems are:

e Communication through coupling:

Coupling means transferring energy between two different mediums, such as metallic

wires or optical fibers. It has two common types: inductive (magnetic) coupling and

capacitive (electrostatic) coupling. For inductive coupling, the energy transfers through a

common magnetic field formed between two circuits due to mutual coupling between

them. Inductive coupling is used by LF and HF RFID systems. Since the frequency of

14




these two systems is low which means a long wavelength, the convenient dipoles’ length

would be very long. Figure 2.2 shows the inductive coupling mechanism [4].

Magnetic Field

Digitall
Logic

Tag

Figure 2.2 Inductive coupling RFID system.

e Communication through back scattering:
This mechanism based on collecting the received RF signals and reflecting them back to
the sender. Figure 2.3 shows a backscatter RFID system. It is used in Passive UHF and
microwave RFID systems. Hence, the RFID reader transmits electromagnetic waves to the
RFID tag, the tag antenna receives the waves and power up the IC chip, then encodes the
data into the received wave. Finally due to the charge device (capacitor) in the tag, the tag

antenna scatters it back to the RFID reader.
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Figure 2.3 Backscatter RFID system [4], [22].

2.3.1 Passive UHF RFID Systems Regulations

Regulations refer to determine a specific available allocated frequency band and indicate the
maximum allowable radiation power for the RFID application in a certain country. Thus,
regulations are necessary to avoid interferences with any other devices. However, in this work the
main focus is on passive UHF RFID tags. Therefore, passive UHF RFID system regulations are
presented. Figure 2.4 shows the allowed frequency bands around the world. Regulations for other
countries are found in [23] and [24]. The maximum allowable radiated power is expressed in terms
of EIRP (equivalent isotropic radiated power) or ERP (equivalent radiated power). EIRP is the
antenna radiated power expressed by the accepted power by the antenna and the antenna gain based
on isotropic antenna. While ERP is the antenna radiated power expressed by the accepted power
by the antenna and the antenna gain based on dipole antenna. The relation between EIRP and ERP
is given by [25]:

Perp = 1.64 X Pggp (2.1)

Table 2.2 illustrates the regulated maximum radiated power for some countries.
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Figure 2.4 UHF RFID frequency bands around the world [26].

Table 2.2 Allocated frequency band for UHF RFID and maximum reader allowed power
according to regulations [24].

Country Allocated Frequency Band Maximum allowed radiated power
Australia 920- 926 MHz 4 W EIRP
United States 902- 928 MHz 4 W EIRP
United Kingdom 865.6-867.6 MHz 2 W ERP
China 920.5-924.5 MHz 2 W ERP
India 865-867 MHz 4 W EIRP

Moreover, regulations determine frequency channel selection techniques in a certain country. The
most common frequency channel selection techniques are FHSS (Frequency Hopping Spread

Spectrum) and LBT (Listen Before Talk) [27].
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2.4 RFID System Components

A typical RFID system is consists of three main components which are RFID tag, RFID reader,
and a central processing unit. The main types and features of the RFID tags and readers are

presented.

2.4.1 RFID Tags

Tags are made up of a small silicon chip and an antenna matched together on a dielectric substrate
as shown in Figure 2.5. The microchip acts as a memory that contains a unique identification code
that forms the tag’s ID. Tags come in various shapes and sizes based on their type and RFID
application [1]. Several tags are demonstrated in Figure 2.6. RFID Tags are divided into three

types: active, passive and semi-passive.

Figure 2.5 Passive RFID tag components [28].
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PaperTag EPCTag Inlay Tag Button Tag
Metal Tag Glue Tag Key Tag Glass Tube Tag
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EarTag CeramicTag Disc Tag Pocket Tag

Figure 2.6 Types of RFID tags [29].
Active tags have their own power supply often a battery, which makes them able to send data
directly to the reader rather than reflecting the energy received from it, which increases the read
range. Active tags have various additional features including integrated sensors, increased memory
and more logic. Because of the additional parts, active tags are more expensive and larger than
passive tags. On the other hand, passive tags are completely powered by the incoming RF signal
from the reader. Since passive tags have no batteries, the passive tags are much cheaper, smaller
and have longer shelf life than active ones. Semi-passive tags are between passive and active tags.
The semi-passive tags have a battery but are still powered by the reader’s signals using the
backscatter technique. In general, RFID tags types differ upon reading range, security, memory,
type of the stored data, frequency and other characteristics. Table 2.3 shows a comparison between
the three types of RFID tags. In addition, RFID tags are classified based on their capabilities such

as read-write, read-only and extra data recordings like temperature or pressure.

Table 2.3 RFID passive, active and semi-passive tags comparison.
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Tags and Features Passive Active Semi —passive
Tag battery No Yes Yes
Powered by backscattering of the

Yes No Yes
reader
Size Small Big Medium to large
Cost Cheap More expensive less expensive
Range 3-5 meters Up to 100 m Up to 100 m
Potential shell life Longer Shorter Longer

Compiled tags are classified into five classes listed in Table 2.4 [1], [30], [31].

2.4.2 RFID Readers

The RFID readers are considered the brain of the RFID system. RFID reader acts as a middleware
between the RFID tag and the user application controller. RFID reader are called integrator;
transmits and receives radio frequency RF waves in order to indicate the RFID tag then sends the
tag information to the user software. The reader provides the required amount of energy to energize
or activate passive and semi-passive tags at the reader’s electromagnetic field. However, Reaching
the reader’s electromagnetic field is determined by the reader radiated power and the size of the
tag and the reader antennas. Generally, the antenna size is determined based on the application
requirements and the reader power is limited by the country regulations. RFID readers come in
several types and shapes. As shown in Figure 2.7, RFID readers are fixed, handheld or mobile.

Fixed readers are placed on desks, portals, walls or any stationary locations. On the other hand,
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mobile readers are more flexible in reading tags at various locations since they are mounted on a

forklift or other similar equipment [32], [33].

Table 2.4 EPC RFID classes.

Class Definition Description

Class 0 | Read-only passive tags” | Contains ID number that is written once by the manufacture

Write once read many

Class 1 “passive tags” Data can be written once by the user or the manufacture

Read-Write “passive

Class 2 tags” User can read and write data into the tags memory

Read-write “semi-passive | Contains sensors which record parameters like motion,

Class 3 or active tags” temperature and pressure.

Has integrated transmitter these tags can contact with other

Class 4 | Read write “active tags” | tags and devices without the reader presence

Fixed reader Hand-held reader Mobile reader

Figure 2.7 RFID reader types [32].
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2.4.3 RFID Antennas

RFID antennas are the middle-ware components for data communication between the reader and
the tag and provide energy to passive tags. Antennas’ shape and size differ based on their
application requirements, whereby the antenna’s design and placement play a main role in
determining the coverage zone and communication accuracy. The tag antenna is fabricated with
the tag chip on the substrate as a single unit. Since the IC chip is very tiny, with a total size less
than 1 mm?, the tag total size is typically determined by the antenna size and shape.

The readers’ antenna is fabricated directly within the reader in the case of the handheld one. In
other cases, several antennas are mounted away from the reader and strategically positioned to

enhance the range and quality of the radio signals [4], [22].

2.5 RFID UHF Tag Antenna Design Considerations

The tag antenna is the main component of the RFID system. RFID tag antenna determines the
amount of the transferred power, total tag size, tag cost and resonance frequency. Therefore,
designing effective antennas is a critical issue. In this section, the main RFID tag antenna design

considerations are discussed.
2.5.1 Antenna Shape and Size

In general, the larger antennas have higher gain where their ability to receive and reflect the
readers’ electromagnetic waves is stronger. However, large antennas have a higher cost and limit
applications as they could be only placed on large objects. Thence, designing a compact-sized tag
antenna compromised with gain is very desirable. In addition to the backed object size, the tag

antenna size depends on the operation frequency wavelength. Typically, the tag antenna size is
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approximately one-fourth wavelength of the lowest operation frequency. Tag antennas can be
many shapes such as single dipole, folded dipole, C-shaped or spiral coil. When determining the
shape of the tag antenna it should be simple, where its dimensions are easy to adjust in order to
tune the antenna impedance without affecting the size much. Lastly, variation in the antenna design

(size and shape) affects its behavior, operation frequency and properties [34].

2.5.2 Bandwidth

Antenna bandwidth is the range of frequencies in which the antenna operates effectively, means
that the antenna performance parameters such as gain, input impedance, radiation pattern, and
efficiency are met or get close to specific standard values. For dipole antenna, the bandwidth is a
resonance frequency. The antenna bandwidth BW is defined as:

BW = f; —f,, (2.2)
where fu and f are the upper and lower frequencies of the band respectively.
The bandwidth is usually expressed as a ratio or a percent. Fractional bandwidth B and percent

bandwidth By are given by equations (2.3) and (2.4) respectively [35]:

BW

B =— (2.3)
fc
_ _ Bw _ fu—fL
B, =B x 100 = 2% x 100 = 2 (—fU+fL) x 100 (2.4)
where f is the center frequency [34]:
fo =Lt (2.5)
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2.5.3 Radiation Pattern

The antenna radiation pattern is a graphical representation of the antenna radiation properties in
the space in terms of directional coordinates. Where it illustrates the power radiated strength
distribution around the antenna. Mostly, the radiation pattern is determined in the far-field region.
The radiation pattern properties consist of field strength, radiation intensity, power flux density,
polarization and directivity [36]. Different antenna types have different radiation patterns as shown

in Figure 2.8.

Isotropic Omni-directional directional

Figure 2.8 Different antenna radiation patterns [37].

The region surrounds the antenna is divided into three field regions as shown in Figure 2.9:
1. Reactive near-field: it is the region that directly surrounds the antenna where the reactive
fields dominate. This region outer boundary is at a distance of:
R, =0.62,/D3/2 (2.6)
where R1 is the distance away from the antenna surface, D is the antenna maximum
dimension and A is the wavelength.
2. Radiating near-field (Fresnel): this region locates between the reactive near field region

and the far field region where the predominate fields here are the radiation fields. Ry is the
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inner boundary of this region and the outer boundary is at a distance R, away from the
antenna surface:
R, = 2D?/ A (2.7
3. Far-field (Fraunhofer): it is the farthest region of the antenna surface where the radiation
field distribution does not depend on the distance from the antenna. The far-field is located

at distances further than 2D? /A.

Far-field (Fraunhofer)
region

Radiating near-field (Fresnel) region

Reactive
near-field region

-
LN~

N

Figure 2.9 Antenna field regions.

The variation of the distance from the antenna (fields’ boundaries) affects the phase and amplitude

of the field pattern [36].
2.5.4 Directivity and Gain

The antenna’s directivity is known as the ratio of the radiation intensity in a specific direction to
the average radiation intensity in all directions, where the averaged radiation intensity equals the

total radiated power from the antenna divided by 4x. If the direction is not determined, the direction
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of maximum radiation intensity is estimated. In other expression, the directivity could be defined
as the ratio of radiation intensity of a non-isotropic source to an isotropic source. Since the isotropic
antenna has equal radiation intensity in all directions, its directivity is unity. The antenna
directivity is given by [36]:

U _ 4nU

D=— =
Ug Prad

(2.8)

Where D refers to the antenna’s directivity, U is the radiation intensity of the test antenna, U , is
the radiation intensity of an isotropic source and P..4 is the total power radiated by the antenna in
Watt.

The antenna gain is one of the antenna performance parameters which describe the radiation
ability of the antenna. The absolute antenna gain in a given direction is defined as the ratio of
power density of the tested antenna radiated to a specific point at the far-field to the power density

which would be radiated by an isotropic antenna at the same point [25]. It is given by:

= 2 i i
4mr Wrad Wrad

4112 Wrad _ Wr.ad (2 9)

where G is the antenna absolute gain, r is the distance between the antenna and the point at the far-
filed region where r > 2D? /A, Wrad is the radiation density of the tested antenna at the specified
point and W' g is the power density of the isotropic antenna. The antenna gain is closely related
to the two factors: directivity and radiation efficiency. Subsequently, the antenna gain G is given
in another form:

G=D X e, (2.10)
where D is the directivity and ey is the radiation efficiency. The gain is expressed by dB as Gggi

form which expressed as [25]:

Gasi = 10log;o .2 = 10log; oG (2.11)

i
rad

26



The impedance mismatch between the tag antenna and IC chip loss is taken into account by the
realized gain Gr. The realized gain is one of the most important parameters to evaluate the RFID
tag antenna performance. The antenna realized gain is approximated as [38]:

Gr = Ga X 1 (2.12)

where Ga is the antenna gain and 1 is the transmission coefficient.

2.5.5 Impedance Matching

Effective impedance matching between the passive RFID tag antenna and the IC chip is essential
to retransmit the power delivered from the reader effectively. Whereby, tag antenna matching or
mismatching with the microchip is directly related to the power absorption or reflection by the tag.
RFID microchips are available at markets usually with low resistance real part at a range of 3 to
150 Q and a high capacitive imaginary part at a range of -50 to -200 Q. Since the impedance of
the microchip is capacitive, the impedance of the tag antenna is tuned to be inductive to realize an
efficient conjugate impedance matching. In general, using lumped elements to form an external
matching network is inefficient since it increases the size and cost of the tag. Thence, the
impedance matching should be achieved within the antenna structure design itself [39]. The tag
antenna is directly connected to the chip as shown in Figure 2.10, where Za = Rz + jXa is the

antenna complex impedance and Zc = Rc + jXc refers to the chip complex impedance.
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Tag Chip

Tag Antenna - —
Z

(1]
Figure 2.10 Simplified block diagram and equivalent circuit of a passive RFID tag [40].

The amount of power received by the tag from the reader (Ptg) is expressed by Friiss formula as:

Prag = Btag Breader Preader (o) (2.13)
where Qag IS the tag antenna gain, greader iS the reader antenna gain, Preader IS the input accepted
power to the reader antenna, 4 is the wavelength in free space and r is the distance between the
tag and the reader antenna. In order to activate the microchip, a threshold amount of power (Ptw) is
collected by the antenna and transmitted to the chip in order to activate it [25], [4]. The power
delivered to the IC chip Pcis given by:
Po= Pyg X T (2.14)
Where Piag is the power collected by the tag antenna and 1 is the power transmission coefficient

(PTC). t 1s given by:

4RcRa
= <7Tt<
T Zatzel? O<7<1 (2.15)

T describes matching the antenna and IC chip impedances. Its value has a range from 0 to 1, where

T = 0 means totally mismatching and t = 1 means ideal matching [34], [25]. Since the microchip
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acts as a storage device, it is highly capacitive (Xa is negative). Therefore, to realize an ideal
impedance matching Za = Zc* the antenna impedance Za should be inductive (Xa is positive).
Besides computing 1, calculating the power reflection coefficient (PRC) and return loss (S11) are
effective methods to check the impedance mismatching between the tag antenna and the IC chip.
The power reflection coefficient describes the amount of reflected electromagnetic waves due to
impedance mismatch over the incident wave. Thus, minimizing PRC as possible is recommended.

The return loss RL (S11) is expressed as [41], [42]:

Zc-73
Zc+Za

Si1 =

(2.16)

T= 1-— |S11|2 (217)

Voltage standing wave ratio VSWR is another method to indicate the power delivered by the
antenna. VSWR is formed when an amount of the transmitted power is reflected due to impedance

mismatch. VSWR is expressed as [43]:

1+|T] _ 1+4Sq44]

VSWR= =o= = (2.18)
r="%_ ZatZc (2.19)
Vi Za+tZc

where I is the voltage reflection coefficient at the input terminals of the antenna, Vr and Vi are
the amplitude of the reflected wave and the amplitude of the incident wave respectively.
Higher VSWR means higher reflected wave due to impedance mismatching. Thus, for ideal case

(perfect impedance matching) VSWR =1 [43].
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2.5.6 Read Range

Read range or detection distance is an important parameter to evaluate antenna performance.
Read range is defined as the maximum distance that the tag could be detected from by the reader.
In other words, the read range means the maximum distance at which the tag is still able to receive
enough power to operate and retransmit the signal to the reader. The maximum achievable read

range can be expressed using Friss formula [38]:

Fmax = (/) Y ZEREECS 219
since Gr = Ga X 1;
r = (A/4m) \/% (2.20)

where:

) is the wavelength at the antenna resonance frequency in meters, Peirp is the regulated equivalent
isotropically radiated of the reader (4 W at North America), Gr is the antenna realized gain, P is
the threshold (minimum) power of the selected IC chip and t is the power transmission coefficient,
T =1 for perfect matching.

Example 2.1: Suppose UHF RFID tag antenna proposed in [7] operates at 886.5 MHz resonance
frequency with a realized gain of -0.53 dBi. The chip sensitivity is -8 dBm and the regulated power
of the reader is Pgjgp = 3.28 W. Calculate the tag antenna maximum read range.

—0.53
By using equation (2.20): A =S=—>2% __ 03384 m G, = —0.53dBi = 1010 = 0.885,

f  886.5x106

-8
Py = —8dBm = 1070 = 158.49 pw thus, Ty = (0'1184) / 22 =37m.
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2.5.7 Fabrication Material and Process

Tag antennas are made from a thin highly conductive material like copper, silver and aluminum.
Silver is the most effective one but, due to its high cost, copper is widely used instead. However,
the material of the chosen tag antenna substrate should be low cost, low permittivity and low loss
characteristics. The substrate material should provide resistance to various environmental
conditions such as heat, vibration, sunlight, moisture and chemicals. Moreover, the substrate
material must provide a smooth surface for printing the antenna layout, stability and durability
under different operating conditions. The common materials used for the substrate are FR4, PVC,
polymers, Polyethylenetherephtalate (PET) and polyesters. The material of the substrate may
affect the antenna’s operating frequency therefore it should be considered through the antenna

tuning [9], [44].
2.5.8 Proximity to Object

RFID system has various applications. Therefore, the tag is attached to different object materials
with a different dielectric consonant, which affects the tag antenna performance. Whereby, the
frequency is detuned and the tag performance is degraded. Thus, the backing object material is

considered while tuning the antenna parameters through the design processes [39].

2.6 RFID Applications

RFID systems are used almost in all mainstream fields. It is applied for hundreds, even thousands
of various applications. In this section, several RFID applications in different fields are presented.

e Inventory Management
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Inventory management is one of the important supply chain elements. It has various aspects
such as controlling, monitoring, administrating, storing and lastly using the materials for
selling a product. The inventory management faces inaccuracy due to a mismatch between
the inventory records and the actual amount of available products for sale. RFID
technology highly improved inventory system management. Whereby RFID tags can be
read through items and many tags can be scanned at one time. The benefits of RFID
technology speed up the process of inventory management and reduced error rate thus,
provide highly accurate inventory records [45].

Baggage Applications

Package delivery and bagging handling is a complex task and requires a large number of
human resources which needs high cost. The employees do several operations from
receiving the packages, assembling, sorting and distributing. Human presence causes a
high error rate. On the other hand, using the RFID system for packaging and baggage firms
including the airline industry reduces the human involvement and the system complexity
through automating the whole process which provides high speed, accuracy and reducing
cost [1].

Toll Road Applications

RFID provides automatic toll collection and maintains the traffic flow without vehicles
stopping for payment. In such an application, vehicles pre-pay their toll monthly or yearly.
The RFID reader recognizes and records each vehicle’s entry at each toll that is calculated
later on by a programmable application. In addition, such application supplies statistical
data for the roads which can be used for improvements and analysis.

Healthcare application
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In health care systems, there is a need for increasing efficiency, visibility and collecting
data of relevant interactions. RFID enhanced the healthcare systems in many ways such as
drugs transportation, blood samples administrations, patients’ notes management,
equipment handling and others. The RFID system provides instantaneous information
about the tagged objects or people which provides accurate and up-to-date data of these

objects’ processes. Thereby time consumption and error rates are reduced [1].

RFID is a wireless communication technology that provides automatic items identification without
a line of sight. Tags and readers are the main components of the RFID system. Tags are classified
as passive, active or semi-active and readers could be fixed, handheld or mobile. Passive tags are
activated by the reader’s signals. To receive the maximum amount of power, optimal impedance
matching between the tag’s antenna and the IC chip should be achieved. Moreover, the radiation
pattern, realized gain, read range, tags and objects material all determine the tag’s performance.
Several impedance matching techniques and the metallic object effect will be explained in the next

chapter.

33



Chapter 3
Passive UHF RFID Tag Antenna
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Chapter Three

Passive UHF RFID Tag Antenna

This chapter contains three main parts. Since the impedance matching between the tag antenna
and the IC chip is one of the most important passive tag antenna design considerations, basic
impedance matching techniques used in UHF RFID tag antenna design are presented in the first
part. Then, a brief background of folded dipole antenna is introduced, where it is used in the
proposed design. Next, as the presence of metals effect is one of the main challenges in designing
tag antennas, the metallic effect and several approaches to overcome its effect are discussed in the
second part. Finally, in the third part, the design methodology of passive UHF RFID tag antenna

is illustrated.

3.1 Impedance Matching Techniques for UHF Tag Antennas

Several impedance matching techniques which are widely used by RFID tags are presented in this

section.
3.1.1 T-Match Method

T-match connection is one of the shunt-matching effective techniques. In order to change the
planar dipole with length | input impedance, a short-circuited stub with an additional dipole with
length a (a < 1) is embedded to the large dipole at a distance of a/2 from its center. The two dipoles
are separated by distance b, and the antenna source (RFID chip) is attached at the center of the

small one. The T-matching method configuration and equivalent circuit are illustrated in Figure
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3.1. The conjugate impedance matching between the RFID tag antenna and the IC chip could be

achieved by tuning a, b and w parameters.

(1+o):l . 7

@2 A

. frip
) oy
‘ .rf, ‘ g E l' '/I terminals

Figure 3.1 The T-match configuration and its equivalent circuit.

In general, the T-match performs as an impedance transformer. It has inductive resulted input
impedance for dipoles with A/2 length, and it could be inductive and capacitive for small dipoles

[46].
3.1.2 Inductively-Coupled Method

In this method, the RFID chip is attached at feed loop terminals, where the feed loop is placed
near a long dipole with length I. The communication is formed through mutual coupling between
the radiator and the feed loop. According to Figure 3.2:

R is the resistance of the radiating body and Rioop is the feed loop resistance. Mutual coupling and
self-inductance of the feed loop are denoted by M and Lioop respectively.

The real part (Rzin) and imaginary part (Xzin) are given by [46]:
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+ Rioop (3.1)

Xin = 2mfy Ligop (3.2)
From the equations, it can be noticed that the resistance is controlled by M and Rioop and the

reactance is affected by Lioop.

v | "
/[m R[()op : .‘: F. . s
Rls L R 3 Lo SR
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Figure 3.2 Loop inductively-coupled method and its equivalent circuit.

Hence, at the design stages the dimensions of the loop are tuned first to achieve proper conjugate

impedance matching with the IC chip. Then adjust the distance between the loop and the dipole to

match the chip resistance [46].

U-shaped inductively coupled feed is another inductive coupling approach, which is used in

RFID tag antenna design to utilize conjugate impedance matching between the tag antenna and the

IC chip [10] and lately, the U-shaped inductive coupling f was used for gain enhancement in [47].

A U-shaped inductively coupled method applied on a coplanar tag antenna which used in [9] is

illustrated in Figure 3.3.
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The coupling strength is controlled by the U-feeder length and width beside the gap between the

feeder and the transmission line.

Figure 3.3 A U-shaped inductively coupled feed coplanar tag antenna.

The input impedance of the antenna is expressed as follow:

. (21tfgM)?2
Zin = Ryjn +jXzin = o

+ Zufeed (3-3)

Zant

where Zant is the radiating body impedance and Zused is the U-shaped feeds impedance which is
given by:

Zyfeed = 2Ry + 2mfy(2Ly) (3.4)

Where Ry and Ly are the U-shaped feed resistance and self-inductance respectively.

3.1.3 Nested-Slot Method
This method is used for suspended patches or large planar dipoles. The nested-slot shown in
Figure 3.4 is acting as a tag antenna impedance transformer. Since each tooth of the slot provides

radiation and energy storage. Thus, by tuning the slot profile parameters a and b the tag impedance
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will be change. On the other hand, adjusting the length of the patch | affects the tag antenna gain

[46].

b g2 g2 b
’WH\%‘-KM\" (14 E
E <
4JXZ4

Figure 3.4 The nested-slot configuration and its equivalent circuit.

3.1.4 Open Stubs Method

Loading open stubs to the antenna radiating body is an effective method to reduce the resonance
frequency, where the tag resonance frequency can be fine- tuned by changing the open stubs
number and their length. Figure 3.5 shows RFID tag antenna design in [5] that is composed of a
circular patch that has a nested slot in the middle loaded with four open identical stubs. The short
stubs that hold the long open ones are characterized as inductors Lts and the four long open stubs

are represented as parallel lumped elements inductor Lysand capacitor Crs.
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Figure 3.5 A slotted circular patch loaded with open stubs.

Each stub inductance is calculated by [5]:

Lis = 2L{In|2=] + 0.50049 + [=|}

(3.5)

where L is the length of the stub, W is the width of the stub and t is the copper layer thickness. The

capacitance formed between the ground and the stub is given by:

A
Crs = Eh—lT (3-6)

where;
€= &y&Em (3.7)

AT is the total area of the stub surface, h; is the substrate thickness and €., is the substrate dielectric
constant.
Antenna patch and ground are modeled as resistor (Ra), capacitor (Ca) and inductor (La) all in

parallel are expressed by Za. Thus, total input antenna impedance (Zantenna) IS given by:

_ ZaCZrotalstubs) (3.8)

Z =
antenna
Za+Ziotalstubs
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where

—-wR, L
7, = aa .
3 —wLa+j(Ra—02RyLaCy) (3.9)

. 1+jwL
Zonestub = JwLps + WLSLCSLS (3.10)

Z
Ziotalstubs = onestub/4 (3-11)

Zonestub 1S the impedance of a single open stub and Zietaistubs 1S the total impedance of the four
identical parallel open stubs. The equivalent antenna impedance which could be calculated
by the above formulas is compared to the CST simulator resulted one. The calculated and
simulated antenna impedances were approximately the same. Thus, the antenna impedance

can be simply obtained by simulation.
3.2 Folded Dipole Antenna

Dipole antenna and the dipole variants are the oldest, simplest and least expensive RF (Radio
frequency) antennas; therefore dipoles are the most widely used antenna types. A dipole antenna
is consisting of two conductive elements split at the center such as metallic wires or rods. Where
the length of the metallic wire is approximately equals half of the maximum wavelength in the free
space at the operating frequency (A/2). The two conductors are fed at the canter by a balanced
transmission line which carries opposite equal currents on the two conductors [36]. A conventional

dipole antenna structure and its radiation pattern are shown in Figure 3.6.
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Figure 3.6 A half-wavelength dipole (a) structure [48] and (b) radiation pattern [36].

In order to achieve better matching characteristics, a folded dipole antenna is used. A folded dipole
is one of the single dipole variants that is consists of a basic dipole with an added conductor that
connects the dipole ends together (array of two parallel dipoles) forming a rectangular thin loop (s
<< ) as shown in Figure 3.7. The folded dipole is operated at a half wavelength of the operating
frequency similar to a basic dipole and has the same omnidirectional radiation pattern. A folded

dipole with two arms impedance is four times greater than that of an ordinary dipole antenna at
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the resonance frequency. Folded dipole is fed by a high characteristic impedance feeder of about
300 Q twin-lead transmission lines. The impedance matching could be fine-tuned by varying the
parameters of the dipole arms. Besides, the antenna input impedance is modified by adding
multiple folded arms. Moreover, folded dipoles have been examined for UHF tag antenna

miniaturizing. Since folding a dipole usually reduces its footprint [36].

Jig ]

Figure 3.7 A folded dipole structure.

Obtaining a compact RFID dipole tag antenna with a maximum space of 2500 mm? operates at the
UHF band is unattainable. Since the low profile tag has a very high resonance frequency [38].
Therefore, several techniques are presented in order to reduce and tune the resonance frequency
while maintaining the tag size compacted such as loading triangular stubs [11], connecting
identical stubs to a circular slotted patch [5], etching a T-matching network and meandered strips
[49], embedded of extra arms and outer strip lines at C-shaped resonators [7], adding shorting
stubs and notches [50], using U-shaped inductively coupled feed [10], [8]and another various

techniques.
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3.3 Effect of Metal on UHF RFID Tag

Passive UHF RFID tag antennas have the advantage of low cost and providing a high read range
compared to LF and HF tags. However, UHF RFID passive tags suffer performance degradation
when they are placed on a metallic object. Where passive tags obtain their power energy from the
reader’s electromagnetic waves, then the obtained energy is converted to electrical energy which
powers up the IC chip. If the interrogation field from the reader antenna reaches the tag is
insufficient, the RFID tag will be unreadable. That happens when the RFID tag is placed on a
metallic object. To understand the electromagnetic waves behavior near a metallic surface,
Maxwell’s electromagnetic boundary conditions theory is presented.

Consider two mediums in space where medium one characterized by magnetic permeability pa,
dielectric permittivity &; and electric conductivity ¢1, and medium 2 with p2, &, and o2, the

boundary between medium 1 and 2 is expressed by the electromagnetic boundary conditions as

follow:
Ax(E;—E)=0 (3.12)
n.(D; —Dq) = ps (3.13)
Ax(H,—Hq) =, (3.14)
n.(B,—By)=0 (3.15)

where 1l is the is the unit normal vector to the boundary, E and D are the electric field intensity
and flux density respectively, H and B are the magnetic field intensity and flux density
respectively, py is the surface charge density and Js is the surface current density. Suppose medium
one is a perfect electric conductor (PEC), thus medium one has an infinite conductivity(e1 — ).
So, the electric field is zero in this medium(E; = 0). Subsequently, D1 =0, H1=0 and B1 = 0.
The boundary conditions become as follow:
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fi x (E;) = 0 (3.16)

n.(Dy) =ps (3.17)
nx (#;) = Js (3.18)
fi.(B,) =0 (3.19)

from the above equations, it is observed that not all the magnetic field components are present near
a PEC surface. Since i is the unit normal vector to the boundary, the dot product (.) results in a
normal component and the cross product (x) results in a tangential component. Hence, the
magnetic field has only tangential components next to the PEC medium, and has no normal
(perpendicular) components directly to the PEC surface. While the electric field has only normal
components to the PEC surface and has no tangential components directly next to the PEC, any
RFID tag depends on either the magnetic field normal component or the electric field tangential
component to operate faces performance degradation when placed on a metallic object. Figure 3.8
(@) and (b) illustrate electric and magnetic fields near a metallic surface. Besides, when uniform
electromagnetic wave incidences to a boundary of a PEC medium, the incident wave is reflected
with phase reversal. Subsequently, the reflected electric field cancels out the incident one,
therefore the electric field will zero at the boundary. On the other hand, the incident magnetic field

is doubled at the boundary [35], [51].
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Figure 3.8 Simple illustration of the boundary conditions where (a) electric fields and (b)

magnetic fields near a metallic surface.

The metallic surface affects the RFID tag antenna parameters, where the presence of metal causes
changes in antenna impedance, radiation pattern, directivity, bandwidth and efficiency. The change
in the RFID tag antenna impedance causes two main issues. The first one is the impedance
mismatch between the tag antenna and the IC chip. Since the effective impedance matching
between the tag antenna and the chip provides the maximum power transfer, the impedance
mismatch reversely affects the amount of the transferred power from the tag antenna to the IC chip
which also affects the read range. The second issue is the effect on the resonance frequency of the

RFID tag. The resonance frequency f, for a tuned circuit is given by [52]:

1

Where L is the inductance and C is the capacitance of the circuit. Hence, the change in the tag
antenna reactive impedance part due to a metallic surface directly affects the resonance frequency,
which causes detuning and degradation in the read range. The degradation of the read range

depends on the resonance frequency deviation amount [52].

46



After the discussion of the metallic surface effect on the RFID tag antenna performance, some

solutions will be presented in the next section.
3.4 Passive UHF RFID Tag Antennas for Metallic Objects

In order to solve the metallic effect issues, different approaches have been proposed by the
researchers as follow:

e Using an artificial magnetic conductor (AMC) structure is one of these approaches,
whereby the AMC structure reflects the incident wave in-phase at the tag surface while the
AMC ground plane is placed behind the tag at a particular distance [53].

e Using an Electromagnetic Bandgap (EBG) is another method. EBG is called photonic band
gap, is a kind of material that could be used as a ground plane of dipole tag antenna due to
its unique property of selective suppression of the incident electromagnetic wave. Thence,
EBG is used to overcome the impedance mismatch issue due to the back metal plate effect
at a certain frequency band (RFID band). Moreover, EBG ground plane is used to enhance
the tag antenna gain [53], [12].

e Using foam [6] or an air gap [11] to separate the tag antenna from the back metallic object
is another method.

e The utilization of a planar inverted-F antenna (PIFA) [54] and foam-attached tag [50].

e Using low loss tangent thick substrate [55], utilization of parasitic elements [56], using two

substrates [9] and much more.

Although these approaches showed an improvement of the tag antenna performance near metallic
objects, the fabrication cost and complexity were significantly increased due to costly substrate,

using metallic via, shorting stubs, shorting walls and high thickness structure.
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In this project, the tag antenna is composed of a single layer implemented on a cheap dielectric
polytetrafluoroethylene (PTFE) substrate. The tag antenna is specially designed to work
effectively on metallic objects without the requirement of any shorting elements or complicated
fabrication works. Thus, the substrate is coated with copper as a ground plane and placed directly
on a metallic plate through the design process. The properties of metal are used for enhancing the

read range if the correct tag antenna design is implemented.

3.5 Scope of Research

After the discussion of the RFID system and studying the RFID tag antenna design
considerations besides the review of various impedance matching techniques, the following flow
chart illustrates the scope of this research. A passive UHF RFID tag antenna is designed. The
folded dipole antenna type is used to design the antenna configuration with a regular ground plane.
Both adding open stubs and inductive coupling are used to realize the impedance matching
between the tag antenna and the IC chip. Thereafter, the tag is placed on different metallic and
dielectric plates whereby the realized gain and read range of the tag was investigated. The

methodology of the design is presented in the next section.
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3.6 Design Methodology

Figure 3.9 summarizes the methodology of designing a passive UHF RFID tag antenna. After
determining a certain application, the designer should study the tag antenna design requirements
which were presented in section (2.5). Based on the tagged object material and size, frequency
regulations and the required read range the design is implemented. Before any fabrication process,
the design is implemented and simulated by a 3D full-wave simulator like CST Microwave Studio.
Choosing materials of the substrate and antenna is directly determining the tag cost and size as
well as the antenna geometry. Varying the antenna dimensions is applied until the design
requirements are met. Then, the design is fabricated and tested to make sure that all the application

requirements are achieved and finally, it is ready for mass production [39].
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Figure 3.9 Methodology design flow of RFID tag antennas.

Folded dipole antennas are used widely in RFID tags due to their simplicity, small size and low
cost. Many impedance matching techniques are used such as T-matching network, inductive

coupling and nested slots. However, metallic objects cause impedance mismatching and affect the
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tag resonance frequency. Therefore, several solutions are introduced by the researches. In general,
to design a tag antenna with a significant performance the metallic object should be considered
through the designing process. The proposed design requirements, specifications, design stages

and parametric study all are presented in the next chapter.
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Chapter 4

A Novel Mutually Coupled Folded Dipole
UHF RFID Tag Antenna
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Chapter Four

A Novel Mutually Coupled Folded Dipole UHF RFID Tag
Antenna

In this chapter, a novel miniature UHF tag antenna for metallic objects is designed. First, the
design and simulation process using the CST Microwave Studio software is presented. Then, the
tag antenna structure is presented. Finally, the main design parameters varying effect is analyzed

and investigated.

4.1 Design and Simulation Process

According to Figure 3.9, the first process of designing the tag antenna is determining the
application and tag requirements. The proposed design should works effectively for metallic object
applications. Moreover, the main requirement of the tag is to minimize the size and cost as
possible. The selected materials and IC chip are the same as those used in [8]. The materials of the
antenna configuration and the substrate are copper and polytetrafluoroethylene (PTFE)
respectively. Higgs 4 chip is used which has an input impedance of 20.97 —j193.16 Q at 915 MHz
and a reading sensitivity of — 20.5 dBm. The chip has two copper straps with dimensions illustrated
in its datasheet [57] which were precisely modeled by the simulation. The design is implemented
and simulated by CST Microwave Studio software. The proposed tag antenna is placed on a 20x20

cm? perfect electric conductor PEC plate with 1 mm thickness during the entire simulation process.

4.1.1 Simulation Using CST Software
The simulation work is important to predict the tag characteristics before any fabrication process.
Computer simulation technology CST microwave studio is a powerful tool for electromagnetic

design and analysis. There are several computational electromagnetic methods. The computational
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electromagnetic methods differ based on the application domain. Thus, the CST software contains
four solvers (Frequency-domain solver, transient solver, eigenmode solver and integral equation
solvers). Each solver uses a different computational method to best fit the application field. The
study of electromagnetic computational methods is not within the scope of this thesis. Further
details of several methods of electromagnetic computing are found in [58]. Moreover, solvers’
features and their applications are explained in the CST user guide [59]. However, The CST
recommends the appropriate solver based on the selected application field by the user.

To create the project template, first, the CST program asks you to select the application area and
the workflow. Next, the program asks you to select the antenna type and recommends solvers
based on the selected workflow. Then, select the units of the dimensions, frequency, capacitance
and other parameters shown in the template. Finally, define the simulation settings by determining
the range of frequency, select the field monitors and define the frequency value of the monitor.
Now, the template is ready.

For this research work, Microwave & RF application area and antennas workflow are chosen. The
selected antenna type is RFID. The selected solver is the frequency domain solver which is used
for the RFID application field (it is recommended by the CST already). The unit of dimensions is
set to (mm) since the geometry of the RFID tag is compact. The frequency unit is set to (GHz).
Finally, the far-filed monitor is selected to monitor the antenna performance at each frequency in
the range of the RFID UHF band (860- 960) MHz.

To implement the design configuration, first, insert the expression and value of each parameter in
the specified table. Then, choose a suitable block shape and determine the block material. After
that, draw each element of the design by inserting the element dimensions as an expression based

on the predefined parameters due to x,y and z coordinates. The design method is explained by an
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example in Appendix A. At the end of the design implementation, an excitation is assigned to the
simulation structure. The excitation acts as a source to the tag as it is attached across the feed
terminal of the antenna structure. In the case of the RFID tag antenna, the IC chip is the excitation
element. A discrete port with an impedance of 50 Q is assigned between the antenna feeding
terminals (the chip position). Then, an external port with conjugate impedance is attached. The
external port impedance is set to the impedance of the selected chip. Finally, the discrete port
impedance is normalized automatically to become that for the selected chip [5]. For the Higgs 4
chip, the discrete port impedance is 20.97 Q and the lumped element port (conjugate port)
impedance is 0.9005 PF both are defined at terminals of the chip straps terminals.

Finally, run the simulation and investigate the resulted Si1, antenna impedance, antenna gain,
realized gain and radiation pattern. All details of The CST software features and solvers are

available in a full CST user guide in [59]. Full design and simulation tutorials are included.

4.1.2 Higgs 4 chip

The RFID chip is selected according to the determined application. Each chip has specific
features. The Higgs 4 is a programmable chip that operates at very low power levels which
provides a high read range. The Higgs 4 chip has several applications such as supply chain
management, baggage handling and tracking and asset inventory and tracking. The IC chip is
represented by its impedance through the simulation as explained in the previous section. More

details of the Higgs 4 chip features and applications are found in [60].

4.1.3 Initial Antenna Structure
The total thickness of the tag antenna proposed by [8] was 1.5 mm. The thickness of the copper
layer is 0.035 mm and the Higgs 4 chip is used. The antenna configuration is designed at the center

of a low-cost dielectric polytetrafluoroethylene (PTFE) substrate with a permittivity of 2.55 (loss
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tangent 0.0015). A distance E= 2 mm is determined between the antenna and the substrate edges.
The width of the U- shaped structure (W) is 2 mm, the separation between the U-shaped feeder
and the transmission line (S) is 1 mm. The separation between the U- shaped feeder and the antenna
patch Sy is 0.2 mm.

The mentioned parameters used in [8] are used to design the initial antenna structure of this work.
The bottom surface is coated with a thin ground copper layer. The proposed tag antenna is designed
to operate at the North America band (902-928MHz). The geometry of the initial folded dipole tag
antenna structure is presented in Figure 4.1. Table 4.1 shows the parameters of the initial tag
antenna structure. The total size of the design is 30.6 x 41x 1.5 mm?3. The proposed RFID tag
antenna is composed of two opposite horizontal outer strips each loaded with five identical vertical
open stubs and one shorter and wider open stub in the middle. The identical open stubs connected
to the upper and lower strips conversely toward the center forming two symmetric nested combs.
The two nested combs are connected at the center by the RFID chip which is attached to the two
middle wide open stubs forming the feeding line. The feeding line used in [6] is used in this
proposed design with the same length (L= 15). The two middle short open stubs width (W= 4)
and the gap between them (G= 3) were specifically selected to fit the IC chip straps dimensions.
The horizontal gap between the nested combs (A) is laid to prevent overlapping. The dipole
antenna structure forms the input impedance network, whereby tuning its dimensions is utilized to

achieve the optimal conjugate impedance matching with the 1C chip.
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Figure 4.1 Configuration of the initial proposed tag antenna.

Table 4.1 Dimensions of the initial proposed RFID tag antenna (mm).

Parameter L W Wi G A S S1 E Sx Sy
Value (mm) | 15 2 4 3 2 0.5 0.2 2 306 | 41

According to Figure 4.1, the substrate dimension Sx and Sy besides the open stub length Los are
expressed as: (Sx= Wi+ 2xS+ 8xSi+ 10xW+ 2xE), (Sy=2 x L+ G+ 2 x W+ 2 x E) and (Los = 2
xL+G-A).

Each open stub acts as an inductor thus; using the open stubs is useful for tuning the resonance
frequency [5].

After determining the initial value of each parameter, the parameters are tuned to realize the
conjugate impedance matching between the antenna and the IC chip. Varying the tag antenna
parameters is applied until the reflection coefficient S1: value becomes lower than -10 dB at the

required band (902- 928 MHz). Si: indicates the power reflected due to the impedance
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mismatching between the tag and the IC chip. Thus, minimizing the Si1 value as possible is
essential where this means that most of the wave is transmitted. Back to equation (3.5), adjusting
the length of the open stubs (Los) tunes the open stubs inductance which controls the resonance
frequency and the antenna reactance. According to the above expression of Les, the length of the
open stubs depends on the feeding line length (L) and the separation between the two symmetric
combs (A). The reflection coefficient Si1 response of the initial design with different values of (L)
is shown in Figure 4.2. The antenna has no response at the required frequency band (902- 928)
MHz. The Si1is > -10 dB meaning that most of the wave is reflected due to the impedance
mismatching between the tag antenna and the IC chip. The Si1 is high even when the length of the

open stubs is increased.
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Figure 4.2 Simulated reflection coefficient response of the initial antenna structure at different L
values.

Many trials of tuning the antenna parameters were applied. However, the antenna still has a high

S11 (S12>-10 dB) in the required band meaning that the antenna and IC chip impedances are

mismatched. The initial proposed tag has no response at the required frequency.
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To increase the antenna inductance, two additional open stubs are added at the lower and upper

sides with the same parameters. The additional open stubs are attached in a way such that the

antenna structure remains symmetric. The total size of the tag is 39.4 x 41x 1.5 mm?3. The reflection

coefficient S11 response of the tag antenna with the additional open stubs is shown in Figure 4.3.

The result shows that the Si1 decreased to -22 dB at a resonance frequency of 760 MHz. Loading

the additional open stubs increased the tag antenna inductance which shifted down the resonance

frequency and realizes conjugate impedance matching between the tag antenna and the IC chip

(S11< -10 dB). However, the resonance frequency is lower than the desired band. Furthermore,

different trials were applied by tuning the antenna parameters until the best antenna response is

achieved as shown in Figure 4.3.
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Figure 4.3 Simulated reflection coefficient response of the initial antenna structure with

additional open stubs and the simulated reflection coefficient of the final structure.

By readjusting the tag antenna parameters, the Si: decreased to -39.5 dB and the resonance

frequency increased to 912 MHz. Meaning that an optimal impedance matching between the tag

and the IC chip is realized at the required frequency. The final antenna structure and parameters
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are illustrated in the next section. In addition, the parametric study and the effect of the open stubs

are presented later in this chapter.

4.2 Final Antenna Structure

The geometry of the proposed folded dipole tag antenna is presented in Figure 4.4. The tag
antenna design is implemented on a low-cost dielectric polytetrafluoroethylene (PTFE) 55.80 x 44
mm? substrate with a thickness of 1.43 mm and a permittivity of 2.55 (loss tangent 0.0015). Higgs
4 chip with an input impedance of 20.97 —j193.16 Q is used. The proposed RFID tag antenna is
composed of two opposite horizontal outer strips each loaded with seven identical vertical open
stubs and one shorter and wider open stub in the middle. The two nested combs are connected at
the center by the RFID chip.

The length of the open stubs depends on the feeding line length (L) and the gap between the two

symmetric combs (A). Table 4.2 shows the parameters of the final proposed tag antenna.
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Figure 4.4 Configuration of the proposed tag antenna. ( Sx= W1+ 2xS+ 12xS;+ 14xW+ 2xE).
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Table 4.1 Dimensions of the proposed (Final structure) RFID tag antenna (mm).

Parameter L W W3 G A S S1 Sx Sy
Value (mm) | 15.5 3 4 3 2.1 0.2 045 | 558 | 44

Adjusting (L) and (W) is directly related to the open stubs inductance which affects the reactance
of the tag antenna and the resonance frequency, thus both (L) and (W) are tuned accurately to shift
down the resonance frequency and minimize the reflection coefficient Sy less than -10 dB at the
desired resonance frequency. The vertical gap between the nested open stubs (A) affects the length
of the open stubs (Los =2 x L+ G — A) and the mutual coupling strength as well as the horizontal
gaps between the identical open stubs (S1) which also controls the coupling strength. Both (A) and
(S1) were tuned precisely to realize the optimal Si1 value. The effect of the open stubs and the

geometrical parameters of the proposed design are presented next.

4.3 The Open Stubs Effect

The effect of the open stubs number is investigated through three stages as follow:

e At the first stage, three open stubs only are added at both upper and lower sides conversely
toward the center forming two nested combs each having three identical open stubs and
one middle shorter and wider one. The chip is attached in the center at the gap (G= 3)
between the two middle wide open stubs. The resonance frequency is 2.38 GHz as shown
in Figure 4.5 (a). It is too high for RFID implantations.

e At the second stage, two additional open stubs are added at each upper and lower outer
strips forming two nested combs each have five identical open stubs. The resonance
frequency decreased to 1.69 GHz as shown in Figure 4.5 (a) that is due to the increment in
antenna inductance caused by adding the additional open stubs which decreased the

resonance frequency. Since open stubs act as inductors, they concentrate the surface current
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in the antenna structure which enhances its inductance [5], [7]. Although that, the
resonance frequency is still higher than the RFID band.

e Finally, two more additional open stubs are added at each upper and lower side in order to
increase the folded dipole antenna inductance which shifted down the resonance frequency
to 912 MHz. This is shown in Figure 4.5 (b); it is observed that the antenna impedance

matches the IC chip impedance at the proposed RFID frequency band (902-928 MHz).

Adding the additional open stubs at each stage necessarily forms additional U-shaped mutual
coupling segments which increase the surface current density and contribute to realize an ideal
reflection coefficient [9], whereby U-shaped inductively coupled feed enhances the antenna gain

[47].
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Figure 4.5 Input impedance of the tag antenna at (a) first stage with three segments, second stage
with five segments and (b) final stage with seven segments.
Figure 4.6 illustrates the surface current at each stage at their resonance frequencies. It is observed

that the surface current increased from 377 A/m to 1212 A/m when the U-shaped segments were
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increased from three to five segments. Then, the surface current increased to 2264A/m at the third

stage that is composed of seven U-shaped mutual coupling segments.
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Figure 4.6 Tag antenna’s surface current distribution at the resonance frequency for each design

stage; (a) first stage, (b) second stage and (c) final stage.
The additional open stubs and the formed U- shaped segments increased the inductance and the
mutual coupling effect. Therefore, increasing the open stubs number increased the surface current

which provides a stronger radiation field. Stronger radiation field enhances the antenna which

increases the read range.
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4.4 Parametric Study

When designing a tag antenna, it is necessary to study the effect of the design important
parameters on the tag performance. The feeding line length (L) is directly related to the
identical open stubs length (Los = 2 x L+ G — A) which provides a flexible tuning mechanism.
Thus feeding line length (L) is the main factor in reducing the resonance frequency. The
tag performance is investigated according to the reflection coefficient Si1 response. The
simulation results of tuning (L) are shown in Figure 4.7, while (L) is increased from 12.5
mm to 15.5 mm the resonance frequency shifted down from 1.06 GHz to 912 MHz at a
rate of 39 MHz/mm. By increasing the length of the open stubs the inductance is increased
according to equation (3.5), thus the resonance frequency increased. Back to equation
(3.5), the width of the open stub (W) is related to the stubs inductance too, whereby each
(L) value has its associated value of (W) to attempt a lower S11 value (optimal impedance
matching). The effect of varying (W) is shown in Figure 4.8, it can be noticed that the
resonance frequency is changed from 984 MHz to 912 MHz at a rate of 72 MHz/mm by

varying (W) from 2 mm to 3.5 mm.
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Figure 4.7 Simulated reflection coefficient response at different L values.
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Figure 4.8 Simulated reflection coefficient response at different W1 values.

Next, (A) effect is studied. Tuning the separations of the U-shaped segment separation of the
transmission line controls the strength of the mutual coupling [9]. (A) controls the mutual coupling
strength besides its effect on the identical open stubs length (Los = 2 X L+ G — A). The simulation
effect of varying A is shown in Figure 4.9. The significant tuning of (A) affects the resonance
frequency and Si1 value. The increment of (A) decreases the mutual coupling strength which
shifted up the resonance frequency. Thus, (A) is varied by a tiny increment of 0.1 mm at each trial
to reach the optimal Si: value (-39.56 dB) at the desired resonance frequency. The frequency

increased from 911.5 MHz to 912 MHz due to the tiny increment in A from 2 mm to 2.1 mm and
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Figure 4.9 Simulated reflection coefficient response at different A values.

Finally, the results of varying S and Sz are shown in Figure 4.10 and Figure 4.11 respectively. It

is observed that by tuning S and Sz the S11 decreased to -39.56 dB.
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Figure 4.10 Simulated reflection coefficient response at different S values.
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Figure 4.11 Simulated reflection coefficient response at different Sz values.

The tag antenna design is implemented on a low-cost dielectric PTFE 55.80 x 44 mm?
substrate with a thickness of 1.43 mm. Increasing the open stubs number from three to seven

at each side decreased the resonance frequency from 2.86 GHz to 912 MHz. By varying the
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open stub length from 11.5 mm to 15.5 mm the resonance frequency shifted down from 1.06
GHz to 912 MHz at a rate of 39 MHz/mm. Increasing the width of the open stubs (W)
decreased the resonance frequency from 984 MHz to 912 MHz at a rate of 72 MHz/mm. By
adjusting the gaps between the nested open stubs (A), (S) and (S1), the reflection coefficient

S11 value of -39.56 dB is achieved. The Simulation results are presented in the next chapter.
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Chapter 5
Simulation Results and Discussion
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Chapter Five

Simulation Results and Discussion

In order to evaluate the proposed tag antenna performance, Si1, VSWR, gain, directivity,
radiation pattern, realized gain and read range are all investigated in this chapter. RFID technology
is used in various metal-mounted applications thus, the effect of the back metal plate is studied by
varying its dimensions. The effect of the back metallic plate dimensions on the realized gain, read
range and radiation pattern are presented. Furthermore, RFID used is non-limited to metal-
mountable applications only where RFID technology is used in very wide fields where the tag is
mounted on different materials. Therefore, the proposed tag antenna is mounted on different
dielectric plates and its performance is compared with placing it on metal in terms of realized gain,

read range and radiation pattern.

5.1 Simulation Results

To verify the proposed design performance, fundamental parameters are studied such as
reflection coefficient (S11), VSWR, antenna gain, radiation pattern, directivity, realized gain and
read range.

First, the simulation results of the proposed tag antenna placed on 20 x 20 cm? a perfect conductor

(PEC) plate are presented .

5.1.1 Reflection Coefficient S11 and VSWR

Figure 5.1 shows the reflection coefficient Sy1 in dB.
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Figure 5.1 S-parameter of the proposed tag antenna.

It is noticed that the S11is -39.6 dB (less than -10 dB), where the proposed design has a significant
response at the resonance frequency of 912 MHz. Moreover, the VSWR is almost unity (VSWR=
1.2) at the resonance frequency as shown in Figure 5.2 which means realizing optimal impedance

matching between the tag antenna and the IC chip.
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Figure 5.2 VSWR of the proposed RFID tag antenna over UHF band.
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5.1.2 Radiation Pattern

The proposed tag antenna polar and 3D radiation pattern at the resonance frequency of 912 MHz

is illustrated in Figure 5.3 (a) and (b) respectively.

Farfield Gain Abs (Phi=90)
— farfield (f=0.912) [1]

30 Phi=270

Frequency = 0.912 GHz
Main lobe magnitude = -3.93 dBi

180 Main lobe direction = 1.0 deqg.
Angular width (3 dB) = 81.4 deg.
Theta / Degree vs. dBi Side lobe level = -21.9 dB

(@)

(b)

Figure 5.3 Radiation pattern of the RFID tag antenna at the resonance frequency 912 MHz (a)

polar radiation pattern (b) 3D radiation pattern.
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The radiation pattern shows how the back metallic object acts as a reflector. The metallic plate
reduces the tag antenna back radiation, therefore enhances the tag performance. Whereby placing
the tag on the metallic plate enhances the antenna gain and directivity compared to the tag

performance in free space.

5.1.3 Gain and Directivity

The simulated tag antenna gain and directivity in free space and when placed on 200 x 200 mm?

metallic plate are represented in Figure 5.4 and Figure 5.5 respectively.
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Frequency (GHz)

Figure 5.4 Simulated gain of the presented RFID tag antenna placed on 200 x 200 mm? metal
plate and in free space.

The tag antenna mounted on 200 x 200 mm? metal plate gain is -3.93 dB at its resonance frequency
of 912 MHz. Besides, the tag antenna has almost a constant directivity over the UHF band ( 7.36
dB). Whereas the antenna gain is -7.13 dB and the directivity is 3.24 dB in free space. The results

show how placing the tag on the metallic plate enhances its performance.

73



- —
Jpp—— —]
-
-
-
-

- —200x200 Metal
plate
=== Free space

Directivity (dB)

U 1 L 1 1 L 1 1 1 1
0.86 0.87 0.88 0.89 0.9 091 0.92 0.93 094 095 0.96
Frequency (GHz)

Figure 5.5 The directivity of the proposed RFID tag antenna placed on 200 x 200 mm? metal

plate and at free space.

5.1.4 Realized Gain

Realized gain and read range are important parameters to evaluate the tag antenna performance.

Figure 5.6 shows the simulated realized gain of the presented RFID tag antenna design.

Realized Gain (dB)
(]
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Frequency (GHz)

Figure 5.6 The realized gain of the proposed tag antenna.

The result show that the realized gain peak is -3.97 dB at the resonance frequency 912 MHz. The

maximum realized gain value is >-10 dB which is acceptable to achieve a sufficient read range.
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5.1.5 Read Range

Inorder to calculate the read range Friis formula is used; r = (A/4m) \/PE’PR—PXGT,Where A=
th

0.3289 m at 912 MHz, Perp =4 W, Gr = -3.97 dB, Pw = -20.5 dBm.
The computed read range r = 11.104 m, means that the RFID reader can detect the proposed tag

placed on 200 x 200 mm? metallic object from distance up to 11.104 m.
5.2 Study of Back Metallic Object Effect

The effect of the back metallic plate on the proposed tag antenna performance is investigated
through the realized gain. First, the metallic plate length Ly is varied from 10 cm to 20 cm while
its width Wy is fixed at 20 cm. According to Figure 5.7(a), it is observed that varying Ly doesn’t
affect the realized gain much, therefore the read range of all cases nearly 11.104 m. Then, Wy is
changed from 10 cm to 20 cm while Ly is fixed at 20 cm. According to Figure 5.7(b), the realized
gain decreased to -7.1 dB when Wy is decreased to 10 cm whereby the read range is affected. The
computed read range according to the simulated realized gain of each case of varying Wy is shown

in Table 5.1.
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Figure 5.7 Simulated realized gain of the proposed tag antenna for the metal plate with different

The read range is decreased to 7.8 m when the tag is mounted on a metal plate with a width of Wy
=10 cm. This is because of the electrical flux strength at 6 = 0° which affects the read range with
tuning the back metal plate width Wy but not affected by the variation of the length Ly [8]. Similar
performance degradation is observed in [8] where the tag antenna read range decreased by 4 meters

due to variation of the metallic plate width from 20 cm to 10 cm with a fixed length of 20 cm.
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Table 5.1 Simulated resonant frequency, realized gain and computed read range of the proposed

tag antenna mounted on a metal plate has fixed length (Ly = 20 cm) and varying width (Wy).

Metal Plate Resonant Frequency Realized Gain Read range
(Wxcm x Lycm) f (MHz) Gr (dB) r (m)
10 x 20 912.3 -7.02 7.81
12 x 20 911 -5.22 9.63
14 x 20 911 -4.29 10.71
16 x 20 912 -3.64 11.53
18 x 20 912 -3.93 11.16
20 x 20 912 -3.97 11.10

The radiation patterns of the proposed tag antenna mounted on 20 x 10 cm? and 10 x 20 cm? metal

plate at the resonance frequency are shown in Figure 5.8 and Figure 5.9 respectively.

It can be seen that the radiation pattern changed when the tag is mounted on a 10 x 20 cm? metal

plate, unlike the 20 x 10 cm? metal plate which has almost the same radiation pattern of 20 x 20

cm? case.
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(a) (b)
Figure 5.8 The radiation pattern of the presented tag antenna mounted on 20 x 10 cm? (a) polar

radiation pattern, (b) 3D radiation pattern.
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Figure 5.9 The radiation pattern of the presented tag antenna mounted on 10 x 20 cm? (a) polar
radiation pattern, (b) 3D radiation pattern.
It is worth mentioning that the resonant frequency of the presented tag antenna is not affected
much by varying the back metal plate dimensions which is a preferable feature when designing a
tag antenna for RFID metal-mountable applications.

5.3 The Proposed RFID Tag Antenna Mounted on Non-Metallic Objects

In this section, the presented tag antenna is mounted on various back dielectric plates to study
the tag antenna performance through the simulated realized gain and computed read range. The
proposed tag is placed on 20 x 20 cm? glass, paper and Polycarbonate plates respectively. The
realized gain of the tag antenna placed on different dielctric plates is shown in Figure 5.10, the
resonance frequency is decreased by 3 MHz when the tag is placed on the dielectric plates. The
simulated realized gain and the computed read range are illustrated in Table 5.2.
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Figure 5.10 Simulated realized gain of the proposed tag antenna when it is placed on different

dielectric 200 x 200 mm? plates, metal plate and in free space.

The realized gain decreased when the tag antenna is placed on dielectric plates, thus the read range
decreased too. The detection distance is 5.94 m on glass, 6.51 m on Polycarbonate and 6.29 on
paper. The radiation pattern of the proposed tag antenna when mounted on 200 x 200 mm? glass

and Polycarbonate plate are shown in Figure 5.11 and Figure 5.12 respectively.

Table 5.2 simulated resonant frequencies, realized gain and computed read range of the proposed

tag antenna mounted on 20 x 20 cm? metallic and non-metallic plates.

Back object material | Resonant Frequency Realized Gain Read range
(20 x 20) cm? f (MHz) Gr (dB) r (m)
Metal (PEC) 912 -3.97 111

Polycarbonate 2.9 909 -8.93 6.29
Glass 6.4 909 -9.43 5.94
Paper 2.3 910 -8.63 6.51
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Free space 911 -7.54 7.37
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Figure 5.11 Radiation pattern of the RFID tag antenna placed on 200 x 200 mm? glass plate at

its resonance frequency (a) polar radiation pattern (b) 3D radiation pattern.

Radiation patterns of the tag antenna mounted on both glass and Polycarbonate plates are
convergent and differs from the metallic plate. The metallic plate is a high reflector therefore; the
tag antenna back radiation is much less than the case of the dielectric plates. Therefore, mounting

the proposed tag antenna on a metallic plate enhances its performance.
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Figure 5.12 Radiation pattern of the RFID tag antenna placed on 200 x 200 mm? Polycarbonate

plate at its resonance frequency (a) polar radiation pattern (b) 3D radiation pattern.

The results show that the presented RFID tag antenna is detected from a distance up to 11.1 m
while the tag antenna is mounted on a metal plate, and 6.51 m while the tag is placed on a dielectric
one. Little fluctuation in the tag antenna resonance frequency is observed when it is placed on
various metallic and dielectric plates thus; the proposed tag can be used for various metallic and

non-metallic RFID applications.

5.4 Performance Comparison

Table 5.3 shows a comparison between this proposed tag antenna and previous published UHF
RFID metal-mountable tag antennas. Multilayer tags are used in [9] and [13] each consists of two
substrates and three conductive layers. The layers were loaded by using four vias [9] and two
shorting stubs [13]. The structure thickness exceeded 2 mm besides using vias and stubs all
increased the fabrication cost. The utilization of a double layer structure DLS-EBG structure as a

ground of a dipole tag antenna in [12]. 5 x 1 DLS-EBG units are attached using 10 offset vias and
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loaded below the dipole tag by 6 metallic screws. Although a higher read range was achieved, the
structure is too bulky and required extra elements which increased the fabrication cost and
complexity. A foam spacer with a 1 cm thickness between the tag antenna and the back metallic
plate was used in [6] to overcome the back metal effect. Both [61] and [54] used two polarized
inverted-F antenna PIFA elements. A dual-PIFAs placed in a cross configuration are shorted to
the ground plane by 12 vias [61]. Feeding loops and radiators were etched on a 1 mm FR4 substrate
and the whole tag was placed on a 3 mm thickness foam then shorted to the ground plane by two
shorting strips [54]. Two radiated patches are shorted to the ground by 8 metallic vias via holes to
form PIFA in [49], a T-matching and the ground plane are etched to the substrate which needed
extra fabrication work thus, increased the cost. Compared to the reported works, the proposed
design does not consist of any shorting elements like vias, stubs, strips or screws. The tag
configuration has no requirement of any hard complex fabrication work like etching or drilling.
The proposed tag antenna is implemented on a single-layer inexpensive PTFE substrate. Although
[12],[13] and [6] achieved higher read range, their structures are much larger and have shorting
elements which increases the cost and complexity. The proposed design is simple, single-layered,

easy to fabricate, low profile and has low cost thus, it is convenient for mass production.
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Table 5.3 Comparison between the proposed tag and previous published UHF RFID metal

mountable tags.

Tag Dimension Shorting Chip Sensitivity Read Range
Ref.
(mmd) Elements (dBm) (m)
[10] 50 x 55.55 x 1.6 No -8 5.56
[9] 31 x19.5 x 3.065 Vias -8 4.7
[13] 40 x 40 x 3.087 Stubs -18.5 143
[12] 72x32%6.8 Vias -16 16
[6] 51 x 34 x 1.58 No -8 4.5
[61] 64 x 64 x 2 Vias -17 12
[49] 60 x 45 x 1.6 Vias -19 6.2
[54] 50 x 50 x 4 Strip - 5.50
[50] 38 x 38x 1.6 Stubs -17.8 6.77
This work 55.8x44 x1.5 No -20.5 111
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The tag antenna placed on 200 x 200 mm? metal plate gain is -3.93 dB at a resonance frequency
of 912 MHz and it has an almost constant directivity of 7.36 dB. The realized gain is -3.97 dB and
the read range is up to 11.104m. While varying the metallic plate width (Wy), the read range

decreased to 7.8 m but it is not affected by the variation of the metallic plate length (Ly). The




detection distance of the proposed design on different 200 x 200 mm? dielectric plates is 5.94 m

on glass, 6.51 m on Polycarbonate and 6.29 m on paper.
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Chapter 6
Conclusion and Future Work
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Chapter Six

Conclusion and Future Work

6.1 Conclusion

In this work, a novel compact single-layer metal-mountable UHF RFID tag antenna is proposed.
The design is composed of nested identical open stubs forming U-shaped mutually coupled
segments. The main antenna parameters such as the reflection coefficient, radiation pattern, gain,
directivity, realized gain and read range are investigated. Tuning the resonance frequency and the
impedance matching between the proposed tag antenna and the 1C chip are realized by tuning the
open stubs dimensions, number and stubs separation. Increasing the number of the open stubs
with forming additional U- shaped segments increases the mutual coupling effect which provides
a stronger radiation field thus, enhances the gain. The metallic plate reduces the tag antenna back
radiation and increases the directivity of the tag antenna; therefore placing the proposed tag on the
metallic plate enhances the tag antenna performance. The proposed tag antenna performance is
not affected by varying the length of the metallic plate unlike varying the metallic plate width.
The realized gain decreased by chaining the width of the metallic plate due to the variation of the
tag antenna radiation pattern. Moreover, the realized gain and the read range are decreased in the
dielectric plate case compared to the metallic one. The dielectric plates do not reflect the incident
wave, thus the back radiation increased. The computed read range was 11.104 m and 7.37 m when
the tag was placed on a 20x20 cm? metallic object and in free space respectively. Indeed, the read
range was up to 6.51 m when the tag was mounted on a dielectric plate. A relatively high read
range is achieved besides little fluctuation in the tag antenna resonance frequency is observed when

the proposed tag antenna is mounted on various metallic and dielectric plates thus; the proposed
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tag can be used for various metallic and non-metallic RFID applications. The proposed design

provides a simple tuning mechanism, easy to fabricate and has a low cost. Thus, the design is

convenient for mass production.

6.2 Future Work

1-

Increase the identical open stubs number by adding two additional open stubs at each
upper and lower side of the proposed antenna structure. Loading additional stubs
increases the antenna inductance thus, decreases the resonance frequency. Moreover,
increasing the number of the open stubs (forming additional U- shaped segments)
increases the mutual coupling effect which provides stronger radiation field thus,
realizes a higher gain as investigated in chapter 4. As the open stubs were increased
from 5 to 7 in this work, the resonance frequency was 912 MHz. Hence, by loading the
additional open stubs the frequency will be lower than the required band. Therefore,
you have to reduce the structure dimensions to increase the resonance frequency. Thus,
you will be able to minimize the tag size.

Investigate the effect of adding open stubs with different lengths instead of using
identical open stubs as proposed in this work. Tune the lengths of the open stubs to
achieve a wide band covers the entire UHF RFID band (860-960 MHz), whereby UHF
RFID frequency regulations around the world is within this band (860- 960 MHz) Thus,
the design can be used worldwide without the requirement of readjusting the antenna
parameters to tune the operation frequency.

Using a full copper ground plane lead to narrow the operation frequency band as it
resulted in the proposed work. Remove the copper ground plane and retune the design

parameters to achieve a wide frequency band to cover the entire UHF RFID band (860-
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960 MHz). Applying the tag antenna without the ground plane on the metallic plate
necessitates separating the tag antenna substrate and the back metallic plate by an air

gap. Consider tuning the thickness of the air gap through the optimization.
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Appendix A

Simulation of the following tag antenna structure by CST Microwave Studio:

The substrate thickness is H= 1.43 mm, the thickness of the copper layer is t= 0.035 mm, all

parameters in mm. The substrate material is PTFE.
s

A= -
W= 30

[+

Sy L= 25

W= 3
E :IG: 10

Geometric Construction Steps:

e Enter the parameters and parameters’ values in the parameters list as shown in the

following figure. Then, select the brick shape tool from the toolbar to create the substrate.
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i) The Z and ¥ matrices have been successfully caculated.
The VSWR results have been successfully cakulated.

1) Creating parametric 10 results for Run 1D

Press ESC to bring up the brick window. Rename the brick shape to “substrate”. Enter the

substrate width (Xmin, Xmax), length (Ymin, Ymax) and height (Zmin, Zmax) as shown

in the figure below. Next, select the substrate material (PTFE Lossy) from the drop down

menu in the brick window.
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Add the ground plane at the bottom side of the substrate. Select the brick shape and press ESC.
Rename the brick to “Ground”. Enter the substrate width (Xmin, Xmax) and length (Ymin, Ymax)
then, enter the copper layer thickness (-t) at Zmin as shown in the figure below. Select the ground

material (Copper annealed) from the material section.
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To create the patch select the brick shape and press ESC. Rename the brick to “Patch”. Enter the

patch dimensions as shown in the figure below. Select the patch material (Copper annealed).
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To create the feeding line select the brick shape and press ESC. Rename the brick to “Line”.
Enter the line dimensions at each as shown in the figure below. Select the line material

(Copper annealed).
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Combine the antenna patch with the line. Press “ctlr” from the keyboard then, select both

the patch and the line from “components” at the navigation tree. Press “add” from the

“Boolean” tool as shown in the figure below.
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e To add an excitation port select the feeding line surface terminal then, select the port

from the toolbar as shown in the figures below.
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e The design is ready. To run the simulation press “Start simulation”.
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e After the end of the simulation explore the simulation results at the navigation tree. Investigate

the S- parameter from 1D Results folder as shown in the figure below.
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e Investigate the radiation pattern at the resonance frequency from “Farfields” folder in the

navigation tree as shown in the figure below.
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