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ABSTRACT

DESIGN OF A RADIO FREQUENCY IDENTIFICATION
(RFID) ANTENNA:

Kalayci, Sefa
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. M. Tuncay Birand

May 2009, 126 pages

Fundamental features of Radio Frequency Identification (RFID) systems used in
different application areas will be reviewed. Techniques used in realizing RFID
antenna systems will be studied and the procedure to realize a specific RFID
antenna type possessing desired characteristics will be described. Electrical
properties such as radiation pattern, impedance will be predicted using analytical
and/or computer simulation techniques. Experimental investigations will be

carried out to complement the theoretical work.
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Oz

RADYO FREKANSI KIMLiK TANIMLAMA (RFID)
ANTEN TASARIMI

Kalayci, Sefa
Yiiksek Lisans, Elektrik-Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. M. Tuncay Birand

Mayis 2009, 126 sayfa

Cesitli uygulama alanlarinda kullanilan Radyo Frekans Kimlik Tanimlama (Radio
Frequency Identification: RFID) sistemlerinin temel ozellikleri incelenecektir.
RFID anten sistemlerinin gerceklestirilmesinde kullanilan teknikler incelenerek
arzu edilen karakteristiklere sahip bir anten tipinin tasarimma ait silireg
tanimlanacaktir. Antene ait 1s1ma diyagrami, empedans gibi elektriksel
parametreler analitik ve/veya bilgisayar simulasyon teknikleri kullanilarak
kestirilecektir.  Teorik  caligmalar1  tamamlayacak  deneysel ¢alismalar

yiiriitiilecektir.
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Anahtar Kelimeler: RFID Etiketi Anten Tasarimi, UHF Etiketler, 2-Telli
Katlanmis Dipol Anten, 3-Telli Katlanmis Dipol Anten, Empedans Uyumluluk
Teknikleri, T-Uyumluluk, Yakin Mesafe Endiiktif Halka Beslemeli Anten

Sistemleri, Biikiilmiis Cizgi Antenler.
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CHAPTER 1

INTRODUCTION

Radio Frequency IDentification (RFID) transponders have been extensively used
in many services in the industry such as access control, parcel and document
tracking, distribution logistics, automotive systems, and livestock or pet tracking.
In these applications, a wireless communication link is established between a
remote transponder (composed of antenna and integrated circuit (IC)) and an
interrogator (reader). In passive tags, the energy necessary to turn on the
microchip comes from the reader system itself. A backscattering modulation is

accomplished when the chip acts as a switch.

RFID transponders operate in several frequency bands. The specific frequency is
controlled by the radio regulatory organization in each country. The general
frequencies for RFID are 125-134 kHz (LF), 13.56 MHz (HF), 400-960 MHz
(UHF), and 2.45 or 5.8 GHz (Microwave). Although there are other frequencies
used, these are the main ones. In the UHF band, there are two areas of interest,
one around 400 MHz (e.g.433 MHz) and another around 860 — 960 MHz. Each of
the frequency bands has advantages and disadvantages for operation. There exists

no single frequency for every application.

The low frequency (125-134 kHz and 13.56 MHz) transponders operate much
better near water or humans than do the higher frequency transponders. On the

other hand, for passive transponders, the lower frequencies generally have less



range, and they have a slower data transfer rate. High frequency transponders are

used when more information needs to be transferred for longer distances.

The higher frequency ranges (i.e. 868 MHz) have more regulatory controls and
differentiates from country to country. 860-960 MHz RFID frequency range has
also become more and more popular in the previous years since the distortion of
the propagating electromagnetic waves due to reflection, refraction, diffraction
and power absorption by nearby objects and materials is worse at frequencies
higher than UHF (i.e. 2.45 and 5.8 GHz). Environmental conditions that have
negative effects in the overall performance of the RFID tags are less for the UHF
(i.e 868 MHz) than they are for even higher frequencies (i.e. 2.45 and 5.8 GHz).
This is the most important reason why UHF tags are very popular for higher

frequency applications.

Along with the power sensitivity of the chip, the transponder’s antenna plays a
most important role in the overall RFID system performance factors, such as the
overall size, the reading range, and the compatibility with tagged objects. The
design goal is to achieve the inductance input impedance matching, and to

miniaturize the antenna size.

In this thesis, RFID tag antenna design procedures and problems, most used
antenna complex conjugate matching (folded dipoles, T-match, proximity-
coupled loop and nested-slot), and size reduction techniques (meandered-line
structures) for operational bandwidth and gain/radiation pattern/radiation
efficiency are introduced for UHF RFID tags. For each design solution, the roles
of the main geometrical and material parameters over the complex impedance

tuning are investigated.



1.1 Scope and Outline of the Thesis

The main theme of this thesis is to investigate RFID tag antenna design
procedures and problems, most used antenna complex conjugate matching and
size reduction techniques for operational bandwidth and gain/radiation
pattern/radiation efficiency for UHF RFID tags. For each design solution, the
roles of the main geometrical and material parameters over the complex

impedance tuning are investigated.

This thesis can be divided into five main chapters; background, RFID tag antenna
design procedures and problems, folded dipole antenna designs, most used

antenna complex impedance matching techniques and size reduction techniques.

Chapter 2 is a literature survey providing background information about RFID
fundamentals that is necessary for better understanding of the following chapters.
This chapter also discusses the reader-tag relationship from a system point of
view. In addition, different modulation techniques used in an RFID system are

discussed in the first part.

Chapter 3 focuses on the design procedures and problems to be considered
designing an RFID tag antenna. Various antenna design requirements are

discussed in this chapter.

In chapter 4, several passive RFID tag designs are discussed in detail in terms of
RF design for the 915 MHz frequencies because of this increased interest in the
industry. For this purpose, two 2-wire folded dipole and one 3-wire folded dipole

antenna designs are presented.

In chapter 5, most used RFID tag antenna complex conjugate matching (T-match,
proximity-coupled loop and nested-slot) techniques for operational bandwidth

and gain/radiation pattern/radiation efficiency are introduced for UHF RFID tags.



For each design solution, the roles of the main geometrical and material

parameters over the complex impedance tuning are investigated.

Finally, designs and implementations of two meander-line RFID tag antennas
with loading bar and four meander-line RFID tag antennas having unequal turns,
which are examples of size reduction techniques, are presented in chapter 6

followed by the conclusions in chapter 7.



CHAPTER 2

RFID TECHNOLOGY

Chapter 2 will provide brief background material about RFID technology which
is necessary for better understanding of the following chapters. The first section
of the chapter will provide an overview on RFID fundamentals. The second
section will present the history of the RFID technology. The third section will
give general and technical definitions of transponders and interrogators with their
sub-parts. Finally, in the fourth section coupling mechanisms in the RFID system

will be discussed.

2.1 RFID Fundamentals

RFID technology is just one of several technologies known as auto-identification
(Auto-ID) technology which uses radio frequency waves to transfer data between
a reader (transceiver) and a moveable or stationary objects (transponder or tag) to
identify, categorize, and track the objects as they move through a controlled

environment [1].

2.1.1 RFID System Layers

The RFID system consists of two different layers which are physical and
information technology (IT).
Physical layer consists of the followings:

e One or more radio-frequency (RF) tags

e One or more interrogators (readers)



e One or more reader antennas

e Deployment environment

Information technology (IT) consists of the followings:
e Hardware such as computers
e Networks

e Software (device drivers, filters, middleware, and user applications)

The Figure 2.1 shown below provides an overview of the RFID system physical

layer.

{—Data—)

Contactless

RFID reader =—=Clock=) data carrier =

transponder
—=Energy=>

Coupling element

Application (coil, microwave antenna)
—

Figure 2.1 An overview of the RFID system physical layer [1].

The components of the RFID system physical layer in Figure 2.1 can be

explained in the following terminology.

Tag: There are several methods of identifying objects using RFID, but the most
common is to store a serial number that identifies a product and other information
(as required) on a microchip that is attached to an antenna which is literally
defined as RFID tag. RFID tags can be either active or passive depending on their
power supply to the microchip is internally or externally (from the reader). RFID

tags can be read-only or read/write [1].



Antenna: Receives and transmits the electromagnetic waves and converts the
electrical signal to electromagnetic waves and vice versa. There are two types of
antennas in an RFID system. One is resident in the tag while the other is
connected to the reader. When one refers to an antenna, it is meant to be the one

connected to the reader.

Reader: The reader (interrogator) reads data from and writes data to the tag by
means of antenna. When reading, it converts analog signal returned from the
antenna into digital format and when writing, it converts digital data received
from the host computer into analog signal. Reader receives commands from

application software and also provides energy to the passive tags [1].

Deployment environment: A space within which the RFID system is installed. It
includes ambient RF signals present there and the RF reflective and absorbing

objects in the close proximity.

Host Computer: It manages the readers, store and evaluate obtained data.

Network: It helps to transport data and commands.

2.1.2 RFID Information Flow:

RFID information flow from simple tag to the host application can be
summarized as follows [1]:
e First, host manages reader(s) and issues commands.
e Reader and tag communicate using a radio-frequency (RF) signal.
= Carrier signal is generated by the reader (on request from the host
application).
= Carrier signal is sent out from the reader antenna(s).
= Carrier signal hit tag(s).
= Tag receives and modifies carrier signal and reflects back the

modulated signal.



= Reader antenna(s) receive the modulated signal and sent them to
the reader.
e Reader decodes the signal into digital data.
e Digital data is returned to the host application. Data may be filtered and
aggregated before being sent to the host application.

2.1.3 Other Auto-ID Technologies:

Other Auto-ID technologies include [1]:

e Barcode (uniform product codes)

e Optical character recognition (OCR)

e Magnetic ink character recognition (MICR)

e Magnetic strip

e Biometrics (such as retinal scans, fingerprints, etc)

e Voice recognition

RFID and barcode are two different technologies and have different applications,
which many times overlap. RFID technology has brought many advantages over
the existing barcode technology. The big difference between the two is barcode is
a line-of-sight technology. Since RFID tags don’t need to be line-of-sight like
optical barcode technology, its popularity and demand has increased. In addition,
barcode can only recognize a single item at a time, whereas RFID can read
multiple items. Furthermore, RFID tags can be embedded in an item rather than
the physical exposure requirement of barcodes and can be detected using RF
signal. RF signal generation also enhances the read range for RFID tags.
Barcodes only contain information about the manufacturer or originator of an
item and basic information about the object itself; however, RFID is particularly
useful for applications in which the item must be identified uniquely. RFIDs also

can hold additional functionality which means more bits of information [1].



The Table 2.1 below lists some of the differences between RFID and barcode.

Table 2.1 Some of the differences between RFID and barcode [1].

RFID Barcode

No line of sight required. Line of sight required.

Uniquely identifies items, cases, pallets. | Identifies only item category.

Simultaneous identification. Scans only single item at a time.
Read/Write capability. No write capability.

Can be used in harsher environments. Smudges make it difficult to read.
More data storage capacity. Limited data storage capacity.
Low sensitive to the orientation. Require proper orientation.

More expensive ($0.15+). Cheaper to produce ($0.001).

Require a separate process to create tags | Can be easily printed on boxes

and attach them. during manufacturing.

2.1.4 RFID Technology Applications:

There exists widespread usage of this technology in manufacturing (automotive
systems), supply chain (shipping and receiving, warehousing, inventory
management), pharmaceutical (product authentication), healthcare (patent and
equipment tracking), library and video store, security, cashless payments,
hospitality, amusement park and event management, recall and return
management, document management, transportation management (rail cars and
truck tracking, toll collection, vehicle theft detection and speed tracking),

livestock/pet tracking [1].



2.2 History of RFID

The foundation of RFID technology can be traced back to World War II. The
Germans, Japanese, Americans and British were all using radar- which had been
discovered in 1935 by Scottish physicist Sir Robert Alexander Watson-Watt- to
warn of approaching planes while they were far away; however, it was impossible

to distinguish enemy planes from country’s own ones.

The Germans discovered that by just rolling planes while returning to base
changes the radio signal reflected back which would alert the radar crew on the
ground. The Germans identify their planes by this simple method. The British
developed the first active identify friend or foe (IFF) system by just putting a
transmitter on each British plane which received signals from the aircrafts. This

identified the planes as friendly [2].

An early exploration of the RFID technology came in October 1948 by Harry
Stockman [3]. He stated back at that time that ‘“considerable research and
development work has to be done before the remaining basic problems in
reflected-power communication are solved, and before the field of useful
applications is explored”. His vision flourished until other developments in the
transistor, the integrated circuit, the microprocessor, and the communication

networks took place. RFID had to wait for a while to be realized [4].

Following the WW II from 1950s to 1960s, the progress in radar and RF

communications systems continued (Table 2.2).

The first application field trials initiated in 1960s and the first commercial
product came. Investigating solutions for anti-theft by companies revolutionized
the whole RFID industry. They explored the anti-theft systems that used RF

waves to watch if an item is paid or not. This was the beginning of the 1-bit
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Electronic Article Surveillance (EAS) transponders by Checkpoint, Sensormatic,

and Knogo. This is by far the most commonly used RFID application.

Table 2.2 The milestones in RFID technology [2].

Decade Event

Radar defined and used, major World War II development effort.
RFID invented in 1948

1940 - 1950

1950 - 1960 Early exploration of RFID technology, laboratory experiments.

Development of the theory of RFID.
1960 - 1970 o .
Start of applications field trials.

Explosion of RFID development.
1970 - 1980 Tests of RFID accelerate.
Very early adopter implementations of RFID.

1980 - 1990 Commercial applications of RFID enter mainstream.

Emergence of standards.
1990 - 2000 RFID widely deployed.
RFID becomes a part of everyday life.

The electronic identification of items caught the attention of large companies as
well. In 1970s large companies like RCA, Raytheon (RayTag 1973), and
Fairchild (Electronic identification system 1975, electronic license plate for
motor vehicles 1977) constructed their own RFID units. Thomas Meyers and
Ashley Leigh of Fairchild also built up a passive encoding microwave

transponder in 1978 [4].

By 1980s there were conventional applications all around the world. The RFID
was spreading quickly without any boundaries. In the United States, RFID
technology found itself in transportation (highway tolls) and personnel access

(smart ID cards). In Europe, short-range animal tracking, industrial and business
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systems RFID applications caught the attention of the industry. In 1987, world’s
first commercial application for collecting tolls in Norway, and after in the United

States by the Dallas North Turnpike (1989) were established using RFID
technology.

In 1990s, IBM engineers initiated and patented a UHF RFID system. IBM carried
out early research with Wal-Mart, but this was never commercialized. UHF (860-
960 MHz) offered longer read range and faster data transfer in contrast to the 125
kHz and 13.56 MHz applications. With these achievements, it led the way to the
world’s first open highway electronic tolling system in Oklahoma in 1991. This
was followed by the world’s first combined toll collection and traffic
management system in Houston by the Harris County Toll Road Authority
(1992). In addition to this, GA 400 and Kansas Turnpike Highways were the first
to put into service of multi-protocol tags which allowed two different standards to

be read [2, 4].

Following IBM’s early pilot studies in 1990s with Wal-Mart, UHF RFID’s
popularity enhance in 1999, when the Uniform Code Council, European Article
Number (EAN) International, Procter & Gamble and Gillette teamed up to launch
the Auto-ID Center at the Massachusetts Institute of Technology. This research
paid particular attention on putting a serial number on the tag to keep the price
down using a microchip and an antenna. By storing this information in a
database, tag tracking was finally comprehended in this imposing networking
technology. This was a crucial point in terms of business because now a stronger
communication link between the manufacturers and the business partners was
established. A business partner would now know when a shipment was leaving
the dock at a manufacturing facility or warehouse, and a retailer could

automatically let the manufacturer know when the goods arrived [2].

The Auto-ID Center also developed the two air interface protocols (Class 1 and
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Class 0), the Electronic Product Code (EPC) numbering scheme, and the network
architecture used to inquire about the RFID tag data between 1999 and 2003. The
Uniform Code Council licensed this technology in 2003 and EPCGlobal was born

as a joint venture with EAN International, to commercialize EPC technology.

Today some of the major retailers in the world such as Albertsons, Metro, Target,
Tesco, Wal-Mart, and the U.S. Department of Defense affirmed that they plan to
use EPC technology to track their goods. The pharmaceutical (healthcare), tire
(automotive), defense and other industries are also pushing towards adaptation of
this new technology. EPCGlobal accepted a second generation (Gen-2 ISO
18000-6C ) standard in December 2004. This standard is extensively used in the
RFID world today [2, 5].

2.3 RFID Transponders and Interrogators

The fundamental components of an RFID system were presented in Figure 2.2.
These are primarily a transponder (tag), an interrogator (reader), communication
networks and host computers. In this part, detailed explanation of the transponder

and interrogator sub-parts of the higher level system will be given [1].

2.3.1 Transponder (Tag)

The RFID tag is a device that consists of an electronic circuit (ASIC) and an

antenna integrated into one piece.

IC Antenna

Figure 2.2 RFID Tag picture showing the components.
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2.3.1.1 RFID Tag Components

As shown in Figure 2.2 the RFID tag consists of four components (Chip, antenna,

strap, and substrate)

Application Specific Integrated Circuit (ASIC)

The integrated circuit (IC; chip) is mainly comprised of RF front-end, some basic
signal processing blocks, logic circuitry (algorithm implementation), and memory
for storage (Figure 2.3). These components are crucial for the operational

functionality of the tags [8].

Elements:

* RF Front-end:

The RF front-end generally consists of a simple circuit like resistor-inductor
circuit. The RF front-end is the core interface between the antenna and signal
processing unit. It is responsible of implementing modulators, voltage regulators,

resets and connections to the external antenna.

« Signal Processing:

Signal processing handles the necessary data acquisition from RF front-end.

* Control Logic:

Control logic takes control of functions that include the error and parity/CRC
checkers, data encoders, anti-collision algorithms, controllers, command
decoders. Data encryption and even tamper-proofing hardware can be included in

more complex RFID ICs.
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RFID CIRCUIT BLOCK DIAGRAM
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Figure 2.3 Basic RFID IC block diagram [8].

* EEPROM Storage Memory:

Electrically Erasable and Programmable Read-only Memory (EEPROM) gives
the functionality of tags to be read/write; however, tags that cannot be
programmed use state machines or read-only memories (ROM) to store or
generate the information [1]. Because of the included programmable feature of

EEPROM, it is the memory storage unit in the new Gen 2 RFID standard.

The Antenna

RFID Tag antenna receives and reflects radio-frequency (RF) waves coming from
the reader antenna. Since it is the largest part of the tag, it determines the size of
the tag. Antenna is designed for a particular frequency and customized for the

application.
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The Strap
The strap is made up of an IC and two conducting pads that can be connected to
an antenna to enable high-speed conversion into inlays, labels or packaging

materials.

The Substrate
The Substrate holds IC, strap, and antenna together on the tag and inlays. It may

have adhesive to attach tags to objects.

2.3.1.2 Classification of RFID Tags

Tags can be categorized according to the power source, frequency, functionality
and protocols that they belong to. In this section, tags will be explained in detail

according to these criteria.

2.3.1.2.1 Power Source

Depending on the source of the power, tags are classified as:

e Passive
e Semi-active or semi-passive (also called battery assisted passive tags- BAP or
battery assisted tag - BAT)

e Active
Passive Tags:
The passive tag does not have its own power source (no onboard battery) or a radio
transmitter. It obtains power from the RF waves emitted by the reader. Therefore, it

can communicate only when inside the read zone and is energized by the RF waves.

The passive tag’s read range is limited by the amount of power that can be obtained
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from the RF waves from the reader. Beyond approximately 3-5 m from the reader
antenna, the tag cannot collect enough power to turn on its IC and thus cannot
communicate with the reader. Some of the advantages of the passive tag are small
size, lightweight, inexpensive and longer life (20+ years). These tags, if
manufactured in billions will come down in price from $0.30 to $0.05 in the next
2 years [8]. The disadvantages of passive tags are a lower read range and high power

readers.

Semi-Active (Semi-Passive) Tags:

The semi-active tag has a battery on it but no radio transmitter. The battery powers
its integrated circuit (IC), which helps it to modulate the reflected signal. The
reflected signal is required because the tag does not have a radio transmitter. The
advantage of this type of tag is that you do not need to power the tag from the reader.
Therefore, one can use low-power readers and store more data on the tag. This type
of tag is used to get longer read range (up to 50m) or to couple the tag with
environment sensors such as temperature, pressure, relative humidity, Global
Positioning System (GPS), etc. Since the sensors require continuous power, the
battery is required on the tag. The disadvantages of these tags are higher cost, larger

and heavier tag and limited life due to battery [1].

Active Tags:

Active tags have their own battery and transmitters. This tag communicates at a
longer distance because it is not dependent on a reflected signal. Its communication
distance ranges from 100m to 225m. It has more memory, up to 128Kbytes.
However, the cost is high, the size is larger, and the weight is higher. So, the same
advantages and disadvantages of semi-active tags also apply to the active tag [1]. The
Table 2.3 below provides an overview of the tag parameters and related data for

passive and active tags.
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Table 2.3 Active vs. Passive Tag

Parameters Passive Tags Active Tags
Tag power source RF energy from reader Internal to tag
Tag battery No Yes
Availability of power Only in the RF field of | Continuous
reader
Cost $0.20 to $0.5 $20+
Size Small Limited by battery size
Tag life 20+ years 2 to 5 years
Reader signal strength | High Low
Ranges 10cm to 6m 100m to 225m
Multi-tag reading Few hundred per second | Thousands of tags
with slow moving speed recognized up to 160
kmh
Data Storage Up to 128Kb or read/write | 128 bytes of read/write

with sophisticated search

and access

The Table 2.4 below points out the primary tradeoff between active and passive tags

is range versus cost.

Table 2.4 Active vs. passive tag tradeoffs

Active Passive

e Box, pallet, or container level | e Item, box, or case level tracking
tracking e Low-value assets

e High-value or critical assets e Identification (passports, badges, etc.)

e People tracking (such as patients) | ¢ DVDs, documents, etc.

e Real-time location e Library checkout

e Long-range monitoring e Apparel
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e Area monitoring e Baggage tracking

e Security e Point of sale
e Sensor monitoring ¢ Blood supply, drug packages, etc.
e Vehicles e Livestock, pets, etc.

e Computers, printers, televisions,
camcorders

e Company assets

2.3.1.2.2 RFID Tag Characteristics

As pointed out in the following chapters, tags are designed to operate at different
frequency bands to communicate with the interrogator because of:

e (Government regulatory requirements

e Type of host material (such as metal, water, etc.)

e Read range and speed required

Four frequency bands are used in tag design:
e 125,135 KHz (low frequency - LF)
e 13.56 MHz (high frequency - HF)
e 860-960 MHz (ultra high frequency - UHF)
e 245 and 5.8 GHz (microwave)

Different frequency tags have different characteristics. They behave differently
when tagged to different types of material. The read range varies from a few
centimeters to few meters. Because of government regulations and customer

mandates, certain frequency tag may be selected.
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e Low Frequency Tags: 125 to 134 KHz (LF)

LF tags require a coil antenna with several hundred turns around a ferrite core.
They are expensive to manufacture. Attenuation of water is less compared to high
frequency tags. These tags are first to be used and are still being used for animal
tracking. LF does not penetrate or transmit around metals and LF tags are well
suited for applications requiring reading small amounts of data at slow speeds and

minimal distances.

e High Frequency Tags: 13.56 MHz (HF)

HF tags have simpler antenna design with fewer turns of coil (five to seven turns)
and are therefore thinner and cheaper to manufacture than LF tags. HF like LF is
not affected by water. HF tags are well suited for applications requiring small
read distances or where the tagged objects contain water like pharmaceuticals,
humans, and animals. They have higher data rate than LF and HF readers cost
less than the LF and the UHF readers. HF is used in Smart Cards popular in
Europe and the typical read range of HF tag is about 30-70 cm. HF reader

antennas fill the volume surrounding antenna and are not directional.

e Ultra High Frequency Tags: 860-960 MHz (UHF)

UHF tags have good non-line-of-sight communication (except for “lossy”
materials) capability. They have higher data rate and a typical read range of up to
Sm. UHF reader antennas are directional providing a controlled read zone. This is
the most talked about frequency range for supply chain applications. UHF does
not penetrate water/tissue, UHF readers are more expensive than HF and the
technology is less matured than HF. Also regulations regarding UHF use are
different in different parts of the world. Different countries allow different

frequencies, number of channels, maximum power, and duty cycle.

e Microwave Frequency Tags: 2.45, 5.8 GHz
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Microwave tags also have good non-line-of-sight communication (except for
“lossy” materials) capability. They have higher data rate and a typical read range
of up to 15m. These tags are also effective around metals with tuning/design
adaptations. Microwave reader antennas are directional providing a controlled
read zone. Table 2.5 below summarizes the RFID frequencies and related

applications.

Table 2.5 List of the RFID frequencies and related applications [1]

Frequency | Data and Read Usage Advantages | Disadvantages
band speed range
Low e Low-read | Vey short; ® Access ® Good in o Small range,
frequency speed upto40cm | control environment data and
(LF):125t0 | o Small e Animal with water speed
134 KHz amount of tagging e No anti-
data e Inventory collision
control o Costly tags
o Car
immobilizer
High e Medium- | Short to e Smart Cards | e Sufficient Poor in metal
frequency read medium; 30 | eltem or Case | data amount | environment
(HF): speed cm to Im level o Most
13.553 to ¢ Small/me tagging standards in
13.567 dium place
MHz amount of ¢Good in
data moist
environment
¢ Anti-
collision 10-
40 tags/sec
Ultra-high e High-read | Medium; e Pallet or ¢ Good range, High tag cost
frequency speed 60 cm to Case level high speed
(UHF): 860 | e Small/me | 6m tagging o Many
t0 960 MHz | dium o Wal-mart, standards in
amount of Dod place
data mandates ¢ Good in
metal
environment
¢ Anti-
collision 500
tags/sec
Microwave | e High-read | Medium; e Container or | eLong range, | eHigh tag cost
frequency: speed 60 cm to rail car high speed e Poor in moist
2.45 GHz e Medium 15m e Toll ¢Good in environment
amount of collection metal
data e Pallet or environment
level ® Anti-
tagging collision 50
tags/sec
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2.3.1.2.3 RFID Tag Functionality

The EPCGlobal tag classes categorize tags by implemented functionality.
EPCGlobal distinguishes RFIID tags in six classes (numbered O through 5)
according to their:

e Read and write capabilities

e Power sources

e Communications capabilities

e Memory capacities
Tags are classified from classes zero to five, with zero being the class with the
least functionality [5]. The Table 2.6 below lists the various classifications and

their related functionality.

Table 2.6 List of the various classifications and their related functionality [5]

Class Functionality
0 e Passive
e Data written once during manufacture
e Read only
1 e Passive

e Factory or field programmable only once
e Read-only functionality after initial programming

2 e Passive
Read/write functionality
User memory and encryption

Semi-passive

On-board sensors
Read/write functionality
User memory

Active

On-board sensors

Read/write functionality

Peer-to-peer communication with other active tags in the same
frequency band with readers.

5 e Readers and read/write functionality can power class 0, 1, and
2 tags.
e (Can communicate with class 0 to 5 tags and devices.
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2.3.1.2.4 RFID Tag-Reader Protocols

A protocol is the tag-to-reader wireless air interface scheme. Basically, it is a
language that allows the tag and the reader to communicate with each other.
Protocols are defined by the manufacturers of the tags and readers or by various
standards setting organizations and may be proprietary or open. Open
standardized protocols help readers and tags from different manufacturers work
together. The reader and tag must use the same protocols to communicate [1].

Tag reader protocols are specified by:

e Air interface

. Frequency

Ll Maximum emission power
. Modulation and encoding
. Data rate

. Packet structures

e Data structure

= 64 bit
= O6bit
= 128 bit

e Command and control

. Reader-to-tag communication
. Tag-to-reader communication
. Anti-collision algorithm used to isolate tag one by one

Example of protocols:

Protocols are independently developed and generally do not interoperate since the
user needs transparency (that is, multiprotocol and multiband readers). Protocols
preceded by a company name are proprietary protocols. The followings are the
examples of protocols [1]:

e [SO 14443 (A/B) [51] e  Philips [-Code

e ISO 15693 [52] e TI Tag-It
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e  Matrics electronic product code
(EPC) Class 0

e Alien electronic product code
(EPC) Class 1

e ISO 18000-4 (A/B) [53]

2.3.2 Interrogator (Reader)

ISO 18000-6 (A/B/C) [54]
EM Micro
Philips I-Code HSL

Intermec Intellitag

Another important part in a RFID system is the reader sub-system. It is possible

to divide an RFID reader system into two differentiated groups, namely the high

frequency interface and the control system. These groups interact among each

other and with an external host system as can be seen in Figure 2.4.

‘ 117 interace
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Figure 2.4 General RFID reader block diagram.

The main functions performed by a reader are demodulating the data retrieved

from the tag, decoding the received data, and energizing in the case of passive

and semi-passive tags. Readers are designed for various frequencies or protocols

[1]. A more detailed diagram of the reader can be found in Figure 2.5.
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Figure 2.5 RFID reader sub-block diagram

2.3.2.1 The HF Interface

The HF interface carries out the principle functions listed below:
* Demodulates and decodes the information retrieved from the tag.

* Supply power to passive tags to communicate with them.

Elements:
* Antenna:
A reader antenna is a converter between radiated waves and wired voltage. It is the
biggest and the most obvious component of system and is most vulnerable to
obstruction by metallic objects. With UHF and microwave, antenna polarization is

important and the choice depends on the circumstances of use [1]. For example:

e In a controlled tag orientation environment, using linearly polarized antenna

to provide the longest range with the least amount of power is more efficient.

25



e In an uncontrolled tag orientation environment, using circularly polarized

antenna to provide the best tag readability is more efficient.

* Transmitter:
The main task of this element is to transmit power and the clock cycle to the tags.

It is part of the transceiver module.

* Receiver:
This component is responsible for receiving signals from the tag via the antenna.
Afterwards, it sends these signals to a microprocessor where the digital

information is extracted.

* Power:

This module supplies the adequate power levels to all components in the reader.

2.3.2.2 The Control Group

To allow the functions of decoding, error checking and communication with an
external system the control unit makes use of a microprocessor, a controller, a

communication interface, memory and input/output channels.

* Microprocessor:

The reader protocol is implemented in the microprocessor. The microprocessor
will interpret the received commands, and then seek the memory for the
corresponding program code and will execute it depending on the protocol
required by the particular standard. At this is the point error checking is

performed [1].

* Controller:
In order to allow joint operation with an external system, a system called the

controller, responsible for converting external orders to understandable
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microprocessor binary code, is needed to enable communication. The controller

may be either in a software or hardware form.

* Communication Interface:

By using the controller, the communication interface is able to interact with an
external host system by transferring data, passing or responding to instructions.
The communication interface can be a part of the controller or an independent

entity depending on the integration level and speed requirements.

* Memory:
The memory is responsible for storing the data retrieved from the tags. The data

will be transmitted to the host system when demanded.

* Input/output Channels for External Sensors:

While operating a reader it might happen that when the tags are not in its read
range, making continuous operation is a waste of energy. For instance; in a
conveyor belt passing in front of the reader, it is likely to efficiently run the
reader by activating it at the required times by using external sensors that is
capable of detecting the presence of an item nearby.

Additionally, it is possible to classify the readers by the communication interface

in use or by its mobility. A brief description of each category is given as follows:

Communication Interface:

* Serial Reader:

This reader uses a RS232 serial port to communicate with the host system and
transfer data or commands executed by the user or application. These readers
have a lower data transfer rate compared with others such as a wired network
reader and have a cable length limitation. On the other hand, serial port

connections are more reliable.
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* Network Reader:
This reader can be connected wired or wirelessly to a computer, therefore it
appears as a network device. In this case, the cable length is not a limitation, but

the connection is not as reliable as in serial readers.

Mobility of Readers:

* Stationary Reader:

These readers are mounted on a wall, portal or suitable structure in the read zone.
They can be mounted on moving objects such as trucks. These readers usually are
connected to one or more external antennas. Usually more common varieties of
UHF fixed readers have four antenna ports to connect external antennas. Agile
readers are able to operate in different frequencies (reader and tag frequencies
must match) and use different communications protocols (reader and tag
protocols must match). An RFID printer is a type of stationary reader able to print

a barcode and write on its RFID tag.

* Handheld Reader:
This type of reader has an integrated antenna on it and can operate as a handheld

unit.

2.4 RF in RFID and Coupling Mechanisms

The RFID systems may be divided into two broad categories, near-field and far-
field coupled systems. There is a fundamental difference between them that
dictates how they operate and how they can be used. In this part, the major
difference between these two technologies and the coupling mechanisms between

the reader and the tag will be explained in detail.

2.4.1 RF in RFID

The antenna of the transponder is the only radiating element which provides the
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RF communication link from the transponder to the interrogator and vice versa.
The general expression for the fields from a radiating sinusoidal current filament

source is given below as [6]:

E9 :IO_CZ’Z|:&+\/§%+;3:|8_IIW Sll’l(@) (1)

4z | r r- joer
E = Izo_iz{\/g riz + jw%}g‘ﬂ” cos(9) (2)
H, =;0—f[% +Heﬂ” sin(6) 3)
where;

1, = the amplitude of the sinusoidal current filament source

dz = the sinusoidal current filament source length
k= 2% , A 1s the wavelength

r = radial distance from the sinusoidal current filament source
w = 2xf, fis the frequency
1 = permeability of the medium

¢ = permittivity of the medium

Figure 2.6 Geometrical representation of the sinusoidal current filament source
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The geometry of the sinusoidal current filament source is displayed in Figure 2.6.
Using the equations in (1, 2, 3), the three regions surrounding the radiating
element can be identified. These regions are namely (a) reactive near-field, (b)
radiating near-field (Fresnel) and (c¢) far-field (Fraunhofer) regions as shown in
Figure 2.7 [7].

Regions:
* Reactive Near-field Region:

It is the part of the field in the vicinity of the antenna (distance R <0.62 /D’ / A)

is predominantly reactive and 1/ terms in the equations (1, 2) define this field. D
is the largest dimension of the antenna and D >> 4 [7]. For a very short dipole,
the outer boundary of this region is generally taken to exist at a distance 4 /2w
from the antenna surface [7]. The waves in this field do not travel; on the other
hand standing waves are stored this field. The tags at LF and HF frequencies are

mostly loop or inductive coil antennas and operate in this region.

Far-field (Fraunhofer) region

Radiating near-field (Fresnel)
region

Reactive near-field
region

Figure 2.7 Field regions of an antenna
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» Radiating Near-field (Fresnel) Region:

Standing waves and traveling waves of both near-field and far-field regions are
included in the Fresnel region. It is present from just outside the boundary of
reactive near-field region to the far-field region boundary. These fields are
dominated by the 1/ term in the equations (1, 2, and 3) and reach to 2D’/ [6].
This region may not exist, if the antenna’s maximum dimension is not large

compared to the wavelength, [7].

* Far-field (Fraunhofer) Region:

It is defined as the field region of an antenna where the angular field distribution
is essentially independent of the distance from the antenna. This is the region
outside of the radiating near-field boundary. The traveling waves dominate in this
region where they decay with a rate of //r. These traveling waves carry the
electromagnetic power to the passive and semi-passive UHF and microwave

transponders.

In the far-field (Fraunhofer) region for a dipole antenna as shown in Figure 2.7,

Ey and Hy take the form of

ki ki
I cos(z cos(0))— cos(z)

E, =jn=2 g 4
Ay sin(0) @)
E It cos(ﬂ cos(0)) — cos(ﬂ)
o =20 _ ;L 2 2 gk (5)
¢ J -
n 2nr sin(0)
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where 7 is the intrinsic impedance (\/Z =377=1207 ohms for free space) and /
g

is the length of the dipole antenna. Figure 2.8 shows the normalized Ejy radiation
for different lengths. As it can be seen from the figure, the directivity of the
antenna increases when the length of the antenna increases. However; for some
applications in RFID such as tags are attached to the boxes in large storage areas,
omni-directionality is needed. In that case the increase in directivity could be a
problem. When the length is increased to />4, another major problem occurs. The

side lobes begin to increase as shown in Figure 2.9.

These side lobes cause nulls which mean no electric field radiation. For instance,
the plotted pattern in Figure 2.9 has six nulls compared to only two in Figure 2.8.
Current distribution plays an important role in the characterization of the

previously shown radiation patterns.
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Figure 2.8 Elevation plane amplitude patterns for a thin dipole with sinusoidal current
distribution (! =41 /4, /2,32 /4, 2) [7].
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Figure 2.9 Three and Two-dimensional amplitude patterns for a thin dipole of /= 1.251 and
sinusoidal current distribution [7].
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Figure 2.10 Current distributions along the length of a linear wire antenna [7].

The current distributions along the length of a straight wire antenna are shown in
Figure 2.10. It can be clearly seen from this plot that at /=4/2 maximum current
level with minimum distortion can be achieved. When designing dipole antennas,
[=2/2 1is chosen frequently because of the nearly omni-directional pattern with
maximum current level and minimum amount of side lobes.

Although the most common antenna for UHF far-field is printed dipole, other
antennas such as printed folded dipole, meander line, slot, and patch antennas are

also exist in the literature [9].

35



While determining the operating range of a UHF RFID transponder, both the
distance at which the transponder receives enough power to turn the chip on and
the distance at which the interrogator will be able to detect the reflected signal
have to be considered. Generally, the transponder’s receive sensitivity determines
the reading range since the interrogator’s receive sensitivity is lower than that of
transponder’s. The following maximum read range equation can be derived by

using the Frii’s free space formula:

o = [T ©)
4r P,
Or received power in decibel form
4r
Pr = Pt _Lsys +Gt +Gr tr- 2OlogIO 7 _2010g10(7;nax) (7)

where / is the wavelength, P; is the transmitted power from the reader, G; is the
gain of the transmitter antenna, G; is the gain of the receiver tag antenna, Py, is
the minimum threshold power of the transponder’s chip (receive sensitivity) and t
is the power transmission coefficient (a design factor which takes into account the
amount of energy transferred from the antenna to the transponder’s chip). Lgys 1s
the system losses that need to be taken into account during the measurement
which includes the cable and connector losses, temperature differences that cause

internal losses in the instruments (i.e. antenna + transceiver of reader and tag).

2.4.2 Coupling Mechanisms

In this part, the differences in operation between passive/semi-passive and active

transponders are introduced in order to understand each coupling mechanism.

36



Passive transponders obtain power from an interrogation pulse which was sent
from the reader. They use this power to send the requested information message,
a reply. Since these transponders have no built in battery, they basically last
forever, and they do not wear out. A passive RFID transponder is little more than
an antenna with some basic circuitry. It has a read range up to about 10 meters.
Active transponders have built in battery; hence they are capable of sending a
signal that can travel perhaps as much as 150 meters or more to a remote
interrogator. The semi-active tag has a battery on it but no radio transmitter. The
battery powers its integrated circuit (IC), which helps it to modulate the reflected
signal. The reflected signal is required because the tag does not have a radio
transmitter. This type of tag is used to get longer read range (up to 50m) or to couple
the tag with environment sensors such as temperature, pressure, relative humidity,
Global Positioning System (GPS), etc.

There are four types of coupling mechanisms between the tag (transponder) and

the reader according to the tag type (passive/active/semi-active):

* Inductive Coupling
* Modulated Backscatter Coupling
* Transmitter (Beacon) Type

* Transponder Type

2.4.2.1 Near-Field Coupling

The transfer of information is managed using inductive coupling for passive and
semi-active transponders. Inductively coupled transponders are always operated
passively which means that all the energy needed for the operation of the
microchip is provided by the interrogator. The generation of the electromagnetic
field from the interrogator's antenna coil penetrates the cross-section of the
transponder’s coil area and the area around the coil. Since the signal’s wavelength

is several times greater than the distance between the interrogator's antenna and
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the transponder (for instance, a signal of 135 KHz in the Low Frequency band
(LF) has a wavelength of 2221 meters, and a signal of 13.56 MHz in the High
Frequency band (HF) has a wavelength of 22.2 meters), the electromagnetic field
behaves like a simple alternating magnetic field with regard to the distance
between the transponder and the antenna. This is called "near-field coupling" as

discussed mathematically earlier and shown in Figure 2.7.

In the near-field, the electromagnetic energy lines are formed moving outwards
from the radiating element and then back into the radiating element as shown in
Figure 2.11. Near-field coupling take places within approximately one
wavelength of a radiating element. Near-field coupling takes place for RFID

applications operating in the LF and HF bands with relatively short reading

Far-field Coupling

Mear-field Coupling

N

Cail
Tag
Reader Tag

Magnatic lines
Reader

Wava
prapogation

Figure 2.11 Near-field (LF and HF) and far-field (UHF) coupling mechanisms

distances well within the radian sphere, R, defined by A/2x (A= wavelength in free
space), because of the relationship 4 = 2nR [1].
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2.4.2.1.1 Inductive Coupling

The partial penetration of the emitted field from the antenna coil of the
transponder creates current on the coil of the interrogator. To understand this
completely, it is compulsory to define the term electromagnetic induction.
Electromagnetic induction is a phenomenon through which a change in the
magnetic field of a source such as an interrogator creates a voltage level in a
remote circuit such as a transponder. A parallel circuit used to adjust the
transponder‘s operating frequency to that of the interrogator is formed by a
capacitor in parallel to the transponder’s antenna coil which behaves as an
inductor. At a definite frequency, the interrogator’s antenna interchanges energy
at a particular rate, called resonant frequency, which depends on several design
parameters such as number of turns, size of the coil, or distance between the
capacitance plates, among others. At this point, high currents are generated in the

interrogator’s antenna coil by the method known as resonance step-up [1].

When the frequency of the transmitted signal becomes similar to the designed
resonant frequency of the circuit resonance step-up occurs. At this point, a
portion of the energy accumulated as magnetic form in the inductor is converted
into electrical form in the capacitor. Before reaching a steady state, a temporary
tuning in the energy levels at the transponder’s inductor and capacitor take
places; this whole process explains the before mentioned resonance step-up
effect. After reaching the steady state at resonant frequency, the received energy
is “stored” in the transponder by transfer back and forth from the capacitance to
the inductance, in accordance with the required field strengths for the operation of
the remote transponder. A constant current is required for microchip’s operations;
this can be attained by using a rectifier, a built-in component which converts the
alternating energy arriving at the tag into a constant current. As a general rule, it
is possible to say that inductively-coupled systems are based upon a transformer-
type coupling between the primary coil in the interrogator and the secondary coil

in the transponder. This definition is correct when the space between the two
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coils does not go beyond A/2z, which identifies the near-field of the interrogator

antenna [1].

2.4.4.2 Far-Field Coupling

Outside the near-field region the far-field starts and the electromagnetic energy
basically propagates outwards. UHF and microwave (2.4GHz and 5.8GHz) RFID
systems make use of far-field coupling; hence they have long read range.
Information is transferred by means of modulated backscatter coupling for
passive and semi-active transponders, on the other hand, transmitter and
transponder type coupling for active transponders [1]. The occurrence of
modulated backscatter, transmitter type and transponder type coupling takes place
in the “far-field coupling” region as previously shown mathematically and

displayed in Figure 2.7.

2.4.2.2.1 Modulated Backscatter Coupling

The interrogation signal created from the interrogator propagates outside the
near-field of the reader antenna. While this RF signal propagates outwards, it may
hit transponder’s antenna. According to the radar technology, an electromagnetic
wave reflects from an object if the dimension of the object is greater than half the
wavelength of the electromagnetic wave. The “reflection cross-section” (RCS)
can then be defined as the parameter that determines the strength of the returned
signal. An electromagnetic field propagates outwards from the interrogator's
antenna and a small proportion of that field (reduced by free space attenuation)
reaches the transponder's antenna. By using a rectifier circuitry in the IC, the
captured signal by the antenna is transferred from AC to DC power which is then

supplied to deactivate or activate the power saving "power-down" mode [6].

The antenna of the transponder captures a portion of the incoming RF energy and
this energy is then reflected by the antenna of the tag and travels outwards. By
altering the load connected to the antenna terminals, the reflection characteristics

(1.e., reflection cross-section) of the antenna can be changed. A load resistor (or
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capacitor) connected in parallel with the antenna is switched on and off
synchronously with the data stream to be transmitted which makes the
transmission of data from the transponder to the interrogator. The strength of the
signal reflected and re-radiated from the transponder to the reader can be

modulated by changing the load of the transponder antenna.

+/2-Dipole

8 R =R,
4 —— ——
Ps =P, P,
(a) Equivalent circuit of the antenna (b) Partial absorption in power matching

S
— =

Ps=4P, Ps.mod
¥Pt-mod

Data

(c) Reflection of 4 P, where Ry =0 (d) Technical application:
modulated backscatter

l

—

S S
Ps-mod PS-mod
¥Pt-mod ¥Pt-mod
Data Data
(e) Ohmic (real) modulation (f) Capacitive modulation

Figure 2.12 Generation of the modulated backscatter by the modulation of the transponder
impedance Z1 (=Ry) [1].
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In electromagnetic terms, this is referred to as modulated backscatter (Figure
2.12). When the modulated and encoded data stream in the ASIC reaches the
interrogator, it is then decoded and subsequently demodulated allowing the user

to retrieve the required information [1].

2.4.2.2.2 Beacon (Transmitter) Type

Beacons are used in most real-time locating systems (RTLS), as the approximate
location of an asset needs to be tracked. Active transponders are used in this type
of communication. In this type of coupling, a beacon transmits a signal with its
unique identification number at pre-defined periods. Depending on how often it is
to needed to know the location of an asset, the query time could be set at many
different times; could so frequent as every five seconds or once a day. Minimum
three reader antennas positioned around the outside of the area where assets are
being tracked, detect the beacon's signal. By this way, the precise location of the
asset can be found. Real-time location systems are generally used in a large open
area; however, automakers use the systems in large manufacturing facilities to

track parts’ bins.

2.4.2.2.3 Transponder Type

While in receipt of a signal from an interrogator, active transponders are
awakened. For example, in checkpoint control, toll payment collection, and port
security systems, transponder type active tags are utilized. In toll payment
collection, an interrogator at the gate send outs a signal that turns on the

transponder mounted on the car’s windshield.

When a vehicle with an active tag comes very close to the tollbooth, the
transponder then transmits its unique ID to the interrogator. By having the tag
communicate with the interrogator just it is within the read zone of that

interrogator, battery life protection can be accomplished.
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2.5 Chapter Summary

In this chapter, the necessary concepts to realize the operational principles of the
RFID technology with a concise historical overview have been presented. The
differences between the three types of tags namely passive, semi-passive and
active tags were discussed. Moreover, the crucial elements such as the reader, the
tag (antenna + IC), and the coupling mechanisms in the overall RFID system
were explained comprehensively. UHF (i.e. 860-960 MHz) band applications
were also explained to lay the fundamentals for the following chapters in this

document.
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CHAPTER 33

RFID TAG ANTENNA DESIGN

PROCEDURES AND PROBLEMS

In this chapter, procedures to realize a general passive RFID antenna type
possessing desired characteristics will be described briefly. Tag performance
issues, various design requirements, generic design process, prototyping and

validation including range measurement techniques will be discussed.

3.1 Performance Criteria

The most significant tag performance criteria is read range which is defined as the
maximum distance at which RFID interrogator is able to detect the backscattered
signal from the transponder. The read range is generally defined by the
transponder response threshold since the reader sensitivity is typically high
compared to the transponder. Read range also depends on the tag orientation, the

material the tag is attached, and the loss in propagation environment [10].

The read range can be calculated using Friis free-space formula as;

. _ 4 [PGGr
4 P

th

(D)
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where 4 is the wavelength, P, is the power transmitted by the reader, G; is the gain
of the transmitting antenna, G, 1s the gain of the receiving tag antenna, Py, is the
minimum threshold power necessary to activate the RFID tag chip, and 7 is the

power transmission coefficient given by

T=M, and 0<r7r<lI (2)

Z+7Z|

where Z. = R, + jX_ is chip impedance and Z, = R, + jX, is antenna impedance

[10].
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Figure 3.1 Antenna impedance, chip impedance, and range as a function of frequency for a
typical RFID tag [10].

Qualitative behavior of antenna impedance, chip impedance, and read range as a
function of frequency for a typical RFID transponder is shown above in Fig. 3.1.
The frequency of the maximum range is defined as the tag resonance frequency.
The tag range bandwidth can be defined as the frequency band in which the tag
offers an acceptable minimum read range over that band. From (1) one can see
that read range is determined by the product P,G, of the reader (transmitter

EIRP), tag antenna gain G,, and transmission coefficient 7. Typically 7 is
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dominant in frequency dependence and primarily determines the tag resonance
which happens at the frequency of the best impedance match between chip and
antenna. This frequency is different from the resonant frequency of antenna

loaded with 50 Ohm and the antenna self-resonance [10].

3.1.1 Tag Characteristics

Transponder performance in an RFID system is mostly determined as how well
the transponder read range is in different environments. This depends mainly on
the transponder (chip and antenna) properties as well as the propagation
environment. The tag characteristics can be classified as chip sensitivity, antenna
gain and polarization, and impedance match [11]. The propagation environment

limitations are the path loss and tag detuning [11].

* Chip Sensitivity:

It is defined as the minimum threshold power to turn the chip of the transponder
on. It is mainly determined by the RF Front end architecture and fabrication
process [11, 12]. Low threshold power chips (tags) are high sensitive and they

have higher read range when compared with the low sensitive ones.

* Antenna Gain and Polarization:

Antenna gain is a measure of how directive the antenna and if it is radiating
efficiently. The size and geometrical structure (single or array of antennas) of the
antenna at the frequency of operation determines how much gain can be achieved.
Polarization of the tag is important considering RFID system level performance.
Maximum power transfer is achieved when the polarization of the tag is matched
to the reader’s. When the polarization of the reader’s antenna is circular
(generally it is) and tag’s antenna is linear then only half of the power will be

transferred to the tag due to polarization mismatch and vice versa.
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* Impedance Match:

The complex impedance (i.e 12 - j140 for Alien Higgs-2 Chip at 910 MHz) of the
chip requires a complex conjugate impedance match at the antenna terminals.
This becomes a real problem because the chip impedance changes at different
power levels and frequencies [13]. In order to maximize the transponder
operating range, impedance should be matched at various IC power levels such as
at minimum threshold power. As it can be seen from Figure 3.1, if the
transponder antenna complex reactance X, is equal to the negative complex
reactance —X, of the chip then the peak read range can be achieved at resonant
frequency. The RFID tag antenna design process involves inevitable tradeoffs

between antenna gain, impedance, and bandwidth.

3.1.2 Propagation Environment Limitations

* Path Loss:
The path loss is dependent on the surrounding environment [14, 15]. The type of
scattering around the tag affects the read performance of the tag and defines the

path loss. Since multiple reflections occur with the main line-of-sight signal, the
ideal (A/ 47ed )2 for free space propagation can be altered significantly in a room

[16].

* Tag Detuning:

Resonant frequency of the antenna shifts from the designed frequency when the
tags are located on or contained in lossy materials (i.e. detergent, liquid or human
bodies) and in the proximity of metal [17, 18]. This effect makes the tag detuning.
Tag detuning also affects the antenna performance such as antenna gain and the
radiation pattern, hence gives rise to a lower operating range. Multiple tags also
reveals this kind of performance degradation if the tags are very close to each

other. The parasitic coupling between the antennas causes the tags to detune since
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it varies the antenna impedance. Simultaneous multiple tag identification and the
position analysis of these tags are pointed out in [14, 15]. Antenna curving can
also detune the tag due to the changes of the radiation pattern and impedance of

the antenna [19].

3.2 Design Requirements

Several common RFID tag design requirements whose relative significance
depends on tag application are reviewed in the following part. These

requirements largely determine the criteria for choosing an RFID tag antenna.

Frequency band: Regulations of the country where the tag will be used

determines the tag’s operation frequency band [10].

Size and form: The size of the tag becomes a main problem when tags are used
on items that are restricted in size. The main factor affecting the dimension of a
tag is antenna size which depends on the operating frequency. For example,
resonance is attained for an optimum performing antenna length around A/2 for a
variety of antenna types such as folded printed dipole, printed patch, log-spiral
[17]. Therefore, the price and dimension of the tag increases for low LF and HF
(M2=1111m and 10.5m respectively) frequency applications as well as for UHF (
A /2 ~16 cm) tags. For HF frequency, printed inductive loop antennas in the coil
form are used [20, 21]. For the UHF frequencies, printed dipole antenna size
reductions are generally attained by means of meandering topologies [22, 23]. It
has to be stated that the main trade-off is between size reduction and efficiency

including gain [22]. These topics will also be addressed later in this thesis.

Read range: Minimum required read range is generally defined for different
[10]:
e EIRP: EIRP is determined by local country regulations.

48



e Objects: Tag performance decreases when it is attached on various
objects (e.g. cardboard boxes with different content), or when other
objects are present in close proximity of the tagged object. Tag antenna
can be designed or tuned for optimum performance on a particular object
or designed to be less sensitive to the content on which the tag is placed.

e Orientation: Antenna orientation is important and affects the read range.
Some applications require a tag to have an omni-directional or

hemispherical coverage radiation pattern.

Applications with mobility: RFID tag may be used in circumstances where
tagged objects like pallets or boxes travel on a conveyor belt at speeds up to
either 18 m/min or 16 kmh. The Doppler shift in this case is not important and
does not affect RFID operation. Nevertheless, the tag spends less time in the read
zone of RFID reader, requiring high read rate capability. In such cases, RFID

system must be carefully planned to make sure reliable tag identification [10].

Cost: RFID tag must be a cheap device; hence, both the antenna structure and the
choice of materials for its construction including the chip are restricted. Typical
conductors used in tags are copper, aluminum, and silver ink. The dielectrics

include flexible polyester PET and rigid PCB substrates like FR4 [10].

Reliability: RFID tag must be a reliable device that can sustain in harsh
environments like temperature, humidity, stress, and endure its normal operation

after such processes as label insertion, printing and lamination.

3.3 Design Process

RFID tag antenna performance strongly relies on the frequency-dependent
complex impedance of the chip. Tag read range must be carefully examined in

the design process in order to meet the design requirements. Since antenna size
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and frequency of operation limits the maximum attainable gain and bandwidth
[24], [25] compromises have to be made to obtain optimum tag performance to
satisfy design requirements. Generally, a tunable antenna design is desirable to
provide tolerance for tag fabrication deviations and for optimizing antenna

performance on various materials in different frequency bands [10].

Select the application and define tag requirements

!

Determine the materials for antenna construction

'

Determine RF impedance of packaged ASIC

!

Identify the type of antenna and its parameters

!

- Perform parametric study and optimization

!

Build and measure prototypes

Design
requirements met?

Design
is ready
Figure 3.2 RFID tag antenna design process [10].

RFID tag antenna design process is demonstrated on a flow chart shown in Figure
3.2. When the RFID application is chosen, system requirements can be
interpreted to the tag requirements. These requirements specify the materials for
tag antenna construction and chip to be used. The impedance of the selected
ASIC in a chosen RF package (like flip-chip, etc.) to which antenna will be
matched can be learned from the manufacturer datasheet or measured with a

network analyzer.
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Antenna parametric study and optimization is performed in simulation until
design requirements are met. Tag antennas are usually analyzed with
electromagnetic modeling and simulation tools (computer software), typically
with method of moments (MoM; for instance, ADS) for planar designs (e.g. thin
flexible tags) and with finite-element method (FEM; for example, HFSS) or
finite-difference time-domain method (FDTD) for more complex three-
dimensional designs (e.g. thick metal mounted tags). Fast EM analysis tools are
important for efficient tag design. In a usual design process, modeling and
simulation tools can be referred against measurements. Some parameters such as
antenna gain, impedance and read range can be simulated and analyzed directly in

EM software to observe the antenna behavior in various circumstances [10].

In the final step of the design process, prototypes are built and their performance
is measured extensively. If design requirements are satisfied, the antenna design
is ready. Otherwise, the design is further modified and optimized until

requirements are met.

3.4 Prototyping and Validation

After the prototypes are implemented, it comes to the validation of the designs to
observe if the desired requirements are met. The most important criterion to be

observed is the operation range of the tag.

Precise tag range measurement can be carried out in a controlled environment,
such as anechoic chamber or transverse electromagnetic (TEM) cell. In both
methods tag position can be fixed and transmitter output power can be altered by
means of controlled attenuation [10]. This allows one to carry out accurate tag
range measurements and avoid using large and expensive chambers or cells.
Compact TEM cell is a suitable tool for measuring small tags while larger

anechoic chamber can be used to measure tag performance on different objects.
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In anechoic chamber, the tag is located at a predetermined distance from the

reader antenna as illustrated in Figure 3.3.

Anechoic chamber
coaxial cable

l RFID tag
= é /

Reader
antenna

RFID
raeder Foam stand

Figure 3.3 RFID tag range measurement using anechoic chamber [10].

At each frequency, the minimum power P,;, required to communicate with the
tag is recorded. Since the loss L of the connecting cable, the gain G; of the
transmitting antenna and the distance d to the tag are known, the tag range for any

transmitter EIRP of interest can be determined from (1) as

r=d | ——— 3)

The general guidelines for selecting the tag position in anechoic chamber are the

following [10]:
1) the distance must be such that the tag will respond and will be in far field and

i1) the tag must be placed in a quiet zone of the anechoic chamber where

multipath is minimal.
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3.5 Chapter Summary

With the exception of higher level problems in RFID applications; tag design
brings about different lower level problems. These problems consist of current
high cost of tags, size limitations and optimization and tag performance issues.
From a system point of view, problems at the lower level must be eliminated
before moving up on the RFID system hierarchy for an optimized overall
performance. This thesis also proposes on how to deal with some of these

challenges.
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CHAPTER 4

FOLDED DIPOLE ANTENNA DESIGNS

In this chapter, three folded dipole antennas (two 2-wire folded and one 3-wire
folded) are presented for 915 MHz passive tags that are designed to be used for
supply chain and security applications. The necessary power required to energize
and activate the tag’s microchip is drawn from the electromagnetic field provided
by the reader unit’s antenna. The transponder IC stores the item's unique ID,
which can be associated with the product identification number. The chip also
stores information about when and where the product was made, its expiration

date and so on.

Passive ICs are basically highly reactive because of the required power to bias the
IC which is delivered by charging up the IC through electromagnetic coupling.
Due to the low resistive but high capacitive impedance of the microchip, three
folded dipole type RFID antennas proposed comprising of antennas that are lowly
resistive (high efficiency) and highly inductive for matching to the input

impedance of the transponder 1C.

An RFID tag of UHF band employs far-field radiation of the real power
contained in free-space propagating electromagnetic plane waves due to its
shorter wavelength, while a 13.56 MHz HF tags is utilizing inductive coupling in
the near-field region as the wavelength is much longer. The main difference is
that in UHF systems the resistive part of the radiating power is used to

communicate with the passive tag where in HF systems the reactive part of the
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radiating power is used. The HFSS design tool [26], which is based on Finite
Element Method (FEM), is used to optimize and analyze the tag. This tool is used
as main platform to design and come up with certain antenna performance
parameters such as return loss, gain, directivity, radiation pattern, efficiency and
theoretical calculated read range. Three different 10.5cm x 4cm (equal in area or
smaller) antenna designs are built to make sure maximum range is obtained.
Achieving that range has been a challenge because the lossy items make it harder
to get an impedance matching and creates additional power loss in that
environment. The tags which are simulated by means of computer yield
maximum operational distance ranging from 2.82m to 6.87m which is well

beyond the required range (2.5m) for the supply chain applications.

4.1 Design Approach

The IC input impedances for the supply chain at 915 MHz are 16-j350 Q (Philips
EPC 1.19), 12-j140 Q (Alien Higgs-2) and 73-j113 Q (NSC MM9647), which
means the load antenna impedance should be 16+j350 Q, 12+j140 Q and 73+j113
Q respectively for maximum power transfer (conjugate matching). This requires
the antenna impedance to be low-resistive but high-inductive. Different antenna
designs like 2-wire folded dipole and 3-wire folded dipoles have been proposed
as a solution in the past [27, 28]. However, in our research the modified simple
version followed to keep the antenna size small and the load impedance to have a
low real part (small resistance) and a high positive imaginary part (high
inductance). To achieve this, an inductive element required to be incorporated
into the antenna. In addition to this, the metal size is preferred to be as big as
possible to obtain better radiation parameters such as directivity and efficiency
through the larger radiating aperture, however it could increase the metal loss
leading to a trade-off in the antenna efficiency. Increasing the metal size also
lowers the surface resistance and increases current flow. It is for these above-

mentioned reasons, a 2-wire folded dipole antenna with inductive stubs and a
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radiating metal patch is used for the first antenna design of this chapter. The stub
provides the inductive load impedance meanwhile the radiating metal patch
lowers the load resistance. In the second antenna design, 2-wire folded dipole
with radiating stubs will be used to achieve low real part and high imaginary part.
In the third antenna design, 3-wire folded dipole antenna is used to achieve
complex conjugate matching. To accomplish maximum directivity and optimum
radiation, the designs are built to achieve half-wavelength (A/2 ~16.4 cm at 915

MHz) resonance at first.

In reality, the designs possess similarity to the half-wave dipole antenna;
however, there exists a trade-off between antenna-chip matching and resonance.
Whenever the antenna size is increased to match for resonance, antenna-chip
matching deteriorates. The miniaturization of the antenna size is another issue,

which requires the length of the antenna to be smaller than the resonance length.

4.2 Antenna Designs

The three RFID tag antenna designs are shown in Figure 4.1. These antennas are
made of copper metal with a thickness of 0.02mm and polyester (with ¢,=3.2 and
loss tangent § = 0.003) with a thickness of 0.1mm as a substrate. In addition to
this, one-port differential excitation, which is used to measure the actual antenna-
chip configuration, is employed to numerically calculate the antenna parameters
such as return loss and antenna load impedance as well as the theoretical read

range measurement.

The single inductor stub in Antenna#l as shown in Figure 4.1a is utilized to
obtain the required inductance where the radiating patch is the main radiator for
Antenna#2. The 3-wire folded Antenna#3 has no radiating or inductive stubs as

the other antenna designs.
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Top view Cross-sectional view
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¥

a) Antenna#l where W = 26.4mm, L1 =87mm, L2=3mm, L3

54mm, L4 =16mm, ta = 0.02mm,ts = 0.1mm, line width (w)
1mm and port separation of 1 mm.

Top-view

Cross-sectional view

b) Antenna#2  where W = 39.5mm,L1 =80mm,L2 = 0.5mm,L3 =

34mm, L4 = 18mm, ta = 0.02mm, ts = 0.1mm, line width (w) =
1mm and port separation of 2 mm.

Topview Crosssectional view

c¢) Antenna#3  where W = 28.6mm,L1 = 104mm,L2 =71mm,L3 =
10.8mm, L4 = 1mm, ta = 0.02mm, ts = 0.1mm, line width (w) =
1mm and port separation of 2 mm.

Figure 4.1 The three different folded dipole RFID antenna designs for supply chain
applications.

Figure 4.1a is also highly inductive due to the double stubs that are easily

integrated into the radiator rectangular patches. This feature is proven to be very
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important to enhance radiation because the inductive stub, which is used for
antenna-chip reactance matching, becomes more part of the radiating element by

creating additional coupling with the radiating element.

4.3 Simulation Results and Discussion

The simulated return losses with respect to frequency are illustrated in Figure 4.2.
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Figure 4.2 Simulation results showing the return losses of the antennas.

As seen from the Figure 4.2 the -10 dB bandwidth of the antennas are %5.4 (50
MHz), %7.6 (70 MHz) and % 4.4 (40 MHz) respectively.

Figure 4.3 below shows the simulated antenna input impedances with respect to

the frequency verifying that they are high-inductive and low-resistive.
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Impedance vs Frequency
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Figure 4.3 Simulated antenna input impedances with respect to frequency.

As it can be seen from the plots, the antenna input impedances are achieved to
match complex conjugate of the chip impedances at that frequency. It is
important to achieve complex conjugate match of the antenna at the frequencies
which is distant from the antenna self resonant frequency. That is because, at the
antenna self resonant frequency the impedance changes more quickly and
antenna-chip matching deteriorates a lot at these regions. In order to achieve
maximum operating bandwidth, the frequency of the conjugate matching should
be selected where antenna input impedances exhibits slow changes in the real and

imaginary parts.
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Radiation Pattern
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Figure 4.4 Simulated 2-D radiation patterns (Directivity patterns for phi=0 (x-z) and phi=90
(y-z) planes) for the three 915 MHz UHF antenna designs and 3-D gain patterns. Antennas
are located in the horizontal plane.
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The radiation patterns for the three designs are shown in Figure 4.4. All of the
antenna designs have doughnut-shaped radiation patterns in the phi=0 deg (x-z
plane) and phi=90 deg (y-z plane) planes as expected since the antennas are
dipole type. The antenna#3 has a higher gain and more omni-directional (high
HPBW) pattern than the other antenna designs. The creation of nulls in the
horizontal plane (x-y plane) with dipole type of antennas is a restrictive factor. It
is essentially desired to attain maximum radiation when the tag is read in the
plane (x-z or y-z planes) that is perpendicular to the RFID antenna. The
horizontal plane radiation is also important in relation to the orientation of the
interrogator. The Interrogator (reader) does not essentially have to be positioned
on top or bottom with respect to the RFID transponder; however the RFID
transponder should also have the functionality to be read from the sides as well.
Making use of the two orthogonal transponders (x-y horizontal plane and x-z/y-z
vertical planes) would overcome this obstacle in case the application requires
effective radiation characteristics in the horizontal plane. The dual polarization
(horizontal and vertical) capture will improve the detection in the direction

vertical to the antenna (z-axis) where antenna is least likely to be read.

The load impedance values are displayed in Table 4.1 along with other radiation
parameters namely return loss, gain, directivity, antenna efficiency, and
theoretical read range in free space. As it can be seen from Table 4.1, the antenna
efficiency determines how much operational distance is needed for the tag. For
example, although the Antenna#1 exhibits the minimum return loss the read
range is higher for the other two antenna designs. Therefore, the read range does
not only depend on the return loss or the gain of the radiating antenna but also
efficiency of the antenna. Antenna#1, #2, and #3 yield maximum theoretical read

distances of 2.82m, 4.84m and 6.77m respectively.
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Table 4.1 Simulated antenna parameters and calculated theoretical read range.

i111.6

Impedance Return Gain | Directivity | Antenna | Theoretical
(Ohm) Loss (dB) | (dB) (dBi) Efficiency | read range
(o) (m)
Ant #1 19.8+ -29.9 1.51 1.95 86.8 2.82
j351.2
Ant #2 24.1+ -17.3 1.82 1.84 99.4 4.84
j139.4
Ant #3 62.1+ -16.9 2.28 22 100 6.77

4.3.1 The Influence on Resonant Frequency

The resonant frequency of the antenna is mainly determined by the geometry L1,

L2 and L3 of the antenna. Other parameters such as L4, substrate thickness and

line width (w) also affects the resonant frequency but not as much as L1, L2 and

L3 does. Figure 4.5 shows the influence of the parameter L1 on the resonant

frequency. As it can be seen from the plots, L1 decides the antenna’s resonant

frequency and the resonant frequency varies 9.3 MHz/mm, 12 MHz /mm and

10.2 MHz/mm respectively. The resonant frequency drops when L1 increases,

and resonates at 915 MHz when L1 are 87mm, 80mm and 104 mm respectively.
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Figure 4.5 Influence on resonant frequency L1 as a parameter.
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Figure 4.6 Influence on resonant frequency L2 as a parameter.

65



Figure 4.6 shows that the resonant frequency increases as L2 increases, its

average variance is about 8.5 MHz/mm, 5 MHz/mm and 3.5 MHz/mm

respectively.
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Figure 4.7 Influence on resonant frequency L3 as a parameter.

Figure 4.7 shows that antenna’s resonant frequency drops as the L3 increases and

its variation speed gets slower. Since the L3 is the distance of the folded arms and

couple exist between the folded arms, the larger the L3 the less the couple affects

on the resonant frequency.
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Figure 4.8 Influence on resonant frequency L4 as a parameter.

Since the L4 is not defined as the same way in all the three antenna designs the
effect on the resonant frequency is different. Figure 4.8 above shows the
influence of the L4 on resonant frequency. In the Antenna#1, as the L4 increases
the resonant frequency decreases. However, in the Antenna#2 and Antenna#3 the

reverse case is true. In addition, its variation speed is higher in the Antenna#2

than the others.
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Figure 4.9 Influence on resonant frequency substrate thickness as a parameter.

Figure 4.9 shows, as the substrate thickness increases, all of the antenna resonant
frequency decreases as expected because lossy materials shifts the antenna
frequency to lower. If the substrate thickness is not changed but the lossy
dielectric of the substrate increased then we would see the same shift in the

frequency to lower values.
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Figure 4.10 Influence on resonant frequency line width (w) as a parameter.
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From Figure 4.10 we can interpret that as the line width of the antenna increases

the resonant frequency slightly shifts to a higher value.

4.3.2 The Influence on Input Impedance

Impedance vs L

2.4Wire Folded Dipoie 915 Mhz Artenna Design. 1 i
600,00 1
|
|
| 1
0.00-] ui * 200,00 |
|
o |4 | 5 o=
100,00 v e
+ e L | % L . T
. ] = v
= I 2 -
v | & G
| 3 °
H o | & 10000 -
£ | - v
200 | a =
| +
|
|
| 50.0
0,00 |
| ' o T
+ a » v . ° + L] = - o5 f 0.01
o0 7500 6000 8500 20.00
i G w00 13 Hh
0 3500 Cr[fﬂum 90,00 0 5.0 L1 el
Real Impadance
= Imaginary Impedance ——
mpedance vs L1
34Wire Folded Dipole 915 Mnz Antenna Design
400 00
30000
-
-
20000 T
S
§ 100004 % %
3 L . S
.
000 i .
v
=
100 00~ : ]
+
200
000 000 0000 100 12000

Real impedance =
Imaginary Impadance ——

Figure 4.11 Influence on input impedance L1 as a parameter

From Figure 4.11 we can see the simulated input impedance as a function of L1.

R;, and X;, increase when L1 increases and we can conclude that the length of L1

has a great influence on the antenna’s input impedances.
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As in the case of L2 parameter, in Figure 4.12 it is obvious that when the L2
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Figure 4.12 Influence on input impedance L2 as a parameter

increases the reactance drops a lot but the resistance changes a little.
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Impadance vs L3
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Figure 4.13 Influence on input impedance L3 as a parameter

Figure 4.13 shows that as the L3 increases, the resistance and reactance increases
but it mainly acts on the reactance. It has influence on resistance less than L1 but

more than L2.
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Figure 4.14 Influence on input impedance L4 as a parameter
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In the Figure 4.14, it is seen that increase of L4 increase the reactance of the
antenna#1 but decrease the both resistance and the reactance of the antenna#2 and

antenna#3. That is because of the different L4 interpretation in the antenna
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Figure 4.15 Influence on input impedance substrate thickness as a parameter

When the substrate thickness of the antennas are increased the reactance increases

mainly but the resistance remains unchanged or changes a little (Figure 4.15).
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Figure 4.16 Influence on input impedance, line width (w) as a parameter

Finally, as the line thickness increased the antennas reactances are usually

decreased but the resistances remains stable or exhibit a little variation.

4.4 Chapter Summary

Three different folded dipole type antennas have been designed for 915 MHz
UHF RFID applications for supply chain applications. Analysis of these antennas
with low resistance and high inductance for the input impedance provide a good
example of a design procedure especially for the transponders which have
specified load impedance. The required impedance can be achieved easily by
simply changing the appropriate L1, L2, L3, L4, substrate width and line width.
The tag size plays a major role in determining the read range. The smaller the tag,

the smaller the energy capture area, therefore the shorter the read range. A proper
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design of the system and a careful optimization of the interrogator power, antenna
positioning and orientation, and an optimum tag positioning helps to alleviate this
limitation. Multiple tagging can be used to improve the detection of the tags in

both the horizontal and vertical planes.
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CHAPTER 5

OTHER IMPEDANCE MATCHING TECHNIQUES

This chapter presents different methodologies for the design of UHF (915 MHz)

passive tag antennas.

The necessary power required to energize and activate the passive transponder’s
microchip is drawn from the electromagnetic field supplied by the reader unit’s
antenna. Passive ICs are basically highly reactive because of the required power
to bias the IC which is delivered by charging up the IC through electromagnetic
coupling. Due to the low resistive but high capacitive impedance of the
microchip, three different feeding type RFID antennas proposed comprising of
antennas that are lowly resistive (high efficiency) and highly inductive for

matching to the input impedance of the transponder 1C.

The HFSS design tool [26], which is based on Finite Element Method (FEM), is
used to optimize and analyze the tag. This tool is used as main platform to design
and come up with certain antenna performance parameters such as return loss,
gain, directivity, radiation pattern, efficiency and theoretical calculated read
range. One T-Match (16.5cm x 2cm), one proximity coupled loop (16.5cm x
3.5cm) and one nested-slot (16.3cm x 16.3cm) antenna designs are built to make
sure maximum range is obtained. Achieving that range has been a challenge
because the lossy items make it harder to get an impedance matching and creates

additional power loss in that environment. The tags which are simulated by
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means of computer yield maximum operational distance of 4.53m which is well

beyond the required range (2.5m) for the UHF RFID applications.

The rest of the chapter is organized into three sections which introduce different
techniques for achieving complex impedance matching such as the T-match, the
proximity-loop, and the nested-slot antenna layouts that are designed to be used

for RFID applications.

5.1 T-Match Antenna Design

According to Figure 5.1, the input impedance of a (planar) dipole of length [ can
be altered by establishing a centered short-circuit stub, as explained in detail in
the old book [29], and more recently in [7]. The antenna source is attached to a
second dipole of length a < [, positioned at a close distance, b, from the first and
larger dipole. The electric current distributes along the two main radiators
according to the size of their transverse sections. It can be confirmed [7, 29] that

the impedance at the source point is given by

_ 2Z(1+a)’Zy
M 27+ (1+a)2zy’

(1)

where Z; = jZ,tanka/2 is the input impedance of the short-circuit stub
produced by the T-match conductors and piece of the dipole; Z, = 276 log,, (b/
\/m ) is the characteristic impedance of the two-conductor transmission line
with spacing b; Z4 is the dipole impedance taken at its center in the absence of the
T-match connection; 7, = 0.25w and r,,” = 8.25w’ are the equivalent radii of the
dipole and of the matching stub, supposed to be planar traces; anda =

In(b/r,")/In (b/1,) is the current division factor between the two conductors.
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Figure 5.1 The T-match configuration for planar dipoles and the equivalent circuit, where
the impedance step-up ratio (1+a) is related to the conductors’ cross sections.

5.1.1 Design Approach

The IC input impedance to be used in this layout at 915 MHz is 12-j140 Q (Alien
Higgs-2) which means the load antenna impedance should be 12+;140 Q for
maximum power transfer (conjugate matching). This requires the antenna
impedance to be low-resistive but high-inductive (large impedance phase angle,
arctan(Z,) > 45°). Different T-match antenna designs like embedded T-match
design within the main radiator [30], multi-conductor antenna with double T-
match [31] or multi-conductor meander-line tag with a circular-shaped double T-
match [32] have been proposed as a solution in the past. However, in my research
the simplest generic version is investigated to keep the antenna size small and the
load impedance to have a low real part (small resistance) and a high positive
imaginary part (high inductance). To achieve this, the geometrical parameters, a,
b, and the trace’s width, w’ can be adjusted to match the complex chip
impedance, Z p;,. To accomplish maximum directivity and optimum radiation,
the designs are built to achieve half-wavelength (A/2 ~16.4 cm at 915 MHz)

resonance at first.

In reality, the designs possess similarity to the half-wave dipole antenna;

however, there exists a trade-off between antenna-chip matching and resonance.
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Whenever the antenna size is increased to match for resonance, antenna-chip
matching deteriorates. The miniaturization of the antenna size is another issue,

which requires the length of the antenna to be smaller than the resonance length.

5.1.2 Antenna Design

The T-match RFID tag antenna design is shown in Figure 5.2. The antenna is
made of copper metal with a thickness of 0.02mm and polyester (with ¢,=3.2 and
loss tangent § = 0.003) with a thickness of 0.1mm as a substrate. In addition to
this, one-port differential excitation, which is used to measure the actual antenna-
chip configuration, is employed to numerically calculate the antenna parameters
such as return loss and antenna load impedance as well as the theoretical read

range measurement.

Top-view Cross-sectional view
Antenna (copper) ta

3

Diefectnic Substarale
FPolvestar (6=3.2)

Figure 5.2 The T-match RFID antenna design layout.

e— a

—W—>
5
-—
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The short-circuit stub in the layout as shown in Figure 5.2 is utilized to obtain the
required impedance. The designed antenna shown above has geometrical
parameters of W = 16.5mm, L = 163mm, a = 15mm, b = 8mm, w = 3mm,

w' = 1mm ta = 0.02mm, ts = 0.1mm, and port separation of 2mm.

5.1.3 Simulation Results and Discussions

The simulated return loss with respect to frequency is illustrated in Figure 5.3.
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Frequency vs Return Loss
T-Match Antenna Design at 915 Mhz
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Figure 5.3 Simulation result showing the return loss of the antenna.

As seen from the Figure 5.3 the -10 dB bandwidth of the antenna is %8.7 (80
Mhz).

Figure 5.4 below shows the simulated antenna input impedance with respect to

the frequency verifying that they are high-inductive and low-resistive.

Impedance vs Frequency

T-Match Antenna Design at 915 Mhz
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Figure 5.4 Simulated antenna input impedance with respect to frequency.
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As it can be seen from the plots, the antenna input impedance is achieved to
match complex conjugate of the chip impedance at that frequency. It is important
to achieve complex conjugate match of the antenna at the frequencies which is
distant from the antenna self resonant frequency. That is because, at the antenna
self resonant frequency the impedance changes more quickly and antenna-chip
matching deteriorates a lot at these regions. In order to achieve maximum
operating bandwidth, the frequency of the conjugate matching should be selected
where antenna input impedances exhibits slow changes in the real and imaginary

parts.

T-match behaves as an impedance transformer (Figure 5.1). For the case of half-
wavelength dipoles, the resulting input impedance at the T-match port is
inductive, whereas for smaller dipoles, the total input impedance can be both

capacitive and inductive.

dB{GainTotal)

2, 8251e+000
. 1. 3649e+A68

-7.B234e-A02
-1.5174e+000
-2, 9536e+000
-4, 3997e+A06
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-7.2820e+000
-8, F232e+000
-1.8164e+001
- -1, 1686s+881
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-1.8811e+@81
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Figure 5.5 Simulated 2-D radiation pattern (Directivity pattern for phi=0 (x-z) and phi=90
(y-z) planes) for the T-match 915 MHz UHF antenna design and 3-D gain pattern. Antenna
is located in the horizontal plane.
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The radiation patterns for the T-Match design is shown in Figure 5.5. The antenna
design has doughnut-shaped radiation patterns in the phi=0 deg (x-z plane) and
phi=90 deg (y-z plane) planes as expected since the antennas are dipole type. The
creation of nulls in the horizontal plane (x-y plane) with dipole type of antennas
is a restrictive factor. It is essentially desired to attain maximum radiation when
the tag is read in the plane (x-z or y-z planes) that is perpendicular to the RFID
antenna. The horizontal plane radiation is also important in relation to the
orientation of the interrogator. The interrogator (reader) does not essentially have
to be positioned on top or bottom with respect to the RFID transponder; however
the RFID transponder should also have the functionality to be read from the sides
as well. Making use of the two orthogonal transponders (x-y horizontal plane and
x-z/y-z vertical planes) would overcome this obstacle in case the application
requires effective radiation characteristics in the horizontal plane. The dual
polarization (horizontal and vertical) capture will improve the detection in the

direction vertical to the antenna (z-axis) where antenna is least likely to be read.

The load impedance values are displayed in Table 5.1 along with other radiation
parameters namely return loss, gain, directivity, antenna efficiency, and

theoretical read range in free space.

Table 5.1 Simulated antenna parameters and calculated theoretical read range.

Impedance Return Gain | Directivity | Antenna | Theoretical
(Ohm) Loss (dB) | (dB) (dBi) Efficiency | read range
(o) (m)
Ant #1 12.8+ -30.6 2.8 2.85 98 4.53
j140.2
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5.2 Inductively Coupled Loop Antenna Design

Rather than the T-match, the radiating dipole may be excited via an inductively
coupled small loop [33], located in close proximity to the radiating body (Figure
5.6). The terminals of the loop are directly connected to the microchip. This
arrangement adds a correspondent inductance in the antenna. The strength of the
coupling, and therefore of the added reactance, is controlled by the distance
between the loop and the radiating body, as well as by the shape factor of the
loop. The inductive coupling can be modeled by a transformer, and the resulting

input impedance seen from the loop's terminals is

(2nfM)?

Zin = Zloop + Za

2

where  Zj0p = j2TfLioop is the loop’s input impedance. Whether or not the
dipole is at resonance, the total input reactance depends only on the loop
inductance, Lo,y , While the resistance is related to the sole transformer mutual

inductance, M:

Rin(fo) = (ZﬂfoM)z/RA (fo),

Xin(fo) = 27TfoLloop-

Assuming that the radiating body is infinitely long, the loop’s inductance and
mutual coupling, M, can be expressed in terms of the loop’s size and its distance
from the dipole through analytical formulas [33]. It is important to note that the
mutual coupling, and therefore the total input resistance, are dependent on both
the loop’s shape and on the dipole-loop distance, while the reactance, L;yqp, 18

mainly affected only by the loop’s aspect ratio.
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Figure 5.6 The layout of the inductively coupled feed and its equivalent circuit. The
parameters R4, C4, and L, give the circuit model of the radiating body near its (series)
resonance.

5.2.1 Design Approach

The IC input impedance to be used in this layout at 915 MHz is 16-j350 Q
(Philips EPC 1.19) which means the load antenna impedance should be 16+j350
Q) for maximum power transfer (conjugate matching). This requires the antenna
impedance to be low-resistive but high-inductive (large impedance phase angle,
arctan(Z,) > 45°). Different inductively coupled antenna designs like meander-
line antenna with inductively coupled feed [34, 35] have been proposed as a
solution in the past. However, in my research the simplest generic version is
investigated to keep the antenna size small and the load impedance to have a low
real part (small resistance) and a high positive imaginary part (high inductance).
To achieve this, the geometrical parameters, a, b, and the dipole-loop distance, d
can be adjusted to match the complex chip impedance, Z.p;,. To accomplish
maximum directivity and optimum radiation, the designs are built to achieve half-

wavelength (A/2 ~16.3 cm at 915 MHz) resonance at first.

In reality, the designs possess similarity to the half-wave dipole antenna;
however, there exists a trade-off between antenna-chip matching and resonance.

Whenever the antenna size is increased to match for resonance, antenna-chip
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matching deteriorates. The miniaturization of the antenna size is another issue,

which requires the length of the antenna to be smaller than the resonance length.

5.2.2 Antenna Design

The inductively coupled loop RFID tag antenna design is shown in Figure 5.7.
The antenna is made of copper metal with a thickness of 0.02mm and polyester
(with er = 3.2 and loss tangent § = 0.003) with a thickness of 0.1mm as a
substrate. In addition to this, one-port differential excitation, which is used to
measure the actual antenna-chip configuration, is employed to numerically
calculate the antenna parameters such as return loss and antenna load impedance

as well as the theoretical read range measurement.

Top-view Crosssectional view
Antenna (coppen ia

|
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Figure 5.7 The inductively coupled loop RFID antenna design layout.

The inductive small loop in the layout as shown in Figure 5.7 is utilized to obtain
the required impedance. The designed antenna shown above has geometrical
parameters of W =31.5mm,L =163mm, a =20.1mm, b = 20.1mm,
d=39mm,w=3mm, w =1mm t,=0.02mm, t;=0.1mm, and port

separation of 2mm.

5.2.3 Simulation Results and Discussions

The simulated return loss with respect to frequency is illustrated in Figure 5.8.
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Frequency vs Retum Loss
Inductively Coupled Loop Antenna Design at 915 Mhz

1= 0.88GHz (X2= 0.96GHz |X3=0.91GHz
Y1=-1014 |¥2=-10.03 |¥3=-33.28

2000

500 “‘\'\M /r’,r-""
T~

| A
\

Return Loss (dB)

-40.00
06 070 080 090 1.00 1.10 1.20
Frequency [GHZ]

Figure 5.8 Simulation result showing the return loss of the antenna.

As seen from the Figure 5.8 the -10 dB bandwidth of the antenna is %8.7 (80
Mhz).

Figure 5.9 below shows the simulated antenna input impedance with respect to

the frequency verifying that they are high-inductive and low-resistive.

Impedance vs Frequency

Inductively Coupled Loop Antenna Design at 915 Mhz
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Figure 5.9 Simulated antenna input impedance with respect to frequency.
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As it can be seen from the plots, the antenna input impedance is achieved to
match complex conjugate of the chip impedance at that frequency. It is important
to achieve complex conjugate match of the antenna at the frequencies which is
distant from the antenna self resonant frequency. That is because, at the antenna
self resonant frequency the impedance changes more quickly and antenna-chip
matching deteriorates a lot at these regions. In order to achieve maximum
operating bandwidth, the frequency of the conjugate matching should be selected
where antenna input impedances exhibits slow changes in the real and imaginary

parts.
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Figure 5.10 Simulated 2-D radiation pattern (Directivity pattern for phi=0 (x-z) and phi=90
(y-z) planes) for the inductively coupled loop 915 MHz UHF antenna design and 3-D gain
pattern. Antenna is located in the horizontal plane.

The radiation pattern for the inductively coupled design is shown in Figure 5.10.
The antenna design has doughnut-shaped radiation patterns in the phi=0 deg (x-z
plane) and phi=90 deg (y-z plane) planes as expected since the antennas are
dipole type. The creation of nulls in the horizontal plane (x-y plane) with dipole
type of antennas is a restrictive factor. It is essentially desired to attain maximum
radiation when the tag is read in the plane (x-z or y-z planes) that is perpendicular

to the RFID antenna. The horizontal plane radiation is also important in relation
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to the orientation of the interrogator. The Interrogator (reader) does not
essentially have to be positioned on top or bottom with respect to the RFID
transponder; however the RFID transponder should also have the functionality to
be read from the sides as well. Making use of the two orthogonal transponders (x-
y horizontal plane and x-z/y-z vertical planes) would overcome this obstacle in
case the application requires effective radiation characteristics in the horizontal
plane. The dual polarization (horizontal and vertical) capture will improve the
detection in the direction vertical to the antenna (z-axis) where antenna is least

likely to be read.

The load impedance values are displayed in Table 5.2 along with other radiation
parameters namely return loss, gain, directivity, antenna efficiency, and

theoretical read range in free space.

Table 5.2 Simulated antenna parameters and calculated theoretical read range.

Impedance Return Gain | Directivity | Antenna | Theoretical
(Ohm) Loss (dB) | (dB) (dBi) Efficiency | read range
(o) (m)
Ant#2 17.5+ -33.2 2.5 3.13 87.2 3.46
j348.2

5.3 Nested Slot Antenna Design

A totally different matching strategy, useful for tags constructed with large planar
dipoles or suspended patches [36, 37], may utilize a nested, shaped slot (Figure
5.11a). Due to the inductive reactance of a non-resonant slot, this feeding
approach has the significant capability of complex impedance matching, even
when the tag is attached onto a high-permittivity substrate (see, for instance,
Figure 5.11b). The slot shape can be seen as a slot-line impedance transformer,

where each discontinuity (tooth) supplies energy storage and radiation. As the
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number of teeth increases, further degrees of freedom are obtained, with the
possibility of improving miniaturization and attaining multi-band features [38].
Since the slot sizes may be comparable to the patch surface, the radiation
characteristics are related to both objects. Specifically, the maximum antenna
gain is fixed primarily by the patch side, /, while the impedance tuning can be
altered by acting on the slot's aspect ratio, dimensions a and b. Depending on the
shape and on the size of the internal slot, the antenna behaves generally either as
an H slot, a broadband dipole, or as a doubly folded dipole. When the slot width,
b, is much smaller than the external side, [, a typical RLC behavior can be
examined, with strong reactance peaks. When the size b increases, the resonance

shifts towards dc, and the reactance peak is decreased.

Figure 5.11 a) The geometry of the nested-slot suspended-patch b) An example of the tag
(size in mm) to be attached on to human body and able to host sensors [36] ¢) The equivalent
simplified distributed circuit for the tab of Figure 5.11b.
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5.3.1 Design Aproach

The IC input impedance to be used in this layout at 915 MHz is 16-j350 Q
(Philips EPC 1.19) which means the load antenna impedance should be 16+j350
Q) for maximum power transfer (conjugate matching). This requires the antenna
impedance to be low-resistive but high-inductive (large impedance phase angle,
arctan(Z,) > 45°). Different nested-slot antenna designs have been proposed
according to the nested slot number (tooth) [38] as a solution in the past.
However, in my research the simplest generic version is investigated to keep the
load impedance to have a low real part (small resistance) and a high positive
imaginary part (high inductance). To achieve this, the geometrical parameters, a,
b can be adjusted to match the complex chip impedance, Z y;,. To accomplish
maximum directivity and optimum radiation, the designs are built to achieve half-

wavelength (A/2 ~16.3 cm at 915 MHz) resonance at first.

In reality, the designs possess similarity to the half-wavelength 3-wire folded
dipole antenna if the sizes a and b increase (2b = a =~ [) until the slot nearly fills

the surface of the whole patch.

5.3.2 Antenna Design

The nested slot RFID tag antenna design is shown in Figure 5.12. The antenna is
made of copper metal with a thickness of 0.02mm and polyester (with ¢,=3.2 and
loss tangent § = 0.003) with a thickness of 0.1mm as a substrate. In addition to
this, one-port differential excitation, which is used to measure the actual antenna-
chip configuration, is employed to numerically calculate the antenna parameters
such as return loss and antenna load impedance as well as the theoretical read

range measurement.
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Top-view

Cross-sectional view

Figure 5.12 The nested-slot RFID antenna design layout.

The nested slot in the layout as shown in Figure 5.12 is utilized to obtain the
required impedance. The designed antenna shown above has geometrical
parameters of L = 163mm, a =45mm, b = 23mm, d =2mm, g = 2mm,

t, = 0.02mm, ty, = 0.1mm.

5.2.3 Simulation Results and Discussions
The simulated return loss with respect to frequency is illustrated in Figure 5.13.

Frequency vs Return Loss
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Figure 5.13 Simulation result showing the return loss of the antenna.
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As seen from the Figure 5.13 the -10 dB bandwidth of the antenna is %13.1 (120
Mhz).

Figure 5.14 below shows the simulated antenna input impedance with respect to

the frequency verifying that they are high-inductive and low-resistive.

Impedance vs Frequency
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Figure 5.14 Simulated antenna input impedance with respect to frequency.

As it can be seen from the plots, the antenna input impedance is achieved to
match complex conjugate of the chip impedance at that frequency. It is important
to achieve complex conjugate match of the antenna at the frequencies which is
distant from the antenna self resonant frequency. That is because, at the antenna
self resonant frequency the impedance changes more quickly and antenna-chip
matching deteriorates a lot at these regions. In order to achieve maximum
operating bandwidth, the frequency of the conjugate matching should be selected
where antenna input impedances exhibits slow changes in the real and imaginary

parts.
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Figure 5.15 Simulated 2-D radiation pattern (Directivity pattern for phi=0 (x-z) and phi=90
(y-z) planes) for the nested-slot 915 MHz UHF antenna design and 3-D gain pattern.
Antenna is located in the horizontal plane.

The radiation pattern for the nested-slot antenna design is shown in Figure 5.15.
The antenna design has doughnut-shaped radiation patterns in the phi=0 deg (H-
plane) and phi=90 deg (E-plane) planes as expected since the antenna acts as an
H-slot. 1t is essentially desired to attain maximum radiation when the tag is read
in the plane (x-z or y-z planes) that is perpendicular to the RFID antenna. The
horizontal plane radiation is also important in relation to the orientation of the
interrogator. The Interrogator (reader) does not essentially have to be positioned
on top or bottom with respect to the RFID transponder; however the RFID
transponder should also have the functionality to be read from the sides as well.
Making use of the two orthogonal transponders (x-y horizontal plane and x-z/y-z
vertical planes) would overcome this obstacle in case the application requires

effective radiation characteristics in the horizontal plane.

The load impedance values are displayed in Table 5.3 along with other radiation
parameters namely return loss, gain, directivity, antenna efficiency, and

theoritical read range in free space.
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Table 5.3 Simulated antenna parameters and calculated theoretical read range.

Impedance Return Gain | Directivity | Antenna | Theoretical
(Ohm) Loss (dB) | (dB) (dBi) Efficiency | read range
(o) (m)
Ant#3 | 13+j345.9 -34.26 6.3 59 100 4.81

5.4 Chapter Summary

Three different feeding type RFID antennas (T-match, proximity-loop and
nested-slot) which are lowly resistive (high efficiency) and highly inductive for
matching to the input impedance of the transponder IC have been proposed for
915 MHz UHF RFID applications. Analysis of these antennas with low resistance
and high inductance for the input impedance provide a good example of a design
procedure especially for the transponders which have a specified load impedance.
The required impedance can be achieved easily by simply changing the
appropriate antenna geometries. The tag size plays a major role in determining
the read range. The smaller the tag, the smaller the energy capture area, therefore
the shorter the read range. A proper design of the system and a careful
optimization of the interrogator power, antenna positioning and orientation, and
an optimum tag positioning helps to alleviate this limitation. Multiple tagging can
be used to improve the detection of the tags in both the horizontal and vertical

planes.
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CHAPTER 6

MEANDERED LINE DIPOLE

ANTENNA DESIGNS

This chapter presents six different meandered-line dipole antenna designs and

implementations for the type of UHF (868 MHz) passive tag antennas.

As proposed in [22], by folding the arms of a dipole antenna along a meandered
path (Figure 6.1), a wire configuration is produced with distributed capacitive and
inductive reactances that globally affect the antenna's input impedance. Up to the
first antenna resonance, the currents on the adjacent vertical segments of
meandered-line antennas (MLA) have opposite phases. These transmission-line
currents do not give a valuable contribution to the radiated power, but
nevertheless produce losses. Resonances are achieved at much lower frequencies
than in the case of a straight dipole of the same height, at the expense of a narrow

bandwidth and a low efficiency.

The HFSS design tool [26], which is based on Finite Element Method (FEM), is
used to optimize and analyze the tag. This tool is used as main platform to design
and come up with certain antenna performance parameters such as return loss,
gain, directivity, radiation pattern, efficiency and theoretical calculated read
range. Two meander-line antennas with loading bar which are 10.7cm x 1.6cm

(equal in area or smaller) and four meander-line antennas having multiple
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unequal turns which are 4.8cm x 4.1cm (equal in area or smaller) antenna designs

are built to make sure maximum range is obtained. Achieving that range has been

Figure 6.1 The geometry of a meandered-line antenna (MLA) having multiple unequal
turns. The horizontal lines mainly control the radiation resistance, the adjacent vertical
lines (transmission-line current mode) give storage of electric energy and loss, and the
overall conductor length affects the inductance.

a challenge because the lossy items make it harder to get an impedance matching
and creates additional power loss in that environment. The tags which are
measured by means of RFID reader yield minimum operational distance of 2.8m

which is well beyond the required range (2.5m) for the UHF RFID applications.

6.1 Design Approach

The IC input impedance to be used in these layouts at 868 MHz are 15-j151Q
(Alien Higgs-2 Chip used in designs 1, 3 and 5) and 30-j211Q (Alien Higgs-3
Chip used in designs 2, 4 and 6) which means the load antenna impedance
should be 15+j151Q and 30+j211Q for maximum power transfer (conjugate
matching). This requires the antenna impedance to be low-resistive but high-
inductive (large impedance phase angle, arctan(Z,) > 45°). Different antenna

designs like meander-line antenna with inductively coupled feed [34,35] or equi-
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spaced meander-line with T-match feed [39] have been proposed as a solution in
the past. However, in my research the simplest generic versions which are equi-
spaced meander-line antenna with loading bar and meander-line antennas having
multiple unequal turns are investigated to keep the antenna size small and the
load impedance to have a low real part (small resistance) and a high positive
imaginary part (high inductance). To achieve this, the geometrical parameters of
the antennas can be adjusted to match the complex chip impedance, Zp;,. To
accomplish maximum directivity and optimum radiation, the designs are built to
achieve smaller than half-wavelength (A/2 ~17.3 cm at 868 MHz) resonance at
first. In reality, the total length of the turns in the designed antenna is longer than

that of the half-wave dipole antenna.

6.2 Antenna Designs

Six meander-line antenna designs are simulated and implemented. The meander-
line RFID tag antenna with loading bar design#1 is shown in Figure 6.2. The
antenna is made of copper metal with a thickness of 0.035mm and FR4 (with
&=4.4 and loss tangent 6=0.02) with a thickness of 0.8mm as a substrate. In
addition to this, one-port differential excitation, which is used to measure the
actual antenna-chip configuration, is employed to numerically calculate the
antenna parameters such as return loss and antenna load impedance as well as the

theoretical read range measurement.

Top-view Cross-sectional view
s& r Antenna (Copper) ta

Mﬂmmﬂumm‘ —

Figure 6.2 The meander-line RFID antenna with loading bar design#1 layout.

-— W—
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The loading bar in the layout as shown in Figure 6.2 is utilized to obtain the
required impedance. The designed antenna#l shown above has geometrical
parameters of W = 15.7mm, L = 884mm, a =5.1mm, b=10.5mm, d=
53mm, w = 0.7mm, ta = 0.035mm, ts = 0.8mm, and port separation of

2mm.

The implemented design#1 meander-line antennas with loading bar are shown in
Figure 6.3. In order to match the antenna complex input impedance Z, to the
SMA connector (50Q) impedance, matching circuit and/or coil transformator is

inserted to the design for measurements.

Figure 6.3 The implemented meander-line RFID antenna with loading bar design#1 layout.
Implemented chip inserted antenna, coil impedance transformator inserted with SMA
connector and matching circuit inserted with SMA connector antennas are shown from top
to bottom.

The meander-line RFID tag antenna with loading bar design#2 is shown in Figure
6.4. The antenna is made of copper metal with a thickness of 0.035mm and
Rogers4003 (with ¢,=3.38 and loss tangent 6=0.0027) with a thickness of Imm as

a substrate.
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Figure 6.4 The meander-line RFID antenna with loading bar design#2 layout.
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The loading bar in the layout as shown in Figure 6.4 is utilized to obtain the
required impedance. The designed antenna#2 shown above has geometrical
parameters of W = 15.6mm, L = 106.4mm, a=6.1mm, b= 11.2mm,
d=73mm, w=0.7mm, ta = 0.035mm, ts = Imm, and port separation of

2mm.

The implemented design#2 meander-line antennas with loading bar are shown in
Figure 6.5. In order to match the antenna complex input impedance Z, to the
SMA connector (50Q) impedance, matching circuit and/or coil transformator is

inserted to the design for measuring antenna parameters.

Figure 6.5 The implemented meander-line RFID antenna with loading bar design#2 layout.
Implemented chip inserted antenna, coil impedance transformators inserted with SMA
connector and matching circuit inserted with SMA connector antennas are shown from
bottom to top.
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The meander-line RFID tag antenna with unequal turn design#3 is shown in
Figure 6.6. The antenna is made of copper metal with a thickness of 0.035mm
and FR4 (with ¢,=4.4 and loss tangent 6=0.02) with a thickness of 0.8mm as a

substrate.

Top-view Cross-sectional view

W, Antenna (Copper) ta
Diejectric Substrate
a FRA (sr=4.4) is

b

=

Figure 6.6 The meander-line RFID antenna with unequal turn design#3 layout.

The unequal turn in the layout as shown in Figure 6.6 is utilized to obtain the
required impedance. The designed antenna#3 shown above has geometrical
parameters of W = 50mm, L = 27mm, a = 3mm, b = 39.3mm, ¢ = 4mm,
d=33mm, e=463mm, f=18.65mm, w=0.7mm, ta= 0.035mm,

ts = 0.8mm, and port separation of 2Zmm.

The implemented design#3 meander-line antennas having unequal turn are shown
in Figure 6.7. In order to match the antenna complex input impedance Z, to the
SMA connector (50Q) impedance, matching circuit and/or coil transformator is

inserted to the design for measurements.
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Figure 6.7 The implemented meander-line RFID antenna having unequal turns design#3
layout. Implemented coil impedance transformator and matching circuit inserted with
SMA connector, coil impedance transformator and matching circuit inserted with MMCX
connector and chip inserted antennas are shown from left to right.

The meander-line RFID tag antenna with unequal turn design#4 is shown in
Figure 6.8. The antenna is made of copper metal with a thickness of 0.035mm
and Rogers4003 (with ¢=3.38 and loss tangent 6=0.0027) with a thickness of

Imm as a substrate.

Top-view Cross-sectional view

I
*

I8

Figure 6.8 The meander-line RFID antenna with unequal turn design#4 layout.

The unequal turn in the layout as shown in Figure 6.8 is utilized to obtain the
required impedance. The designed antenna#4 shown above has geometrical
parameters of W = 48.8mm, L = 35mm, a = 3mm, b = 39.3mm, ¢ = 4mm,
d=33mm, e=463mm, f=18.65mm, w=0.7mm, ta = 0.035mm,
ts = 0.8mm, and port separation of 2mm.

The implemented design#4 meander-line antennas having unequal turn are shown

in Figure 6.9. In order to match the antenna complex input impedance Z, to the
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SMA connector (50Q) impedance, matching circuit and/or coil transformator is

inserted to the design for measurements.

Figure 6.9 The implemented meander-line RFID antenna having unequal turns design#4
layout. Implemented chip inserted antenna, matching circuit inserted and coil impedance
transformator with SMA connector antennas are shown from left to right.

The meander-line RFID tag antenna having multiple unequal turns design#5 is
shown in Figure 6.10. The antenna is made of copper metal with a thickness of
0.035mm and FR4 (with &,=4.4 and loss tangent 6=0.02) with a thickness of

0.8mm as a substrate.

Figure 6.10 The meander-line RFID antenna having multiple unequal turns design#5 layout.

The multiple unequal turns in the layout as shown in Figure 6.10 is utilized to
obtain the required impedance. The designed antenna#5 shown above has
geometrical parameters of W = 43mm, L =47mm, a = 3mm, b = 19.5mm,
c=3895mm, d=3mm, e=4mm, f=25mm, g=3mm, h=4mm,
i=22mm, j=20mm, w=1mm ta = 0.035mm, ts = 0.8mm, and port

separation of 2Zmm.
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The implemented design#5 meander-line antennas having multiple unequal turns

are shown in Figure 6.11.

Figure 6.11 The implemented meander-line RFID antenna having multiple unequal turns
design#5 layout. Implemented chip inserted antenna, matching circuit inserted and coil
impedance transformator with SMA and MMCX connector antennas are shown from left to
right.

The meander-line RFID tag antenna having multiple unequal turns design#6 is
shown in Figure 6.12. The antenna is made of copper metal with a thickness of
0.035mm and Rogers4003 (with ¢=3.38 and loss tangent 6=0.0027) with a

thickness of 1mm as a substrate.

Top-view Cross-sectional view

ta

Diclectric Substrate
Rogers 4003 (4=3.38) |1
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Figure 6.12 The meander-line RFID antenna having multiple unequal turns design#6 layout.

The multiple unequal turns in the layout as shown in Figure 6.12 is utilized to
obtain the required impedance. The designed antenna#6 shown above has
geometrical parameters of W =41mm, L=47mm, a=43mm, b=
19.65mm, c¢=373mm, d=33mm, e=4mm, f=25mm, g=4mm,
h=4mm,i=213mm, j=20mm,w = 0.7mm ta = 0.035mm, ts = lmm,

and port separation of 2mm.

102



The implemented design#6 meander-line antennas having multiple unequal turns

are shown in Figure 6.13.

Figure 6.13 The implemented meander-line RFID antenna having multiple unequal turns
design#6 layout. Implemented chip inserted antenna, coil impedance transformator with

SMA and matching circuit inserted with MMCX connector antennas are shown from left to
right.

6.3 Simulation Results and Discussions

The simulated and measured return losses with respect to frequency are illustrated

in the following figures.

Frequency vs Return Loss
Meander-Line Antenna Design#1
10,00

5,00
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-25,00

-30,00
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Return Loss (dB)

Figure 6.14 Results showing the return loss of the meander-line antenna design#1

As seen from Figure 6.14, -10 dB bandwidth of the antennas are 74 Mhz and 75

Mhz for the simulation and measurement respectively which is %8.6 of 868 Mhz.

103



Frequency vs Return Loss
Meander-Line Antenna Design#2
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Figure 6.15 Results showing the return loss of the meander-line antenna design#2
As seen from Figure 6.15, -10 dB bandwidth of the antennas are 148 Mhz and 97
Mhz for the simulation and measurement respectively which is %11.1-17 of 868
Mhz.

Frequencyvs Return Loss
Meander-Line Antenna Design#3
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Figure 6.16 Results showing the return loss of the meander-line antenna design#3

As seen from Figure 6.16, -10 dB bandwidth of the antennas are 99 Mhz and 113

Mhz for the simulation and measurement respectively which is %11.4-13 of 868
Mhz.
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Frequency vs Return Loss
Meander-Line Antenna Design#4
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Figure 6.17 Results showing the return loss of the meander-line antenna design#4

As seen from Figure 6.17, -10 dB bandwidth of the antennas are 113 Mhz and
149 Mhz for the simulation and measurement respectively which is %13-17 of
868 Mhz.

Frequencyvs ReturnLoss
Meander-Line Antenna Design#5
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Figure 6.18 Results showing the return loss of the meander-line antenna design#5

As seen from Figure 6.18, -10 dB bandwidth of the antennas are 81 Mhz and 68

Mhz for the simulation and measurement respectively which is %7.8-9.3 of 868
Mhz.
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Frequency vs Return Loss
Meander-Line Antenna Design#6
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Figure 6.19 Results showing the return loss of the meander-line antenna design#6

As seen from Figure 6.19, -10 dB bandwidth of the antennas are 97 Mhz and 85

Mhz for the simulation and measurement respectively which is %9.7-11.1 of 868
Mhz.

When examining the figures above, the resonance frequency of the implemented
antennas is seen to slightly shifted to a higher frequencies. This is due to the

matching circuits and/or coil impedance transformators, since the simulated

designs lack of these circuitries.

Figures below shows the simulated antenna input impedance with respect to the

frequency verifying that they are high-inductive and low-resistive.
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Impedance vs Frequency
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Figure 6.20 Simulated meander-line antenna designs input impedance with respect to
frequency.
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Impedance vs Frequency

Meandered Line Antenna Design#2 at 868 Mhz

10000.00. T
1 v —e
7500.00. q im{Zt{LumpPort1 LumpPort1))
1 Y1 —
] re{Z{LumpPort?,LumpPort1))
5000.00- —
€ i
=
3 ]
& 250000
5 4
b
54 ]
<A ]
E b M
0.00—44 s
5 S L et
] 86GHz /"‘
-2500.00]
_5000.00-]
0.50 067 083 1.00 17 123 150
Frequency [GHz]
Impeciance v Frequency
Meancerad Line Anterina Designid at 868 Mhz
20000.00 T T
—0
15000 00 Im{ZHLumpPort1, LumpPart1))
R ——
re(ZiLumpPort1 LumpPort1)}
10000.00 —
E
£
<
2 500000
5
3
2
a2
E
0.00
ests
-5000.00 f
-10000.00
050 067 038 100 117 133 1.50

Frequency [GHz]

Figure 6.21 Simulated meander-line antenna designs input impedance with respect to
frequency.
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Impedance vs Frequency

Meandered Line Antenna Design#5 at 383 hhz
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Figure 6.22 Simulated meander-line antenna designs input impedance with respect to
frequency.

As it can be seen from the above plots, the antenna input impedance is achieved
to match complex conjugate of the chip impedance at that frequency. It is
important to achieve complex conjugate match of the antenna at the frequencies
which is distant from the antenna self resonant frequency. That is because, at the
antenna self resonant frequency the impedance changes more quickly and
antenna-chip matching deteriorates a lot at these regions. In order to achieve

maximum operating bandwidth, the frequency of the conjugate matching should
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be selected where antenna input impedances exhibits slow changes in the real and

imaginary parts.

The radiation patterns of the implemented antennas are measured in an anechoic

chamber illustrated in the Figure 6.23.

Figure 6.23 Test environment for measuring radiation patterns of the implemented
antennas.
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Radiation Pattern keasurement
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Figure 6.24 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#1 and 3-D gain
pattern. Antenna is located in the horizontal plane.
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Radiation Pattern Simulation

Meander Line Antenna Design #2
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Figure 6.25 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#2 and 3-D gain
pattern. Antenna is located in the horizontal plane.
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Radiation Pattern Simulation

Meander Line Antenna Design #3

5.00
12
T
0.00 //
= 4
z 1
= 500
[S) 1
o Y1 —=C—
7 dB{DirTotal)
B Phi=0deg, H-Flane
] Y1
10.00 dB(DirTotal)
4 Phi=90.0deq, E-Plane
i 1= 180.00deg [%2= 10.00deg
| Y1=2.00 ¥2=2.02
15.00 .
0 90.00 180.00 270.00 360.00
Theta [deq]

Radiation Pattern Measurement
Meander Line Antenna Design#3

DirTotal (4B

-3
0

iy

dB{GainTotal)

7
B
! -4,
M—
-6,
e
-8,
B 1
=
=
| -1,
=
-1
-1
4
A,
. 8538e+BE1

6595e+080
7144 e+E80
7695e+080
G241e+E808
G796 +088
9339e+080
9555e+0808
BEYYe+EE1
1899 +881
2155e+081
3Z08e+E81
4265e+E81
S5315e+881
G373e+E81
T42Be+E81
G453e+081

i i i i |
100 150 200 250 300 350
Theta (deg)

Figure 6.26 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#3 and 3-D gain
pattern. Antenna is located in the horizontal plane.
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Radiation Pattern Simulation

IMeandered Line Antenna Design #4
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Figure 6.27 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#4 and 3-D gain
pattern. Antenna is located in the horizontal plane.
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Radiiation Pattern Simulation

Meander Line Antenna Design #5
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Figure 6.28 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#5 and 3-D gain
pattern. Antenna is located in the horizontal plane
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Radiation Pattern Simulation

Meandered Line Antenna Design #6
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Figure 6.29 Simulated and measured 2-D radiation pattern (Directivity pattern for phi=0 (x-
z) and phi=90 (y-z) planes) for the MLA 868 MHz UHF antenna design#6 and 3-D gain

1
100

e

ra

i

|
i}

ra

dB{GainTotal)
. 2953 +0B8
. B989e-082
. 3933 e+0E8
. 737Be+BEE
=N
hERle+0EE
-6,
I § -5.
4598 e +BEE
o
.
=1,
=iy
=y
=
=4;
LB213e+BE1

B318:+088

7784 e+E08
1147 e+B08

BEA5e+A01
2145e+001
3492e+001
4836 +EE1
6150e+001
7525e+@@1
8869e+001

1 1
150 200
Theta (deg)

2

1
250

pattern. Antenna is located in the horizontal plane.

116



The radiation patterns for the Meander-Line Antennas above are shown in Figure
6.24 to Figure 6.25. The measured E-Plane peak values are normalized to the
simulated E-Plane peak values. As it can be seen from these 2D radiation
patterns, the H-planes slightly differ at some degrees in all of the figures. These
alterations are due to the SMA connectors which are not present in the simulated

designs.

All of the antenna designs has doughnut-shaped radiation patterns in the phi=0
deg (x-z plane) and phi=90 deg (y-z plane) planes as expected since the antennas
are dipole type. The creation of nulls in the horizontal plane (x-y plane) with
dipole type of antennas is a restrictive factor. It is essentially desired to attain
maximum radiation when the tag is read in the plane (x-z or y-z planes) that is
perpendicular to the RFID antenna. The horizontal plane radiation is also
important in relation to the orientation of the interrogator. The interrogator
(reader) does not essentially have to be positioned on top or bottom with respect
to the RFID transponder; however the RFID transponder should also have the
functionality to be read from the sides as well. Making use of the two orthogonal
transponders (x-y horizontal plane and x-z/y-z vertical planes) would overcome
this obstacle in case the application requires effective radiation characteristics in
the horizontal plane. The dual polarization (horizontal and vertical) capture will
improve the detection in the direction vertical to the antenna (z-axis) where

antenna is least likely to be read.

The load impedance values are displayed in Table 6.1 along with other radiation
parameters namely return loss, gain, directivity, antenna efficiency, and

theoretical & measured read range in free space.

Maximum read distance measurements were done with 13 dBi linearly polarized

reader antenna with maximum power set to 1 Watts.
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Table 6.1 Simulated and measured antenna parameters.

TE. |38 |Ba | B|E_|zf %% |B%
88 |EBS |z | T|2E|58gtEg iz
£ 20 Els S — El1 238 | €8Y guw=| 39—
5 E fm |Za | S|A | <5 |g8 |38
Ant#l | 14.5+,151.2Q | -24.9 -18.9 -0.1 24 53.7 5.0 4.6
Ant#2 | 20.5+;220.8€Q | -32.0 -35.5 0.6 2.7 62.4 5.6 59
Ant#3 | 12.2+;157.6 Q | -39.5 -22.8 -2.6 2.0 34.0 3.6 2.8
Ant#4 | 11.6 +;2064Q | -27.3 -20.6 0.8 24 69.8 4.6 6.9
Ant#5 | 15.4+;142.2Q | -22.5 -16.6 0.6 23 68.0 6.0 5.5
Ant#6 | 14.8+,210 Q -23.4 -15.0 1.3 23 79.5 4.9 5.0

6.4 Chapter Summary

The shape of the meander line antennas can be periodic, as in the above designs (

designs 1 and 2), or even individually optimized to match a particular impedance

(designs 3, 4, 5 and 6). For this purpose, the required inductive reactance may be

achieved by allocating a wire (or strip) conductor longer than half a wavelength

within a small space. Reduction of the antenna height down to fractions of a

wavelength (1/5 x 4/5) can be easily achieved in the antenna designs. Since the

linear conductor's length for the optimized meander-line antenna is generally

longer than half a wavelength, the tag's maximum gain may be nearly the same of

a regular resonant dipole, in spite of the consistent size reduction. As expected,

the total length of the meander-line antenna increases along with the reactance to

be matched, while the antenna's height controls the resistance.
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CHAPTER 7

CONCLUSIONS

The main objective of this thesis has been to design and implement RFID
transponder antennas for passive (860-960 MHz) UHF tags as well as
understanding the procedures and problems of the design process. The popularity
of the UHF band have shown that optimization techniques will be of great interest

in the various RFID applications from access control to supply chain.

Passive tags which operate in the passive UHF band generally suffer from poor
impedance matching at the antenna-IC interface. The microchips come in with
different impedance values. This is one of the main challenges when designing
the antenna for such an IC. This thesis proved that the resistive stub, double
inductive stub, T-match, proximity-coupled loop, nested-slot techniques can
achieve conjugate matching to any IC input impedance. In addition, the meander-
line antenna configurations reveals the largest number of degrees of freedom,
which can be globally optimized to suit tag to a large diversity of microchips and
sizes. Antenna’s radiation properties are also important for the UHF band since
this band is affected more than the HF or lower bands by environmental
interference (i.e. metals, liquids, human body absorption). This necessitates the
designer to improve antenna radiation characteristics such as radiation pattern,
radiation efficiency and gain by improving the current flow on the antenna. The
loss in the medium sometimes cannot be managed, so optimum performance must
be achieved as discussed in previous chapters. Even the active tags undergo

similar challenges from the environment surrounding the tag-reader system. One
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must realize the obstacles from a higher system point of view not only at the

lower tag design level.

In RFID technology each application comes with different and sometimes unique
challenges. Transfer of information is increasing day by day in today’s world.
The same pattern is repeated with the RFID technology. The need to gather and
store more information requires higher data rates and storage capacities.
Integration of transponders with other active modules such as sensors (i.e.
temperature, pressure) with batteries has caught a lot of attention recently. This
means greater challenges are about to happen in terms of packaging constraints

and frequency limitations.

Considering previous studies and the work in the thesis, there are possible future
works on RFID antenna design. One area of future work will be to design of
RFID antennas, the input and radiation properties of which remain nearly
unchanged when the transponder is attached to different substrates, such as paper,
wood, metal, or living issues. The planar inverted F-antenna-like (IFA) structures

will be a partial solution when the substrate is particularly metal.

Another area of future work will be to design of near field UHF RFID antennas
for item level tagging. Some interesting research developments in this area
include RFID transponders with dual HF/UHF functionality [40] and organic
printed technology developed by several companies [41-43] which is currently
making its way into HF RFID [44-50] and may one day reach the UHF band and

be used in near field for item level tagging.
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