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Abstract

Radio frequency identification (RFID) technology has been developing rapidly
during the past years. ltas beerreplacing optical baades and has found many
applications beyod tagging and tracking objectdespite their undeniable
advantags, passiveRFID tagsworking in the ultra-high frequency (UHF) bandre
sersitive to the host materiand her performance is affected wheattached to
different materiad. Althoughthere are robust tag designise fabrication is costly.

The motivation of thigesearch is to study the effect of the challenging masesral
the tag and find solutions for robust cestfective designs.

Liquid bottles are one of the challenging objects for RFID tabs.study on the
equivalent circuit of a typical taghich is baically a dipole antennghows the liquid
increases the loss resistance of the antenna and affects the impedance matching
betweenthe antenna andhe chip. Two extra armsare added to the antenna in the
suggestedolution to alleviate the destructive effexd the liquid. The read range of
the tag is improved without increasing giee of the design.

Study ofthe detuning effect showthat the capacitances in the antenna are the
most sensitive elementsThe presentedtheoretical analysis reveals that less
capacitance in the feed point and more capacitance in the dipole arms lead to more
robustnes®f the tag performanc® the host material. Based on this finding a low
cost 3D tag is designed.

The labeltype dipole tags offer desirable uniform radiationtpat but are not
functional on metallic objects. On the other hand the patch antennas are not efficient
on nonrnmetallic objects in terms of read range and radiation pa#enavel hybrid
tag is proposed which has the advantage of ligbes of antenna. hle simple
groundless design works in two modesadtsas a dpole antenna in offnetal mode
and a patch antenna in-ometal modeThe measurement result shows an outstanding
performance on different materials.

Protectingthe antenna from metallic background using an artificial ground plane
composed of periodic structures is a practiced method. Mushroom unit cell is the

most common structuresed as artificial ground but the need for via increases the
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fabrication cost. It is shwn that the fabrication cost can be reduced by eliminating
the via and having a wplanar structure.

There has been many works in the literature proposing tag designs robust to the
host material but what makes this works distiinot the previous works in depth
study on the effect of thehallenging material on the performance of the tag antenna
and identifying the main reason of the read range degradation for the first time. The
findings of this study can be used for designing cost effective tapsimyfroved
read rangeAnalysis of the different pastof the tag antenna and their sensitivity to
the host material is also performed for the first time in this thesis. The result of this
study shows how the shape of the tag can determine the robusingss host
material. In addition to novehg designs proposed in this thesisstaaightforward
strategy for designing optimum tags is also introdu@éds novel method helps the
tag designerto modify the primary design step by step and reach the optirasult

in a short time.



Pagel|v

Table of Contents

ACTONYIMS ...ttt e e e e s erena e e e e e e e e e e e e e e ee e e s rneneaeeaeeeeees vili
Chapter 1. INtrodUCTION .......oooiiiiiiiiireee e eeeea e e e e e e eeas 1
1. latiWation .an.d..Qhbj.ec.l.i.v.eS..... 2
1.2. Thesis St r.uc.t.ur.e..and..Out.c.ome2
Chapter 2. Basics of RFID Technology...........cooooiiiiiiiiiiiieee e 4
2. 1. I nt roduc.t.i.on..t.0...RELD. . 5
2.1.1. Components of an RFID SyStem...............coooiiiieeciiiicccc e 5

2. 2. Hi story of...REL.D..T.e.c.h.n.ol.o.g.y....6
2. 3. [ T D DN Y- o N 0 VA o B = S PSP 11
2.3.1. PASSIVE TAGS .. iiieiiiiiiiiiiiiiittieemr et e e e e e e s st r e e e s emmmt e e e e e e e e s e e e e e e e 12

2.3.2. SEMPASSIVE TAYS. ... .uutieiiiiieeeiiiireersr e e e e s res e e ee e e e e 13

2.3.3. ACHVE TAGS - utttteeiieieeeeiiiiitimee bttt e e e e e e st menss b e e e e e e e e e e e e nnnranenas 14
2. 4. OREIr&xt i on. .. .Fr.e.g.l.enC. Y. iimennnnnnnns 15
2.5. Communi c.at.i.qn..R.r.o.t.o.c.o.l.S. ... 18
2.6. Cost and..Mar.ket. .. Tr.endsS. ... 19
/22 N O o Y o 1 o O U~ o N o 21
Chapter 3. Passive UHF RFID Tag: Overview and State of the Art................ 22

3. 1. Structure of .a..Ras.s.i.xve. .. UHE..RBI D Tac

3.1.1. UHF RFID ChIPS . eiiiiiiiiieiiiiiiiiieetceeeeeeeee e e e s s e seseeee e e e e e e s nnnnseees 23

O 0 I I R - Tox 1= To 11T H PSSP PP PPP PSPPI 24

3.1.12. ASIC CharacCteriStiCS... . e ee et neeeeeeeeens 25

3.1.1.3. MONZA 4 ChRIleciiiiiiiiiiiiiiii ettt 26

3.1.2. UHF RFID ANTENNAS......ccuuuiiiieiiiieiiiimmmeiiiias e e et sennn e e e e e eeeaennnns 27

3. 2. Designing and..Me.as.ur.eme.nt..RPr3iOnci pl ¢

3.2.1. Conjugate Impedance MatChing............uuuueeiiiiiccneieeeieeee e eeeeeeeans 30

3.2.2. EIRP @nd ERP.....oeiiiiiiiiie it 32

3.2.3. Read Range MeasUremMeNt...........cooiiiiiiiiieeeeee e 33
3. 3. Det uni.ng. . . Efl.fecCtl . 35
.31 ALINFOBAO. ... e et ane s 35

.32 ALINFOBDA...... e ane s 36

3.3.3. Equivalent Circuit ANAIYSIS.........c.uuuiiiiiieeeieiiee e rmmee e 38

3. 4. St at.e....of... t.hoe AL 40



Page]vi

3.4.1. Tags for Liquid BOtLIES.........ccooiiiiiiiiii e 40
3.4.2. Tags for Metallic ODJECES........cooiiiiiiiiiie e 44
3. 5. ConNC.liUS O 56

Chapter 4. A UHF RFID Tag with Improved Performance on Liquid Bottles..57

4.1. Anal-986.8.00 .  ALN. ... 58
4.1.1. Structure SIMUIALION.........ooiiiiiiiiii e 58
4.1.2. Equivalent Circuit ANAlYSIS.........cccuriiiiiiiieiie e mmee e 59
4 . 2. Equi val ent..Ci.r.c.ui.t..Mo.d.i.f.i.c.at6i2o n
4. 3. Tag Desi gn..and..Me.a.s.ur.e.me.nt.... 6 4
4. 4. CoONC.llSui O e 6 6
Chapter 5. RFID Tags Mountable on Metallic and NonMetallic Objects......... 67
5.1. -Typkkel3 D RFI D Tag MountMehllad | 0@ 8 Ddt &elc
5.1.1. CapacitanCe ANAIYSIS........ccouiiiiiiiiiiiieeeieeee e eresre e 68
5.1.1.1. Capacitances in the Equivalent Circuit....................coeeeeeiinnnn 68
5.1.1.2. Capacitance and Impedance Matching............ccccccovveeceeinninns 70
5.1.2. PropoSed DESIQN........cccuuiiiiiiiieiieetee et 71
5.1.21. SIMulation RESUILS.........ccceeiiiiiiiiiiiieeeiiiiieee e e e sesvvvveceesesneeeeee e ] 2
5.1.2.2. Measurement RESUILS...........cooeiiiiiiii e 73
5.2.-Pbuatized UHF RFI D Tveg afldri cMenlg lelcit cs
5.2.1. ANTENNA DESIGN.....iiiiiiiiiiiiiiiiiie ettt eeeer e e e e e 74
5.2.2.SIiMUlation RESUILS.........evviiiiiiiiiiiiiiirree e e e e e e e e vereeneee e 75
5.2.3. Performance MeasuremMent...........coouuiuvrrimmmiurreeeeeeeeesssssnnenneenssenneeeessd 1
5. 3. CONC.llU S Qe 79
Chapter 6. A Hybrid UHF RFID Tag Robust to Host Material ........................ 81
6.1. Tag Desi.g.n..and. . Anal. . y.S..S .. 82
6.1.1. OfFMEtal MOGE.........uuiiiiiiiiiiiiiiiieeee e rree e 83
6.1.2. OAMEtal MOUE......ccci i i e a e e e e e e e e 89
6. 2. Fabrication a.nd..Me.as.ur.ement.9Resul t
6. 3. ConNC il S 0N 94
Chapter 7. Electromagnetic Band Gap Structures in Tag Design.................. 96
7. 1. I ntroduct.i.on..of. EBG. . 97
7.2 Hi gh | mp.e.dan.c.e..Sur.f.a.c.e. ... 98
7. 3. EBG and..Wi.r.e..Ant.e.n.n.asS. .. 100
7.4 EBG and .UHFE..RFEL.D..T.a.g.S ... 104



Page]vi

7.5. Comparison ®1 aMas h.Ste.0.m.caond.elUd®6b

7. 6. Mi ni-Rt anaege8t oct.ur.e..f.or....RE1D®8 Tags

7. 7. CoONC LU S Qe 112
Chapter 8. Conclusions and FUture Work.............ccceeeeiiieeesceeciiiiiie e e 113

8. 1. CO N LU S Q.S 114

8. 2. € FWO.UK. ..o e 118
RETEIEINCES. ... ittt 121
Y o] o L= T [ G NP 128
APPENAIX B .. e e e 131
APPENAIX C .o ee et e e e e e e e e e e e e e e e as 135

LiSt Of PUDBIICALIONS. ...ceeeeeee e 139



P age]|vii

Acronyms
ASI C Application Specific
EBG El ectromagnetic Band
EI RP Effective I sotropic R
EPC El ectronic Product Co
ERP Effective Radiated Po
FET Fi eElfd ect Transistor
HF Hi gh Frequency
HI S Hi gh | mpedance Surfac
IFF I dentification, Frien
loT I nternet of Things
ISO I nternational Organi z
LF Low Frequency
NFC Near Field Communicat
PEC Per f ec tCoEldeuccttroirc
PIFA Planar Inverted= Antenna
PMC Perfect Magnetic Conductor
RFI D Radi o Frequency |l dent

UHF Ultra High Frequency



Chapterl. Introduction Page [L

Chapterl.l nt roducti on
B

The evoldion of newtechnologies and theapplication in modern societiesas
undeniablefact nowadayslUsing advanced automated systems are being part of our
daily life. Theyfacilitate providing different services to a large number of individuals
which saves time and redes the errors caused by human interferenEes.
example, it is not easy to imagine shopping in a store where the goods are not tagged
with optical barcode or driving in a crowded highway where there is ho automatic
toll collection system.Radio frequeng identification (RFID) is an evolving
technology that has been replacing the optical barcode recently for tagging and
tracking objectsThe barcode system is suffering from a limited data capacity, a
short read range which needs to be in the line of sigtita slow rate of read that
means the objects need to be read one by@nehe other hand, the RFID system
working in ultrahigh frequencyUHF) bandoffers more data capacity with higher
read range which does not necessarily need to be in the laighofand it is possible
to read more than one object at the same tifhe. strengths of the optical barcode
are low production cost and reliability on different materials. Whereas, the UHF
RFID tag is not able to offer the two mentioned factors simuliasigorl he low cost
tags are not reliable on different materials ahd robust tags are costly. The
motivation and objectives ahe work in this thesis is explained in this chapter,

followed by the achievements and the structure of the thesis.
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1.1.Motivation and Objectives

The robustness of the tag to the host material is an important factor which
determines the reliability in performance in any applicatioh UHF RFID
technology including tagging and tracking obje&s can be inferred from the title
oft he thesis AUHF RFID tags mountabl e or
metallic objects are one of the challenging host materials for RFID tags. The other
challenging materials that are studied in this thesis are liquid filled bottles and
objects with Igh dielectric constantThere has been many works in the literature
offering robust tags to the host materighe aim of this thesis is to propose new
designs and analyse the details answering questionaréait covered by previous
works. The objecties of this study can be summarized as follows:

1 Identifying the effect ofliquid bottle on the performance of a typichpole

tag from the equivalent circuit point of vieand offering a solutioio the
problem of degrading the read raragsed on the filings.

1 Identifying the most sensitive pam$ a typical dipole tago material with

high dielectric constanand discovering the relation between the shape of the
design and the robustss tchost material.

1 Proposing a novel design thaffers an optimunperformance foa different

range of materials terms of reading range and radiation pattern
1 Proposing a novel artificial ground plane fprotecting dipoletags and
offering a solutionto the problem oéxisting complicatedtructure.
As the size and cost of the tag are two important factors, in all the proposed designs
in this thesis the performance of the tagmprovedwithout increasing the size and

cost of the prototype.

1.2. Thesis Structure and Outcome

The structure of the thesisditheoutcome and achievements of each chapter is
discussed briefly in this sectidn give a betterview about the work. The chapters

are organized as follows:
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1 In Chapter 2, a brief introduction about the RFID technology and its
applications is given. The history of ethsystem, different types dhg,
working frequencyand communication protocols are discussed.

1 In Chapter 3, the contents are focused on the passive UHF RFID tag which
is the main subject of this thesis. Different parts of a passive tag are
introduced and some important principles and expressions in designing tags
are explainedThe effect of material with higllielectric constanbn two
commercial tags are simulated and analysed. Finally, a comprehensive
literature review on tags working on liquid bottles and metallic objects is
presented in this chapter.

1 In Chapter 4, the effect of the liquid bottle on the performance of a tag is
analysed and a novel design is proposed based on the findings to tackle the
destructive effect of the liquid on theerformance The improvement in the
read range is achieved without increasing the dimensions of the tag.

1 In Chapter 5, the most sensitive part¥ a passivetag are identified and
based on the findings a simple design robust to host material is proposed.
another study, auakpolarized antenna is designed which is mountable on
metallic objects and is insensitive to the angle of the polarization.

1 In Chapter 6, a novel hybrid robust tag is proposed which offers an optimum
performance on a wide range of material. The tag is the first design which can
be transformed from a dipole antenna to a pattaraa simply by putting it
on a metallic object.

1 In Chapter 7, a brief introduction of periodic structures in designing artificial
ground planedr protecting dipole tags given. These structures are analysed
and a literature review of their application in tag design is presented. Finally,
a novel design with simple structure for protecting dipole tags is proposed.
The result of this study cansal be used in antenna designs in other
frequencies and applications.

1 In Chapter 8, the conclusion of the study is summarized and the possible

future work and future of the RFID technology is discussed.
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Chapter2BasoBEITDechnol og
B

The contents of this chapter give a brief introduction to RFID technolbug.
main components of an entire system are introduced and the history of the evolution
of this technology is reviewedDifferent types of tags in terms of power
consumption are introduced and their characteristics and applications are discussed.
The regueited frequency bands used for RFID systems @mesented The
application, advantages, and drawbacks of the systems working in different
frequencies are presentefihe communication protocol and code staddaare
reviewed Finally, the réationship betwe@ the cost and market trend of RFID

technology is reviewed in this chapter.
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2.1.Introduction to RFID

Radio frequency identification (RFID) is a wireless communication technology
that is used to uniquely tag and identifyy object or target which can béaman as
well. This technology has found var@applicationsThe most common applications
are:
1 Supply chain and pallet tracking.
Access control systems, such as keyless entry and employee identification
devices.
1 Automatic toll collection systems that issually used athe entrance of
tunnels, highwaysand bridges.
1 Animal tracking which is used for pets and also wild animals.
1 Vehicle tracking and immobilizer.
1 Wrist and ankle band for infant ID and secufiy.
The application of RFID technology is not limited to iis¢ above.By integating
some other technologies wiRFID systems the application can be extended to:
1 Car parking capacity management systems.
71 Different types of sensor systems such as gas detector and container level
indicator.
1 Indoor positioning andavigation.
1 Implantable devices and body centric wireless serjging
Each application mentioned above demands different category of RFID technology

in terms of working frequency band, read range, size and otherctérstics.

211 Components of an RFI D Systen

An RFID system is comprised of two main parts:
1 The tag or transponder which is attached on the object that needs to be
tracked.
1 The reader or interrogator which is read only or read/write device
depending onthe technology.
The main parts of an RFID system are depicteéign2.1.
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{—=Data=—)>
Contactless
—» RFID reader 4|:/\] ——Clock—> I\ ) |- data carrier =
7\ transponder

=—=Energy=)>

\
\
\

- - I"\
\
ﬁ \ Coupling element
Application (coil, microwave antenna)
—

Fig. 2.1. Main components of an RFID systenji3].

The system magmploy a coupling element coil or a microwave antgjaiepending

on the technologyand the working frequency band. The tag (transponder) contains
the identification data. This data is retrieved to the ezadnd analysed in the
application unit. As can be seenkfig. 2.1, the reader also sends energy to the tag.
This energy is vital for runningassive tags. Different typef tags and the details of
the communication system and protoeoé discussed in this epter but a brief

history of the technology will be given first in the following.

2.2.History of RFID Technology

Although RFID technology abeen mostly developed recentiyy has along
history which goes back to World War The basic principles of this technology
such as modulated backscatter was defined during that time when the researchers
were looking for a solution to identify the énd and enemy aircrafts using radar
systems. This research |l ed to devel opme
(IFF)0 system later during the war.

The first basic example of passive modulated backscatter for identification was
used by German air fozen the late 36. The pilots received an indication while their
aircraft was illuminated by friend raddren they performed a manoeuvre by rolling
the aircraft as illustrated iRig. 2.2. This action changed the backscattered signal
from their airplanesThe modulated backscatter signal caused a blip on the radar
screenwhich helped the radar opéoes to identify the friend asrafts. Although this
method was simple and effectivie,was not secure as any @ift could roll and

pretend to be friend. In other words, the data capacity of this method is just one bit.
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. Attitude change varies signal
backscattered to radar

Fig. 2.2. Backscattered radiation to communicate with a radar operator.

More secure IFF systems were developed by United States and Britain later. An
active beacon was employed on the airplane. The first systems of this generation
were called XAE and Mark | which weresed in 1937 and 1938 respectivély.

The improved version Mark Il was widely used by Britain, USA, and Soviet Union
during the war had the capacity of six identificatmpdes which is equivalent to 2.5
bits of datd5].

The first work about using of backsca#drradiation for communication was
published in 1948 by Harry Stockm@®]. The working principle of his device is
depicted irFig. 2.3.

Transmitted
signal
Antenna .
X Antenna Microphone
) )

RX ((

Backscattered signal

10 km

Fig. 2.3. Communication by means of reflected power.
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The position of the receiving antenramodulated by a typical microphone and
speaker coil which lead to a backscatbmodulation in the signal. The modulated
signalcanbe detected at the other side of the link and the ssuegroduced.

The investigation on the pags backscatted coninued in 5@. Methods for
harvesting the energy of the received signal were proposed. Using a diode and
capacitor circuit for rectifying and saving the energy of the received signal was
proposed by Crump in the patent documented in I8h6The harvested energy is
used to power an oscillator producimdentifying signal in another frequency as

depicted irFig. 2.4.

Returned signal
(12# 1) ( ( TV antenna
Transmitted signal
Frequency f1
) G EC power .
Oscillator

Folded dipole

Fig. 2.4. Passive retransmitting identification system using oscillator driven by DC power

harvested from incoming RF.

A long read range is not necessary in many applications such as door security
systems where a close contact is suitable for identification. Investigation on
inductively coupledRFID systemswvas developed in 80 In the work patented by
Walton in 193 the RFID tag is inductively coupled to the reader cf@]. The
proposed system is shownhiyg. 2.5.

Resonant circuit '/
on tag H
1
\ H Swept
] .
o ! oscillator
o 1
B v
g \/—— \ Detector
A

F (tag) Frequency Magnetic coupling

Fig. 2.5. Resonant circuit coupled to a reader coil acts as an identifying tag.
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The reader performs a frequency sweep and ddtectgesonant frequency of the tag.

The data capacity of this system is more than one bit because the resonant frequency
of the tag can be changed by altering the coil length and also a tag can have more
than one resonant frequency.

The investigation in 7 was mostly focused on developing RFID systems with
more security and data capacity while consuming low power. The researchers
applied the energy harvesting method with newer semiconductor technology and
proposed the load modulation as a simple and effiavay tobackscatter the signal.

An early work was done by Koelle in 197%. The block diagram of his system is
depicted inFig. 2.6. Theworking principle ofany passive RFID taig similar to this
since 1975.Several large and smallompanies began to emerge ins7®ith
commercial RFID products. Different organizations in public and private sectors

showed interest in these products and the cawialdRFID erabeganin late 7G[1].

1GHz RF  Coupler |TX ) ) Regulator

Vi Power

S o 0
1|GHz I
Image-reject =

mixer C : Load \_ Subg‘;rier
modulator oscillator
20 KHz
Amplification, \ / C[) ID code
filtering
% 20 KHz Tag generator
Demodulation |} | 0 * Passive tag powered by received RF .
* Load-modulated backscatter for tag-reader link
[1110110... * Subcarrier modulation of tag signal
Reader Homodyne reader receiver

* Large ID space

Fig. 2.6. An early UHF passive tag system.

The widespread commeral RFID systems evolved in 80 Livestock
management, keyless entry and personnel access systems were available in the
marketThe worl ddés first toll application wke
time. Despite this success, the growthtlod technologywasslow due to high cost of

the system and lack of the competition between compéhjeRFID transponders
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were using CMOS digital circuitrgt that time. However, the size of the circuits was
still a limiting factor. Normally, half of the area of the tag was occupied by circuits.

This restrictionis evident in sample of tags shownFig. 2.7 (a), (b).

(®) (©)

Fig. 2.7. Evolution of RFID tags compared in size to a pennya) A 12-bit read-only tag from
1976. (b) A 128bit read-only tag from 1987. (c) A 1024it read-write tag built using a single
custom CMOS integrated circuit, 199910].

The application and development of RFID had sgigant growth in 98. The
technology entered the mainstream of business. The toll systems became common in
most highways at that time and many regional toll agencies began to develop their
own RFID systems. Many companies time USA and Europe became involved in
this technologyDevelopment in information technology and internet enhanced the
application data magement of RFID. The cost of the system was still an issue until
advances in material and semiconductor technolegyicedthe production costs.

This increased the competition between companies and caused further growth in the
technology[1]. It can be seen irfrig. 2.7 (c) that with the advances in CMOS
technology all the circuitry are embedded in a tiny chip. This would save room for
efficientantenna designs.

In the beginning of 21 century fabricatingags with the cost of only 5 cents
became feasible. It was clear that the RFID technology can someday replace the

barcode system. In 2003, the worl dos
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employ RFID technologyAll the coding protocols and standardsnverged to a
unique standard in 2006 made the development and application of the technology
easier.The interest habeen shifting towards itefevel taggingnowadays (2017)

The outcome of this progress will be no checkout scenario at large supermarkets
Important goods which have high value or high risk such as wine bottles,
pharmaceuticals and firearms would be the first to benefit from-lggei tagging.

Smart shelves for select categories of prodants smargppliances with embedded
RFID techmlogy are other examples of recent applicatidnsghe coming years the

RFID technology will grow further and becomes part of the daily{life

2.3.RFID Tag Types

The source of power for running an RFID tag is an important factor in
categorizing the tags. Depending on the source of the power and the method of
transmitting signal to the reader the tags can be dividedhmnte different groups:
passive, serpqpassive and active tags as depictedRig. 2.8. As can be seen in the
figure, both sempassive and active tags are equipped with a battery. The dikerenc
between them isn the method of communication and the transmitter circuits. The
three types of tags are reviewed in the following.

Power for tag and

Passive radio

Power for ta
Reader . 9
E=———=1C 04 3F ( Tag
Backscattered
signal

Power for radio

Reader Battery
1C043F C j
Power

Backscattered fortag ~
signal

(L«

Reader Battery

1604 3F Transmitted |—_|_

signal from tag

Power for tag
and radio

Fig. 2.8. Communication in three different types of tags.
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231Passlage

Passive taghave no independent source of power. The required power for
running the circuits and reflecting back the signal to the reader is provided by
rectifying the signal received from the readBnus, this type of tag is relying on the
reader. Thegader has to send a continuous signal to thewagthe whole time of
the reading process. The diagram of a passive tag system is shiengn2i@ in more
detail The high frequency signal received by the antenna is rectified by a diode and
the resulting signal is stabilized using a saving capacitor to create an approximate
constant voltage as illustrated in top Kify. 2.9. The capturd voltage is used to
powerup the logic circuits and the memory. Since the tag power is temporary, the
memory circuitry is always newolatile. Another rectifyingeircuit is used in the tag
for demodulation purpose. The capacitor of this circuit is usually smaller than the
saving capacitor to allow the output voltage vary on the time scale of the reader data.
This technique is known as envelope detecfin It is shown inFig. 2.9 how the
change in the level of the output voltage is interpreted into logic ddta.
backscattexd modulaton is done using a fieléffect transistor (FET)The logic
circuit changes the gatvoltage of the FET which leads to changing the electrical
characteristics of the antennkhis is similar to rolling the aircraft for changing the

reflected signal used in WWII.

: : DC
simple passive tag [{U) AN N\
DC power /
diode VI _l_

antenna IML\M
resistance 1

MWW Vg | uD
reader l/l in .
antenna data \nmll capaci ,OglC memory
voltage dulati l out user
modulation —= -
moduie 2
Ther <[ L[]

1 0 1
Fig. 2.9. Schematic of asimple passive RFID tad5].
The main advantage gfassive tagds the simplicity of the design anidw

fabrication cost. These are achiewathe expense of losing the read rarfjee read

range of a passivedaelies on the reader power athé sensitivity of the circuitsn
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the tag and the readandthese factors are limited by thedio frequencyegulations
and semiconductor technologespectively More details about te group are

discussed ifChapter 3

2.3.2.S e APa s sTawes

Semipassive tagare equipped with an assisting battery. They are also known as
batteryassisted passive tags. A small battsryypically used to power up the tag
circuits. The communication principle is the same as passive tags hgdadiered
signal as shown ifig. 2.10. As can be seen, the energy harvesting rectifying circuit
is replaced with a battergemipassive tags offer more read range than passive tags
which can reach up to 100 meters dependinghendesign and working frequency.
This is achieved by increasing the size, cost, and maintenanceeregnis They are
reliable and usually used automobile tolling andrackng high value targets such
as airplane parts. Another application is in senstegrated tags where constant
measuring and saving of the data is required but the data can be transmitted to the
reader without consuming the battery powie battery life is saved by working in
a low duty cycle and using a detector circuit which kegestag in a sleep mode
until a signal is received from the reader.

A semipassive tag used in automobile tolling is showrig. 2.11. The tag is
equipped wih a printed circuit antenna, 3.6 volt batteryand electronic circuitras
shown in the figureThe tag is placed in a plastic case with the size of 9.5x9.5x1.5
cm® and mounted inside the car. The large lithium battery provides 5 years of normal

operation.

semi-passive tag

DC power
1 0 I |
~ 0 |—|| =
antenna Wi ! T”l*&,_m‘ | =
resistance | : -
A reader! n ) Vida | UID
Celapl logic | memory
antenna l
voltage modulation —- doid ’it
_l _ I -
== FET ALl

RO

Fig. 2.10. Schematic of a sempassive RFID tag[5].
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Fig. 2.11. A semipassiveRFID tag used in automobile tolling.

2.3.3.Act Tavges

Active tagsemploy a battery for running the circugsnilar to semipassive tags
but they also use the battery power to transmit the data to the reader. &ctiaet,
tags use an independent transmitter for sending the identification information to the
reader as shown ifig. 2.12. Thus, they have local oscillator and other required
components for a transmitteX.single antenna can be used for both transmitting and
receiving as depicted iRig. 2.12. However, some tags employ two antesiwa this

purpose.

Anenna active tag

DC power
| 1| =
a ' Vi | UID

logic | memory

- user
4

RX fiter amp  mixer

radio

Fig. 2.12. Schematic of an active RFID tag5].
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The active tag can use amplitude modulation or any other digital modulation
methods. Depending on the transmit power rand working frequency the read range of
an active tagan reach up to hundreds of meter or even in kilometres. These tags are
usually used in challenging conditions. For example, they are the best option for
tracking large metallic container stored close to each other with no line of sight from
reader to tagThe drawback is the size and the cost of fabrication and maintenance.
A sample of an active RFID tag is illustratedRig. 2.13. This commercial tag is
used for locating large assets such as shipping contaifteescomplexity of the
internal circuitry and the large battery is evident ingieure This tag produces an

output power of 60 mW and providabout900 m outdoor read nge[5].

0

LRI LRI

8

7l

(I

Wii "n‘upm. 0
w | 5 ¢

|T|I|||

External : Internal

Fig. 2.13. A commercial activeRFID tag [5].

2.4.RFID Operation Frequency

RFID systems work in a wide range oéduency barsifrom around 100 kHz to
more than 5 GHzavith almostthe same working principles as explained so Tdre
used frequency bands are depictedrign 2.14. The most common bands areldnw
frequency F), high frequency KIF), and UHF as shown ifig. 2.14 which are

explained in the following.
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Frequency (Hz) 100K ™ 10M 100 M 1G
LF MF HF UHF
Wavelength (m) 3000 | 30 ¢ 30 | | 0.3 | 0.03
1 1 1 1
Common RFID 125/134 13.5 860-960 2.4
bands KHz MHz MHz GHz
Less frequent 5-7 433
RFID bands MHz MHz
Fig. 2.14. RFID frequency bands.
118 turns
LF 125 KHz
7 tums
13.56 MHz
HF
Lo 900 MHz
- e b MY C - . AT -
= 14.8 =
UHF it
e m———
5 1DBBAE33 1A
WG & Thefech
51cm

Fig. 2.15. Tags working in three different frequency bandg5].

Low Frequency (LF): The LF band is between 3D0 KHz. The two common

frequencies in this band are 125 and 134 KHz. The tags in LF system are usually

passive and they use inductive coupling for the commtiaicaA coil with tens of

turnsaround a ferrite core is used for this purpose. The magnetic field of the coil is
barely affected by the surrounding material. Therefore, the LF tags are suitable for

challenging materials when a short read range is deditex); are usually used for

metallic objects, water containers and foredical implantable devicesThe

production cost of this type of tags is relatively high because the coil needs a winding

machine.An implantable sample of LF tag used for animal tracking is shown in

Fig. 2.15.
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High Frequency (HF): The HF frequency band is betweer38 MHz. Themast
common frequency in this banged in RFID is 13.56 MHz which ranges between
13.55313.567 MHz.HF tags are also using inductive coupling and they are usually
passive. The advantage of HF tags is higher workiaguency than LF which
reduceshe numbenf the turns in the coil. A 5 turn flat coil and a small chip are the
only components of a typical HF tag. Thus, the cost is quite less than LF tags.
Working in HF, the tag offerongerread range compared to LF tags. The read range
in some cases can @aup to one meteihis type of tag is robust to challenging
objects but it is not applicable on metallic surfaddse applications of HF tags are

in near field communication (NFC), smart cardsline baggage tagging, electronic
ticketing and moreA flexible HF tag based on plastic substrate is shown in
Fig. 2.15.

Ultra High Frequency (UHF): The UHF frequency band is betwe8.33 GHz.

The wavelength becomes shorter by increasing the frequency to UHF band and
consequently the size of the antenna gets smaller. This makes the UHF band a
suitable choice for designinggs which can radiate the electromagnetic waves and
reach higher read rge compared to inductive coupling methddree different
bands in UHF are usually used for RFID application. Most of the active tags work at
433 MHz (433.05434.79 MHz)and 2.4 GHZ2.4-2.4835 GH32. Passive and semi
passive tags work fromeB to 960 MHz.Two samples of UHF tags working at 900
MHz and 2.4 GHz are shown Irig. 2.15. There isan international allocation in
working frequency for preventing the interferences. A summary ofatloeated

frequency in the globe is illustratedfig. 2.16.

US and Canada Europe — Middle East
902-928MHz(4W eirp) 865.6-867.6MHz(2W erp) 865-868MHz(2W erp)
| China
840.5-844 5MHz
920.5-924.5MHz
(2W erp)

- Japan
915-928MHz(4W eirp)

¥ - Singapore
< 866-869MHZ(0.5W erp)
5 g 920-925MHzZ(2W erp)

Taiwan
“ 922-928MHz(1W erp, 0.5W erp)
‘ %
l Southern Africa Australia New Zealand
915.4-919MHz 920-926MHz(6W eirp)  864-868MHz

919.2-921MHz(4W eirp) 918-926MHz(1W eirp) 921.5-928MHz(4W eirp)
865.6-867.6MHz(2W erp)

Mexico -
902-928MHz

South America -
902-928MHz

Fig. 2.16. Summary of worldwide UHF RFID band allocations[11].
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The research in this thesis is focusedpassiveRFID tags working in UHF band
and all the proposed designs are tuned to work at Europe frequency band at 866
MHz. According to the low production cost and reasonable read range, UHF tags are
used for various applications including supply chain and invgmaanagement,
parking access control, baggage and asaekihg.More details about passive UHF
tags is given irfChapter 3

2.5. Communication Protocols

Assigning standard frequendyands for RFID tags used in different regions
facilitates the application and prevents the interference. In addition to the frequency
band,the communication protocol also needs toskendardizedThere are a few
organizatims which has defined standards for RFID systems but thesigogficant
bodies that made outstanding influence on the RFID industitlare

1 InternationalOrganization forStandardization (ISO)

1 Electronic Product Code Global (EPC global)

The RFID gstems that work in Lband do nbhave a standard usually as they
are working in a closetbop controlled environment and there is little need for inter
regional application. However, ISO has developed two standards for the animal
tracking LF RFID systems. TH80O 11784 defingthe identification code for animal
tag. The animal can be identified by a country code and a national ID. The ISO
11785 defines the technical parameters of the communication between tag and
reader. ISO has also released standards for identification aaddselated devices.

The three standards published in 2000 are: ISO 10536, ISO 14443, and ISO 15693.
These are the most widely used and accepted RFID standards to date but they are
specifically defined for HF systenfis].

The EPC Global standards are typically used for lsuppain management and
retailing.Most of the major retailing organization have adopted this standard for their
RFID systems which means EPC Global will have a great influence over this
technology and industry applicatiomsfuture This standard was 8tly created in an
academic research at MIT in 1999 with the goal ofdeyei ng an #@Ai nterne
(IoT) 0 i nst e aflcompiitersi Theyeall this ToElectronic Product Code
(EPC) network.In fact, the EPC is the electronic version of UPC (tla@code
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standard). The contents of an EPC code are showmgir2.17. It is comprised of

four parts.The first part is called the header and it gives the EPC version or type
which is 1 in the example. The second part is for identification of the product

manufaturer. The third part represents the object class or the exact type of product.
The serial number of the product is given by the fourth part finalycan be seen,

the total number of the bit in one code string is 96 bits which means it is capable to
uniquely identify 268 million of companies, each of which could have up to 16

million different products and 68 billion unique serial numbers for each product.

Oi.0000RB89.0004G&F. OO0 KBROCO

Header EPC Manager Object Class Serial Number
8 bits 28 bits 24 bits 36 bits

Fig. 2.17. Example of an EPC tag numbering sysm[1].

There arefive different classes of EPC tags which define the programming
capability of the tag and the type oflit.should be mentioned that all the proposed
designs in this thesis are integrated with RFID chips that use EPC Class 1 Gen2
protocol. Gen2 refers tihe second generation of EPC which is improved in terms of

read and write speed and code secltity

2.6.Cost and Market Trends

The cost of an RFID system is a determining factor in progress and growth of this
technology. The overall cost of the system consists of the hardware and software cost
including the tag productiom.he total RFID market is worth 11.2 US dollar billions
in 2017and the predictions suggest that the value exceeding 27 US dollar billions in
2024[12]. The diagram ofig. 2.18 shows the value of this market from 2014 to
2018.1t can be inferred from the diagram that a big portion of the market belongs to
passive RFID systems and the value is around 9 US dollambilh 2017.Passive
RFID tags have a significant share in this value which is around 4 US dollar billions
in 2017. This result confirms the importance of the production cost of a passive
RFID tag and its great impact on the total RFID market.
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Since the tags are used to label any type of consumable objectgostsinould
be fairly less than theostof the object.The relation between theost of the label
type RFID tags and the amount sold each year is depictéd.id.19.

Active RFID/RTLS Systems
14 u Passive RFID Services, Networking, Software

M Passive RFID Interrogators
12

m Passive RFID Tags

10 -

S billions

0 - y
2014 2015 2016 2017 2018

Year

Fig. 2.18. Total RFID market in US $ billions each year[12].

1 MAINLY ONLY
LABELS POSSIBLE
BY DIRECT
2004 PRINTING
100 2006 ON
Tag PRODUCT
price OR
cents PACKAGE
1941 @ TeesShaeaas
2018
1.0
\\\\
\
\
\
0.1 v v v v -
10m 100m 1bn 10bn 100bn 1 trillion
Number sold yearly

Fig. 2.19. Relation of RFID tag price versus global sells from 2004 to 20182].
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The plot shows that the number of sold tags has greatly increased by reducing the
production cost of tags. The cost of a latyple tag is mainly determined by the
RFID chip and the flexible substrate. The production cost of a typical tag is around a
few cents of US dollar currently. According to the plofd. 2.19, further reduction

in the price is only possible by printing the tag directly on the object and eliminating
the need of RFID chip which leads to chipless RFID tags. This technetogioys
passive resonating structures with multiple resonancescertain frequency band.

The binary datare determined on the presence and absence of the resonances by the
RFID reader. However, the data capacity of this technologyrite$s than RFID

tags with chip and it cannot satisfy the demands of the futureetm&tudy on
chipless RFID tags iseyondthe scope of this thesis.

2.7.Conclusion

The RFID technologyvas reviewed in this chaptelt has beershown how the
evolution of this technology started in World Warftom a 1 bit identification
systemwasreached to a 96 bit capacity nowadafdvances in the semiconductor
and material technology ta reduced the production cost of RFID tags avek
given the capability to substitute the optical barcode in many applicatRRE
technology offers a wideange of solutions for differergurposesLow frequency
tags for inductive coupling and short read range and UHF active tags for high read
range.The communication and code standards have enhanced the progress of this
technology worldwide by facilitatinghe data sharingnd contributing to the internet
of things criteria. Finally, the growth of RFID systems since World War Il reflects a

promising future for this technology.
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Chapter3.Pas si vieF IUDdfg :

Overview and State
I

After reviewing the basics of RFID technology@hapter 2 the main subject of
the thesigs discussedn this chapter. The components of a passive UHF RFID tag
are introduced firstDifferent types of tags available in the market are reviewed after
that. The required principles for designing and measuring the tagsaossed. The
detuning effect which is a common problem in latyple tags is introduced with two
examples.Finally, a comprehensive literature review about the tag designs for
challenging material such as liquid bottles and metallic objecfgasentedn this

chapter which clarifies the advantages and drawbacks of the current solutions.
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3.1. Structure of a PassiveUHF RFID Tag

The structure of a passive UHF RFID tag is simply cosggariof a chip as the
transponder and the antenna. There are different typesterir@nsuitable for tag
designbut generally they can be categorized into two groups: dipole and patch
antennaThere is an impedance matching part in dipole antenna uswéligh is
called Fmatch[13-15]. The matching part in patch antenna is not alweessary.

By locating the chip in the proper position on the patch the suitable impedance
matching could be achieved in some designs. éd@n using matching loop or stubs
is dso practiced in patch antennf@. The components of a typical dipole tag and

patch tag is depicted frig. 3.1. These components are discussed in the following.

Matching Loop Chip Dipole

N

(b)

Fig. 3.1. Components of a typical UHF RFID tag(a) Label-type with dipole antenna. (b) Patch

antenna tag[5].

31.1.UHF RFI D Chi ps

Application specific integrated circuit (ASIC) chip is the brain of a passive tag.
With a high capacity rewritable memory, tagging, trackiagd managing a huge
number of objects is possible nowadays. Different types of packaging, power and
impedance characteristics of typical chips are discussed in this santioa dual

port chip is introduced finally
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3.1.1.1.Packaging
The evolution of CMOS teclmhogy has made it possible to fabricate a tiny low
cost application specific integrated circuit (ASIC) chip on a die area in order of a
quarter mri. Low power consumption is a critical requirement in passive tags and
these ASICs fulfill this byweedingust f ew tens of E6&6/ of el ect
According to the demand of the market, these ASICs are fabricated in different
packagesA tiny unpackaged chip is usually applied directly on a et tag. This
makes the fabrication process easier and faster but it requires sophisticated
fabrication appliancesAn alternative packaging type is a tiny chip applied to
conductive strip ready to be attached to the port of the antenna. Another group of
packaging is SOT323 which is bigger than the other groups and has an area around 5
mn?. This typeof packaging is suitable forgtotype designs and lab works which is
also used in the designs proposed in this th@sis three grougpof ASIC packaging
are illustrated irFig. 3.2.

(b)

Fig. 3.2. Different types of ASIC packaging:(a) Unpackaged chip (Higgs 3, Alien Technology).
(b) Strap (RI-UHF-STRAP-08, Texas Instruments). (¢) SOT323 (Higgs 4 SOT, Alien
Technology).
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3.1.1.2.ASIC Characteristics

The internal circuitry of an ASIC is depictedfig. 3.3. As mentioned in previous
chapter, the passive tag relies on the electromagnetic power received from the reader.
The ASIC has energy harvesting parts for capturing, saeing using tls power.
The main components of an energy harvesting part are capacitors and Schottky
diodes. The level of voltage can be increased by using multiple components. This
part plays an important role in determining the read sensitivity of the chip or
threshotl power Py,). This is the minimum required power delivered to the chip for
having a successful communication. The evolution of the CMOS technology in the
past 15 years has reducBg from -8 dBm to-20 dBm[17]. This guarantees an
increase in the reading range of passive tagsThe diagram ofig. 3.4 shows how

this evolution has increased the read range during the past years.

Pressmsmsmmmmmmmmnn
'

| o l D, |
< ERE I
1ol Wcz D, |
\i\ Ry L| i—l I

‘Dipole “Transponder

Fig. 3.3. Sample internal circuitry of an ASIC (Integrated Silicon Design, 1996]3].
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Fig. 3.4. Tag read range versus chip sensitivity17].
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The tag responds to the reader by backseatterodulation. The ASIC sends
continuous signals to the FET switch showrFig. 3.3 and changes the impedance
matching state of the system which leads to reflection of the signal to the reader.

Analysing the input impedance of the ASIC is important as the chip need to be
properly matched to the antenna. Although the input impedance depends on the level
of the received power and the frequency of the signal but it can be considered in the
range ofPy, in practice. According to the internal capacitors for harvesting and
saving the electric power, the input impedance of the chip is mostly capacitive. This
impedance is usually modelled by a parallel combination of a resisRireed a
capacitanceC; [18, 19] The resistance represents all the power conduoyethe
active internal parts. Thus, the input impedance of a typical &jips usually a
complex value with negative imaginary parhe characteristics of some comuial
ASICs are tabulated ifiable3.1.

Table 3.1. Power and impedancecharacteristics of several RFID chipg16].

Pn(dBm)  R(Y) Co(pF) Z(Y) at ¢

Alien Higgs 4 -18.5 1800 0.85 23202
Alien Higgs 3 -18 1500 0.85 27-j201
Alien Higgs3 (SOT) -17 1500 0.9 25190
Monza 5 -17.8 1800 0.825 24-j208
Monza 4 -17.4 1650 1.21 12-j142
Monza Dura -17 1600 1 194172
NXP UCODE G2XM -15 1385 1.16 16-j148

3.1.1.3.Monza 4 Chip

Monza 4 made by Impinis a dual port chip for passive RFID taf@)]. The
principle of working in this chip is the same as the other commercial chips but it has
two completely independent RF ports that enable the designer to attachdiidab a
polarizedtag antenna as shown Kig. 3.5. The advantage of thiduatpolarized
dipole is the omndirectional radiation pattern that makes the tag accessible from
different anglesusing a duapolarized or circularhpolarizedreader antenngb]. A
conceptual mode of dual independent ports depictédgir3.6 shows each port has
its independent rectifier circuits which makes the impedance of the ports isolated
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from each other. Different configuration of the ports can be used in the design. For
example a single port connection can be employed like any typical chip. A shunt port
connection also can be used for achieving the desired input impedémtza 4is

used in thelesigns inChapter sandChapter 6

n B

Fig. 3.5. Dual-polarized tag (Impinj H47) [20].

Tag
circuits

Fig. 3.6. Conceptual model of dual independent port$20].

3.1.2UHF RFI D Antennas

The antenna isanother main part of a tag which occupies almost the whole area of
a typical passive tag. The characteristics of antenna and its effect on the performance
of the tag are discussed in this subsection. The most common available tags in the
market and theirgplication, advantageand drawbacks are also discussed.

The radiation efficiency of a tagkagis the ratioof the electromagnetic power
radiated from the antenna to the power delivered to the antenna. Tiadmted
power converts to the heat in thetenna body according to the ohmic loss in the
antenna body and substrate. The design@rget is to reach the maximum possible

radiation efficiency as this parameter has direct effect on the tag perf@raadc
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reading range. Howevethe size of the @ is another determining factor which
affects the radiation efficiencyThe radiated power from a dipole antenna is
proportional to the square of the dipole length. Thius radiation efficiency and the
radiation resistance can be increased by incredlsegngth of the tag antenfil].
Therefore, there ia compromise between the size of the tag and the reading range
According to the application of the tag, the designer selects the optimum size and
consequently the maximm availabletag.

The radiation pattern of the tag is the factor that determines the orientations that
the tag is readabldepending on the polarization of the tag and reader ant&ma
isotropic radiation pattern is usually desired as it makes theeagable from
differert angles. The dipole type tags offer an ominectional radiation patterim
the planeperpendicular to the dipole axislowever,in some applications involving
metallic bodies it is better to havenan-uniform radiation patterrto improve the
performance. In this case, the main lobe should be away from the surface of the
metallic bodyto reduce the destructive effect of the conductive surface on the
impedance matching and efficiency of the antenftee tags employing a ground
planein the antenna design normadlye suitable for this purpose

The polarization of the tag and the reader antenna is also another factor that
determines the orientation availability of the tag. In general, the two antennas
polarization should be alignedrfdvaving the optimum power transfén modern
RFID readers, the device is equipped with a cir¢ydpolarized orduatpolarized
antennaA duakpolarized antenna is basically a ddgbole structure with elongated
arms in orthogonal directions. This structure will interact with electric fields in any
direction in the plane of the antenna which increases the reliability of the reading
proces. However, some simple handheld readers still employ single polarized
antenna. In this casdualpolarizedtag antenna could be used to increase the
reliability.

The most common passive tags can be categorized into two groupstyfsbel
dipole tagsand patch antennas employing substrate and ground plane. The most
popular tags are the labigipe dipole designs as they are reliable and low cosie
dipole antenna has to be usually half wavelength in practice but the half wavelength
in 866 MHz is almost 16m whichis too long for mospassive tag applicationshe

designers apply different solutions for reducing the length of the tag with the cost of
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losing radiation efficiency. One solution is meandered dipole which helps to bring
down the lengtho lessthan 10 cm.However, just those parts of the meandered
dipole that are in the direction of the polarization contriboit@diation and the other
parts cause an ohmic loss. The radiation resistandehe ohmic loss contribute to
impedance matching betwe¢he antenna and the chi. Another solution tcsize
reduction is applying capacitive loads at the tip of the dipidte. series capacitance

in the antenna body is increased by this method which leaalgiéavnshift of the
resonant frequencylhis wouldconsequentlyead to a size reductidb].

There are a variety of labgtpe tagsin the market for different purposes. The
most common are the general purpagstwhich can be attached on a wide range of
nonchallenging materials which are basically composed of a material with low
dielectric constantA few sampls of this type are shown in Fig. 3.7(a). The
performance of general purpose tags is seriously affected by nsavettalhigher
dielectric constardnd challenging objects like liquid bottles due to detuning effect

o EEWMe—= W R B

ALN-9640 ALN-9630 ALN-9662

(b) ‘ ’

ALN-9768 ALN-9654 ALN-9770

(c)

ALN-9613

Fig. 3.7. Different types of tags in market (not to scale)(a) General purpose tagdy Alien
Technology. (b) Robust tags for challenging material and high dielectrics by Alien Technology.
(c) Near field loop tag by Alien Technology22]. (d) Different types of metal mountable tags
from The Tag Factory [23].
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which 1 s di s8ug8sTehderien aSectsioome tags avail
challenging materials in some extent. A
Fi 87 b) . I n some application, a short re
i nductive | oop would make it possi bl e f

showRhi 8 cl)he 4 gbel tags are not functional
conductive body interacts with the radia
[ 2] Patch antennas are vastly wused for th
tags are Ril7us)t.rated i n

3.2.Designing and MeasuementPrinciples

The most important principles and definitions in designing and testing the tags
that are used throughout this thesis are introduced in this seafien.reviewing
these concepts, analyzing the common problems ofaadseviewing the state of
the art in RFID tag design robust to host matesigiresented

321Conjugate | mpedance Matching

It is important to deliver the maximum available power from antenna to chip.
Particularly, in a passive system which is relying oe tleceived power. The
impedance matching between the chip and antenna playgialcole. It is learned
in 3.1.1that the input impedance of gpical chip is a complex number with negative
imaginary part. On the other harnds known that the input impedance of a dipole
antenna is determined by its length and it is generally a complex number a& well.
system of an antenna connected to an RHIP can be translated as the equivalent
circuit of Fig. 3.8. Voc is the opertircuit voltage source representing the received
signal by antennaThe real part of the antenna in an ideal scenario can be the
radiation resistanc®.q. The imaginary parof the antennaXan is zero when the
antenna is resonating and this happens for a dipole watiphfsical lengtralmost
equal to half wavelengtihe imaginary part is a positive value for a dipedgial or
longer than half wavelength which means thput impedance is inductive and
finally, the imaginary part is a negative value for a dipole shorter than half
wavelength representing capacitive input impedance. The latter case is normally

considered for tag antennas as the antenna needs to be shgkht ienonactice.
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Antenna Ic

QCB ; § R!oa{!

Fig. 3.8. The equivalent circuit of RFID antenna and chip.

For a system with minimum signal reflections the impedance of the chip should
be exactly the same as the impedance of the ant@#jabut for having the
maximum power transfer which ithe target the conjugate impedance rhiig

needs to bachieved. The current of the circlif: can be found by3.1):

o= Yo (3.)
- (Rrad + JX ant) + (Road + JX IC) .
The real power transferred to the load or chip is calculat€d.By
land R Voc'R
P — | ant] oad — __ oc "Yoad (32)

load — 2 2|_(Rrad +R,.) (X, + X|c)2]

For having the maximum power delivered to the chip the denominator must be as
small as possible. Thisondition is satisfied when the imaginary part is zero which
means the reactance of antenna and chsghleasame value with different sign and
they cancel each othefhe real parts also needs to be equal as provgs.ihs an
example, to have a conjugate impedance matching between a chip with impedance of
(12-j142) and the tag, the input impedance of the tag should be equal j@42p+
which is shown by & @ . This means the input impedance of the antenna
should be inductive whereas, in a short dipole the input impedance is capacitive as
mentioned before. The practical solution is to apply an inductive matching loop
between the chip and the dipole. This loop cedé the capacitive part of the
dipole[5, 25].



Chapter 3Passive UHF RFID Tag: Overview and State of the Art Page B2

322El RlPnd ERP

The electromagnetic power emitted by the reader anteanalirect effect on the
readrange ofthetag. The mentioned power is a function of the power transferred to
the reader antenna by the active transmitter circuitdf@ndain of the antenna. The
gain of the antenna is the product of the efficiency and directivity of the radiation
pattern[26]. Different type RFID reader devices employ different type of antennas
with different level of the power consumed by the transmitter.rkgemmended to
use a standard scale for reporting the emitted power by each reader antenna. The
effective isotropic radiated poweEIRP) is usually used for this purposelRP is
the total power that would have to be radiated by a hypothetical isotof@nna to
give the same signal strength as the actual source in the direction of the antenna's
strongest bearmAs shown inFig. 3.9, the gain of ansotropic emitter is equal to one.
Sometimes instead &lIRP, effective radiated poweERP) is used and it is the total
power that would have to be radiated by a half wavelength dipole antenna to give the
same signal strength as the actual source in tieetin of the antenna's strongest
beam.The gain of a dipole antenna is 2.15 di®dre than an isotropic emittas

shown inFig. 3.9. It can be expressed K3.3):
EIRP(dB) = ERP(dB) +2.15 (3.3)

The amount of power can be also reported by dBm or Watts. The maximum
regulatecEIRPfor an RFID reader is 4 W or 36 dBm.

Radiation pattern of an isotropic emitter \\

Radiation pattern of a dipole

/ -/ \\
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Fig. 3.9. Radiation pattern of a dipole and an isotropic emitteq3].
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323 Read Rwenagseur e ment

The read range of a passive tag is the most important factor in determining the
performance. It is defined as the maximum distance in which the reader is able to
read informatio from the tag. The read range is directly influenced by the reader
power and antenna. The sensitivity of tkader receiving circuits is higher than the
sensitivity of the tag chip. Thus, thresholdof the tag is another parameter
determining the read range. The read range of adiggcan becalculatedby the

Friis formula:
c D.. EIRP
hag =1 | Grang g (3.4)
4p Ph
4R..aR
t=1-|§ = —oadtad_ (3.5)
|Zant + Zload|

where a-is the wavelength of the carrier tone,is the mutual polarization power
efficiency betveen the tag and reader antendis, the antennahip power transfer
efficiency and it is equal to one when perfect conjugate impedance matching exist
between the antenna and chip representé&dgins.8, e oy is the radiatiorefficiency

of the tag antennd,g is the tag antenna directivitIRP is theeffectiveisotropc
radiated power of the readeand Py, is the thresholdpower of the tag chig2].
However, the calculated read ranggng this formula is not always accurate due to
different errors in design simulation, fabricatiamd testing process.

There are different methods for measuring the read range of a tag in practice. A
simple way is to start reading a tag using a commercial reader and increase the
distance between them constantly until the tag stops responding. The maximum
distance in whichthe tag is still responsive can be measured findllye same
method is used for testing the designs in Chapter 4 and Chapter 5 It is
recommended to measure the read range in an anechoic chambesebtta
reflections and noise affects the read rafRfd. The mentioned method sawo
drawbacks. Firstly, the readers are usually working in a fixed frequency and the
result of the test cannot giveyaidea about the read range in a frequency sweep. So,

thedesigner cannot be sure about the maximum possible read range in the frequency
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band. Secondly, the power is fixed in this method and the distance is changing. For
large amount of the reader powdrig testing room is required.

Another method for testinthe tag that is common in the labs is to have a fixed
distance between the tag and the reader and change the transmitter power until the
minimum required power for waking up the tag is found. Tlaimum read range
which is also called the theoretical read rarsgdhen calculated using the following

equation derived from Friis formula:

/ EIRP
d =d o max .
max ref EIRRef (3 6)

where,dnax IS the maximum possible tag read rarftieoretical read rangedks is

the reference read range measured in the EdBP,.x represents the maximum
regulatedEIRP which is 4 Watts in most regions, aBtRP.; is for the equipment

used to measure the eeénce read range in the Iathis method can be done using

an RFID reader system connected to an antenna located inside an anechoic chamber
as shown irFig. 3.10. It is also possible to do this test in a transverse electromagnetic
(TEM) cell. The RFID reader is equipped with a circulator and a signal analyser for
receiving and analysing the reflected signal from the tag. There are testing Kkits
available in the market which is consisted of the reader module and the antenna and a
userfriendly software which can give the read range in the required frequency
sweep. Tgformance from Voyantic is one of these products which has been used in
thework presented i€hapter 6

Anechoic chamber
coaxial cable

//\ \ RFID tag

Reader
antenna

RFID reader

Foam stand

Fig. 3.10. Measurement setugdor finding the read range of a tag in anechoic chambej25].
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3.3.Detuning Effect

The detuning effect occurs when a labgle tag is placed on a matd with a
high dielectric constantThe background material affects the electric characteristics
of the tag antenna and chys its frequency responsehich deteriortes the
impedance matching andffects the read range consequently. The tag stops
responding to the reader in severe c§8ép The detuning effect on two commercial
labeltype tagsare analyseth this sectionThis gives better understanding about the
mechaism of this effect and helpsn finding solutions to overcome this

phenomenon.

33.1ALMNM 640

The detuning effect on ALM640 that is a general purpose tag from Alien
Technology is investigated using CST simulation softwdree target of this
simulation is to find the effect of the host material on the impedance matching
between the tag antennadathe chip.The real physical dimension of the tag is
designed in the software as showrFig. 3.11. The overall dimension of the tag is
95x8 mnf. A Higgs-3 RFID chip is used in ALM640. The equivalent circuit of this
chip is a 1500Y resistor in parallel with a 0.85 pF capacitor. A lumped element
capacitor is used in the design and located in the center of the antenna attached to the
matching loop. nstead of adding a lumped element resistor, the impedance of the
feed portis changedrom 50 to 1500y .

Fig. 3.11. ALN-9640 designed in CST software.
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The impedance matching and S11 result is calculaéddeen the feed port and the
rest of the design. This makes the analyzing process straightforivaedtag is
placed on a dielectric slab with size of 140x80x10°mnd therelative dielectric
constanbf the slab is chamgl from 1 to 15 with step of Fhe result of the detuning
effect is depicted irfrig. 3.12. There is a considerable frequency shift and detuning
after increasing theelativedielectric constanffrom 1 to 5. The tag is normally out of
order in practice when the reflection constant is more tRBaaB [28]. This means
ALN-9640 is suitable for matergbith low dielectric constani22].
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Fig. 3.12. The detuning efct on ALN-9640 by changing thalielectric constantof the host

material.

3.32ZALMN 654
ALN-9654 is another product of Alien Technology. This tag is specially designed

for high dielectric constantmaterials and is claimed to have more robustness
compared with ALN9640. The same process for designing and testing thisstag
done usingCST softvare. The design is shown kig. 3.13. This tag is using the

same chip thus the arrangement of the port and lump element is the same-as ALN
9640. Thesize of this tag is roughly 93x32 mnThe relative dielectric constant of

the background slab is changed from 1 to 15 in steps of 5. The frequency response of

the tag is recorded each time and the result is depictad.if.14.
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Fig. 3.13. ALN-9654 designed in CST software.
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Fig. 3.14. The detuning effect on ALN-9654 by changing theelative dielectric constantof the

host material.

By comparing this result with the result Biig. 3.12, it can be seen that AL-8654
offers a wider bandwidth in the working frequen®jf.course, the level of the power
reflection is consequently more thahN-9640. This means ALIN654 offers less
read range inrée space compared to AED640. The advantage of Al-B654 to
ALN-9640 gets obvious whehis placedon a slab witha higherdielectric constant
As can be seein Fig. 3.14, the detuning effect is less in AL8654 and the
reflection is less that? dB in a wide range of frequency.
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333Equi val ent Circuit Analysis

It is already know that the detuningeffect is the result of change itne
characteristics of the antennhe target of thigart isto find out what is exactly
changed in the tag when it is placed on a material with hidje&ctric constaniThe
equivalent circuit analysis of the tag can give the answer. Intfastaralysis finds
theelemens in the equivalent circuivhich areaffected by the background material.
First, it is neecdto find a suitable equivalent circuit for a conventional dipole tag
with a matching loop. A dipole tag with the corresponding equivatentit is
illustrated inFig. 3.15. The physical structure of the tag is in symmetry according to
the vertical axis leading to a symmetric equivalent circuit. Looking at the equivalent
circuit from right to left, it starts with the chip. The internal resistance and
capacitance of the chip eashown in a series topology. However it can be easily
converted to a parallel circuit. The chip is connected to the matching loop from both
sides. The matching loop is basically providing a series inductance as depicted in the
circuit. The series inductaa is terminatedto a shunt inductance which actually
closes the matching loop and provides the required inductance for the chip. The
remaining part is the two arms of the dipole which is represented by a Refles
circuit. More accurate circuit for a dijpe can be found if29] but for a narrow

dipole working in a narrow frequency band RieCis simpler and sufficient.

Capacitive ) Shunt
antenna inductor
[ |il i
| IC
Series
inductor
""" "'1. T """"! [ S |
l__n'n'\ AA YL H H
: P Ls‘eries i i
E Ran Cam Law 3 1Lshwu i Ce § i
s i I P Rici
H series H I H
|_\A.A.~ f - VAAAS > ” H
Antenna Matching IC

Fig. 3.15. A typical matched RFID dipole tag and its equivalentircuit.
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The inductance and capacitance of the dipole are influenced by the shape of the
dipole arms. The capacitance haselatiorship with the dielectric constanof the
environment.Thus, this element expectedo bevulnerable to any change in the
dielectric constanbf the host materialThe radation characteristiof the dipole is
represented by the radiation resistance in the circuit and finally the received
electromagnetic signal is translated into a voltage source in the cikppiiying the
electric wall theory, the balanced circuit &ig. 3.15 can be transformed to the
unbalanced circuit shown kig. 3.16[13, 30}

The equivalent circuit oFig. 3.16 is designed and simulated in ADS software.
The targt of this simulation is to finthe impact of increasing the dipole capacitance
Cant On the impedance matching. The result of this simulation is presented in
Fig. 3.17 (b).
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Antenna Matching IC

Fig. 3.16. Unbalanced equivalent circuit of a typical tag.

(a) (b)

Fig. 3.17. Detuning effect illustration in Smith chart. (a) Increasing therelative dielectric
constantof ALN-9640 host material from 1 (solid line) to 5 (dashed line). (b) Increasing the
capacitance of the dipole arm in the equivaldrcircuit from 1 pF (solid line) to 1.75 pF (dashed

line).
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The plot inthe Snith chart shows how increasing the cafzace can cause a
mismatch.This plotis comparedwith the plot of detuning effect in ALI640in

Fig. 3.17 (a) in whichthe relative dielectric constans increasedrom 1 to 5 The

plots in the two Smith charts are quite similais concludel that the detuning effect

is basically caused by increasing the value of the antenna capacitaecantenna
capacitance is increased from 1 pF to 1.75 pF in the simulation. More details about
calculating the values of each element in the ciraretdisaussed inChapter 4 An
analysison the relatioship between thalielectric constanof the host material and

the capacitance is done @hapter 5and a solution for increasing the robustness of

the dipole tag is proposed.

3.4. State of the Art

The latest achievements in robust tags in the literature are reviewed in this section.
Based on the application and the structure of the design, the works are divided into
three groups. First, the tags applicable on liquid bottles are reviewed. S#wond,
most important tags employing ground plane are discussed. Finally, somgyjebel
and groundless tags are review&tudying the advantageand drawbacks of each

groupdetermineshe commonchallengesn designing robust tags.

341Tags for Liquid Bottles

Liquid bottles are one of the most challenging objects for RFID tags. There are a
variety of bottles made of different material and filled with different liquids in the
market that need to be tracked by RFID technology. The producers of wine are one
of the costumers othis technology as they want to have a track of the expensive
wine bottlesfrom factory to the consumers. Liquid bottlesriously affect the
performance of labelype tags placed on them. High permittivity and conductivity of
water are the @min reasons for this effe¢27, 31} Although the designs with a
ground planecan tolerate liquid bottles, they are costly antk{peompared to label
type tagsIn addition, in many applications like tagging goodstores it is required
to hide the tag from the surface of the object for security and appearance reasons.
There has been some work in the literattw solve the problem dags used on

liquid bottles.They are reviewedah this part
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Onesolutionis to awid the liquid by placing the tag on the neck of the bofite
proposed design i[82] is depicted irfFig. 3.18. The structuref the antenna is quite
similar to the conventional -imatch tags but the arms of the dipole are connected
together with an extra inductive | oop. T
theory of the design. However, this tag only works when theebisttin a standing
position because the performance of the tag would be dramatically affected when it is
backed by the liquid.

< 77.86

a) Tag antenna layout (unit: mm)

Cork .19,
>
F
45 i
Air_gapt |

451 p

Wine 734 (015
Glass| 7.0 | 0.03
Cork | 1.5 | 0.04

1 5§ la v

b) Simulation model (unit: mm)

Fig. 3.18. Tag for neck of the bottle proposed if32].
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Another solution is to embed the tag inside the @sksuggested if83]. The
proposed design and the fabricated prototype embeddeet ithe cork is illustrated
in Fig. 3.19. The design is a typical meandered dipole matched with an inductive
loop. The advantage of this design lstt the tag stops working after opening the
bottle. This works as a safety lock which prevents opportunists who change the
contents of the bottleHowever, due to the complicated design, the fabrication

process would be costly. Imldition, many liquid bdtes do nt have cork stoppers.
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Fig. 3.19. Cork embedded RFID tag[33].

Another effortfor improving the performancies done with the cost of using a
combined reflector plate othe back of the bottlg34]. The work is shown in
Fig. 3.20. The tag is a simple dipole with inductive matching loop. The metallic plate
at the back of the bottle increases the directivity and gain of the antenna which can
somehow compensate the dengneffect of the liquid bottle. The drawback of the
design is that the tag is not ordirectional. Furthermore, it is not possible to use the

conductive patch on all bottles for appearance reasons.
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Fig. 3.21. Folded dipole tag design for liquid bottled31].

Anocther practiced solution ithe literature is to fold the tip of the dipole as

proposed iff31] or having a dipole with spiral tif85]. The length of the dipole gets

longer by foldingthe dipole armsThis improves the radiation efficiency of the

antenna \wich is critical on the bottle. It is reported [B1] that by bending the

folded dipole shown iifrig. 3.21, around the water filled bottle the null in the dipole

E-plane radiation pattern can be remoeed the tag can be readable from different

angles The high dielectric constant of the water is the main cause of this

phenomenon. The whole bottle becomes part of the antenna in this caseages

the radiatiorpattern.It is shown inFig. 3.22 that the nulls in thantenna directivity

which represents theadiation pattern disappear after placing the antenna on the

water filled bottle.
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Fig. 3.22. Directivity of the antenna designof Fig. 3.21in xy-plane at three different frequencies
[31].

The disadvantage of the design is that the radiation pattern of the tag changes by
attaching it on bottles with different shape and sideus, the proposed design is
only useful on cylindrical bottles with certain sizEhe inductive matching loop in

this design is used as well. However the thin conductive parts of the antenna restricts
the bandwidth of the tafp]. It is provedin Chapter Sthat thin parts make the tag

even more vulnerable to the host material as they have less capacitance in the
antenna body.

There has &en interesting solutions for the problem of tagging the liquid bottles
as reviewed here but what is missing in the previous works is a deep study about the
effect of the liquid on the performance of the tag in terms of impedance matching
and detuningA comprehensive studg conductedibout thisssuewhich is reported

in Chapter 4

342Tags for Metallic Objects

Metallic objects are the most challenging host for RFID tags. The performance of

a typical dipole tag becomes seriously affected in the vicwiitg metallic objet
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[27, 36, 37] A metallic plate with a distance of quarter afvavelength from the
dipole tag improvedhe gain and performance of tlamtenna but this length in

866 MHz is approximately 86 mm which is not acceptable in most applications. The
tag needs to be close to the host metallic objects in a distance much smaller than
quarter wavelength. In thisondition the currents of the antenna indatmostthe

same current with reverse phase on the surface of the metallic {®§¢ctThe
negative effect of this currents increases when the tag gets taker objectlt is

clear that the tag stops working when the distance from metallic body reaches to
zero. The existence of these surface currents can be explained by electromagnetic
boundary condition.

It is known that the tangential electric filed on the surface of the metallic host
should be zero. Therefore, it is necessary to have the surface currents with reverse
phase to cancel the electric field of the antenna on the surface. The image theory can
also be usedor describing this effectThe metallic surface isemovel in image
theory while keepng the boundary condition satisfie@hus, an image antenna is
needed in the other side of the plate with reverse phase of currents. The superposition
of the electricield of the two sources cancels out each other on the boundary of the
metallic plate. The radiation of the two sources also cancels out each other in the far
field which leads to a low radian efficiency of the antenndhe input impedance
of the antennas also influenced by this metal interaction. The change in the input
impedance deteriorates the impedance matching with the chip which is another
important factor in tag performance. In summary, the radiation efficiency and the
input impedance are the avimportant factors that get affected by a metallic host as a
function of the distanci89].

The impact of the presence of a metallic plate in close distance to a quarter
wavelength dipole working at 866 MHz is studied2h The radiaibn efficiency of
the antenna as a function of the distance with the metallic plate is plofed 8223
(a). The radiation efficiency ineasesrom a low value up to 25 when the distance
is increased to 3 mm. This radiation effiagnat the mentioned thickness is
acceptable in practice but the problem is with impedance matchimg.input
impedance of the antenna remains very low as shown by the pag.d.23 (b).

Thus dipole tags are not a suitable candidate for metabjects.
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Fig. 3.23. The effect of changing the distance of a dipole antenrieom the metallic plate on (a)

Radiation efficiency and (b) Input impedance2].

There has been an extensive amount of studies about metallic mountable tags in
the literature. The most significant designs are reviewed in this Pagt.ground
plane seems to be a crucial part in the antenna for protection from the metallic host
material. Thusmost of the designs can be categorized as patch anténhgscal
patch antenna is comprised of a ground plane, dielectric substiade the
conducting patchin transmitting mode, the patch is excited by a time varying signal.
This indues a time varying electric field between the patch and grqlade
companied by the surface curreots both of themThe radiation occurs at the two
edges of the patch perpendicular to the surface curirtsrding to the skin effect,

the surface currds just exist on the surface of the ground plane facing the dielectric
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substrate. Thus, the patch antenna is isolated form the host metallic object while it is
working. The thickness of the substragenormally between 0.@and 0.0%-[40].
These characteristics make this antenna the best choice as a low profile planar design

for metallic mountable tags.

Fig. 3.24. Long read range patch studied if41].

There is no size limit for tags in tracking large metallic objects used in heavy
industries.The gain and read range of the tag can be improved by increasing the
dimension ofthe prototype. The work presented[#1] is an example of long read
range tags. The designed prototype is showhign3.24. The tag is designed on a
substrate witlrelative dielectric constamtf 2.2. The overall dimension of the tag is
131x68x3.3 mrh The authors found that a 16 mm dmgiween the edge of the patch
and substrate can effectively suppress the fringing effect. The reportedoradiat
efficiency of the tag is 8. The chip is located at the edge of the patch as can be
seen in the figureThe other side of the chip is connetti® the ground via three
sides. The perfect impedance matching can be achieved by adjusting theidime
of these conductive arms. The read range of the tag on a 20%2@emilic plate
with EIRP=4 W is 25 mA similar work is reported if42].

There is always a compromise between the size of the tag and the offered read
range. In many applicatisrthe designers have to sidice the read range in favour
of thesize.However there are some size reduction temhes Applying slots on the
patch is a practiced method for size reduction. The presence of slots on the patch
forces the surface current to travel a longer distance which basically increases the
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length and lowers the resonant frequency of the anténmaulti-slotted tag design is
proposed in43]. The structure of the tag shown kig. 3.25 is comprised of an
inductive loop connected to the chip. The currents on the loop excite the slotted
patch. The patch is connected to the ground at two corners for impedance matching
reasons as authors reportetieToverall dimension of the tag is 50x50x1.6 hamd

the read range is 5 fihe slot is also applied to the designs reportdd4mi6].

Fig. 3.25. Multi -slotted tag reported in[43].

Employinga high dielectric substrate is another method for reducing the size of
the design. By increasing the permittivity of the substrate the electrical length of the
system increases which leads to a reduction in the resonant frequency and
miniaturization. A ceramic substrate witblative dielectric constamf 48 is used in
the work reported if47]. In addition to the substrate, this design also has slots for
size reduction as shown Fig. 3.26. The overall size of the tag is 25x25x3 framd
the read range is 10.1 m.

Top view

Horizontal slits

/\

Feed loop

Via\../Tag IC

Fig. 3.26. Miniaturized tag designed in[47].



Chapter 3Passive UHF RFID Tag: Overview and State of the Art Page 49

Shorted
wall

n By
1 H (a) z}’y Couplingslot Substrate
€ V » A Ground plane
(a) (b)
Fig. 3.27. Center fed tags: (a) Bowtie tag reported ij48]. (b) Stepped impedance tag repted in

[49].

The chip is connected tdvé edge of the patch in all the tags reviewed so far.
There are several designs in which the chip is located in the center of the structure
and connected to two patches. The two patches are usually connected to the ground
with either conductive wall or vé&a

A bowtie shape tag is reported if48]. The chip is located in the centefr the
symmetric patch as depicted Kg. 3.27 (a) and each patch is connected to the
ground plane via holes. The analysis given by the authors define the tag as a parallel
RLCcircuit. The resistancR represents the radiation of the td¢neLC components
behave as a high impedance circuit at resonant frequency. This makes the resistance
of the chip be matched to the resistance of the ant@ivearesonant frequency is
relatedto the value ol andC which can be adjusted by changing timensions of
the tag and number of the via holes. The overall dimension of the &8x89x3
mm° and the read range reaches up to 3.3 mBIi@P= 0.4 W.

A similar design is presented [49]. The two patched are connected to ground
plane using shorted wall instead of vias. This makes k&g simpler. The patches
are loaded with slots. However the authors call it stepped impedance patch and they
use transmission line model to analyse the desidns geometry enables the
designer to easily tune the antenna and do the impedance matchengvérall
dimension of the tag is 880x0.76 mnt and the read range is 5.4 m WitRP = 4
W. Other similar designs in which the center fed patch is connected to the ground at

the edges are reported[B0-54].
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Fig. 3.28. PIFA design for RFID tag proposed in[55].

Planar inverted- antennas (PIFA) are a special tygfepatch antenna which has
low profile and multiresonant characteristics. These feature® heaade it popular in
cell phone antenna desigy, 57]and RFID tag$2]. A PIFA in its standard shape
is a mtch antenna which is shorted to the groahdne edge bither conductive
wall or vias. Thus the radiation just occurs at the opposite edge of the patch. There is
an extra connection between the patch and the ground in standard PIFA design which
makes he cross sectional view of the antenna similar to letteHdwever, for
achieving the desired antenna characteristics in tag designs, the traditional shape of a
PIFA needs to be modified usuallor example, the PIFA proposed[§5] is shown
in Fig. 3.28. The chip is located at the corner of the design connected to the patch
and ground as depicted in the picture. A shorting plate located at the opposite side of
the patch connectthe patch tothe ground plane. The design has the overall
dimension of 59x59x3 mirand the read range is 4.3 m on a 60x68 omtallic
plate withERP= 0.5 W.

The authors 0158] showed by applying an open end stub to the design it is
possible to eliminate the connectiontleé chip to the ground and also achieve a dual
band antenna that can cover the two common frequency band in UHF RFID tag
protocol. The proposed desigdepicted inFig. 3.29. The overall size of the design
is 62x51.3x3 mrhand the measured read range VRP= 2 W is 10.9 m. Other
work that can be categorized as PIFA designs are reporfgeé-&1].
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Fig. 3.29. Dual band modified PIFA reported in [58].

Not all the designs in the literature are limited to patch anténrsome works a
dipole antenna is used and the destructive effect of the ground plane is controlled by
adding extra components and protecting the dipole. The design introdyé&2]j is
depicted inFig. 3.30. An intermediate deoupling layer is appdid between the
ground and dipole for protectiofthe overall size is 95%25x3.6 mrand the read
range WIthEIRP =4 W is 6.2 m. Parallel bars are used as intermediate layer in the
work proposed ir[63]. The bars protect the tag and also excite the wragdtinant

modes.

cross section

dielectric i '
) copper
label tag ' 14, tans=0.01) PRe

A

.ff)«\«\

decoupler

metallic object

Fig. 3.30. Dipole tag protected by decoupler proposed in[62].
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Another practiced method for protecting the antenna from the metallic object is to
swpport the antenna with a cavity. The radiating part of the system is usually a
slot [64, 65] or patch antennf66, 67} The cavity backed tag antenna proposed in
[68] is reviewed hereThe structure of the design is illustratedFiy. 3.31. The
overall size of the tag i$§27x90x5 mm The structure is comprised of three parts:
The cavity, the dipole, and the slotted cover. The chip is located in the middle of the
dipole. Looking at the system as a transmitting antenna, the dipole excites the cavity
and the radiation takglace at the two $lots on the cover face of the cavity as can
be seen in the figuréccording to the size of the structure whichoigger that the
most reviewed works a long read rangexpectedThe antenna reached5.7 dBi
gain and 23 m of readmge. Another similar work in the literatureagavity backed

bowtie antenna reported [i69].

¥

L.

Proximity feed

Cavity cover with patch

Rim for mounting to the cavity

Fig. 3.31. Cavity backed tag proposed iri68].
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Fig. 3.32. The antenna proposed ifj70].

Connection to the ground or having extra layers increases the cost of the
prototype. All of the tags reviewed so far consist of costly and complicated
structures. Here, some tags with simpler design are revieweddddign shown in
Fig. 3.32 is introduced in[70]. It is comprised ofan FR4 substrate with 1.5 mm
thickness. One side of the substrate is the ground plane and the other side is the slot
patch shown in the figure. As can be seen there is no need for connection between
the two layers. The overall dimension is 120x23x1.5’nthe read range of the tag
in free space is 3.5 m witBIRP= 4 W. There is no study about the performance on
large metallic plates. Another slot design tag is proposed and analygédl in

The input impedance of a dipole antenna reduces dramatically when it is close to a
metallic plate as mentioned earlier in this sectidine reduction of the input
impedance increases the mismatch Esddecreases the radiation efficiency of the
antenng72]. There has been sonadfort to tackle this problem by imprawj the
impedance of the antenna when it is close perdect electric conductoPEQ,. It is
known that the input impedance of a dipole can be increased by having a folded
dipole [64]. It was shown i{72] that by designing a multiplarm folded dipole the
radation efficiency and impedance matching of a dipole locateal distance less
than0. 05 & from t he Fddvingthinfindng, the anihorsoirv e d .
[73] proposed a three arm folded dipole designed to be matched to RFID khip.
prototype of the design is depictedHig. 3.33 (a). The overallsize of the design is
125x14x1.5 mand the achieved read range is around 5 m BRRP= 2 W. The
authors managed to reduce the length of the antenna by cutting one of the dipole
arms and connecting that side to the ground via holes as shokig.iB.33 (b).
However, this method increases the cost of the fabrication. Similar nmutiple

folded dipole tags are suggestedia, 75]
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Fig. 3.33. Multiple -arm folded dipole proposed in[73]. (a) Basic design. (b) Compact design.

Following the trend to make the tag design as simple as possible, tkdreeha
some groundlessg designs. This type of taggsnply comprised of a substrate and
a radiator patch on top. Tisarface of the metallic hostaterial plays the role of the
ground plane when the tag is attached oA sample of this type of tag is proposed

in [76]. The structure of the fabricated prototype is depictdegn3.34.

Fig. 3.34. Ground less tag proposed if76].
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The chip is connected ta matching loop which provides the required inductance for
matching. The patch is inductively coupled to the loop. The loop excites the two
patches which provide a dual band frequency response for waakithg desired
UHF RFID frequencies. The overalize of the design is 80.5x74.5x1.5 farfihe

tag is basically designed and tuned to work on metallic objects. However, it can still
work on noametallic material but with limited read range. The measured read range

on metallic plate witEEIRP=4 W is 7.9m and in free space is 4.4 m.

Fig. 3.35. Miniaturized groundless tag reported in[77].

In order to achieve low cost conformal tags, flexible substratesecasda in the
design of groundless tags. The thin flexible design is a suitable choice for tagging
metallic cans and container&. miniaturized grounkss tag is introduced ify7].

The design is employing a high permittivity ceramic (BajiPolymer substrate

with 1.5 mm thicknessThe relative dielectric constant of the polymer is 12 which
helps in miniaturizing of the antenna by increasing the electrical length of the design
and reducing the resonant frequentie overall size of the design is 28x13x1.5
mm® which makes it suitablfor tracking small metallic object¥he structure of the
design is depicted iRig. 3.35. The twohalvesof the tag are connected by the thin
track (f). This creates an inductive loop for impedance matchihg.slots (g) in the
design help to lengthen the path of the surface currents. This lowers the resonant
frequency and contributes in further miniaturization of the deslgne resonant
frequency 6the tag antenna can be tuned by altering the length of the sldthg).
flexible substrate makes the tag attachable on conformal objects. The tag was
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measured witfiEIRP =4 W and the achieved read range on metallic object is 2.65 m.
The performance onom-metallic objects is not reportedther grountess tag
designs can be found 8, 79]

3.5.Conclusion

The basics opassiveUHF RFID tagshave beemntroduced in this chapter. Some
designs in the literature for liquid bottles were reviewed learned thathere is a
lack of studyin the literatureon the effect of liquidbottle on theperformance of the
tagantenna in terms of equivalent circuit and impedance matching. All the reviewed
effortswereabout increasing the directivity of the tag on the bottle or avoiding close
contact between the liquidhd the tag. Tags for metallic objects were also reviewed
in this chapterlt is learned that long read range tags are available tivélcost of
complicated and bulky designs. Different types of patch antennas were introduced.
Patch antennas offerlow-profile tag with outstanding performance but the need for
conductive wall or via is a negative point. Patch antennas are functional en non
metallic objects but the performance is limited in terms of read range and radiation
pattern. A multiple-arm folded diple was introduced as a simple design with
acceptable performance in vicinity of the metallic objects but the performance on
nonrmetallic objects is limited as the tag is tuned and matched for working on the
metallic plate.Simplerpatchdesigns were intuced by eliminating the need for a

ground plane. However, the performance on-natallic objects is limited again.
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Chapter4. A UHF R&¢ Dwi t h
| mproved Perfor mance

Bottl es
I

The literature review iilChapter 3showed there ialack of studyon the effect of
liquid bottleon the performance of the tdg.this chaptey the performance of one of
the latest commerciaagdesigns on a thin liquid bottle is investigated. The effect of
water on the frequency response is studied from the equivalent circuit point of view
It is found the effect of the liquid bottle is a reduction in radiation resistancarand
increasen the loss resistance. This destructive effect is compensated by adding two
arms to the dipole without increasing the size of theatadya new design whitan
improved reading range and bandwidth is then proposed. Finally, the performance of

the proposed prototype is tested and compared with the commercial tags.
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4.1. Analysis of ALN-9768

ALN-9 768 which is known as fiWonder Dogo
Alien [22]. It is a general purpose tag particularly designed for RF reflective and
absorbing materials such as metals and bottled liquids. The performance of this tag in
free space and on a thin liquid bottle is studied by simuatid circuit analysis in

the following subsections.

41.1.Structure Simulati on

The physical structure of ALI9768 is analsed and simulated by using CST
software. The passive tag is composed of a chip and an antenna which are connected
together by a matchingadp as shown iffrig. 4.1.

; | Matching
....... * : RFID chip

22.5

———————

Fig. 4.1. Physical structure of ALN-9768 with dimensiondetails. All values are in milimeters.

The matching loop provides the required uotive impedance for conjugate
matching to the capacitive impedance of RFID chip. This is to achieve the maximum
power transfef25]. The short dipole antenna is loaded with capacitive plates at both
ends. This facilitates the impedance matching and also increases the average current
on the radiating wire leading to an improvemien the radiationefficiency of the
tag[21]. It is known that the radiation efficiency of the tag is severely limited by the
presence of watef31]. Thus, perfect impedance matching with a sufficient
bandwidth plays an important role in having a reliable universal tag that covers UHF
RFID EPC Gen 2 band (86160 MHz, but most countries use either &&8 or 902

928 MHz bands). The reflection coefficient S11 parameter of the tag in free space
and on a plastic bottle with relative permittivity of 2.3, thickness ofrh and

dimensions of 80x800 mnf is simulated and the result is plottedFil. 4.2.
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Fig. 4.2. S11 and the Smith chart of ALN9768 and the proposed tag in free space and on a

plastic bottle filled with water.

The S11 is athe chip input port and matched to the chip impedance. It is observed
that the tag is out of tune. In general purpose tags, the antenna is usually designed to
resonate Igyhtly higher than the various international bamtlis compensas for the

effect of the dielectric material on the tfls]. As can be seen ifkig. 4.2, the
frequency reponse of the tag is affected by the liquid bottle with a smaller
bandwidth and smaller return loss. This not only affects the reading range but also
makes the tag sensitive to any changdte material and thickness of the botted

also the environmeal temperatureThe permittivity of the tag substrate is altered by
changing the environmental temperature. This leads to detuning of tAdeagtudy

in [80] shows the resonant frequency of a tag with paraffin wax substrate can be
shifted up to 30 MHz by increasing the temperature from 30° to 60fh&Xole of

the liquid bottle in changing the frequency response of the tag can be clayified

studying the equivalent circuit of the tag in the next subsection.

412Equi val ent Circuit Analysis

The physical structure of the tag kig. 4.1 can be translated into the equivalent
circuit of Fig. 4.3 by appling the electric wall concefb], [30]. Due to the mutual
inductance and radiation from the matching part it is difficult to have an accurate
prediction on the values of the elemeintshe circuit. However it is possible to have

anapproximate estimation on the values. The inductance can be fog#ad )by
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Fig. 4.3. Equivalent circuit of ALN -9768. The values are for the tag working in free space.

wherel andw are respectively the length and width of the conductive {&jcehe
calculation of the inductance for the antenna divided by the ielecatl results in:
Lser= 10.5 nH,Lsp = 3.2 nH, and_a: = 19.3 nH. The antenna capacitance is mostly
provided by the plates at the end of the dipole. A study dof¥ shows that a disk
with radii of aroundl cmprovides capacitance of about 1 pF. The antenna resistance
is the sum of the radiation and loss resistafgg £ Raq + Ros9. The loss resistance
is usually negligible in comparison to radiation resistaaicthe working frequency
of UHF RFID tagin free space. The radiation resistance for a small dipole can be
approximated by4.2):

Raa = 8%@’/_;782 (42)
wherel is the length of the antenna adis a factor between 0.5 and 1 depending on
the current distribution along the antenRar example, the factddis equal to 1 for
a dipole antenna with uniform current distribution and it is equal to 0.5 for an open
ended short dipol¢21]. By considering the working frequency of the tag at 866
MHz, the radiation resistance is suppbset o be bet ween Th2. 17 Y
equivalent circuit for Higgd RFI D chip is a 1.8 kY resi

pF capacitor. These values are respectively divided and multiplied by 2 after
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applying the electric wall concept. ADS softwarauged to simulate the equivalent
circuit and the value of elements that achieved by fine tuning is givéigir.3.

They are in good agreement withe predicted values by calculation. These values
are for the tag working in free space. It is observed that by increasing the value of
Retf rom 35 Y to 125 Y the frequency respot
the liquid on the tag. The residtdepicted irFig. 4.4 which is similar toFig. 4.2. As

shown inFig. 4.5, the directivity of the tag is increased from 1.92 dBi to 3.29 dBi in
presence of liquid but the total radiation efficiency is decreased Hddhii dB to-

22.17 dB. Thus it can be cdnded that the liquid causes an increasBJdg leading

to a total increase iR,y This results in the impedance mismatch and reduced
bandwidth.

0 .
----R = 35 ohm / ‘
—R = 125 ohm \ e
] - : % 4
& 3 /
E ,"’ "- /
" E NN ;
-10- PR ‘ i

_1800 700 800 900 1000 1100 1200 1300 1400
Frequency (MHz)

Fig. 4.4. Thefrequency response of the equivalent circuit foR,n= 35 K,yand25 Y.

Fig. 4.5. The radiation pattern of ALN-9768 in: (a) free space and (b) on a plastic bottle filled

with water.
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4.2.Equivalent Circuit Modification

Having identified the problem, a novel solution is proposed in this section by
compensating the effect of the liquid: a smaller resistance in paralglis added.
In this way it is possible to correct the total resistance in the anbadyan order to
createthe optimum impedance matching with the chip. The parallel resistance is
added to the circuit in the form of another series resoRafitcircuit as shown in
Fig. 4.6. The resonant frequency of the add®dC circuit should be close to the
resonant frequency of antenna body. To show the effect of the new added resistance,
a high val ue o fderedfirstuSuch & high Yesistasce in panafiel to
125 Y should not make a significant <chan
step, the value of resistance is set to

point as depicted iRig. 4.7.

Raw=125Q I La=20nH L, =10nH

— Y Y
Cam = 1 pF

Il
Il
VWV

Rc:om = 35 Q Lcum - 13 nH

Ceom=1.3 pF 3 Lon=4nH Ric = 0.9 kQ

o

Fig. 4.6. Modified equivalent circuit of the tag for compensating the effect of liquid on the

VO c

frequency response.

—Rcom = 1 kohm
-+« Rcom = 35 ohm

) | i
. | i
5 . i i
.
. i
. H
“ :

_18 il i. i i
17"00 800 900 1000 1100 1200 1300 1400 1500
Frequency (MHz)

Fig. 4.7. Determining the effect ofR.,, on the frequency response by changing the resistance
from 1 kY to 35 Y.
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In an optimum tag design the impedance of antenna should be matched at the
working resonant frequency. The circuit Biig. 4.3 is simply translated ém the
physical structure and it cannot clearly reflect the manner of the system in resonance.
This circuit can be transformed to a simpler form by using the method introduced in
[13]. For the proposed circuit g. 4.6, another stage of transformation is needed. It
is found that the proposed circuit can be simplified to the circuit showigird.8.

The parameterf, X, andy can be found bjollowing equations

L 4.3
Lsh+ Lser ( . )
X:l+ﬂ ’ y:1+@ (44)
com Zant
_ : j
Zon = Rt 15 - Vl'(:am (4.5)
_ : j
Z_=R__+jul,, -
com Rcom Mo e (4.6)

com

whereZ,: andZ.om are the input impedances of the antenna body and the added part
for compensating the effect of liquidhe derivation of equatio(4.4) is proved in
Appendix A.The transformed circuit depicted kig. 4.8 is comprised of two series

resonators and one parallel resonator.

Ramf Canz Lamf xﬁLser
an—| vy
|

Reom Ceom  Locom yﬁLser ﬂz R,

p ——
@) Spr, | cup

Fig. 4.8. The modified equivalent circuit transformed into a simple circuit consisting of parallel

Yy Y

and series resonators.
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The series resonators act as a short circuit at the resonant frequency and the parallel
resonato acts as an open circuit. So, the circuit simply converts to a new
arrangement of resistors. The maximum power transfer occurs Rghan parallel

t0 Reomis equal tdh’Re.

4.3.Tag Design and Measurement

The proposed equivalent circuit Big. 4.6 is translated into the physical structure
shown inFig. 4.9. The structure is designed and simulated using CST software. The
overall structure of the proposed tag is based on the dimensions e®2&8shown
in Fig. 4.1. The dimension of the matching loop is increased in the proposed design
to shift the resonant frequency of the tag down to the required band when it is on the
bottle. The added seri€d_C circuit is translated into two arms in symmetry as can
be seen irFig. 4.9. The short gap of the arms provides enough capacitance and low
loss resitance needed for impedance matching as discussed in the preceding section.
The frequency response of the proposed design is depictéid.id.2 as wd for
easy comparison with the reference tag. The added arms increase the return loss and
bandwidth of the tag in the working frequency. F® dB bandwidth is increased
from 3.7 % to 13.5 % for the tag on the bottle. This is achieved without increasing
the dimensions but using the available space in an efficient way. In general, if the
size is limited in one or two dimensions, the performance can be improvesinigy u
more of the remaining spa¢21]. The S11 of the proposetksign in free space is
around-2 dB in the desired band as can be sedrign4.2. According to the high
radiation efficiency of the tag in free space, this value is sufficient for most RFID

applications in practicg81].

Fig. 4.9. Proposed modified structure of the tag for compensating the effect of liquid on the

frequency response. All values are in millimeters.
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A sample of thgroposed tag is made by etching the structurgigf4.9 into a
copper sheet. A Higgd SOT RFID chip is soldered to the t&lease see Appendix
B for more information about this chifphe reading range of the tag is measured in
an anechoic chamber using Nordic ID PL3000 UHF RFID reader which is a
handheld device with 630 mW equivalent isotropic radiated po®wHRR). The
perfomance of the tag is compared with AIN68 and ALN9770 (another tag
from Alien known as BAT. This tag is specially designed for automotive batteries
and other challenging metal, plastic, and fluid contaif22 Three different types
of water bottle are used for the experiment. The measurement sekipeatags on
the bottles are illustrated iRig. 4.10. The maximum reading range is measured in
each case and the results are listedable 4.1. The proposed design offers the
longest reading range in all cases.

(d)

Fig. 4.10. (a) Determining the reading range of the tags in an anechoic chamber. (b) Proposed

design on a glass bottle. (c) Wonder Dog on a papearton. (d) BAT on a plastic bottle.
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Table 4.1. Reading range of the tgs in centimeters.

Mater. BAT Wonder Proposed
Free sp¢g 110 150 220
Paper b 29 45 79
Gl ass b 13 22 31
Pl astic 16 23 54

4.4.Conclusion

One of the latest commercial UHF RFID tag designdiguid bottles has been
analyed in this chapterEquivalent circuit analysis of the tag working on a liquid
bottle showed the liquid dramatically affects the impedance matching between the
tag and the RFID chip by changing the input impedance of the tag anféma.
result of the angkis confirmed the liquid bottle causes an increase in the real part of
the input impedance of the tag antenna which is basically the loss resistance as the
liquid bottle absorbs the energy of the tagis change in the input impedance of the
antenna limtis the amount of power delivered to the chip and consequently reduces
the read range of the tag working on liquid bottle.

The proposed solution to overcome the destructive effect of the liquid bottle is to
add two extra arms in the antenna body. The extra arms reduce the real part of the
input impedance of the antenna and help to reach an optimum impedance matching
between th tag antenna and the chioth the simulation and experimental results
have shown that the proposedlution can increase the read range of the tag on
different liquid bottles and also in free spa€his improvement is achieved without
increasing the arall dimensions of the designs compared to similar commercial
tags. The proposed solution in this chapter can be used as a general idea in designing

novel robust tags.
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Chapter5RFI D Tags Mount

Met al | 1 cMatnal INioch Ob |
B

After studying and improving the performance of a tag on liquid bottles in
previous chapter, more general desigme proposedn this chapter whichcan
tolerate arange of material This chapter is comprised of two main sections. In the
first section, a study is performed on the main circuit elements of a typicatypleel
tag with the target of finding the most vulnerable parts to host matinslifound
that the capacitance in parallel to the feeding point of the tag is the most sensitive
element in the circuit. The capacitance of the antenna body is also found to be an
important elementA bigger antenna capacitance leads to less sensigveesigns.
Based on these findings a low profile and low cost tajge tag design is proposed.

In the second sectiorg duatpolarized tag supported by substrate and ground
plane is introduced. It is known that by supporting the slot antenna with lavshal
cavity, the robustnessf the tagto metallic objects can be achieved. Applying this
method, a duabolarized thin cavitypacked slot antenna for RFID tag is proposed in
this section. The simple single layer design with no via enables a low cost
produdion. Duatpolarized symmetric shape is another advantage of the proposed
tag. Small handheld RFID readers have a linearly polarized antenna that needs to be
aligned in polarization with ordinary tags while the proposed design guarantees a

reliable conne@bn regardless of the orientation of tag and reader

)
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5.1.Label-Type 3D RFID Tag Mountable on
Metallic and Non-Metallic Objects

Cost and reliability in performance are two prominent factors in RFID tags.
Labettype tags made with flexible thin material agtiable and cost effective for
tracking purposes but they fail on challenging materials like water and riZtals
The target dthis section is to investigate a way to eliminate the need for substrate in
the design and have a latigbe tag with reliable performancehe equivalent circuit
of a common design of tag is studied first and the most sensitive elements of the
circuit are identified and analysed. A novel design of the tag is proposed after that
and the performance is studied by performing simulation and experiment.

5.1.1.Capacitance Anal ysi s

As mentioned earliemetallic and high dielectric objects are the most challenging
materials for tags. Metallic objects induce a short circuit on both sides of the chip
and the tag eventually stops working but high dielectric materials tiffezent
effect on the circuit. By attaching the tag on a high dielectric material all the
capacitaces in the circuit undergo a chanf#8]. This affects the impedance
matching between the chip and the antenna. Consequently, the reading range is
reduced and the tag can even be out of order in severe Tagephemmmenon is
called detuningwhich was studied in Sectio.3 Analysing the role of the
capacitances in the equivalent circuit can be helpful pimducing new robust

designs.

5.1.1.1.Capacitances in the Equivalent Circuit

The equivagnt circuit of a common RFID tag is illustratedFig. 5.1. There are
three capacitors in the circuit as shown in the figGreis the internal gaacitance of
the chip that is fixed and cannot be affected by the adjacent mafgyiel.the shunt
capacitance in the matching loop which is normally negligible when the tag is in free
space andC,n is the antenna capacitanf®]. The sensitivity ofCg, and Cyp is
studied in the following.
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Fig. 5.1. Equivalent circuit of a typical RFID tag.

To study the role o€, the input impedance of the dipole candoasidered first
by (5.1):

Z =R+ juL- WthCO (5.1)
where R is the radiation resistance of the antenbds the inductancell is the
effective relative dieleaic constantof the background material, and, is the
primary capacitance of the dipole in free space. Now, the input impedance in a
certain fixed frequency can be considered as a functiod. @y calculating the
derivative of the input impedance Gfit can be determined how the impedance is

influenced by the effectiveslative dielectric constant

“Zin — J
e,  uCe

e

(5.2)

For making the input impedance independeniothe termj / gsBould be close to
zero as much as possible. One way is to increase the working frequency but it is not
practical as UHF RFID band is limited to 8860 MHz. Another solution is to
increaseCy. The practical way to increase this capacitance is incredsingutface
area of the dipole which reduces the inductan@s well. This balance betweén
andCy helps to maintain the resonant frequency of the dipole in the desired band.

A straightforward way to anatg the effect ofCq is to add it toCic and calculate

Zc as shown irFig. 5.1. This impedance can be found (,3):
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. 2(C_+C
Zic: ZRC 2'J M’Rc(z ic sh) > (53)
1+ VVZRC ((:IC + Csh) 1+ VVZRC (Cic + Csh)
CsieXxi st s in the denominator Zzigf Thosh meant
smal | change in the value of this capaci

matching between chip andadganthenmca.paThée ain

i mpedance matching is studied in the nexi|

5.1.1.2.Capacitance and Impedance Matching
The equivalent circuit oFig. 5.1 is analped using ADS software. The optimum
value of elements for having a perfect impedance matching is mentioReg %il.

==Cant=2.5pF, Csh =0 pF
-40r|—Cant = 1.5 pF, Csh = 0 pF
Cant=1.5pF, Csh =1 pF

_5800 700 800 900 1000 1100 1200
Frequency (MHz)

Fig. 5.2. Effect of increasing the capacitances of equivalent circuit by 1 pF on the return loss.

The primary value ofCs, and Cyn is O pF and 1.5 pF respectively. The effect of
increasing the value of each capacitance by 1 pF is illustratéid.ib.2. As can be

seen in the §ure, the resonant frequency does not shift by increasirn@.theut the
returnloss is degraded. There is still acceptable impedance matching after the change
as the S11 is less tha? dB which is sufficient for delivering required power to the
chip in practicd28]. Note that to have this condition the primary valu€gf should

be big enough as concluded in preceding subsection. The same tha@ggmakes

a destructive effect on the impedance matching. This mE@anis more sensitive

thanCyn. A solution to reduce the sensitivity Gy is proposed inthe next section.
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51.2Pr oposed Design

The matching loop in ordinary lab&ype tags is in closeontact with adjacent
materials that leads to a change in the valu€spfThe proposed solution to protect
this capacitance is to design a 3D shape antenna as depictéd. i5.3. The
matching loop connected to the chip is in parallel with the antenna body and
protected by the underneath conductive pdttiother words, the matching loop is in
a standing position copared to the flat matching loop of ALBI768 as depicted in
Fig. 5.3. By this way the matching between the chip and antenna maintains in an
acceptablecondition over a wide range of thdielectric constantand also the

conductive materials.

Front—

Side —

Back —

Copper

Paper substrate

Standing matching loop

Flat matching loop

ALN-9768 —

Fig. 5.3. Structure of the proposed designAll the dimensions are in millimeters.
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5.1.2.1.Simulation Results

The structure oFig. 5.3 is designed and simulated using CST software. The tag is
placed on a material with dimension of 200x200x10°rand the reltive dielectric
constant of this slab is changed from 1 to 20. The effect of this change on the return
loss of the tag is depicted kig. 5.4. As canbe seen, there is no frequency shift in
the resonant frequencyDf course there is degradation in the level of S11 over
different values of) but in all of them the S11 is belo® dB which is sufficient as
mentioned in previous sectiohhe S11 for anetallic bakground is also depicted in

Fig. 5.4. The value is belowl dB which means the read range is limited in this case.

v \ !/ e
6 v/ x ) er=15 | |
- N ’ ~gr=20
e \ 4 Metal |-
s e
-8 1 | I
600 700 800 900 1000 1100 1200

Frequency (MHz)

Fig. 5.4. S11 of the proposed design when the background material is a metallic slab or a

dielectric material with different relative dielectric constant.

dBi

Fig. 5.5. Radiation pattern of the proposed design in: (a) free space and (b) on a metallic slab.
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However, this can be alleviated by the i
metallic background. The radiation patte
slia®d depRicghedThe directivity increases fr
the tag iIis attached to a ment adn i ac cd mtha

reading range on metallic objects.

5.1.2.2.Measurement Results

A prototype of the tag is fabricated using copper sheet and paper as substrate. A
Higgs4 SOT RFID chip is soldered in the center part of the tag as shawig. 6.
The reading range of the tag when attached on different materials is compared with
ALN-9768 and ALN9654 which are two products of Alien that are known to be
tolerant to high dielectricR22]. The measurement is done using Nordic ID PL3000
UHF RFID reader in an anechoic chamber. This handheld reader has 630 mW
equivalent isotropic radiated poweEIRP). The result of the measurement is
tabulated inTable 5.1. The dimension of the blkground material is 200x2008
mm°. The proposed tag offers the longest reading range on glass material. This could
be predicted by comparing the resultFag. 5.4 where the best impedance matching
is for material withrelative dielectric constamtf 5. Therelative dielectric constaiif
glass is typically close to this value. The tag shows acceptable reading range in lower

relative dielectric constasiike free space and Teflon.

Fig. 5.6. Reading range measurement of the proposedksign by a handheld reader.
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Table 5.1. Measuredreading range of the tags in centimeters.

Mat er ALN-9768 ALMG65 Proposed

Free =« 216 220 127

Met al 0 0 50

Gl ass« 250 250 295

Wat er 6 6 36

Teflo 280 280 228
Al t hough this reading range is | ess tha
dielectric constants and chall enging mat

proposed design overcomes thecmiwvaddi nd hi

on metallic slabs while the commerci al S i

5.2.Dual-Polarized UHF RFID Tag for Metallic
and Non-M etallic Objects

A dualpolarized RFID tag supported by ground plane is proposed in this section.
The presene of the ground plane in the design provides robustness to the host
materialand the values of the circuit elements are not determining fatlost of
the advanced UHF RFID readers employ circularly polarized or-mhlatized
antenna but a linearly polaed antenna is used in small handheld devices. A dual
polarized tag design can provide a reliable communication with the small readers.
The details of the design, simulation and measurement results are discugsgsd in

section

522 1.Ant enna Design

A cavity-backed slot antenna is a common way of protecting the slot from
background material$4]. However, as the depth of the cavity needs to be a quarter
of wavelength, this solution is not applicable in passive tags where a thin layer
antenna is required. Reduction of the depth ofdémgty is successfully done by
modifying the topology and spreading the depth into the surface of th§S]ot
Applying this method, a dugdolarized thin caviybacked slot antenna for RFID tag
is proposedn this section.The antenna structure and details of the dimensions is
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depicted inFig. 5.7. It is printed on a 5. mm thick FR4 substrate withrelative
dielectric constanty = 4.3 The symmetric arrangement of triangle conductive
patches creates the dymilarized \fshaped slotén front layer. While the back of

the design is covered with the ground plane, all the edges are covered with
conductive walls to make the thin cavity filled with R Monza 4 RFID chip is

used for the design. It has two independent ports for conneotibie dualpolarized
antennaas discussed ilChapter 3 Please see Appendix C for more information
about this chipDual port connection increases the read sensitivity of the chip-up to

20 dBm that makes it useful in challenging environments. The chip is located in the
centre of the tag and each port is connected to two triangle patches in symmetry

according to the ogin.

72.69 l
I .~ I

ground plane  conductive wall  unit: mm

Fig. 5.7. Structure and dimensions of proposed design (top view and side view).

522Si mul ati on Resul t s

In conventional antenna design the antenna port is usually matched ton3fubh
in passive RFID tag designs the antenna needs to be conjugate matched todke chip
discussed irChapter 3 Due to internal capacitive components for saving energy,
RFID chips have capacitive input impedance which demands antenna design with

inductive input impedance.
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Fig. 5.8. Simulated input impedance of antenna and Monza 4 chip.
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Fig. 5.9. Return loss of the antenna in free space and on28x20 cnfmetallic plate.

The complex input impedance of Monza 4 #5 £ 13j151) at 866 MHzthus the
input impedance of the antenna shouldfe=(13+j151) for perfect matching.

CST and ADS software are used for simulation. The real and imaginary parts of
the input impedance of the antenna and RFID chip are illustratéid.ib.8. As can
be seen the real and imaginary parts of the impedances intersect around 866 MHz.
This means that the maximum power transfer ekiste&zeen antenna and chip at this
frequency. This deduction can be confirmed by studying the return loss of the design.
The return loss in free space and on a 20x2brostallic plate is plotted if¥ig. 5.9.
As can be seen, the presence of the metallic plate rdbdsave any effect on the

resonance frequencyhis means the cavilyacked antenna is completely isolated
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from background material and tivgput impedance of the antenna is not affected by
the host material. A metallic host material can only affect the radiation pattern of the
antenna in a constructive way. The directivity of the antenna increases by placing it
on a metallic object. fie resui of simulation shows that the directivity thfe antenna

increases from 2.86 dBi to 6.1 d&fter placing it on 020 cni metallic plate

180 180

(@) (b)

Fig. 5.10. Directivity of proposed antenna (dBi). (a) Free space. (b) Metallic plate with
dimension of 20x20 crh

The directivity of ant enmwa cases is pafted inl an e
Fig. 5.10. The back lobe of the radiation pattern is comparable to the main lobe as
can be seen iRig. 5.10 (a). This is expected as the ground plane of the antenna has a
finite dimension. By placing the antenna on a metallic plate which is equivalent to
increasing the dimension of the ground plane, the radiation pattern gets reflected
from the bak to the front of the antenndhis improves the antenna gain and

consequently the reading range which is investigated in the following section.

523Performance Measurement

According to Friis formula, the reading range of a passive tag can be found by
(3.4) as discussed irChapter 3 Three parameters in Friis formula are usually
affected by placing the tag on a metallic plate. These parametef3:.gre; g, and

U The simulation result dfig. 5.9 showsthat Uremainsunchangedor the proposed



Chapters. RFID Tags Mountable on Metalland NonMetallic Objects Page /8

design. As the radiatiortakes place at slots, &g would also remain stable.
Therefore, the only varying parametethe directivity of the antenna represented by
Diag- Thus, the ratio of reading range on metallic plate to reading range in free space

for the proposed desigran be foundising(3.4) which leads to:

On _ |Dw

I D, (5.9

where, subscriptsr andf denote metallic plate and free space respectively. Using the
values of directivity given in preceding section (6.1 and 2.86 dBi), the calculated
reading range ratio is 1.46 which needs to be compared with the result of practical

tests.

Fig. 5.11. Fabricated tag under test in an anechoic chamber.

Practical measurement of the tag is done in an anechoic chamber using Nordic ID
PL3000 UHF RFID reader which is a handheld device with 630ENP and linear
antenm. The setup for the test and the fabricated prototype is illustrakegl. i 11.
The reading range of the design in free space and on a 2020 atmilic plate is
determined. The sensitivity of the design to the polarization angle is also tested by
keeping the tag in XY plane and changing
The position of the tag iRig. 5.11is for G = 0°. The value o6 changes between 0
and 1 by changing thizangle for an ordinary tag with linear antenng the result of

measurement ikig. 5.12 shows thatthe variation ofeading range by changing the



Chapters. RFID Tags Mountable on Metalland NonMetallic Objects Page /9

60 ) ! !

—free space .
: e .
557 == metallic plate | zms g

- ; ~

reading range, cm

S
o
LY

)

LY

i

r

CI-T RS NN S U S s W S S

300 10 20 30 40 50 60 70 80 90
phi angle, deg

Fig. 5.12. Reading range of the tag in free space and on28®x20 cnf metallic plate with different

polarization angle.

polarization angle is small for the proposed tag. In addition, the reading range
increases by placing the metallic plate behind the tag as it was expected. The ratio of
reading range on a metallplate to reading range in free space for diffeteangles

from 0° to 90° is determined and the average value is 1.47 which is very close to the
predicted value of 1.46 from the result of simulation. The agreement of these two
values confirms that theetallic plate increases the directivity but has little effect on

the other characteristics of the antenna.

5.3.Conclusion

Two RFID tag designs were proposed in this chapter. In the first degignober
analysis of the equivalent circuit of lakgpe tags,it was shown that the most
sensitive parts of the antenaee the capacitive parts in the feed point and antenna
body. The result of the analysis confirmed that bigger capacitance in the antenna
body leads to lessasitivity to the host materiathereaséss capacitance in the feed
point helps to have less sensitivity. According to the findings, a novel-tigieel
RFID tag was proposedhe robustness of the proposed 3D design to host material is
improved wthout increasing the overall dimension neitheingscostly dielectric
substrates. A small piece of flexipp@persubstrate is used in the design for physical
strength and the tag can be conformal in two dimensions. The thickness of the design

in the feeding point is just 1.5 mrfthe analysis and measmnent results showed
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that the proposed design offers an outstanding read range on a different range of
material. The most significant characteristic of the design is the acceptable read
range on the metallic objects whereas the commercial-tgbeldipoletags are not
practical on metallic hosts.

In the second design, a new dpalarized UHF RFID antenna design was
proposed in this chapter. Cost effective fabrication on thin flexible substrates is
possible with this design while eliminating the need faasvand complicated
multilayer structures. The simulation and measurement resatdirmed its
robustness to metalliand nosametallic objects Sability in the mutual polarization
power efficiency between the tag and reader antesraaspecial charaaistic of the
proposed design. This leattsinsensiwity to the polarization angle whiamakes the
tag suitable for tagging metallic objects which needs to be tracked by ha@ndhel

readers with linear antennas.
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Chapter6,A Hybri d UHF RFI

Robust t o Host Mat er
I

The 3D tag proposed ilChapter Soffers a good read range on different material
but the reading range on metallic objects is limited compared with tags that employ
patch antennalhe dualpolarized tag proposed i@hapter 5Soffers stability to the
antenna orientation but the read range is limitéxk stability in performance artde
optimum reading range on different materials are two important factdeyging
objects. The challenge is to have a single design which tfahtfiese requirements.

The labeltype dipole tag offers a desirable omnidirectional radiation pattern
perpendicular to the dipole axis but it is not functional on metallic bodiesh®n t
other hand, the tags with a ground plane offer an outstanding read range on metallic
bodies but lower read range on Aoetallic objects. In addition, a directive radiation
pattern is not desirable for tagging Ametallic materials. Therefore, none thie
reviewed tags are efficient on all materials.

In this chapter a new tag desigis proposedhat shows the advantages of both
mentioned groups: Omnidirectional radiation pattern on-metallic objects and
improved directive gain on metallic host maés with an acceptable read range in
both casesThe hybrid UHF RFID tagproposed in thischapterworks in two
different modes. In one mode, the tag works as a dipole antenna enetaliic
objects and in the other mode it works as a shoded quartewavelength patch
antenna on metallic objects. The desmmd analysis in two different modeare

presented in next section followed by the fabrication and measurement results.
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6.1. Tag Designand Analysis

The structure of the proposed design is depicteBign 6.1. A Monza 4 Dura
RFID chip is used in the design. This chip has a dual port input which is basically
provided fordualpolarizedsymmetric tag designs for having a uniform radiation
patternasintroduced inChapter 3However, the chip can be used for other purposes
as the two ports are working independently. For example, a dual bargh de
proposed using this chip {®1]. As discussed iChapter 3the antennan passve
RFID tag designseeds to be conjugate matched to the complex input impedance of
the RFID chip[25]. According to the internal capacitive components for saving
power, RFID chips have capacitive input impedance which demands antenna design
with inductive input impedance. The complex input impedance of Monzd4ys
13j151 at 866 MHz. Thus the input impedance of the antenna shouli,be
13+j151 for perfect matching.

As mentioned earlier, the tag works in two different modes. Eacdloptre chip
is activated in one modd&he horizontal port of Monza 4 chip which is in the
direction of Y axis inFig. 6.1 is activated in ofimetal mode.The tag works as a
matched dipole in this mode. The inductive loop connected to the chip provides the
required inductance for conjugate impedance matdd@p The design is supported
by FR4 substrate with 3.2 mmittkness. There is no ground plane in the back of the
antenna as shown iaig. 6.1. Thereforethe antenna can radiate freely around the
dipole axis.The dipole is comprised of wide arms. This has two benefits. First, wide
arms improve the robustness of the tag to the host matdmel is discussed in the
next subsections. Second, the wide surface of the dipole arm can play the role of a
patch antennan on-metal mode.

The vertical port of Monza 4 chip which is in the direction of X axiBig 6.1 is
activated in ormetal modeThis port leads to a conductive strip at one side and to
conductive walls at the other side which is shown in the top and bottéing.d@.1.

By placng the tag on a metallic object, these conductors are capacitively coupled to
the surface of the host material which acts as the ground plane and the tag transforms
from a dipole into a patch antenfde analysis of the tag working in afietal and
on-mefal mode is presented the following subsections.
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Top edge

Copper

FR-4

22

Down edge _:— L
X Y

3.21

Back

No ground plane

Fig. 6.1. Structure of the proposed design. a=11.5, b =32, c =2, and d = 9. All the values are in

6.1.1.0f-Me t al

millimeters.

Mo d e

The equivalent circuit of the tag in efietal mode is shown ifig. 6.2. This

circuit is used for most dipole based tag des[§hsThe input impedance of Monza

4 is equivalent to 1.

Fig. 6.2 (a). The position of the desired input impedance of the tag antenna for

8

k q

resi stance

having a conjugate matciZ: = 13+j151) would be close to the rim of the Smith

chart
this point.

n or ma49]j, [28¢ 8tudying thé ilhpedance matching is not easy at

n
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Fig. 6.2. Equivalent circuits of the proposed tag design working in ofimetal mode. (a) Primary
equivalent circuit translated from physical structure. (b) Transformed equivalent circuit with

parallel and series resonators.
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Fig. 6.3. Frequercy response of the tag in offnetal mode with different relative dielectric

constantv al ues of the host materi al . The Smith

The detuning effect occurs when the tag is placed on a material with a higher
dielectric constant ral this is mainly caused by changing the capacitance in the
circuit.lt is known that seriefRLC resonators with larger capacitance are less
sensitive tadielectric constantariations as proved i@hapter 5For that reason, the
designed tag is comprised of wide arms. In pardeC resonators the smaller
capacitance leads to less sensitivity. This can be shown by calculating the input
admittarce of a paralleRLC circuit and finding the derivative of it with respect to

relative dielectric constaiats follows:

1 j

Ym:E*’JW%ffCo' Py (6.2)
[\ .
— = jucC
e JW (6.2

where, U is the effectivarelative dielectric constamtf the background material and

Co is the parasitic capacitance of the design which is in parallel with the chip
capacitance. The internal chip capacitance is not contributing in the equation as it is
not affected by host material. The parasitic capacitance should be as small as
possible fo making the derivative close to zero and having less sensitivity. This is

guaranteed by having a thin matching loop and feed point. The detuning effect in

ct
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parallel resonator is less than the series one., Dmesof the resonanceshig. 6.3 is

more robust to changes than the other one. The suggested method for having the
optimum frequency response is to adjust the robust resonant frequency abtled pa
resonator slightly higher than the desired working frequency and set the resonant
frequency of the series resonator to lower close frequencies. By this way, the tag can
cover the working frequency even after increasing diedectric constanof the
background material as shownFiyg. 6.3. Note that a2 dB reflection coefficient is

sufficient for running the chip in practi¢28].
The elements of the parallel and series resonatoFsgin6.2 (b) are related to

each other by parametbr Therefore, the two resonant frequencies cannot be tuned
separately. Studying the impedance matching on a Smith chart can be helpful for
tuning the frequency response of the t&gtferent parts of the antenna and its effect

on the impedance matchiage analyseth the following. The result of this study can

be generalized as a straightforward technic for fine tuning of any type of dipole

based UHRRFID tag.
The tag structure dfig. 6.1 is divided into different critical parts distinguished by

the number and the corresponding elements in thizagnt circuit are illustrated in
Fig. 6.2 (a). The effect of altering each part of the design on impedance maishing

analysedThe effect of redting the length of the matching loop in part one, which is

equivalent to reducing the inductaricg; is investigated irfrig. 6.4. As can be
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Fig. 6.4. Reducing the length of part (1) inFig. 6.1 and its effect on the frequency response and
corresponding impedance matching in Smith chart.
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S11 (dB)

03¢ [926 MHz |
oA —L—43

- L 1 L 1 |
2§00 550 600 650 700 750 800 850 900 950 1000
Frequency (MHz)

Fig. 6.5. Reducing the length of part (2) inFig. 6.1 and its effect on the frequency response and

corresponding impedance matching in Smith chart.

seen, the total plot ithe Smith chart moves in a countelockwise direction which
shifts the higher frequencies to the center of the chart.

Reducing the length of the slot in the second part of the antenna is mainly
equivalent to reducing the inductancgy in the circuit. The consequence of this
change is moving theotch on the plot in Smith chart towards higher frequencies in a
clockwise direction as shown iRig. 6.5. Similar to inductance.,,, reducing the
capacitanceC,; leads to a decrease in the inductive reactance of the series resonator
[5]. Thus, the effect of reducing the capacita@gg, which is equal to reducing the
area of the dipole, is almost simitarthe plot ofFig. 6.5.

The third part of the antenna is equivalent to inductange Reducing the
thickness of this parhcreassthe value of inductance. This transforms the notch on
the plot in Smith chart ta loop as depicted ifig. 6.6. The diameter of this loop can
be further increased by increasing the value of inductance. The bandwidth of the
frequerty response can be controlled by this part. The radiation resisianade
mainly affected by the length of the dipqlg. DecreasindRan, Similarly increases
the diameter of the loop in the plot &ig. 6.6 which can be another way for

controlling the bandwidth.
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Fig. 6.6. Reducing the width of part (3) inFig. 6.1 and its effect on the frequency response and

corresponding impedance matching in Smith chart.

One of the adantages of the proposed tag is that there is no ground plane on the

back of the substrate in effietal mode. Thus, the radiation pattern is relatively

uniform around the axis of the dipole as shownFig. 6.7. This makes the tag
readable from different angles.

dBi

2.14

-14

-37.9

Fig. 6.7. Radiation pattern of the tag in free space working in ofimetal mode.
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6.1.2.0nMe t a l Mo d e

The hybrid tag transforms into gquarter wavelength patch antennaon-metal
mode as mentioned earlier. The paishorted to the ground using the conductive
walls at one edge. Thus the radiation occurs at the opposite edge of the design. The
excited ¢ectric field at this edge is theource of radiation in this antenna. According
to the fringing effect, the length of the patch along X axis looks longer than the
physical length. This difference can be found®$) discussed ifi26]:

Dl =0.41%h (ereﬁ + 0.3)(vy/ h+0.264)
h (€er - 0.258(w/h+0.8) (6.3)

where,h is the thickness of the FR substratew is the width of the patch along Y

axis, andJer is the effectivaelative dielectric constamthich can be found b§6.4):

_er+1+ el’-l

e. =
2 2/1+12h/w 64)

where,Uis therelative dielectric constamf the substrate material which is 4.3 for

FR-4. The physical length of a quarter wavelength patch resonating at frequency
can be calculated K.5):

- D (6.5)

where,ayis the wavelength in free spacefat The calculated physical length using
the defined formulas at 866 MHz is 41.7 mm which is close to the length of the
proposed design. The difference is compensated by adding the slot in part (4) of
Fig. 6.1.

The surface currents on the patch start from a low level at the location of the chip
and reach a maximum after passing the quarter wavelength path as sliagv.iB
The high currents guarantee acceptable radiation efficiency despite the small
thickness of the tag. The currents at the location of the chip are low and the voltage
between thgatch and the ground is high. This condition provides appropriate input

impedance for matching with the chhg.
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Fig. 6.8. Surface currents of the desigmworking in on-metal mode.

Zchip Zpatch Short Circuit

— [+ Al =1y /4 —

Fig. 6.9. Equivalent circuit model of the tag working in onrmetal mode.

The equivalent circuit of the tag working in-ametal mode is shown iRig. 6.9.
The short circuit is seen as an open circuit from the location of the chip as the patch
behaves like a quarter wavelength transformer. Similar to thenetfil mode, a
conjugae impedance matching to the chip is required here. The input impedance of
the patch is mainly dependent on the position of the chip port along X axis, the width
of the patch along Y axis, and the slots in part (2) and (4) of the design shown in
Fig. 6.1.

The frequency response of the tag is illustrated-ig. 6.10 by solid line plot.
Although the bandwidth of the tag in this mode is less than theettl mode but it
is sufficient for running the chip at 866 MHz. The mutual coupling between the two
ports is an undesirable factor that should be kept as low as possible. High degree of
coupling causes a loss in the induced power which affects the performance.

Symmetry of the design according to X axis helps to limit the coupling effect.
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Fig. 6.10. Frequency response of the tuned tag workingn on-metal mode and the effect of
increasing the length of the slot in part (4) ofig. 6.1; Coupling between two ports of the chip.

dBi
6.19

3.1

-33.8

Fig. 6.11. Radiation pattern of the tag on a 20 cm x 20 cm metallic plate.

The surface currents sha in Fig. 6.8 are in symmetryith the vertical port of the

chip. This induces the same voltage at both sides of the horizontal port and reduces
the coupling effect consequently. The level of coupling between two ports in a tuned
design is also plotted iRig. 6.10. The slot located at part (4) of the desigifrig. 6.1

can be used for fine tuning of the tag inmetal mode. The frequency response of

the tag ca be shifted by changing the length of this slot from 7 mm to 9 mm as
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shown inFig. 6.10 by dotted S11 plot. Increasing the length of this slot mékes
surface currents to pass through a longer path which reduces the resonant frequency.
This change does not have a significant effect on the frequency regiiahsdag in
off-metal mode because the slot is located at the tip of the dipole wherergr@scu
are small at that mode.

The gain of the tag is dependent on the size of the metallic host material. The
directivity of the design can reach up to 6.19 dBi by placing it on a 20x20 cm
metallic plate as shown ffig. 6.11.

6.2.Fabrication and Measurement Results

The proposed design &fg. 6.1 is etched on an FR substrate and Monza 4 Dura
chip is soldered to the two input ports of the tag as showhkign 6.12. The
theoretical read range of the tag can be predicted using Friis foasutdroduced
in Chapter y equaion (3.4). However, the calculated read range using this formula
is not always accurate due to different errors in design simulation, fabrication and
testing procesd he practical approach for measuring the read range isttbeduced
method in Chapter 3using equation(3.6). A Tagformance device is used for
measuring the maximum readnge. The fixed distance between the tag and the
reader antenna which o is specified by the spacer. A frequency sweep is done
using the Tagformance unit.

Monza 4 Dura Chip

Tuning Slot‘
“Short Circuit Walls 2

ﬁ’Tagformance Un|t ; Reader Antenna

Fig. 6.12. Prototype of the proposed design and measurement setup using Tagformance.
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The device finds the threshold required power for reading the tag in each frequency.
Applying (3.6), the system software converts the threshold power value to the
maximum read range which is also called theoretical read range foriMaed.
measurement setup is illustrated-ig. 6.12.

The theoretical read range of the tagich is defined irChapter 3s measured on
a different range of mtarials with dimension of 20006 mnT. The result is
plotted inFig. 6.13. The read range of the tag in-offetal mode varies between 12
meters for low dielectric materials and 8 meters for high dielectric material like
tempered glass. The presented resulFim 6.13 justifies the simulation result of
Fig. 6.1.
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Fig. 6.13. Theoretical read range of the tag on different materials measured using a
Tagformance device.

Table 6.1. Comparison of the proposed tagvith several other designs (EIRP = 4 W).

Met al Onmet al Of-het al F
Referer Tag Ty Tag Si ze
(cm) Range ( Range (
. - . - 12 (Free
Thi s Wo Hybric 861 411 ¢ 201 20 5.6
8 (GI as
[ 30] Di pole 1207301 N/ A 0 11 (Free
. - - 6.3 (Fre
[ 49] Patch 8816010 15115 5.4
5. 7 -b(oQ@iry )
- - - 3.5 (Fre
[ 83] Patch 301301 201 20 7.2
4 (Gl as
Di pol e . . 7.1 (Fre
[ 62] 951 251 ¢ N/ A 6.2
Decoup 11.3 (Gl
Ground| - -
[ 76] 80.5174. 31123 7.9 4.4 (Fre
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There is degradation irhé read range as thikelectric constanincreases but it is
limited because, there is a small frequency shift in the desired bandwidth. This means
a limited detuning effect and can be referred to following reasons:
1 The frequency response of the tagoimally tuned and there is a good
impedance matching between the chip and antenna.
1 The FR4 substrate prevents the dipole from a close contact to the host
material and limits its effect on the dipole characteristics.
1 The capacitive loaded wide dipole a&mincrease the bandwidth and
robustness of the tag to high dielectric materials.
The maximum read range in-ometal mode is around 5.6 meters. There is a shift
in the working frequency which is mainly caused by the fabrication errors. The
proposed hybridayg is compared with some other designs in terms of size and
performance. The result is tabulatedTiable 6.1. The dipole tag proposed [B0]
offers high read range in free space but no study is done about its performance on
different materials. In addition, it is not functional on matatibjects. The patch
antenna posed in[49] has less read range on different materials compared with
this work. The patch in83] has more read range on metallic plate but the
performance on other materials quite limited. The dipole rpposa in [62] has
slightly higher read range in enetal mode but it offers less read range irnoétal
mode. This design is equipped with a decoupler layer which make®rhplicated
multilayer design compared with the simple single layer design proposed in this
work. The groundless patch proposed[76] offers more read range in -onetal
mode but the read range is far less in free space and there is no study about its
performance on other materials. Thus, considering different factors like: average read
range on different materials, fabrication cost, and desired radiation pattern on

different materials, the proposed hybrid tag outperforms other tag designs.

6.3. Conclusion

It was shown in this chapter that the proposed hybrid UHF RFID tag uniquely
offered near omdirectional radiation pattern of a dipole on Ametallic objects and
directive pattern of a patch antenna on metallic objects which makes it capable of

working efficiently on a wide range of materials. The measurement result showed
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thatthe tag offereddnger read range with less variation in performance on different
materials wheras it has a simple single layer substrate. The hybrid tag is designed to
have the maxmimum ael range in free space. ik possible to tune the tag for
materials with highedielectric constantlepending on the application. As mentioned
earlier, the metallic surface of host material works as the ground planenietah
performance. Thus, for metallic materials with fflat surface the read range might

be degraded. In this case, a metallickstrcfoil can be attached to the back of the
design as a ground plane. This method can be also used for other challenging
materials like water which absorbs the electromagnetic power and deteriorates the

performance of the tag in effietal mode.
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Chapter7.El ect romagneti c

Structures I n Tag De:
B

Electromagnetic Band Gap (EBG) structures are introduced in this chapter and
their applicationin protecting dipole antenna from metallic host material is
considered The performance of wire antenna close to the EBG ground plane in a
horizontal position is considered as a suitable solution for RFID tagshown that
theseEBG structures carmmantain the radiation efficiency and matching of the
antenna by offering proper reflection pha3bde most common EBG is the high
impedance mushroorstructure which has been used usually for protecting RFID
tags according to the literature. The presencdafn mushroom structure increases
the cost of the design. It is shown in this chapter that a simplplamar structure
can bedevelopedby eliminating the via. This structure offers a desirable reflection
phase for protecting the tag. Finally, a minr&ed uniplanar structure is designed
and the performance of it in protecting the tag is examinled.result shows that the
proposed design can protect the tag despite its smaller and simpler design compared

to the previous works itheliterature.
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7.1.Introduction of EBG

ARGenerally speaking, el ectromagnetic ba
artificial periodic (or sometimes neweriodic) structuresthat prevent/assist the
propagation of electromagnetic waves in a specified band of frequency for all
incident angles and all polarization staf@4]o . These structures h,
application in antenna design and in filtering the electromagnetic waves by offering
interesting characteristic of te€tion phase and also suppressing the surface waves
which is going to be discussed more in this chapter.

(b)

Fig. 7.1. (a) 1D EBG structure in the shape of a transmission lin¢85], (b) two types of 2D EBGs
[84], (c) 3D dimension EBG[84].

There are different ways to categorize EBGs but a simple way is to divide them
into groups based on theiragie. As shown ifrig. 7.1, the periodic structure can be
repeatd in one dimension and make B EBG. If the structure is repeated two
dimensions thea 2D EBG s producedvhich is the more common condition and at
last the structure can also be repeated in three dimensionseatel @® EBG. The
second type of EBG (@) that is shown inFig. 7.1 (b) has more ggicatiors in
antenna design and thishaptermainly focuseson this type of structure. Two
different types of EBGs are shownkhig. 7.1 (b). Firstthe mushroom structure with
via and second thani-planar structure without via. Both of them have their own

advantages and disadvantages which are going to be discussedaphées
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7.2.High Impedance Surface

High impedance surface is perhaps one of the most important and well known
EBG structures which was introduced first time by Dan Sievenpipé6h This
structure is simply comprised of a ground plane covered by a dielectric material and
on the top of the dielédc there are periodic square patches which are connected to
the ground plane via holes as depictedrig. 7.2. This type of EBG is known as
mushroan structure as mentioned earlier. The equivalent circuit of a unit cell of this
EBG is also shown ifrig. 7.2. It is a paralleLC circuit that is ceefully adjusted to

resonateatthe desired frequency. The input impedance of such a circuit can be found

by applying(7.1):

j
=" (7.1)
1- w’LC
Wy == 2
*Jic -
1T 111111 e &y
1 1 1 161 11 1 ;;I I 2r >I< £
*x Top view
z C =
R e sl e S S S E—— - = —%
e Cu
Cross view
Fig. 7.2. High impedance surface in the shape of a mushroom structufé4].
I n | ower frequencies the |impedance i s i
waves. I n higher frequenci eéedetbeornulecgpeda

supports TE surface waves and finally

n
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that It stops any surface wavies . chaillgagd i s
i mpedance surface. Suppressing the surfa
this structure. It al so r elf80e cttdse dirGeke swa
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di fferent wave numbers i s BitaBdi €deandsth
show that in a certaiome bamdwent hwhihehec

exi stence of a band gap around the reson;

10 " , > ! T
Light line L ; ! Light line
----------- I’.'.fxll—
I ° LM Y
S | I ‘\.‘ .......
I/ : \
B J:/ .................................. l‘: ..... A “ ......
: : \
\
6L . T A A L

_
T

—_—
i

Frequency (GHz)

=
T

=
i

0 i i
r X : r
Wavenumber M

Fig. 7.3. The presence of a surface wave band gap in the mushroom structyg].

Also the reflection phase of the incident wave is studied and the results are depicted
in Fig. 7.4. It shows how the reflection phase changeswgejing the frequency.

The dimensions of the structure shownFig. 7.2 is as follows:W=0.1a; g=0.025;
h=0.04; (J=2.94 and'=0.00%: The free space walength at 4 GHz is 75 mm. Thus,

the size of a unit cell at this frequency would be 9x9x3 e slope of the plot in

Fig. 7.4 reflects the bandwidth of the design. A unit cell designed at the same
frequency with larger thickness and dimension would show more bandwiaith.

means the slope of the plot would be serall
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Fig. 7.4. The reflection phase of the mushroom structur¢84].

7.3.EBG and Wire Antennas

EBG structuresare used in improving the performance of patch and wire
antenna. The surface current suppression characteristic of EBG is usually useful in
improving tre patch antenna performan@&4]. Analysing the aplication of EBG in
patch antenna is out of the scope of this thesis but the application of EBG for
protecting wire dipoles is studiein this section because lakgpe tags can be
considered as dipole antennastally there are three different conditionden a
wire antenna is facing a ground plane. These conditions are well demonstrated in
Table7.1. In the first casattop of thetablethe wire anénna is perpendicular to the
ground plane which resembles a monopole antenna. The efficiency in this case is
good but the antenna is quite big.the second case the antenna is in parallel to the
ground plane which makes a low profile structure but daleg@urrents with reverse
phase on the ground plane the radiation efficiency and also the impedance matching
are affected. The third condition is the solution offered by EBG ground plane. In this
case the surface currents and the reflected wave fromroluadyplane are in the
same phase of the wire antenna which is the desirable conditiptheB® isa low

profile system with high efficiency.
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Table 7.1. Comparison of conventional PEC and EBG ground plan@ wire antenna designs

[84].
Options Efficiency Low profile
J 4 (N ) ‘I'e
PEC 4 'k_j// Y
) " "
i " "
esc ~ % K:// ’\_j/

It is needed to realize the effect of different type of ground planes on the
performance of a dipole antenna. In an experiment three different type of ground
plane consisting of perfect electric conductor (PEC), perfect magnetic conductor
(PMC), and EBG a compared to each other. The dipole is positioned at top of the
ground in a horizontal condition as shownHig. 7.5. The system is designed to
resmate around 12 GHz. The finite ground plane size is 25x25 whith is one
wavelength at that frequencyhe fundamental challenge in this type of low profile
antenna is the coupling effect between the ground and the dipole. The ground affects

both radiatbn efficiency and impedance matching of the antenna.

(a) (b)

Fig. 7.5. A dipole facing different type of ground plane[84].

The result of S11 for the FiBeedtdicfafnerben:
that the matching is totally affected fo
180U reflection phase and the surface cu
in dipole which result in poor return | o
the dipole currents but because of t he

I mpedance matching is affected.
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Fig. 7.6. The effect of three different ground plane on the return loss of a dipolg34].

It is possible to add matching circuit to the antenna bititwould makethe design
complicated. Furthermor@ PMC giound plane igossible in theory butannot be
found in nature. The best result is for EBG ground plane.

In simulating an infinite number of unit cellset reflection phase changes between
-18(° to 18® by frequency sweep with the zero reflection phas¢he resonant
frequency Studies showthe frequency band with the reflection phase 90+45° is the
suitableband for protecting the dipole which means the resonant frequency of the
dipole should be tuneak this band not the frequency with zero reflection pfgée
The experiment which proves this fact is preseritek First of all the reflection
phase result ofrainfinite number ofunit cell of EBG is simlated. Then an EBG
ground plane with finite dimension is designed and a dipole is positioned on top of it

as shown irFig. 7.7.

Dipole EBG surface
i e i el el sl sl il

Fig. 7.7. A dipole on top of finite dimension EBG ground[84].
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Fig. 7.8. (a) The return loss of the dipole with different lengths on top of the EBG grounglane.
(b) The reflection phase of the EBG in the same frequency barf@7].
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So, the frequencyushiand ywiprref @0 N8 U fbs d
antenna. A |iterature review about applyl

presented in the next section.

7.4.EBG and UHF RFID Tags

There has ben some works in the literatuvehich introduce usingBG struture
as a ground plane for UHF RFID dipole tags.most of the designs the tag is a
dipole antenna matched to the chip as explainedhapter 3The main idea is to
make an artificial ground plane using finite number of EBG unit cells to protect the
dipole tag from background metallic objec8®ne of the works done if88] uses
mushroom sucture to protect a simple dipole as showrFig. 7.9. The design is
comprised of 4x8 cells with total dimensionlaf2.5x70.5x4.8nm?’. The dipolesize

with folded arms is 78x30 minA drawback of this design is the narrowband

response of the tag. The designer could use a matching locopedhe whole band.

Fig. 7.9. The EBG RFID tag proposed in88].

It is shown in another work that the presence of the EBG ground plane makes
some changes in the impedance matching between the chip and B&nidis
means the antenna should be specially designed and tuned to work on the EBG.
However the proposed solution in that work is to add some parasitic electosgs
to the tag for compensation as depicte&io 7.10. There are 5x5 cells in the design
and the overall dimension is 125x125x2 fwhich is usubly applicable on large
metallic objects.
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Fig. 7.10. Correcting the impedance matching of an EBG supported tag using parasitic elements
[89].

A dipole antenna was studied on a three layer mushieB@ structure in[90].
The design is depicted iaig. 7.11. The square mushroom caps are etched on both
sides of a 0.2 mm FR substrate which is supported by another4&Rubstrate with
1.5 mm thickness. All the mushroom caps are connected to the common ground

plane as shown iRig. 7.11.

Folded dipole

N Foam spacer

Fig. 7.11. Dipole protected by dual mushroom EBG structurg2].
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A foam spacer with 3 mm thickness is placed on top of the muststraoture and a
dipole antenna with folded arms is placed on top of it. The size of the dipole is 82x22
mn? and the size of theverall design with 5x4 unit cells is 124x76x4.8 fnm

In summary, the mushroom EBG structures are useful in protecting dipole RFID
tags from bakground objects. They improve the radiation efficiency and gain of the
antenna by reflecting the wave with the same phase. However, these structures have
two main drawbacks. First, the sizaf the design is more than conventional tag
designs because thesbould be plenty number of unit cells to make the artificial
ground plane effective. Second, the presence of vias makes the fabrication process

difficult and costly.

7.5.Comparison of Mushroom and UntPlanar
Structure

Mushroom structures have shown good @ernfance and they are already being
used in many application. The presence of vias makes the structure complicated and
costly. In this section the effect of eliminating vias is studied. Aplamar EBG with

the same period of the mushroom structur€igf 7.2 is depicted irFig. 7.12.

li )

L.

Top view

Cross view

Fig. 7.12. A grounded dielectric slab loaded with square patche®1].



Chapter7. Electromagneti@andGap Structures in TagDesign Page [LO7

’ f » f .
: ' Light line

Frequency (GHz)

v=e= Second mode

Wavenumber

Fig. 7.13. Lack of band gap in a uniplanar structure with square patches[92].

The equivalent circuit of the surface of this-ptanar strature is a seriekC circuit.
This circuit shows low impedance at resonant frequency. Thus, the surface current is
not suppressed in this structure and there is no band gap as illustr&igd74ri3.
The reflection phase of the wplanar structure is similar to mushroom with less
bandwidth. In a mushroom structure the incident wave faces a high impedance
surface which is much higher than the impe@aotthe free space. This mismatch
causes a reflection of the wave with the same phase at the resonant frequeney. A uni
planar structure can be designed to show the same impedance as free space around
377 Y. There i s no mi s niarno€the incidentwwdvéeis c as e
limited which means a low value of S11. Similar to mushroom structure the reflected
wave has the same phase as the incident wave.

It can be concludel that the consequence of removing the via in a mushroom
structure and conveng it to a uniplanar design is transforming the paralll
circuit to a series.C circuit. This eliminates the band gap in the surface current but
the structure is still applicable as artificial ground plane for protecting tags. A
specially designedni-planar structure is proposedtime next sectiorfor protecting
an RFID tag from background material
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7.6. Miniaturized Uni-Planar Structure for
RFID Tags

A periodic structure for protecting tHeFID tag isproposedn this section. The
target is to eliminate the vias and create a structure similar tplamar design
introduced insection7.5. The problem ofising a square shape planar structure is
the size limit. The overall size of an artificial ground plane made ofphamiar
structure working at UHF RFID band is bigger than the given examples in previous
section.A miniaturization is required to breakown the size of the unit cell. One
way for miniaturization is to apply a substrate with hiilectric constanbetween
the square patch and the ground plane. However, this method increases the cost of
the prototype. The second way is to increase tbadtance of the square patch by
applying thin and meandered conductive trd84g. The third way for miniaturizing
and lowering the resonant frequency of the structure is to increase the capacitance
between the adjacent patches. This can be done by usingligitat capacitors in
unit cells[93, 94]

As mentioned above increasing the capacitance or inductance carunzai#tte
unit cell. The question is which method is preferred in the deSige.equivalent
circuit of a uniplanar square patatan be used for finding the answer. The cir@uit

a serieRRLC. The quality factor of this circuit can be found by:

1 /L

Q= E E (7.3)
which indicatesmore capacitance in the circuit gives less quality factor that leads to
higher bandwidth. Thus, applying the intigital capacitor to the square patch
seems to be a suitable solutidime proposed unit cell is illustrated king. 7.14. The
dimension of the unit cell is 24x12=2 mn?. The width of the armis 1 mm with 0.5
mm of gap between thenfihe frequency response is showrkig. 7.15. The desired
working frequency is 866 MHz. The reflection phase of the unit cell is adjusted in
the range of 90£45° at this frequency. The corresponding St isipbws a small
reflection at this point which means the surface impedance of the designed structure
is close to the impedance of the free space at that frequency.
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Fig. 7.15. Frequency response of the unit cell

This is completely different from a mushroom structure where there is a high
reflection caused by high impedance surface.

The tag is placed on tagf an array of the intedigital unit cell with 6x4 cells as
shown inFig. 7.16. The tag design used for this test is ABK68 that was studied
in Chapter 4 Thetag is placed within 1 mm distance from the designed ground and
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the S11 result of the antenna input is plottedrig. 7.17. As can be seen the
frequency response of the input impedance of the tag remattsangect 866 MHz
frequency which means the artificial ground plane is not affecting the impedance
matching of the antenna. The radiatfmatternof the structure is shown ifig. 7.18.

The directivity of the dipole is increadto 4.5 dBi and the radiation efficiency-s

0.6 dB that is equdb 87 % which is much higher than the resulEif. 3.23.

W\

-40
|

-5300 825 850 BT"S 900 925 950
Frequency (MHz)

Fig. 7.17. The S11 of the system with 1 mm distanceetween the tag and the designed ground

Fig. 7.18. Radiation pattern of the system.
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The designed structure is placed on a host material in the next step as depicted in
Fig. 7.19. The size of the host material is 200x100x10°%rife dfect of the host
material on the impedance matching between the antenna and chip is studied next.
The host material is changed from free space te4HRR the first expement to
evaluate the effect of increasing ttedative dielectric constaritom 1 to4.3. In the
next step, the host material is changed to Alumina whichrélasive dielectric
constantaround 9.4. Finally, the host material is changed to a perfect electric
conductor (PEC). The result of this simulation is presentdeign7.20. As can be
seen, increasing thedielectric constantof the host material does not leave a
destructive effect on the impedance matching of the antenna and chip heetbe

PEC tends to havaore effect on the frequency response.

O e T == !
~ ~UEUs A\ —Free Space
-2 b S AT PR g
-10 ¥ 4 Alumina
15 \\ ,-//J --PEC
“ p'f"
a -20 “ \i# y
2 .25 LA [
» -30 \ I
-35 |
-40
-45
_ngO 825 850 875 900 925 950
Frequency (MHz)

Fig. 7.20. The effect of changing the host material on the impeohce matching of the antenna

and chip
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This is completely acceptable as the ground plane is finéeeforethere is some
interaction between the top layer and the hmstallic material which changes the
frequency response of the tag. The S11 aroéndB is acceptable for a passive
RFID tag in practicg28].

7.7.Conclusion

EBG structures as a solution for protecting the RFID tag from host material was
introduced in this chapteilhe high impedance surface is the most common choice
for designing artiftial ground in the literature but the designs suffer from large size
and complexity as reviewed in this chapfEne uniplanar structureffers simpler
design as it does not need any via. The reflection phase of this structure is similar to
the HIS but tle reflection coefficient is less thani$las the surface impedance is
small and can be close to the impedance of free space which means a perfect
impedance matching and a small amount of reflecfidre proposed intedigital
uni-planarstructure showed agcceptable performance in protecting ABN68.The
overall dimension of the designed taghwl mm distance from the periodic ground
plane is 144x56x3.2 minThe size of the proposed design is smaller than the
reviewed works in this chapter. In additiall, the reviewed works employ complex
mushroom structure whereas the proposed structure is free from any via holes and

connections between the layers.
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Chapter8.Conc |l sasnidonFut ur e

Wo r k
I

Passive UHF RFID tags were studied in this thesis. The main target was to
investigate and propose tag designs robust to metallic and challenging material.
There has been many wones/olving aroundhis subject in the literature during the
past years. Although, interesting designserav proposed with outstanding
performance butlesigning a tag with optimum performance which can satisfy the
factors of low profile and low cost is a challenging taEkereis a compromise
between these factors usually. All of the proposed tag designs in this thesis offer an
optimum performance according to the mentioned factors which are comparable to
the most gnificant recent works. In addition fwroposechew designs inhis thesis,
analysis and studies that was novexad in the literature befor@as conducted
Including analysis of the effect of the background material and liquid bottle on the
different parts of a tag and suggesting a straightforward method for iekgsign
optimum matched tagsusing Smith chart As the final part of this thesis, a
comprehensive review on the conclusionstted research and the possible future

work is given in this chapter.
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8.1.Conclusions

In Chapter 1, the problem was definednd the motivation of this research was
discussedA passive UHF RFID tag was introduced as a rival for traditional optical
barcode systenm tracking andtagging objectsThe main obstacles hindering the
progress of replacing optical barcode system with RFID tags is the sensitivity of the
tag antenna to the host material and the production Thstobjectives of # study
weredefined with the goal of salwg the current problem of tags and contributimg
the growth of this technology.

In Chapter 2, the basics of the RFID technology wadroduced It waslearned
the communicatioin RFID is based on modulated backscafignciple which was
basically practiced for the first time during World War Diifferent types of RFID
tags and operating frequency which are suitable for a variety of applicateres
reviewed The high data capacity of RFID system was revealed after studying the
communication protocolsAfter getting familiar with RFID technology and its
advantagest was understod why RFID is more demanding than optical barcode
system.

In Chapter 3, the main subject of the thesmassive UHF RFID tagsas studied
The two main pasgtof a passive tag: antenna and chips reviewedIt waslearned
how the advances in semiconductor technologyehbelped to increase the
sensitivity of the chip which improved the read range of the sydbativering the
maximum energy from reader to the tag is known as a vital factor for passive tags as
they rely on this energy for running the internal circuitry of the chip. Conjugate
impedance matching between the antenna input and theischiyg principle that
guarantees the maximum energy delivering. However, it was shown that conjugate
impedance matchg is not a straightforward task in short dipoles as they have
capacitive input impedance similar to RFID chips and extra inductive elements are
needed in the desighe detuning effect on two commercial tagss examine@nd
it was concluded thatthe rolust tag offers more bandwidth in the impedance
matching.More analysis showed that the detuning effect actually is equivalent to the
change in the value of the capacitances in the anténeamprehensive literature
review about the tags robust to challemgobjects was performett. was foundthat

there is a lack of studyn the effect of the liquid bottle on thiag in terms of circuit
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analysis. Different designs robust to metallic objects were reviewed and discussed. In
most of the cases, a suitablefpanance is achieved with the cost of a complicated
design.

In Chapter 4, the study was focused on the design of a tag robust to liquid
bottles. It was learned how to convert a tag design to the equivalent circuit and
calculate the values of the elements in the circuit. The result of the analysis showed
that the effect of théiquid bottle is equivalento reducingthe radiation resistance
andincreasing the loss resistance of the antemhizgh leads to an increase in the
total value of the resistance in the equivalent circuit of the antenna. In fact, the liquid
bottle has two destructive effects on the performance of the tag. First, redueing th
radiation efficiency of the antenna and secadtiring the input impedance of the
antenna which affects the impedance matching between the antenna and RFID chip.
The first problem is related to the physics of the liquid which absorbs the
electromagneti energy. The second problemwas solved by adding extra
compensating elements to the design. The impedance matching was fixed without
increasing the overall size of the desidie read range test confirmed that the
proposed solution is effective.

In Chapter 5, two new designs were proposdd the first designthe research
was focused on identifying the most sensitive elements in a typicaitjgdeetag. It
was known fromChapter 3that the detuning effect is caused by the change in the
value of the capacitances in the antenna. Totalbretlare two capacitances in a tag
design: First, the capacitance in parallel to the chip and second, the capacitance of
the dipole armThe first capacitance was found to inere sensitiveThus,a novel
3D designwas suggestedhat protects this capacitem from the background
material. As the production cost is an important factor, a small portion of the
proposed design is supported with flexible paper substrate. For increasing the
robustness of the second capacitance in the dipol& arasshown theoretically that
bigger capacitance leads to more robustness which means it is better to have a dipole
loaded with capacitive parts at the tifhe proposed design showed robustness to
materiat with high dielectric constantin addition, it is applicde on metallic
objects with acceptable read rande. the second desigra dualpolarized tag
mountable on different material was proposed. Tdge employs a Monzd chip

which was introduced i€hapter 3The two independent port of this chip makes it a
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suitable option fodualpolarizedantenna and any other design with two ports. Most

of the RFID readers employ circularly polarized duralpolarized antenna which
increases the readability of the tag. In some small handheld readers a linearly
polarized antenna is used.duatpolarizedtag is more reliable to use with this type

of readers. The test results showed an outstanding read range arad) thest
insensitive to the polarization angle of the reader antenna.

In Chapter 6, a universal tag with optimum performance on a wide range of
materialwas presentedt is knownthat dipole antenna tags are the best option for
norrmetallic objects. They offer high radiation efficiency and a uniform radiation
pattern which is desirable for reading the tag from different angles. In addition, they
are low profile and cost effectiv®ipole tags are not applicable on metallic objects.
Patch antennas are usually used for this purpose. Although patch antenna is
applicable on nometallic objects but the performance is limited in terms of read
range andadiation pattern. The novel design propose€iapter 6is a hybrid of
bothdipole and patch antenn@he tag converts from a dipole to a paashsoon as it
is placed on a metallic object. The simulation and lab experiment showed an
outstanding performance on different materials. Another important result of this
chapter is the study of different parts of tlag tand its effect on the impedance
matching. The study was done using the Smith chart with the target of reaching the
optimum impedance matchingrlhe expected plot of an optimum design was
introduced which passes close to the eeot the chart at the desired frequency. By
knowing the effetof changing each part of the antenna on the optimum plot, the
designer can decide which part of the design needs to be modified to reach a perfect
impedance matchinglhe result of this study gives a straightforward method for
designing a tag in lagical strategy instead of doing multiple blind simulations.

In Chapter 7, EBG structures were introduced and their application in protecting
dipole anenna from metallic objects was reviewddwas learned that mushroom
structure is the most common design in the literature. This structure protects the
antenna by reflecting the wave with the same phase as it approaches the surface. In
addition, there isno surface current on this structure as the wave faces a high
impedance plane. The mushroom structure is useful and effective but it suffers from
complex design as it has a via connecting the two laytuslies showed that by

eliminating the viaand reahing a uniplanar structurestill a desired zero reflection
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phasecan be achievedHowever, there is surface current in the-plainar structure
but the result showed that theero reflection phaseis the important factor in
protecting the tag from the metallic object. The proposed-diggtal structure can
be designedtany other frequency for protecting differefipoles.

Finally, the main achievements of the thesis can be summedaas follows

1 Proposing a novel RFID tag with impraveead range on liquid bottles:
Tagging and tracking liquid filled bottles is demanded by different
industries such as wine and medicine. The existing commercial RFID tags
offer a limited rad range when placed orliquid bottle. The analysis
performed inChapter 4revealed the reason of this phenomenon. The
proposed solution to tackle the negative effecttiod liquid on the
performance of the tag led to a novel design with improved read range.
This enables a reliable tracking of liquid bottles. The working principle of
the proposed design can be used to design new robust tags.

1 Designing a labetype dipole &g mountable on metallic and noretallic
objects: Most of the thin lab&ype dipole tags are sensitive to the
dielectric constant of the host material and are not practical on metallic
objects.The existing robust tags in the market are costly comparéukt
thin labettype dipole tags.The proposed tag design i@hapter 5is
mountable on both metallic and roretallic objects. The novel dipole
design is low cost and flexible which can be used for tagging a wide range
of objects with different shapes.

1 Designing a duapolarized cavitybacked tag mountable on metallic and
non-metallic objects: The proposed designChapter 5employs a low
cost FR4 substrate. There is no via in the design which facilitates the
fabrication processDual-polarized characteristic of the antenna improves
the reliability of the reading using a handheld RFID reader.

1 Proposing a hybrid tag robust to host material: The existing UHF RFID
tags are normally designed to work on either metallicm@nmetallic
objects.A tag which is specially designed for one group of material cannot
offer the optimum read range and radiation pattern when it is placed on the

other group of materiallhe groundless hybrid tag introduceddhapter 6
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offers an optimum read range and radiation pattern on a wide range of
materials including metallic objects. This saves the cost for both producers
and costumersf the UHF RFID tags.

71 Introducing a novel method for reaching an optimum tag dedige:
method introduced i€hapter Gs a straightforward soluwin using Smith
chart and equivalent circuibr designing and fine tuning UHF RFID tags.
This method saves the designing time and guarantees the perfect
impedance matching and maximum read range.

1 Designing a novel periodic structure for protecting UHF RFID tags from
background materialTlhe most common periodic structure for protecting
antennas from host material is the mushroom structure. The presence of
via in this structure makes the fabricatimmcess costly and complicated.
The proposed periodic structure @hapter 7eliminates the need for via
which makes the design simple and codeaive. The novel design
showed that there is no need to have a high impedance surface for
protecting the tag but a low impedance surface which is matched to the
impedance of the free space can protect the tag with zero reflection phase

characteristics.

8.2.Future Work

The outstanding advantage of RFID systems has made it a fast growing
technology since stinception.The main obstacle hindering the widespread adoption
of this technology is the tag pridd]. However, the growth of semiconductor
technology and manufacturing rhetls has reduced the price in the past years.
Studies and development in antenna deshpss also helped this improvement by
offering low profile simple designsThis thesis contributed tthis progress by
offering low cost tags robugb host materialThe result of this study can be used for
further investigation in future workA few possible scenaricare reviewedn this
section.

The result of the investigation @hapter 4showed thathe liquid bottle interacts
with the performance of the tag as the water absorbs the electromagnetic energy

caused by its high conductivityThis conductivity was usedfor correcting the
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impedance matching betesr the antenna and chip without considering the radiation
properties of the liquidOn the other hand, there has been some works about
employing water as a monopole anterj@8]. The result of those studies can be
appliedto a tag design for liquid bottle. The tag can be a monopole design embedded
to the cork or lid of the bottle with the radiating arm cected to the liquid. In this
special arrangement the liquid inside the bottle plays an important role as the main
radiating part of the tag. According to the typical height of a baotthech is
comparable to thevavelength at the design frequency, a highdrrange is expected
from the proposed work. However, more study is required for this work.

The hybrid tag introduced i@hapter Gs equipped with Monz4 which is a dual
port chip as introduced i@hapter 3The two ports are independent and one of them
works when the tag is in effietal mode and the other works for-metal mode. A
challenging problem fothe future work is to eliminate the neédor a dual port chip.

In this case theantenna structure should be completely changed to a single port
prototype which can be matched to any typical RFID chilge main challenge in
this work is to have a hybrid design matched to the same chip in betteth and
off-metal scenarios. Rigorous studies are required in future to achieve this goal.

In Chapter 7it was shown that having high impedace surface unit cell in the
artificial ground planeis not necessaryor protecting the tag from the metallic
surface. This means unlike the previous designs which used mushroom sttheture,
proposed design supports the surface currdisse surface crents can contribute
to radiation which means the artificial ground plane becomes part of the ariféena.
idea for the future work is to simplify the design by embedding the tag into the
artificial ground planeThe tag might be converted to a small feaiht which can
excite the artificial ground plane to radiate the wales can remove one layer from
the prototypeandreducethe production cost.

The future work in UHF RFID tag design is not limited to the works proposed in
this thesis. According to different applications of this technology discussed
in Chaper 2 development is taking place in many ardaiegrating the RFID tag®
the environmental sensors is one of the hot areas in recent years. There has been
different type of passive and active designs soffae. works can be divided into two
groups. The first group are the tags with a distinct sendme. RFID system is

integrated to an electronic sensor system which reports the sensed data to the RFID
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chip and the tag reports this data to the red€6+101]. The second group are
systems with combined sensor antennaesEdesigns are usilg passive tags with
extra sensing elements that changes the characteristic of the antenna when one of the
environment characteristics changes. For example, a temperature sensor can shift the
frequency response of the tag and the reader can decide ukeotdhe temperature
by detecting this frequency shifthese types of works are reported80, 102104].
The tags in second group are low cost and the iwgrgrinciple is related to the
subject covered in this thesiBy studying the frequency response of the tag,
interesting simple sensor desigasmde proposed for future work.

Finally, with the fast growth of Internet of Things (9 and evolution of Nar
Field Communication (NFC) systems and integrating this technology to mobile
phones, each person would carry an RFID reader sybi@ntonnectshe persorio
the global network. There is no doubh exciting future is waiting for this

technology.
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Appendix A

Equivalent circuit transformation: The transforming of the equivalent circuit in
Fig. 4.6 to the equivalent circuit oFig. 4.8 is explained in this Appendix. The
transformaton takes place in two steps. For the first step please refeEBjtd=or the
second stept is shown herehow the circuit of Fig A. 1(a) can be transformed to the

circuit of Fig A. 1(b) and the values vfindy in equation(4.4) are derived

Fig. A. 1. Equivalent circuit transformation from circuit topology (a) to (b).

The input impedance of the circuit in Fig A. 1(a) can be found by:

ZoZ
= an com + bL
n Zant+zcom ser ( A .

The input i mpedance of the transformed ci

Z = (Zant + XbLser)(Zcom + ybl—ser)

" Zant + Zcom+ b(X+ y)L

( A.

ser

The input I mpedance of the twoWkeAmpcui t s

i's reaching infinity, the input I mpedanc:¢




































