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Abstract

Deploying an RFID system on metallic object can present many challenges; the most
challenging issue is that to have the antenna high gain, little reflection coeflicient, and small
size. The performance of RFID tag antennas can be improved using metamaterials. Some
recent works have pointed out that metamaterial based antenna can have the same

characteristics as large printed antenna.

The project represents the proposed split-ring resonator based UHF RFID tag antennas with
regular ground plane and photonic bandgap ground plane for metallic application in the
917 MHz with high gain and appropriate reading range. the size of the tag antenna is

84.5%61.8x1.57 mm®, which is placed on PTFE substrate with thickness 1.5 mm.

PBG structure is formed by placing any periodic shapes in the ground of the tag antenna, in
this project periodic circles were placed in the ground of the tag antenna. After studying the
PBG structure by trying different values of the diameters of the circles and the distance
between these circles note that the effect be on the resonance frequencies without any
improvement on the gain of the antenna, So trying periodic circles to form PBG did not help

to improve the gain, may be different shapes rather than circles did that.

The gain of SRR based tag antenna with regular ground plane is — 1.43 dB when it placed
on 400x400 mm?, but in the end of the project we note that the gain of the regular ground
plane is always negative so to enhance this gain the parameters that constituent the antenna
have been studied and we found that when the value of the parameter S reduced from

0.2 mm to 0.10 mm the gain of the antenna enhanced from -1.43 dB to 0.0563 dB when the

antenna placed on 400x400 mm? .
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CHAPTER ONE

INTRODUCTION

1.1 Research Motivation and Related Works

The key objective works of the present dissertation is dealing with presenting the simulations
performance and the implementation fabrication of the radio frequency identification (RFID).
Tag antenna can be applied in many applications such as placing the RFID tag antenna on a
metallic object. While the challenges to reduce the antenna size and enhance the range of this

antenna.
The novel contributions of this project are:

e Design and simulation of a miniaturized RFID tag antenna with
regular ground plane and photonic band gap plane.

e Working and implementing fabrication for a metallic object
application.

e Comparison the gain and the read range of the tag antenna

between the simulated and the fabricated design.

1.2 Research Motivation

RFID technology is a wireless communication technology that used to uniquely identify tagged
objects or people. It is an emerging technology and one of the most rapidly growing segments of
today’s automatic identification and data capture (AIDC) industry [1]. Whenever realize it or
not, RFID is an integral part of our life. RFID is used for hundreds, if not thousands of
applications such as inventory management, managing traffic, collecting tolls without stopping,
gaining entrance to buildings, automating parking, security, mobile and healthcare. It is rapidly
becoming a cost-effective technology and it is currently recognized as one as research area
of priority. The development of RFID market is projected to increase from approximately
3 hbillion $ in 2005 to 25 billion $ in 2015. RFID allows items to have a unique identification

code and have data stored on the chip about the product. In addition, it can read many items



simultaneously [2]. Product can get damaged during the transportation process; these errors are
known as transaction errors. RFID could be implemented to reduce these transaction errors.
RFID has the capability to improve business in all the ways just described as long as it is
implemented correctly.

Recently, the applications of RFID passive systems operating in the ultra high frequency (UHF)
band have experienced a progressive growth. UHF-RFID tags are usually designed to operate at
a single frequency band. However, due to the different worldwide regulations, the UHF-RFID
frequency bands have different locations in the spectrum and vary in the different world regions.
Therefore, the design of UHF-RFID able to cover the whole regulated bands providing
appropriate read performance becomes an important challenges. Another major problem which
prevents a faster expansion of the UHF-RFID technology at present is found in potential
application from high expectations arises: the retail item management. The problem is found in
the difficulty of simultaneously offer the possibility of controlling items payment in the stores

and inventory of elements present in the store .

1.3 Research Background

The research worked presented in this thesis is in the area of RFID. RFID is an emerging
technology used for object identification by means of radio waves. An RFID system consists of
three major parts: a tag, associated with the object to be identified; a reader, used to extract the
objects unique identifier from the tag; and an application system possibly in the form of a
network. The tags and readers enable the automated identification of tagged objects, and the

application system performs important tasks using this captured information.

Figure 1.1 shows the components of a basic RFID system. It tags are attached to objects that are
to be identified. Each of the tags has a tiny chip (integrated circuit) that has memory and is

capable of containing information.

The type of RFID tags considered in this research are passive (UHF) tags operating within the
frequency (915-921 MHz) in the far field region with respect to the RFID reader antenna. For a
passive tag, electromagnetic fields from a reader antenna are required to power up the tag. If the
tag is successfully detected by the reader, information of the tag received by the reader will be
passed on to application systems in a host computer (connected to the reader) for further data and

information processing [3].
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Figure 1.1: An overview of basic RFID system.

The major components of the system are reader (with reader antenna), tags (attached to objects)
and a host computer (connected to the reader for data management). The host computer can be

connected to the internet or a network consisting other computers for data sharing purposes.

There are many types of antennas used in the RFID, this project we concern with the Microstrip

antenna for many reasons; these reasons are classified as follow as [4, 5]:

e Ease of manufacturing.

Having low fabrication cost.

e It is an efficient radiation system.

e Having low volume.

e Conformal to multiple surfaces.

e Capable of dual and triple frequency operations.

e Can be easily integrated with microwave integrated circuits (MICs).

As mention early the RFID operate in the UHF usually of 433 MHz (active tags) and from
860 MHz to 960 MHz (Passive tags) there are significant difference between regulations in

different countries around the world, such as United States, Europe, Japan and China.

UHF tags have a read range of up to 15 m approximately. Unlike low frequency (LF) and high
frequency (HF) tags, all protocols in the UHF range have same type of anti collision capability,

allowing multiple tags to be read simultaneously. The UHF tag antennas are mostly based on



dipole antenna and made of copper, aluminum or silver deposited on the substrate as shows in

Figure 1.2.

(b)

Figure 1.2: UHF applications in (a) supply chain management and (b) retail item management.

Metallic objects are very common around us. Their presence is unavoidable and so to identify
them, having the appropriate RFID tags suitable for operation on metallic surfaces is essential.
Frequently, the tags must be small in size to allow identification at item level of individual small

metallic objects.

An RFID system communicates by electromagnetic waves. When designing the RFID tag
antenna mountable on metallic object, it is very important to understand the behavior of the
electromagnetic field near metallic surface since the antenna parameters (the input impedance,

gain, radiation pattern, and radiation efficiency) can be seriously affected by metallic platforms.

1.4  Research Objective

The main goal aim of this research program is to design and simulate UHF RFID system with
regular ground plane and photonic band gap ground plane using a 3D full wave electromagnetic
simulator (CST Microwave Studio, Version 2014) and fabricate the designed UHF RFID with

photonic band gap plane simulation.
The objectives of the research includes the following aspects:

e To design a split-ring resonator-based RFID tag antenna with regular ground plane

for metallic objects identification.



e To study the effect of integrating the PBG on the design performance of the tag
antenna.
e To compare the performance between the simulated and the fabricated design tag

antenna via measurements of their gain and read range.

1.5 Research Methodology

Firstly, to achieve the objectives of this work, there is a need to study and understand the
fundamentals of the SRR and how this type of material can be integrated with antennas
(the project implement the C- shape, in order to reduce the antenna size, increase the read range
and to enhance the gain of the developed antenna ). Then, a computer simulation technology
(CST) needs to be used to simulate the structures. Afterward, integrating PBG structure have
been applied with tag antenna after it was successfully designed with regular ground plane for
RFID application. Finally, measurements must be performs on the RFID tag antenna to validate
the design method. The developed methodology for designing the RFID tag antennas is
illustrated in the flow chart depicted in Figure 1.3.
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Figure.1.3: Flowchart of the project.



1.6 Research Organization
This thesis compromise of five chapters. Which are summarizing as follows:

Chapter one: provides a background of research, and identifies the current reason, which

motivated this research to design RFID tag antennas. It also introduces the goal objectives,
methodology as well as the organization of project writing.

Chapter two: presents a literature review on RFID system and metamaterials. It first provides a
background and history of RFID technology and some details about their classes and design
considerations. Then detailing on salient electromagnetic features of the metamaterials as well as

their recent applications. Finally, a summary of previous work.

Chapter three: describes the methodology used to design split ring resonator-based antenna
structure in an attempt for achieving high gain. The performance of split-ring resonator based tag
antennas are investigated in terms of achieving impedance matching and discuss the effects of
integrating PBG structure on antenna performance. Parameters affecting resonance frequency

included in this chapter. Methodology is finally summarized.

Chapter four: elaborates on a novel design of split-ring resonator-based RFID tag antennas.

First tag antenna with regular ground plane and second tag antenna integrated with PBG
structure to enhance the gain. Parametric study is also illustrated for various antenna parameters.
The performance characteristics in terms of reflection coefficient, gain, resonance frequency and

bandwidth. Finally, a summary on the chapter is reviewed at the end.

Chapter five: summarizing and concluding the entire project, followed by suggesting possible

ideas for future work.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This chapter addresses for the background and the brief history of RFIDs. Then some details on
RFID tag classification and challenges in their antenna design are presented. After that a brief
review of the state of the antenna designs for RFID is provided. Lastly, summary and
conclusions are given by the end of the chapter.

2.2 Background of RFID

A typical RFID system is composed of three different parts, as shown in Figure 2.1. The RFID
tag (transponder), the reader (interrogator), the application software that is needed in order to act
as an interface between the RFID system and its users. The tag carries the ID data, the reader
extract the data from the tag; and the software helps this all happen more smoothly. RFID
technology utilizes radio waves in order to transmit data back and forth between the reader and
the tag. The reader transmits out radio waves, and in return it receives modulated return echoes;
which are processed by the reader. After the tag modulates the electromagnetic wave and
transmits the resulting data back to the reader, it is processed for things such as asset tracking,

security surveillance and managerial purpose.

Digital Radio
———— (Communication Communication
Application Software Reader/Interrogator Tag/Transponder

Figure 2.1: RFID System Block Diagram
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2.3 Brief History of RFID

Although RFID only became known to many in recent years due to the widening of its
applications, the concept of RFID has actually existed decades ago. It can be traced back to as
early as a round the World War Il era. Listed below, in chronological order are significant events
that led up the RFID of today [6-8]:

e In 1935, Sir Robert Alexander Watson-Watt led to the development of an *
Identify Friend or Foe (IFF) ” system using radar. The IFF system was used in
World War 11 to detect and differentiate between friendly and enemy aircraft.
Friendly aircraft would transmit a signal back upon receiving signal from a ground
radar station for identification. This radar concept is very closely related to the
RFID concept.

e In the 1960s, Electronic Article Surveillance (EAS) systems were developed and
commercialized for merchandize anti-theft purposes. EAS tags are 1-bit tags that
can be in either “on” or off” state. When attached merchandize, they can indicate
whether an item of merchandize has been legitimately sold. A deactivated (“off”
state) EAS tag can pass through EAS tag reader without triggering an alarm.

e In the 1970s, more development work on RFID started to take place. Scientists
from Los Alamos scientific laboratory released their results on their research titled
“Short-Range Radio-Telemetry for Electronic Identification using Modulated
Backscatter”. Developments were aimed at applications such as animal and vehicle
tracking.

e In the 1980s, full implementation of RFID systems for various applications took
place. Due to the advancement complementary metal oxide-semiconductor
(CMOS) integrated circuit technology, smaller RFID tags with more functionality
were able to be produced. The RFID tags at that time were made of combination of
(CMOS) circuits and discrete component.

e In the 1990s, further advancement of technology allowed RFID tags consisting a
single (CMOS) integrated circuit and without discrete component to be produced.

e In 1999, an organization called the Auto ID-Center at Massachusetts Institute of
technology was established. The organization introduced the vision and idea using
RFID to track and identify every object in supply chain down to an item level. To

allow this, the cost of the tag should be minimal. Hence, the concept of each tag

11



having a unique 1D called the Electronic Product Code (EPC) stored in the RFID
integrated circuit or chip of the tag was introduce. Instead of requiring a large
memory to store huge amount of data related to an object, the tag chip is only
required to have enough memory to store the EPC, which point to more
information of a particular object stored elsewhere in the data base.

e In 2003, after much preliminary research and development to achieve its vision,
the Auto-1D Center passed on its work and responsibilities to two newly founded
organizations, the Auto-ID labs and EPC global. The purpose of the Auto-ID labs
is to continue the technical research and development aspects of the RFID
technology, while EPC global aims to develop RFID standards for seamless
global deployment of RFID systems. At the same time, RFID related standards
are also being developed by another organization called International
Organization for Standardization.

2.4 RFID Tag Types and Classification

2.4.1 RFID Tags Types Based on Power Supply
There are three classifications of RFID Tags based on power supplies:

1. Passive tags: It is a simplest form in common use today, an RFID system consists of three
elements, as shown in Figure 2.2 [9]. The RFID tag element consists of an antenna
integrated with a microchip. The RFID reader antenna transmits an electromagnetic RF
signal. This signal is received by the RFID tag via the tags antenna. The energy in the
received signal provides the power to the tag that allows the microchip to operate. This is

referred to as “passive” tag.

This data from the microchip is then added to an RF signal that is reflected by tag back to
the reader through the reader antenna. This process is referred to as passive backscatter.
The reader contains the electronics to receive this signal from tag, extract the RFID tags
code from the signal, and return it to its digital form, and provide that returned code to a

host computer.

12



Device made up of
an electronic circuit

Antenna

—>
<=

Receives and
transmits the

Reader

Communicates with
the tag via antenna

Host Computer

Reads/writes data
from/to the tags

and an integrated electromagnetic = Receives through the reader
antenna waves commands from = Stores and

=  RF used to transfer = One or more application evaluates obtained
data between the antennae software data
tag and the antenna attached to a = |nterprets radio = Links the
Portable memory reader waves into digital transceiver to
Read-only or information applications
read/write = Provides power

»  Hundreds of tag supply to passive
styles available tags

Figure 2.2: Component of passive RFID system.

Passive tag systems are reader talk first. The tags are mute until a signal is received
from a reader. Also, one reader at a time can energize a passive tag; if more than one

reader tries to light up a passive tag a collision known as “reader collision™ occurs.

In terms of cost, passive RFID tags range from $0.25 up to $10.00 depending on
functionality, packaging, and application. The price of passive RFID tags is highly
dependent on the volume of tags ordered . Lower volumes will generally lead to

much higher per tag prices.

In a common application of RFID technology today, RFID tag are combined into an
adhesive label that can be applied to packaging for products in the consumer

packaged goods supply chain.

Active tags: it is more advanced tags that also available. These tags may include
small batteries. These “active” tags, as depicted in Figure 2.3[9], allow them to
broadcast a stronger signal that can be received at greater distances than the
“passive” tags powered only by the signal received from the reader/antenna system.
A key differentiator between active and passive tags is the style of communications.
An active tags talks first, since the tag is not depending on a reader to be energized,

and because signal processing technology is so powerful, active tags can be read at
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much greater ranges than passive tags. Active tags can also be used for positioning

determining the XYZ location of tag through a process of triangulation.

Tags Host Computer
o8
* Device made up of an * Listens for tags * Reads data from
electronic circuit, beaconing the tags through
battery and an * Receives the reader
integrated antenna commands from * Stores and
* RF used to transfer application evaluates
data between the tag software obtained data
and the antenna * Interprets radio * Coordinates data
* Provisions for waves into digital from many
attaching sensors information readers to provide
* Usually packaged for * Sometimes positioning
extreme conditions combined with information
WiFi base

Figure 2.3: Components of active RFID system.

Since there is a communication channel involved, active tags can be integrated
with sensor devices, such as temperature, location or motion sensor. These devices
can take samples from the sensors, store them, and send them back to the reader
along with the standard beacon signal. Table 2.1 shows the main difference between

the active and passive RFID system.
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Table 2.1.: The comparison between passive and active RFID system.

_ Active RFID Passive RFID

Best Features .

Limiting Features .

Best Use Cases .

Real-time location

Uses existing Wi-Fi network
Reusable tags with replaceable
batteries

Site-wide visibility

Tag cost and size
Battery life — long-term storage
Insufficient Wi-Fi coverage

Large area coverage
High-value or high-impact
assets

Cell-based manufacturing

Low-cost tags
Small tag sizes and formats
Writeable memory

No batteries required

Read range

“Last seen” knowledge
Chokepoint location
restraints

High volume of assets
Lower costs assets
Continuous flow, narrow
movement patterns

e Highly variable movement e Supply chain operations

patterns

3. Semi-active tags: these tags are akin to passive tags in that they are reader talk first.
A battery is present through for one of two reasons. Either it is providing a boost for
the tag, allowing it to be read and respond in difficult RF environments, or it is used
to power a sensor. Such sensors can collect data even when the tag is read. This
much slower read process than standard tag reading. The battery and sensor portions

of semi-active tags can drive costs into $5.00-$10.00 range .

The difference between the previous three tags is classified in the Table 2.2.
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Table 2.2: The major difference between the kinds of RFID tags.

Tags and Features | Passive Tag Active Tag Semi-Active Tag

Internal power NO Yes Yes

source.

Signal by Yes No Yes

backscattering the

carrier wave from

the reader

Response Weaker Stronger Stronger

Size Small Big Medium

Cost Less expensive More expensive | Less

Range 10 centimetersto | Hundreds of Hundreds of
few meters meters meters

Sensors No Yes Yes

2.4.2 RFID Tags Operating Frequencies

RFID systems are designed to operate with low frequency (LF) up to Super high frequency
(SHF). The communication between the tag antenna and the reader is determined by knowing the
frequency operation band for the RFID systems. Identifying a vehicle and accessing parking lot
are just a few of the wide range using of Low Frequency RFID [10]. Meanwhile, the few of
primary implementation of high frequency systems are contact-less smart cards, credit cards,
passports and access control systems. UHF RFID system can be used for various implementation
from supply chain to inventory management to product tackling. The read rang of this system
extends up to 10 meters which is considered a quite large. The unlicensed industrial scientific
and medical (ISM) and short range devices (SRD) frequency bands that are used for RFID are

illustrated in Table 2.3.
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Table 2.3: RFID system characteristics.

Frequency Data & Read Typical Strenths /
Bands Speed Range Usages Challenges
Low Frequency Low read speed Very Access control Low tag costs
(LF): 125-134 | Small amounts of short Animal tagging Small read range
KHz data inches Inventory control | SMall data amounts
Car immobillizer | -0 dataranster
speed
High Frequency |  Medium read Short to med: | Smart cards Sufficient data
amounts
(HF): 13.553 - speed 110 3 feet Item or case
Most standards in
13.567 MHz Small to med Level tagging lace
amounts of data
Less suseptiple to
interferance
Ultra High Good data speed Long range Active tags Read speed and
Frequency Medium to large 50 - 300 Container seals range
; : Costs
(UHF): 433 MHz amounts of data Feet Container tracking
for DLA Potential
interference with
certain devices
Better read range
Ultra High High read speed Medium: Pallet or case High tag costs
. High data transf
Frequency Small to med 21010 Level tagging 1oh data transter
speed
amounts of data feet SENTRI/MEXUS

(UHF): 860-960

MHz

More suseptible to

interfernces
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2.4.3 RFID tags classes

The Auto ID center has classified the UHF RFID tags according to the way they operate
Table 2.4 shows these classifications. They are divided into 6 classes as stated below [11, 12]:

Class 0: UHF read only programmed passive tag that used in order to communicate to the

reader.s

e Class 1: a passive read only backscatter tag with one time field programmable.

e Class 2: a passive read write tags that can be written to any point in the supply chain.

e Class 3: a semi passive backscatter tag with read write memory.

e Class 4: read write active tags with integrated transmitters, can communcate with other
tags or readers.

e Class 5: similar to class 4 tags but with additional functionality: can provide power to

other tags and communicate with other devices than readers.

Table 2.4: The classification of RFID classes according to some features.

Class 0 Class 1 Class 2 Class 3 Class 4 Class 5

Factory User- Active

Description programmed programmed Read-write  Semi-passive Active autonomous

read-only tag read-only tag passive tag read-write tag read-write tag read-write tag
Passive/active Passive Passive Passive Semi-passive Active Active
Read/write  Read-only Read-only Read-write Read-write Read-write Read-write
Transmission : :
refiability Low Low Low High High High
Lithium/ Lithium/  Various types
Sattery No No No manganese  manganese possible
Life span High High Short High High High
Commun- :
ication range Low Low High Mid High High
Wireless mesh
fietwrork No No No No No Yes
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2.5 RFID Tag Antenna Design Considerations
2.5.1 Antenna Size and Shape

Small tag antenna size is better and more reliable to use in our life because it can be embedded
and attached to objects like cardboard boxes, airline baggage strips, and the alike. Increasing
antenna gain requires larger tags. Evidently, tag size and gain should be compromised.

The antenna size depends on the length and width of the metamaterial SRR and on the
wavelength of the operating frequency. Typically, antenna sizes are approximately one-fourth
wavelengths of the lowest operating frequency .

Antenna complex impedance depends on the size and shape of the antenna. Among different
possible antenna shapes, a C-shape was chosen considering that we can use it to miniaturize the

size of the tag antenna. Hence, adjusting the impedance by changing the shape is more advisable.

To attain a conjugate match an inductive antenna requires the resistive-capacitive behavior of the
ASIC's impedance. Due to the limitation of size the matching network impedance must be
embedded within the antenna for impedance modification. The changes in various antenna
parameters regarding length and area might perform amendments of inductive-resistive

characteristics.

2.5.2 Bandwidth

Bandwidth is one of the basic characteristics of the UHF RFID technology. The bandwidth can
be considered to be the range of frequencies, on either side of a center frequency, where the
antenna characteristics (such as input impedance, radiation pattern, beam width, side lobe level,
beam direction, radiation efficiency) are within an acceptable value of those at the center

frequency.

The bandwidth could be related to the antenna band. In fact, this is the case of small antennas
where a fundamental limit is related to its bandwidth, and its efficiency. Antenna bandwidth can

be defined in various ways.
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e Ratio bandwidth (BW,.) [13, 14]: is defined in Equation 2.1 as:

_Mu
BW, =% (2.1)

Where £, and f; are the upper and lower frequency of the band, respectively.

e Percentage bandwidth (WB,): it is related on the ratio bandwidth as
in Equation 2.2 [13, 14]:

fu = Ji fu = fi
BW, =100 =200 % 2.2
Where f. = % ; f. is the center frequency

2.5.3 Radiation Pattern

The radiation pattern refers to the directional dependence of the strength of the radio waves from
antenna. there are two types of radiation patterns in each antenna which are: E-plane and

H-plane.

Energy of antenna is not radiated equally in all directions. The radiation power pattern is the
power density variations along a constant radius. An accurate measurement of the radiation

pattern is only possible if the matching loss between antenna and chip is kept constant.
The antennas field regions are classified as the following [13, 14].

a) Reactive near field region: the region immediately surrounding the antenna where the

reactive field (stored energy ) is dominant.
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b) Near field (Fresnel) region: the region between the refractive near field and the far field
where the field distribution is dependent on the distance from the antenna.

c) Far field (Fraunhofer) region: the region farthest away from the antenna where the field
distribution is independent of the distance from the antenna.

Radiating Near-Field
(Fresnel) region

Reactive
Near-Field

‘ar-Field
(Fraunhofer) region

Antenna

Figure 2.4: Fields regions around an antenna [13, 14].

The variation in distance from the reactive near field to the far field, cause changes in antenna’s

amplitude and phase patterns.

2.5.4 Directivity and Gain

The directive gain is defined as the ratio of radiation intensity due to the test antenna to the
isotropic antenna. As demonstrated in Equation 2.3, the directivity of a non isotropic source is

equivalent to the ratio of its radiation intensity in a given direction [13]:

_ AU

D =
2)

(2.3)

S|l

Where the directivity of the antenna is represented by D; U represents the radiation intensity of
the antenna; U; represents the radiation intensity of the isotropic antenna; and B. is the total

power radiated in watts.
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Meanwhile, gain, is a key performance number which combines the antenna directivity and the
electrical efficiency. It defined as the ratio of the power produced by the antenna from a far field
source to the power produced by an isotropic antenna.

An isotropic antenna radiates the same intensity of power in all direction, while a directive
antenna radiates greater power in specific directions. Even though the antenna gain is measures
the efficiency and the directional capabilities of an antenna. The directivity is a measurement in
which only focuses to the property of antenna directionality. Particularly; the directivity of an
antenna is always larger than that of its gain[13, 14], As shown in Equation 2.4:

A 4T A
G = Zeff = €.q —ghys = €. D (24)
A /4 A
Y
A
et = 7 (2.5)
Aphys

Where e.; the radiation efficiency factor of the antenna, A.¢ is tha antenna aperture, A, is

the physical aperture, D is the directivity, and G is the gain.

In national UHF regulations, radiated power is defined with different terms in the different

countries. The two most common terms are EIRP and ERP.

EIRP (Equivalent Isotropic Radiated Power) mainly used in the US. Figure 2.5 shows how a

directive antenna related to an isotropic antenna.

ERP (Effective Radiated Power) mainly used in Europe. Equation 2.5 shows the relationship
between EIRP and the ERP [13, 14]:

EIRP (dB) = ERP (dB) + 2.15 (2.6)
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same peak power at center of beam

isotropic radiator with
same peak power as
actual radiator -

EIRP = total radiated power

of isotropic radiator EIRP >> actual power

if G >>1

Figure 2.5: Definition of effective isotropic radiated power.

2.5.5 Impedance Matching

The goal of the tag antenna designer is to design an antenna that could increase the maximum
detection range which is one of the performance characteristics of RFID system. A proper
impedance matching between the antenna and the chip directly affects the performance

characteristics of RFID system.

An RFID tag consists of a chip and an antenna. Depending on the match and mismatch between
the chip and antenna impedance, power is absorbed or reflected by the tag. Thus to realize
modulated backscattering the chip changes its input impedance to reach reflection of the RF
power received from the reader. This is achieved by with a shunt transistor that is implemented

in the tag chip.

The matching of tag antenna and chip strongly influence the communication performance
between reader and tag. Since the input impedance of a chip cannot be chosen arbitrary due to
technology limits, the antenna has to be designed to match the chips impedance. It is found that

for a given tag chip; there exists two distinct optimum antenna impedances.

One maximizes the power available for the chip’s internal circuitry this means power
optimization of the forward link, and one maximizes the signal that is radiated towards the reader

this means power optimization of the return link.
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In RFID tags, there is usually a direct connection between the antenna and the chip, as
demonstrated in Figure 2.7, whereZ, = R, + jX, is the complex antenna impedance and

Z. =R, + jX_ is the complex chip (load) impedance.

Zq

6/ Antenna Z, Chip

)

Figure 2.6: The Equivalent Circuit of an RFID Tag.

Frequency and input power vary depending on the different values of the complex impedance of
the tag chip because it considers as a nonlinear load. The threshold is defined as a minimum
voltage required starting the tag chip. The details of the chip's RF front end and the energy
consumed by the specific chip [15] gauge the dependence the input impedance on the input
power. The chip's parasitic and packaging effects identify the dependence of the impedance on

the frequency.

The variation of the chip's impedance with power and frequency may be affected the
performance of the tag. Attaining an excellent conjugate between an antenna and a tag chip is
minimizing the power in need for the chip function in order to enhance the read range of the tag.
Whenever the tag is in a proximity to the reader, the tag continuously operates because of the

higher power incident on the tag.

the amount of power ( P.) which the chip can absorb from the antenna is exhibited in

Equation 2.6 [16]:

P =Pzt (2.7)

Where P, is the antenna’s maximum power and 7 is the Power Transmission Coefficient (PTC).
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Equation 2.7 illustrates the power transmission coefficient (z) [17] :

4R.R,

T=—o7"—,
|Z, + Z,|?

0<t<1 (2.8)

The power transmission coefficient (z) is used to define the degree of impedance matching
between IC chip and antenna.

Resonance of
Antenna

' | .
. antenna with - —i f i 'j
e 50 Ohm load | ;SRR A
] | | /1% Ra
® i ! i
- ] ! i
E L x X " "._;
b | R 1A Re
= !
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Peak range ’ Tag
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(]
o
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o

____________________ Range
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Figure 2.7: Antenna Impedance, Chip Impedance and Range versus Frequency for a
Typical RFID Tag [16].

Figure 2.7 shows the behavior of the antenna and the chip impedance and the read range as a
function of frequency for a regular RFID tag, the tag resonance is at the peak range (f;).
Generally, the frequency of the best impedance matching between IC chip and antenna defines as

tag resonance which is identified by T (Equation 2.8) with the frequency dependence dominated.

The antenna self-resonance and the resonant frequency of a 50 Ohm loaded antenna are not the

same as tag resonance.
The power wave reflection coefficient (S;;) is a parameter that describes how much of an

electromagnetic wave is reflected by an impedance mismatch in a transmission medium, which
exhibited [18] in Equation 2.9:
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_Za_Z:
CZ,+ 7

S (2.9)

Reducing the power reflection coefficient |S;;|?> as in Equation 2.9 is recommended [19] to

attain the most suitable match between the antenna and the IC chip:

Z, - 72"

1S111% = -
11 Z,+Z;

(2.10)

The power reflection coefficient |S;;|? is the complement of the power transmission coefficient
t (IS4112 =1 —1) and provides what fraction of the maximum power available from the

generator is not delivered to the load.

2.5.6 Read Range

Read range is one of the most important performance parameters of RFID tags. One of the
limitations of read range is maximum distance at which the tag receives enough power to be
turned on and scatter back. The other one is the maximum distance where the scattered signal
can still be detected by the reader. In general, the read range is determined by the former distance

since the reader sensitivity is high enough[19].
Read range for an RFID tag is affected by many factors, including:

e Passive or Active RFID tag antenna.
e RFID frequency: LF, HF or UHF.

e Surrounding materials.

e Type of tag.

e Type of reader.

e Time to read.

e Number of tags being read.

e Density of tags.

The Friis free-space transmission formula is used to compute the power collected by an RFID

antenna as shown in Equation 2.10 [13] :

26



_ P.GG. A

r — m—r)z (2.11)

Where P, represents the transmitted power of the reader, G, is the antenna gain of the reader, G,
is the received gain by tag antenna, A is the wavelength, and r is the distance between the reader
and the tag antenna.

The tag range bandwidth definition is the frequency band in which an acceptable minimum read
range is offered by the tag over that band. The maximum possible read range r if the tag is
perfectly matched to the chip is given in the bellow Equation [13]:

A |PGG T 512
Tmax = 47T Pth ( . )

Where P, is the minimum threshold power required to turn on the chip.

When the antenna is perfectly matched to the chip (r = 1), the maximum read range is possible

as given in Equation 2.12:

_ 1 |PG,G,

=L 213
"Tu | P, (2.13)

2.5.7 Data Rate and Channel Capacity

The data transfer rate is the amount of the digital data that is moved from one place to another in
a given time. Also it can be viewed as the speed of travel of a given amount of data from one
place to another. In general, the greater the bandwidth of a given path, the higher the data
transfer rate. The physical layer of the RFID system uses ASK / PSK backscatter, the minimum
standard data rate for the system is 64 Kbps.
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Channel capacity is the maximum rate at which the data can be transmitted over a given

communication path or channel, and it is divided into two types:
1. Nyquist capacity formula
For an ideal transmission channel of bandwidth W, with no noise.
The maximum bit rate in this case is:

C =2W log, M (2.14)

Where C is the channel capacity in bit/sec, W is the system bandwidth in Hertz and M is

the signal level.
2. Shannon capacity formula
Very famous result due to shannon (1948) states that the maximum possible transmission

rate or capacity of a link of bandwidth W (Hz) and received signal to noise ratio SNR is

C = W log,(1 + SNR) (2.15)

In actual systems the communication quality for data transmission is stated as a probability of bit
error or bit error rate. Theoretically, we can get up to C (bps) with zero error rate. In practice, the
actual bit error rate is always non zero. For any particular type of transmission technique over a

bandwidth W, the bit error rate is a function of the SNR.

To obtain the quantity related to the SNR, the following equation is used.

v () () @19

Where S is the signal power, N is the noise power , E}, is the energy per bit, N, is the noise with

power density, R is the bit rate and W is the bandwidth in hertz.

S/N represent to SNR.
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2.5.8 Deformation

RFID tag antennas are usually designed for flat surface. Recently, modern RFID tag antennas
were printed on low cost substrate. So, attaching these tag antennas to non-flat surfaces could
highly affected the radiation properties causing deformation.

In fact, the antenna resonates at a different frequency because of impedance mismatch and
de-tuning, which caused by the distortion of the geometry of an antenna.

2.5.9 Fabrication Material and Process

To design a printed antenna there is a need to carefully know the two requirements that the
design need : a substrate like polytetrafluoroethylene PTFE and a material with high conductivity
as copper.

The substrate has three main parameters which are permittivity (e,), loss tangent (tan §), and the
thickness. The effective wavelength is reduced with the use of any dielectric constant substrate.
Furthermore, the resonance frequency will be lower and narrow bandwidth. The operating
bandwidth will increase and the radiation power will reduce when the loss tangent of the

substrate is high, but using high thickness substrates can avoid these effects.

2.5.10 Proximity to Objects

Increasing the radiation resistance of the tag antenna is caused by proximity to conductive
leading object to inefficient power transfer. For a specific object, a tag antenna can be designed

or tuned to achieve optimum performance.

Objects with high loss dielectric constants, such as water and plastic is an object with high loss

dielectric constant leading to tag detuning and radiation efficiency redaction.

29



2.6 Impedance Measurement of RFID Tag Antenna

In comparison with other RFID technologies which use LF and HF band, UHF RFID offers three
advantages: data rate is higher, reading range is longer and material cost is lower. To achieve
maximum power transfer, conjugate matching is compulsory between tag antenna impedance

and tag chip impedance disregarding the different antenna designs .

Antenna simulation software is the most popular tool for antenna design such as high frequency
structure simulation (HFSS), computer simulation technology (CST), there is an empirical
process to design RFID system, i.e. the first step is identifying the specific design requirements
before using the simulation for antenna design. Next, fabricated the prototype, then verification

the simulation results with measurements.

The most important thing in the measurement of RFID tag antenna designs is the accuracy. UHF
RFID is mostly used a symmetrical dipole and the loop antenna structures . These antennas with
virtual ground are fed by a differential input signals. By using a conventional single-ended,
two-port vector network analyzer (VNA), identifying the input impedance of the antenna would

not be accurately obtained.

To measure the input impedance of balanced antenna different methods were proposed, which is
the most common RFID antenna configuration. By utilizing a balun or imaging method, the
impedance of a balanced antenna can be extracted. However, the size of the ground plane and the
characteristic are the most important things which accuracy depends on. The use of measured
S-parameter is proposed as alternative methods to measure the input impedance by connecting

Microstrip lines or coaxial cables as test fixtures [20, 21].

Figure 2.9 shows the model proposed by the palmer for the impedance. The differential and
common mode excitation voltages are represented by Vd and Vc respectively. Antenna feed
terminals are nodes A and B. Z,,Z, and Zc represent the antenna impedances where
typically, Z,=Z, and are positioned between nodes A and B (antenna terminals) and ground,

while Zc is the impedance between A and B.

Zcommon = (Zq//Zy) is the common mode impedance and Zur = Z.//(Z, +Zp) is the

differential mode input impedance.
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Figure 2.8: Two-Port Impedance Model of an Antenna and Feed [22].

The load or symmetrical antenna is considered as a device with three terminals when it is
simulated. In case of a dipole antenna, one arm is connected to node A and the other to node B.
The ground of the transmission lines is the same as the ground feeding the dipole arms. This two
port dipole network connection is shown in Figure 2.9. The network analyzer ports connect to
each arm of the dipole in the shown order. The dipole impedances are also shown in a schematic

manner.

Dipole arm 1

Port 1

Za ;: Zb

P

X ¥

2

J

Ry P ¢
=1
=1
o

Dipole arm 2 |~

Figure 2.9: Schematic Representation of a Dipole Antenna and its Impedances.
A photograph of the proposed jig to measure balances loads is presented by a photograph in
Figure 2.10, while dipole measurement by the jig and exhibiting how to connected it is shown in

Figure 2.11. VNA is evident where each port is connected through test cables to one of the

semi-rigid cables, respectively. The two semi-rigid cables are soldered together on their outer
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conductors, while their inner conductors are partially extended to place the feeding points closer
to the terminals of the antenna under test.

Figure 2.10: Photograph of the Two-Port Measurement jig [23].

— Dipole
Soldered Outer Antenna

Conductors
\ Inner

Semirigid Conductors

VNA VNA Test

Port2 Connectors Coaxial Cables

Figure 2.11: Connections Using the Proposed Two-Port Jig to Measure the Impedance of a Dipoles [22].

The measurement of the antenna is achieved by five steps:

1. The VNA is calibrated at the sub-miniature version A (SMA) connectors by
making use of the supplied standards of the manufacturer.

2. From the short circuit measurement the two semi rigid cables parameters are
determined.
The antenna is placed and its two-port S-parameters are measured.

4. By deem bedding the effect of the semi-rigid coaxial cables from the
S-parameters at the SMA connectors, the antenna S-parameters are obtained.

5. The antenna impedances are derived from the S-parameters.
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Characterization of the semi-rigid cables of the jig is performed during step 2 of the
measurement. To simplify, each cable is considered as a transmission line with attenuation « and
phase delay g. For the measurement of these values, to obtain their complex input reflection
coefficients a short to ground is set at the end of the semi-rigid cables. Sl is obtained from this
phase measurement which is double the electrical length of the cable and also a 180c phase
reversal because of the short placed at both ends, while al , the line attenuation, is obtained when
the measured magnitude (in nepers) of the reflection coefficient is divided by 2.

ABCD-parameters with « and g [24] are obtained by Equation 2.13:

Cosh (a + jB)l Zysinh(a + jp)l

Zisinh(a +jB)l  Cosh (a+ jp)l (2.17)
0

Where Z, is normalized to 1.

The antenna impedances, Zgrr and Zommon » are desirable at this point since the

parameters, Si1, Sz1, S12 and S,, are already known. The following steps were done to come up
with these impedances: First of all, the S-parameters were used to get the ABCD-parameters of

the full measurement.

Next, an isolation of the antenna’s ABCD-parameters is performed. This was performed by
eliminating the effect of the semi-rigid cables from the full measurement, which required the pre
and post-multiplication of the ABCD-parameters of the full measurement with the inverse
ABCD-parameters of the two semi-rigid cables. Then, the obtained antenna ABCD-parameters
are converted into Y-parameters. Thus, by making use of the Y-parameters, the
impedances Z,,Z, and Z, are obtained. Lastly, Equations 2.14 and 2.15 shows the impedances

Zgirr and Zcommon  respectively:

ZC(Za + Zb)
Ty = @ 07 2.18
Wi =7 +Z, +Z, (2.18)
A
a”b (2.19)

Zcommon = m
a

Where Z,,Z, and Z, are the impedance as shown in Figure 2.8.
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2.7  Properties of Metamaterial

2.7.1 Negative Refractive Index

A negative index of refraction is the name for an electromagnetic phenomenon where light rays
are refracted at an interface in the reverse sense to that normally expected. The negative index

metamaterial have negative ¢,, u,., and n . Mathematically, this can be proven as follows:

n=—Jaxh (220)

When ¢, < 0 and i, < 0, Equation 2.16 can be rewritten as:

n= (-1 xe x(-1) Xy (2.21)

n=,/(-1) x/(-1) x /&, X (2.22)

n=jxjx.,¢& XU, (2.23)

Where the complex number j = ,/(—1).

Then,

n=-—J/& XU, (2.24)

Equation 2.24 indicates that a negative radical in refractive index is obtained when e.and u,

have negative values simultaneously.
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2.7.2 Snell's Law with Negative Index of Refraction

Snell’s law of refraction is a formula used to describe the relationship between the angles of
incidence and refraction, and it described as:

nysinf; = n,sind, (2.25)

Where is ny the refractive index of medium 1, n, is the refractive index of medium 2, 6, is the

incident angle, and 6,is the refraction angle.

According to Snell’s law, if medium 1 and medium 2 are conventional materials with n; > 0 and
n, > 0, respectively, the refracted ray will be bent in positive angle (6, > 0) away from the line
normal to interface NN’. But if the refractive index of medium 2 is less than zero (n, < 0), the
refracted ray will be bent in an unusual way in a negative angle (8, < 0) away from NN’ as
shown in Figure 2.12. For this reason, left-handed materials are also called negative index
materials.

Figure 2.12: Graphic Illustration for Snell's Law with Negative Refractive Index.
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2.8  Application and Research Areas of Metamaterials

The defense industry and medical equipments like microwave imaging to detect cancers or
tumors used metamaterial antennas. The power radiation, directivity, and bandwidth efficiency
performance characteristics are improved when Incorporation of metamaterial with antennas,
especially for small spaces or platforms. Besides that, improving filter performance in terms of
compactness, low insertion loss, high return loss, high selectivity, and good out of band rejection
at low costs which are highly demanded characteristics for progress of the current, as well as
future, wireless communication system applications . There is growing interest in perfect lens

with resolution beyond the diffraction limits [25].

2.9 Summary

the previous sections of this chapter talks about the design of RFID tag antenna for metallic
objects within the UHF (860-960) MHz range, history, basic classifications, properties. The most
important performance parameters for tag antenna design are the size and the reading range.
According to Friis free-space transmission formula (Equation 2.13). the read range depends
mainly on the antenna gain (G,) and the threshold power (P;,) of the use RFID chip. The

antenna size is the tradeoff with its gain and bandwidth.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

This chapter presents the methodology of designing tag antennas for metallic application. Firstly,
this chapter shows the designs substrate, which preferred over other materials for several
reasons. Secondly, exhibiting information that’s help in modified SRR based RFID tag antenna.
In addition, how to achieve a good conjugate between the antenna and the 1C chip through using
inductively coupled feed to feed the split ring resonators will it is exhibits a flexible technique to
match the input impedance of antenna and IC chip. Furthermore, it displays the photonic band
gap structures (PBG). Finally, the summary introduced at the end of this Chapter.

Figure 3.1 show the methodology of SRR based UHF RFID antennas with regular ground plane
and PBG ground plane.
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Figure 3.1: Flow chart of split-ring resonator-based tag antenna placed on metallic object.
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3.2  Design Components

3.2.1 Substrate

The most sensitive factor in antenna’s performance is the dielectric constant of the substrate

material, as well as «,..

Several substrate materials are available; their dielectric constant has a wide range, from 1.17 up
to 25. They also are available with loss tangents from 0.0001 to 0.004 [26, 27].

PTFE which is abbreviation for Polytetrafluoroethylene is the most used materials; that is placed
as a separator between the antenna and the reference ground plane for the Microstrip antenna.
PTFE substrate with dielectric constant 2.55 can attenuate more than 95% of the parasitic current
from the reference ground plane and the antenna will maintain approximately always the
maximum power transfer with the 1C chip, avoiding power losses and increasing the efficiency
of the RFID tag. The most important reasons that preferred using PTFE over other materials are:

the ease of processing, dimensional stability, little electrical losses.

3.2.2 Modified Split Ring Resonator Based RFID Tag Antenna

3.2.2.1 Resonator

A resonator is a device that oscillates naturally with greater amplitude at certain frequencies than
at other frequencies.

An LC circuit can be represented as a resonant circuit, it consists of a capacitor and an inductor.
When the inductor and the capacitor are connected together, the resultant circuit can function as
an electrical resonator.

LC circuit can be used in many circuits such as oscillators, filters, tuners, radars, and mixers.
The major objective of the LC circuits are either generating signals at a particular frequency, or

picking out a signal at a particular frequency from a comlex signal.

.
-

Lg v p—

Figure 3.2. An LC circuit
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3.2.2.2 Resonance

Resonace is a phenomenon in which a vibrating system drives another system to oscillate with
greater amplitude at a specific frequency. It occure when capacitive equals inductive reactance
in magnitude, and the frequency at which two reactance hold for specific circuits is named the
resonace frequency of the circuit. LC circuits has a resonance frequency which written as:

f 1
r_4n\/ﬁ (3:1)

Where £, is the resonance frequency, L is the inductance in (henrys), and C is the capacitance in
( farads).

LC circuits can be either series or parallel circuits, for the series resonant circuits, as the
inductance rises the capacitance decreases; the opposite is true in the case of parallel resonant
circuits.
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Figure 3.3. Series and parallel LC resonant circuits.
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3.2.2.3 Conceptual design of split ring resonator

The split ring resonator consists of two metallic rings; either cirular, square or carved on
dielectric substrates and they always have gaps on opposite sides. The SRR is a composite
material that has recevied growing interest in recent years for its use to construct metamaterials.
The size of the SRR’s is much less than the wavelength of an incident electromagnatic wave.
As a result, the effective medium principle is applicable while working with split ring resonators.
Large values of capacitance are produced in the resonators due to the small gaps between the
rings; the capacitance is inversely proportional to the resonace frequency of the rings.

Figure 3.4. circular and square structures of split ring resonators

The SRR operates because while current can not flow around any one ring due to the split separation, the
capacitance between two rings allow the flow of displacement current. SRR’s can be modeled as

LC ciruits in the areas where the inductance arises from the rings.

The design configuration of SRR which fabricated on RF4 printed circuit to enhance the
performance of RFID tag antennas. Some recent works have pointed out that metamaterial based
antennas[28] can have the same characteristics as large printed antennas. The purpose of SRR is
to produce magnatic response in variouse taypes of metamaterial up to 200 terahertz. These
media create the necessary strong magnatic coupling to an applied electromagnatic field, not

otherwise avaliable in conventional materials.
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Figure 3.5. Equivalent circuit model of SRR [29].

Researches have shown that an individual SRR can realize the electromagnatic performances of
SRR’s array. The individual SRR may be modeled by an equivalent electrical circuit as shown in
figure 3.5. The previous circuit can be modeled by an LC circuit. The presence of a magnatic
field H perpendicular the plane supporting the two splits ring, allows the creation of the C,,
capacity at the opening of each ring to allow the ring to conduct and gives rise to current flow.
The current flowing through the rings will enable it to act as an inductor and the dielectric gap
between the rings will lead to mutual capacitance. In addition, each ring resembles a solenoid
that can be represented by an inductance Lm. The space between the two rings will be modeled

by capacity C,, .

To facilitate understanding of the previous circuit, these equations [29] can can be helpful.

Ko S

Lm = W (Lout + Lin) (32)
&, &t
Coap = ODT < (3.3)
Cm:Agong(ZLout‘l'sz_D) (3.4)
2S
1 1
f (3.5)

21 \JL 1y (C + Cyop ) 271 [Ly Cpy
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Where (L,,) is the inductance of each ring, (Cy,, ) is the capacity of the slot ring, (C,,) is the
capacity created between two rings, and (f;) is the resonance frequency. Also with (L,,.) and
(L;,) are the length of the outer and inner ring, (W) is the width of the strip of metal ring, (S) is

the space between the two rings, (D) is the gap, and (A) is the balance constant.

The author of the previous design [29] found that when the value of the gap ( D ) decreases the
resonance frequency will also decrease. He also concluded that the value of the width of the ring
(W) proportionally affects the values of the resonance frequency, the return loss, and the
bandwidth of frequencies.

L:
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Figure 3.6. Equivalent circuit of another individual SRR [30].

The geometry of an individual SRR can be represented in another form as Figure 3.6. It
functions as current sheets while an incident plane wave magnatic field H is penetrating through
it. There are two splits in the outer ring and the inner ring of SRR. The equivalent circuit of this
geometry is also represented in Figure 3.6 which has several inductors called ( L1, L2, L2, L3)
and several capacitors called ( C1, C2, C2, C3).

L1 and L3 represent the self inductors by an integrated sheet, while L2 produced by one
integrated outer and inner current sheet. The total capacitances of SRR consist of two parts, one
part is the coupling capacitance between the outer and the inner rings, while the other part is
produced the electric charges accumulate at the two splits. The coupling capacitance can be

estimated using the following equations [30]:
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Co=[0.06+35x107> (rpy + 73n) ] (3.6)

[0.06 +3.5x107° (1, + 73 )] (3.7)

NI

Coz

Where ( C; ) is the total coupling capacitance of SRR, and (C, ) is the coupling capacitance for
each side of the SRR. ( r,,; ) and (r;,, ) represent the radius of the outer and the inner
circumcircle of the SRR. Because of intense electromagnetic, there is a difficultly of estimating
the capacitances at the outer and inner splits, so they are estimated by corrected the parallel plane
capacitance formula as the following [30]:

3¢ S

Cinner split = D (38)
c _25¢,S
outer split — D (39)

The distributed capacitance C1, C2, and C3 can be determined by using the following
approaches [30]:

Cl = CO + Couter split (3'10)
C2 = CO (311)
C3 = CO + Cinner split (3'12)

The authors of the previous design [30] employ the equivalent circuit model to predict the
resonance frequencies of the SRR. According to the geometry parameters L,W,S,t and D the
author apply the formulas to determine the distributed elements L, L,, L3, Cy, C,, and Cs. They
found that equivalent circuit model can simultaneously predict three resonant frequency points

with high precision, which is extremely important for SRR based metamaterials.

The equivalent circuit model can be advantageous to probe the root of the negative permeability,
especially helpful for engineers to analyze SRR based metamaterials over multiple frequency

bands.
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Figure 3.7. Another antenna structure and it’s principle of operation [31].
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Figure 3.8. Equivalent circuit model for the circular SRR [31].

Figure 3.7 represents UHF RFID tag antenna which has a SRR as radiating part to reduce
antenna size, also by using inductively coupled feeding method we can size obtain wide
bandwidth and utilize simple matching technique to directly attach to a tag chip. The current

flows on the feeding part because the feeding part is much smaller than the wavelength of
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UHF frequency ranges. The current which flows in clockwise directions also is induced on the
radiating part. It is the source to radiate in the freespace.

The capacitance ( Ccoupie ) in the equivalent circuit between the feeding part and the radiating
part is negligible because the distance between two parts is much larger than the area of feeding
and radiating part. Also (M) represents the mutual inductance between the two parts, R,, and
Q,, are the radiation resistance and quality factor of the radiating part at the resonance

frequency, respectively. Lg, is the self inductance of the feeding part.
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Figure 3.9. The proposed design [32]

The paper [32] presents a novel square SRR based UHF RFID tag antenna for metallic objects
which is represented in figure 3.9, the choosing of this antenna is because the ease of fabrication,
and it is an enhancement of the above SRR. It consists of two symmetrical C shaped resonators
with outer strip lines to feed the SRR structures through implementing an inductively coupled

feed approach placed on the top surface of PTFE substrate.

The input impedance of tag antenna can be obtained by selecting a proper length and width of
SRR, which leads to attain an excellent conjugate match between antenna and IC chip.
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A typical antenna occupies a major space of the entire design, so choosing for metamaterial
based antenna will theoretically reduce the size and enhance the performance. The reasons of
choosing SRR structure is to enhance the antenna in the case of size, gain, directivity, and
reflection coefficient.

An impedance matching between tag antenna components could improve the operation power of
the chip. So that, it improves the read range.

The performance of the RFID tag antenna design is analyzed through using available full-wave
electromagnetic simulator, which is designed on low cost PTFE substrate with dielectric constant
of 2.55 (loss tangent 0.001) and thickness equaling 1.5 mm. The compact tag antenna comprises
of two spilt-ring resonator structures mounted to each side of the tag chip. They fed by two
symmetrical C-shaped resonators through implementing an inductively coupled feed approach
placed on the top surface of PTFE substrate as shown in Figure 3.9.

The proposed antenna changes it’s resonance frequency by changing the length (La) and
width (Wa) of the C-shaped split ring resonator, also the gain of the proposed antenna enhanced

when the parameter S reduced from 0.2 mm to 0.1 mm at the same resonance frequency.

3.2.3  Photonic Band Gap Structure

A photonic band gap (PBG) is a periodic structure that contain a periodic pattern of circles or
other shapes in the ground plane of the antenna to prevent the propagation of all electromagnetic

waves within a particular frequency band called the band gap.

The surface waves into substrate of the Microstrip antennas are launched when the dielectric
constant of substrate equals to €. > 1. It causes serious problems in the antenna such as: limit

bandwidth, reducing antenna gain and efficiency.

Impressive progress in the new and emerging area of PBG engineering in recent years has the

potential to provide a simple and effective solution to the problems of surface and leaky waves.

PBG structure has many benefits, such as: improved the antenna efficiency, enhanced antenna
gain and it is readily applicable to a wide range of frequencies. It is inexpensive and maintains

the planer nature of the antenna [33].
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3.3 Summary

This chapter introduces the methodology of designing the two tag antennas for metallic objects,
one with regular ground plane and the other with photonic band gap structure. Achieving
matching between the antenna and IC chip depend on modifying the length and width of

antenna.

PBG structures integrated with the main design for increasing the gain through etching a
periodic pattern of circles. The parameters affecting the resonance frequency and the reflection
coefficient which are also been discussed namely: the antenna length (La) and the antenna
width (Wa).
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CHAPTER FOUR

SPLIT-RING RESONATOR-BASED UHF RFID TAG ANTENNAS

4.1  Introduction

This chapter introduces two tag antennas, which are printed split-ring resonator-based antennas
with regular ground plane and photonic bandgap ground plane for metallic objects with the aim
of improving the antenna gain in order to increase the read range. The simulated and measured
expected results are verified that attaining a good conjugate between antenna and IC chip at its
operating frequency of passive UHF RFID tags. Moreover, details of parametric study, simulated
and measured results of the proposed designs.

4.2 SRR-Based Antenna with Regular Ground Plane

4.2.1 Antenna Structure

The proposed split-ring resonator-based RFID tag antenna as represented in Figure 4.1 is
fabricated on low-cost Polytetrafluoroethylene substrate with permittivity of 2.55 (loss tangent
0.001), and thickness equaling 1.5 mm. The compact tag antenna comprises of two spilt-ring
resonator structures mounted to each side of the tag chip, fed by two symmetrical C-shaped
resonators with outer strip lines through implementing an inductively coupled feed approach

with 0.2 mm coupling distance placed on the top surface of the PTFE substrate.
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Figure 4.1. Geometry of the presented tag antenna, Sx=84.5, Sy=61.8, D=1.57, W=0.5, S=0.2, G=0.5,
G1=2, La=59, Wa=40.6 (unit: mm).

Figure 4.2. Geometry of the presented tag antenna on CST program.

The terminals of the IC chip are connected directly to the midpoint of the symmetrical C-shaped
resonators by adding the outer strip lines. Meantime the performance of reflection coefficient
will enhance by attaining a conjugate between tag antenna and tag chip. The appropriate figures
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of geometrical parameters are obtained by tuning the La and Wa of SRR structure from

optimizing simulation to get the best quality for the design at its operating frequency.

4.2.2 Parametric Study

The performance of the RFID tag antenna design such as reflection coefficient, input impedance,
read range and the gain of the tag antenna was analyzed through using CST, these performance
were tuned by placing the RFID tag antenna on a square perfect electrical conductor (PEC) of
200 mm side length, tag chip of kind Murata RFIDMAGICSTRAP LXMS31ACNA-011 used in
the project. The input resistance and reactance of the IC chip is usually designed with low real
part and high imaginary part (25-j200 Q) at its operating frequency 915 MHz.

The length and width of SRR tag antenna are the most parameters that have large effect on the
resonance frequency and on the reflection coefficient as exhibited in Table 4.1. The simulation
results show that the main factor used to keep the design operating at the RFID standards is by
tuning La and Wa. These parameters are also used to enhance the performance of reflection

coefficient.

Table 4.1. Simulated results of various values of La and Wa.

Attempt La Wa reflection resonance
Number (mm) (mm) coefficient (dB) | frequency(GHz)
1 56 40.2 - 20.764 0.941
2 58 40.2 - 20.728 0.928
3 58 41.2 -21.27 0.915
4 58 414 - 18.987 0.913
5 59 40.6 - 24.312 0.917
6 59 40.8 -19.44 0.915
7 59 41 - 27.692 0.912
8 60 40 - 23.983 0.919
9 60 40.2 - 32.946 0.916
10 60 40.4 - 19.766 0.913
11 61 40 -21.914 0.913
12 61 40.4 -19.5 0.907
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Figure 4.3. Simulated reflection coefficient with La =59 (mm) and Wa = 40.6 (mm).
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Figure 4.4. Simulated bandwidth with La = 59 (mm) and Wa = 40.6 (mm).

4.2.3 Simulation and Measurement Results

The measurement is performed using the Differential Probe Method, which connects to a
37347D network analyzer from the first side and is soldered to the fabricated design from the

second side.
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Soldered Outer

/ Conductors

Open-Ended Center
Conductors

Figure 4.5.(a) Semirigid coaxial cables (b) Open ended center conductor of semirigid coaxial cables (c)
Examination the antenna using VNA.

A metallic plane can be used to enhance the antenna performance slightly by increasing the size
of the metallic surface. Figure 4.6 and Figure 4.7 shows the far-field gain at different sizes of

metal plate.

Farfield Gain Abs (Phi=0)

farfield (f=0.917) [1]

Frequency = 0.917
Main lobe magnitude =  -2.25 dB
180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 76.5 deg.
Theta / Degree vs. dB Side lobe level = -19.1 dB

Figure 4.6. Simulated far-field radiation pattern at 917 MHz for designed tag antenna with regular ground

plane mounted on 200x200 mm? metal plate.
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Farfield Gain Abs (Phi=0)

farfield (F=0.917) [1]

Frequency = 0.917
Main lobe magnitude =  -1.43 dB
180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 67.1 deg.
Theta / Degree vs. dB Side lobe level = -16.9 dB

Figure 4.7. Simulated far-field radiation pattern at 917 MHz for designed tag antenna with regular ground

plane mounted on 400x400 mm? metal plate.

Figure 4.8 represents the simulated gain for different metal plates of various sizes. Which clearly
obtained that the gain performance enhanced when the ground surface size increased above

200x200 mm?.

—— X=200
—&— X=100

0.91 0.911 0.912 0.913 0.914 0.915 0.916 0.917 0.918 0.919 0.92
Frequency / GHz

] Schematic Tables\1D Results\Gain (d8) (£

Figure 4.8. Simulated gain of the proposed design with regular ground plane placed on various metal
plate sizes.
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Table 4.2. Theoretical maximum read range of the proposed design with regular ground plane.

Condition Simulated Maximum Gain | Calculated Reading Range (m)
(dB) @ 917 MHz
200x200 mm?metal plate -2.25 0.51
400x400 mm?metal plate -1.43 0.56

The maximum theoretical read range is calculated using equation 2.12 which called Friis free

space formula as:

1 |P.G,G,

Where:
P, is the transmitter (reader) power =20 dBm=0.1 W.
G, is the transmitter (reader) gain = 0.1 dB = 1.0233.
G, is the design tag antenna gain.
P,;, is the power threshold of the chip = - 8 dBm = 0.00015849 W.

A is the antenna wavelength.

A
— =0.026037748 (m).
4m

The proposed antenna feature a lower read range because of the high threshold power required to

turn on the MURATA chip ( - 8 dBm ), the read range can be improved depending on the chip

that is used.

The channel capacity of SRR based tag antenna with regular ground plane can be calculated
using equation 2.14, 2.15, and 2.16 which are explained in chapter 2 section 2.5.7. Table 4.3

shows the channel capacity and SNR of the system using regular ground plane.

As shown in figure 4.3 the bandwidth of the system is 918.76 — 915.84 = 2.92 MHz.
The ideal channel capacity can be calculated using Nyquist capacity formula ( equation 2.14 )

that assumes no noise, by assuming that the system used 4 — Level ASK
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C=2W log, M =2(2.92* 10°) log, 4 = 11.68 Mbps
In practice, the actual bit error rate is always non zero. So the system is exhibited noise, the
channel capacity in this case can be calculated using Shannon capacity formula ( equation 2.15 )

and equation 2.16 is also used to calculate the signal to noise ratio (SNR).

Table 4.3 calculated the channel capacity in the case that assumes noise with BER = 10~° and

. E .
the corresponding N—b equal to 14.5 dB in the case of 4 — Level ASK.

Table 4.3. channel capacity of various data rate in the case of assuming noise.

Data Rate SNR Channel capacity

(Mbps) (Mbps)
0.064 0.6177 2.026
0.320 3.0886 5.93
0.640 6.177 8.30
0.960 9.266 9.811

1.28 12.355 10.918
1.6 15.44 11.79

4.3 SRR-Based Tag Antenna with PBG Ground Plane

4.3.1 Antenna Structure

Through etching a periodic pattern of circles in the ground plane of tag antenna can be formed a
simple PBG structure. Various values of the circular slots diameter and the dimention between
the circles slots shows the effect of these prameters on the operating frequency and the gain of
the design as shown in Table 4.4. The simulation shows that using PBG effect on the resonance
frequency but there is no noticeable effect on the gain. So using a periodic of pattern circles to
form PBG has no noticeable benefit in this project, maybe different forms rather than circles in

the ground of the tag antenna may be useful to enhance the gain.
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Table 4.4, Simulated results of various values of circular slot diameter and dimension between two

circular slots when La = 59 (mm) and Wa = 40.6 (mm).

Attempt Circular Slot Dimension between | Operating Gain
Number Diameter two circular slots Frequency (dB)
R (mm) D (mm) (GH2)

1 3 0.2 0.918 -2.27
2 4 0.2 0.917 -2.27
3 5) 0.2 0.916 -2.27
4 5) 0.8 0.917 -2.26
) 5) 1 0.918 -2.24
6 5 1.5 0.919 -2.25
7 5 2 0.916 -2.24
8 5 2.2 0.941
9 5 25 0.922 -2.44

(a) (b)
Figure 4.9. (a) The desigened antenna (b) Backside of PBG design.
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Table 4.5. Simulated gain for the two desgin @ 917MHz.

Condition

Simulated maximum gain (dB)

@ 917 MHz with regular ground

Simulated maximum gain (dB)

@ 917 MHz with photonic

plane bandgap ground plane
200x200 mm?metal plate - 225 - 227
400x400 mm?metal plate - 143 - 144

4.4  Method to enhance the gain for the proposed antenna

As seen in table 4.2 the SRR based tag antenna with regular ground plane has a low value of
gain. This gain is achieved when La = 59 (mm), Wa = 40.6 (mm) and S = 0.2 (mm). where the

parameter S is represented in Figure 3.2 .

After many simulation of various values of parameter S it seems that the gain of the regular
ground plane is improved by reducing the value of S from 0.2 to 0.1. Table 4.6 shows the
operating frequency and gain of various values of the parameter S. Figure 4.15 exhibit the value

of the parameters that used to improve the gain of the regular ground plane

Table 4.6. Simulated gain and resonance frequencies for various values of parameter S on

200x200 mm?metallic plate.

Attempt The value of the Resonance Gain

Number parameter S (mm) Frequency (GHz) (dB)
1 0.10 0.917 - 0.797
2 0.12 0.916 - 0.808
3 0.14 0.915 - 0.813
4 0.15 0.915 -0.778
5 0.16 0.914 - 0.813
6 0.18 0.918 -2.40
7 0.20 0.917 -2.25
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Figure 4.10. improved gain of regular ground plane , Sy=61.8, Sx=84.5, D=1.57, W=0.5, S=0.1, G=0.5,
G1=2, La=59, Wa=40.6 (unit: mm).

S-Parameter [Magnitude in dB]
2 ; ; ; :
ol 5 S1,1 ¢ -16.758404 — S
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0.9 0.905 0.91 0.915 0.92 0.925 0.93 0.935
Frequency | GHz
D Schematic 1D Results\S-Parameters [£]

Figure 4.11. Simulated reflection coefficient with La= 59 (mm), Wa= 40.6 (mm) and S= 0.1 (mm).
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Figure 4.12. Simulated bandwidth with La= 59 (mm), Wa= 40.6 (mm) and S= 0.1 (mm).

Farfield Gain Abs (Phi=0)

farfield (f=0.917) [1]
Frequency = 0.917

Main lobe magnitude = -0.797 dB
180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 76.3 deg.
Side lobe level = -19.1 dB

Theta / Degree vs. dB

Figure 4.13. Simulated far-field radiation pattern with S = 0.10 (mm) at 917 MHz for designed tag

antenna with regular ground plane mounted on 200x200 mm? metal plate.
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Farfield Gain Abs (Phi=0)

farfield (f=0.917) [1]

Frequency = 0.917
Main lobe magnitude =  0.0563 dB

180 Main lobe direction = 0.0 deg.
Angular width (3 dB) = 66.7 deg.
Theta / Degree vs. dB Side lobe level = -17.0 dB

Figure 4.14. Simulated far-field radiation pattern with S = 0.10 (mm) at 917 MHz for designed tag

antenna with regular ground plane mounted on 400x400 mm? metal plate.

Table 4.7. Simulated gain for the antenna @ 917 MHz when S = 0.10 mm.

Condition Simulated Maximum Gain Calculated Reading Range
(dB) @ 915 MHz (m)
200x200 mm?metal plate -0.797 0.6
400x400 mm?metal plate 0.0563 0.66

As shown in figure 4.16 the bandwidth of the system is 917.96 — 915.73 = 2.23 MHz.
The ideal channel capacity can be calculated using Nyquist capacity formula ( equation 2.14 )

that assumes no noise, by assuming that the system used 4 — Level ASK

C=2W log, M =2(223* 10°) log,4 = 8.92 Mbps
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In practice, the actual bit error rate is always non zero. So the system is exhibited noise, the

channel capacity in this case can be calculated using Shannon capacity formula ( equation 2.15 )

and ( equation 2.16 ) is also used to calculate the signal to noise ratio (SNR).

Table 4.8 calculated the channel capacity in the case that assumes noise with BER = 107° and

. E .
the corresponding N—b equal to 14.5 dB in the case of 4 — Level ASK.

Table 4.8. channel capacity of various data rate in the case of assuming noise with S =0.10 mm.

Data Rate SNR Channel capacity
(Mbps) (Mbps)
0.064 0.8088 1.906
0.320 4.044 5.206
0.640 8.088 7.1
0.960 12.133 8.285
1.28 16.177 9.148
Table 4.9. Simulated gain for the proposed antennas
Condition Gain (dB) for SRR | Gain (dB) for SRR Percent
based tag antenna based tag antenna of
with regular with regular Enhancement
ground plane with ground plane with
S$=0.2 S=01
@ 917 MHz @ 917 MHz
200x200 mm?metal - 2.25 -0.797 64.57 %
plate
400x400 mm?metal -1.43 0.0563 103.9 %
plate
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Negative gain means that the output is inverted from the input, so if the antenna is radiating in
some direction; its directivity is higher than 1 in that specific direction and less than 1 in other
non radiating directions.

But for gain, the antenna gain could be any value equal or less than its directivity; depends on the
matching and its efficiency, also placing small tag antennas on metallic objects that have higher
conductivity and using the metamaterials based antennas that carry large wavelength
( in this project the wavelength is approximately equal to 33 cm ) could be a reason of having

negative gain.

Table 4.10. percent of reduction of the channel capacity when reducing S from 0.2 mm to 0.1 mm.

Data Rate Channel capacity Channel capacity Percent
(Mpbs) (Mbps) of the (Mbps) of the of
proposed antenna proposed antenna Reduction
@ 917 MHz with @ 917 MHz with
S=0.2mm S=0.1mm
0.064 2.026 1.906 5.923 %
0.320 5.93 5.206 12.210 %
0.640 8.30 7.10 14.457 %
0.960 9.811 8.285 15.553 %

65




The received power of the antenna can be calculated using equaion 2.11, table 4.11 shows the

received power for the proposed antennas at a distance equal to 0.5 m.

Table 4.11. the received power for the proposed antennas @ 0.5 m.

Condition | Gain (dB) Received Gain (dB) Received Percent
for the power (u w) for the power (uw) of
proposed | @ 05mfor | proposed | @ 0.5m for Enhancement
antenna | the proposed | antenna | the proposed of the
with antenna with with antenna with received power
S$=0.2 S$=0.2 S=0.1 S=0.1 @o5m
@ 917 @ 917 MHz @ 917 @ 917 MHz
MHz MHz
200%200
mm?metal -2.25 161.489 - 0.797 225.654 39.7 %
plate
400x400
mm?metal -1.43 195.049 0.0563 274.646 40.8 %
plate

4.5 Summary

Design and simulation of the UHF RFID placed on metallic object is present to be near the
resonant frequency, main part for RFID is the antenna. The main core of transmit and receive the
information is the antenna. The design and simulation of the antenna is given using CST

STUDIO, frequency domain signal are simulated S-parameter and gain in dB.

The project focus on the development of microstrip antenna for RFID tags that placed on a
metallic application object which has a size of ( 84.5x61.8x1.57 mm?), and placed on PTFE
substrate with thickness 1.5 mm . A main task of our investigation will concentrate on studying
the range distance and its effect on the design. To improve the read orientation sensitivity, we
will consider design tags with SRR as well looking into the effect changing for the size of the

metamaterial to minimize the antenna size, improve the gain and enhance the read range.
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Reflection coefficient performance is affected through changing the vital parameters L, and W,
C-shaped resonators. The structure of the tag antenna give a flexible method to attain an
excellent impedance matching between antenna and IC chip to improve the performance of
reflection coefficient, gain and read ranges.

The resonance frequency of the proposed tag antenna shifted when changing the length and
width of SRR, also the reflection coefficient, gain, directivity and read range changed.

The accreditation will be on the frequency equal to 917 MHz when the tag antenna placed on
regular ground plane, and this frequency achieved when the length and width of SRR equal to 59
mm and 40.6 mm respectively, the best gain and read range achieved was — 1.43 dB and 0.56 m

respectively when the tag antenna placed on 400x400 mm?metal plate.

PBG structure is formed by placing any periodic shapes in the ground of the tag antenna, in this
project periodic circles were placed in the ground of the tag antenna. After studying the PBG
structure by trying different values of the diameters of the circles and the distance between these
circles note that the effect be on the resonance frequencies without any improvement on the gain
of the antenna, So trying periodic circles to form PBG did not help to improve the gain, may be

different shapes rather than circles did that.

Finally, the study of some parameters of the tag antenna especially the S- parameter to try to
improve the gain, and it was found that by decreasing the value of S from 0.2 mm to 0.1 mm, the
gain and the read range of the tag antenna enhanced from — 1.43 dB and 0.56 m to 0.0563 dB

and 0.66 m respectively when the tag antenna placed on 400x400 mm?metal plate.
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CHAPTER FIVE

SUMMARY AND DESIGN APPLICATION

5.1 Summary

Modern RFID tag antenna arranged on metallic objects with high gain, little reflection
coefficient, and small size is the most challenging issue. Nowadays, many researchers have used
metamaterials to improve the performance of RFID tag antennas. Some recent works on
metamaterial inspired antennas have pointed out that the metamaterial based antennas are
capable of equally exhibiting similar characteristics seen in large antennas like patch antennas.

Two SRR based tag antenna are presented in chapter four for RFID metallic object applications.
One with regular ground plane and the other with photonic bandgap ground plane, Each antenna
design was etched on PTFE substrate.

The SRR based antenna with regular ground plane achieved equally gain with SRR based
antenna with photonic bandgap plane. The maximum gain and read range of SRR based tag
antenna with regular ground plane is - 1.43 dB and 0.56 m respectively when placed on
400x400 mm? metallic plate and the parameter S = 0.2 mm, while the maximum gain and read
range of SRR based tag antenna with regular ground is 0.0563 dB and 0.66 m respectively when
placed on the same size of metallic plate and the parameter S = 0.1 mm. The read range of the

two designs are obtained by using 20 dBm radiation power of the RFID reader.

5.2  Design Application

The proposed split ring resonator tag antennas with regular ground and PBG ground will be

designed to operate at UHF frequency band with capability to improve their performance.
The SRR based tag antenna in this project can be applied in several applications such as:

a) Transportation sector: where the designed antenna can be placed on the car bodies
especially in municipal parks in order to alleviate the congestion and to order the internal
and external lines of the cars also to ordering the electronic accounting within the car

parks, thus to facilitate the daily life in the communities.
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b) Industry and Commerce: the project can be used to import and export metallic materials,
food cans, medical devices, and gold.

c) Petroleum Engineering sector: the project helps to differentiate between the various
petroleum products and to know the amount and the date of the products, in addition to

knowing the issuers and the importers of the products.

5.3  Future Work
Further work may consider to try applying the proposed design on other metamaterial shape and
application rather than metallic application and concentrating to have higher gain and therefore

higher read range.
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