Microwave Electronics

Design and Development of Compact
Chipless RFID Tags with High Data
Encoding Capacity

A thesis submitted by
NIJAS C.M
in Partial fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Under the guidance of

Prof. P. MOHANAN

DEPARTMENT OF ELECTRONICS
FACULTY OF TECHNOLOGY
COCHIN UNIVERSITY OF SCIENCE AND TECHNOLOGY
KOCHI- 682 022

KERALA
March 2015



“Design and Development of Compact Chipless RFID Tags with High Data Encoding Capacity”

Ph.D. Thesis under the Faculty of Technology

Nijas C.M.

Research Scholar

Department of Electronics

Cochin University of Science and Technology
Kochi - 682022

Email: nijasmhmmd@gmail.com

Dr. P. Mohanan

Professor

Department of Electronics

Cochin University of Science and Technology
Kochi - 682022

Email: drmohan@gmail.com

Department of Electronics
Cochin University of Science and Technology
Kochi - 682022

March 2015



Dedicated to the Almighty, Parents, Teachers
and Dear Ones......






DEPARTMENT OF ELECTRONICS
COCHIN UNIVERSITY OF SCIENCE AND TECHNOLOGY,
KOCHI, INDIA.

Dr. P. Mohanan

(Supervising guide)

Professor

Department of Electronics

Cochin University of Science and Technology

@rﬁ]gc (1}8

This is to certify that the thesis entitled “Design and Development of Compact
Chipless RFID Tags with High Data Encoding Capacity” is an authentic record of
the research work, carried out by Mr. Nijas C. M. under my supervision and
guidance in the Department of Electronics, Cochin University of Science and
Technology in partial fulfilment of the requirements for the Ph.D degree under the
Faculty of Technology and no part of this work has been submitted before for the

award of any other degree, diploma or associateship in any other University.

I further certify that the corrections and modifications suggested by the
audience during the pre-synopsis seminar and recommended by the Doctoral

Committee of Mr. Nijas C. M. are incorporated in the thesis.

Kochi-22
March 2015 Prof. P. Mohanan






Declaration

I hereby declare that the thesis entitled “Design and Development of
Compact Chipless RFID Tags with High Data Encoding Capacity” is an authentic
record of the research carried out by me under the supervision of Prof. P. Mohanan,
Professor, Department of Electronics, Cochin University of Science and Technology
in partial fulfilment of the requirements for the Ph.D degree under the Faculty of
Technology and that no part of this work has been submitted before for the award

of any other degree, diploma or associateship in any other University.

Kochi-22
March 2015 Nijas C. M.






QQQc,énow&a’gement;

In the name of Allah, the Most Gracious and the Most Merciful,

I remember with gratitude. ..

My supervising guide, Dr. P. Mohanan, Professor, Department of Electronics,
Cochin University of Science and Technology, for his valuable guidance, advices and
timely care extended to me throughout the research period.

Prof. K, Vasudevan, Department of Electronics, Cochin University of Science
and Technology for his constant encouragement and concern. His dedication for

research is always a leading source of eneryy.

Dr. C.K, Aanandan, Professor and Head Department of Electronics, Cochin
University of Science and Technology for the advice, discussions and care rented

during these years.

Prof. P.R.S. Pillai, Prof. Tessamma Thomas, Dr. James Kurian and Dr. M. H.
Supria, Department of Electronics, Cochin University of Science and Technology for
their support.

My sincere thanks to Dr. K, G. Nair, former Head and founder of
Electromagnetics and Antennas Research (CREMA) Laboratory in Department of
Electronics, Cochin University of Science and Technology, for establishing full-fledged
laboratory that enabled me to do my research work in a well reputed laboratory in the

country.

My seniors at CREMA, especially Dr. Sujith Raman, Dr. Suma M N, Dr.
Deepu V, Dr. Sariv VP, Dr. Nishamol M S, Dr. Laila D, Dr. Shameena V A and Dr.
Rohit K Raj for their guidance, support and care. Their views and way of analysis had

a strong impact on me.

My friends at CREMA, especially Deepak, U, Dinesh R, Tomy Sir, Abdul
Rasheed, Roshna TK, Sajitha V R , Vineesh PV, Sreenath S, Ashkar Ali, Prakash Sir,
Sumitha Miss, Anitha V' R, Anila PV, Indhu K K, Titu K Samson, Jayakrishanan,



Lindo A O, Sreekala P S, Neeraj Puskaran, Libimol, Anju and Dibin Marry, for their
support.

My friends at CUSAT, especially Dr. Prabha C, Binoy Babu, Vipin VP, Vinod
VK T, Nimisha, Rijoy, Shameer, Suraj Kamal, Satheesh Chandran, Sumi Miss, Rajesh
Mohan Sir, Hari Krishnan P R, Shari Mohan, Sreekala Chechi, Jaghadish Sir, Adhil
Mohammed, Pathma Priya, Ambily, Anu, Anil PV, Ibrahim Kutti, Jameela itha, Rassel
Chettan, Pratheep Chettan, Mohan Chettan, Suresh Chettan, Dahnya Chechi, Anitha
Chechi, Jasmin Itha and Fransis Chettan for their encouragement and help.

Special thanks to Ajeesh R Sir, Dr. H. Sreemoolanadhan Sir, Dr. Mridula
Miss, Dr. Binu Paul Miss and Anju Miss for their whole hearted support and

guidance.

My MSc. Electronics Classmates, especially Basheer V A, Simi Thresha, Ansar
Beeran, Dhanusha, Muhsina, Shabeer, Ambily, Thabsheer Abdulla, Pavan Kumar and

Yogendra Kumar for their encouragement.

I thank the University Grants Commission (UGC) Govt. of India for
supporting my research work_financially under the JRF Research Fellowship Scheme.

My friends at home town (Arookutty), especially Abdul Gafoor, Saheer, Anas,

Siraj and Anees, for their encouragement.

I wish to place on record my gratitude to my teachers, mentors and my friends

at all stages of my education.

My father (Mohammed Kunju V M) mother (Naseema) sister (Nijna),
grandmother and other family members (Sanooj, Abis, Abdul Rahman, Hashim, Faisal,
Gafoor,....) for being there always as a constant source of energy. I am [ucky to enjoy

their deep love, care and patience to move on especially in hard times.

Kochi- 22 Nijas C M



ABSTRACT

The main objective of this thesis is to develop a compact chipless RFID
tag with high data encoding capacity. The design and development of chipless
RFID tag based on multiresonator and multiscatterer methods are presented
first. An RFID tag using using SIR capable of 79bits is proposed. The thesis
also deals with some of the properties of SIR like harmonic separation,
independent control on resonant modes and the capability to change the
electrical length. A chipless RFID reader working in a frequency band of
2.36GHz to 2.54GHz has been designed to show the feasibility of the RFID
system. For a practical system, a new approach based on UWB Impulse Radar
(UWB IR) technology is employed and the decoding methods from noisy
backscattered signal are successfully demonstrated. The thesis also proposes a
simple calibration procedure, which is able to decode the backscattered signal

up to a distance of 80cm with ImW output power.
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INTRODUCTION TO RFID TECHNOLOGY
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N2 RFID System
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5. Chipless RFID
N6 Chipless RFID tag for sensor application
7. Data Encoding Techniques in Chipless RFID
S Thesis Outline

N Reference

Abstract

This chapter highlights a brief description of evolution and working of
an RFID system. Basic block diagram of an RFID system such as RFID
reader, RFID tag and Middleware software are presented. Comparison
of RFID technology with barcode is analysed and discussed various
merits and demerits of RFID system. New Chipless RFID technology
and its working principle based on time and frequency domain are
explained. The chapter also covers literature survey of various types of
chipless RFID tags and different encoding techniques. Organisation of
the thesis is outlined at the end of the chapter.

1. Introduction

Radio-Frequency Identification (RFID) is recently being used in a
wide range of applications such as Supply Chain Management (SCM), health
care, traffic monitoring, retail, access control, etc. [1]-[7]. The idea behind
the RFID tag is to store a unique identification number, same as that of a bar
code or a magnetic strip on the back of a credit card or ATM card. To retrieve

information stored in the bar code or magnetic strip, the device must be
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scanned in a close proximity with its scanning device. But in RFID, the data
transfer between RFID tag and RFID Reader is done wirelessly and hence

enables remote identification.

RFID technology was introduced during the 2 World War for the
Identification Friend or Foe (IFF) aircrafts. In this method friend aircraft is
identified from enemy aircraft by assigning a unique identifier code to
aircraft transponders. In 1945, the first RFID tag was developed by Leon
Theremin known as “the Thing”. This was an espionage tool for the Soviet
Union, built into the Great Seal and offered to the U.S. ambassador in
Moscow [8]. The gift hung in the U.S. Embassy for many years and used by
Russia for spying. Its principle of operation is based on the backscattering
technique. Spying the conversation is done by parking a vehicle near to US
embassy and sending an interrogation signal towards the espionage device.
Fig.1.1 shows the front view and exploded view of the Great Seal of United
State. Block diagram of “the Thing” is given in the Fig.1.2. When an antenna
in “the Thing” is illuminated by an incident EM wave, electric currents are
generated on its conducting parts. Same antenna is coupled to an EM

resonating cavity.

Figure 1.1 Great seal of United States and an exploded view of the device. Courtesy: Wikipedia.
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Introduction to RFID Technology

The membrane of the cavity vibrates in accordance with the sound/
conversation in the room. This will alter the impedance of the cavity and
hence changes the antenna impedance. Therefore incident currents on the
antenna is modulated with sound waves. The backscattered signal from the

espionage tool is demodulated at the receiver.

EM Resonating
Cavity

Sound ;"
Waves 1

\
Membrane },
\

\,

Coupled
Incient CW Signal [l ' Monopole

Backscatter Signal >

Figure 1.2 The eavesdropping device developed by L. Theremin (“the Thing”). Courtesy:
Smail Tedijini et. al. [8].

The operating principle of a conventional RFID is the backscatter
modulation, which was explained by Harry Stockman in 1947 [1]. Fig.1.3,
describes a block diagram of an RFID tag. Incident wave from the reader will
wake up the control circuit in the RFID tag. Depending on the tag type,
unique code stored in the Silicon chip will transmit back to the reader via
backscattered signal. Unique code is encoded in the interrogation signal by
altering the impedance of the antenna using an impedance modulator circuit.
The backscattered signal is modulated depending on the unique code and it is

decoded by the reader.
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Figure 1.3 Block diagram of a commercial RFID tag

2. RFID System

RFID system consists of mainly three components as shown in Fig.1.4.
2.1. RFID Reader

2.2. RFID Tag

2.3. Middleware software

- =
AN Data, (e
&;\ - & <

! > &=~ RFID Tag

N Computer RFID Reader @
Global Network @ @

Figure 1.4 RFID System with three basic components, 1. RFID reader, 2. RFID tag and 3.
Middleware software.

2.1. RFID Reader

An RFID reader, also known as an interrogator, is a device that

provides the connection between the tag data and the system software. The

Cochin University of Science and Technology
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reader communicates with tags that are within its range of operation,
performing tasks including sending an interrogation signal, filtering
(searching for tags that meet certain criteria), decoding data from the tag,

writing (or encoding by rewriting the IC) to selected tags, etc.

The reader uses an antenna to capture data from tags. It then passes
the data to a computer for processing. Readers can be placed in a stationary
position in a store or factory, or integrated into a mobile device such as a

portable handheld scanner.
2.2.RFID Tag

RFID tag contains the identification code which is stored in the Silicon
chip. The tags memory can be read-only, read-write, or write-once and read-
many. RFID tag also comprises of an antenna, control circuits and a substrate
that holds it all together. Each tag carries information such as serial number,
model number, location of assembly, and other data as in the case of Electronic
Product Code (EPC) which is designed as a universal identifier that provides a
unique identity for every physical object anywhere in the world.

RIFD tags are available at different frequency bands like low
frequency (LF), high frequency (HF) to the microwave bands, as shown in
Fig.1.5. LF (typically in 125 kHz) and HF (with 13.56 MHz) RFID systems
can communicate up to 1m read range with the use of inductive coupling.
Due to the large operating wavelength compared with tag size, RFID tags
operating in these bands are less prone to the effect of metal/liquid
environments, thus offering robust readability in practice. UHF RFID tags,
typically operating in 866-868MHz (European (EU) countries) and 902-
928MHz (North American Continent) have a longer read range up to 10m or

more, with a faster data rate. On the other hand, the reading performance of
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UHF tags depends on the working environment. They are incapable of
penetrating materials such as metals, liquids, dusts and fog. Commonly used

frequencies at microwave band for RFID technologies are 2.45GHz and 5.8

GHz.
LF (125KHz)

UHF (900MHz)

TN

HF (13.56MI'IZ) Microwave (2-4GHZ)

Figure 1.5 Different Chipped RFID tags

Depending on the power handling method in the tag, RFID can be

classified as Passive, Semi Passive and Active Tags.
2.2.1 Passive Tags

Passive tags do not contain their own power source, such as battery
and cannot initiate communication with the reader. Power transmitted from
the reader is used for powering the IC and establishing communication
between reader and tag. Due to the lack of own power sources, the read range
of the tag is usually up to 2 ft for inductively coupled and up to 20 ft for
backscattered tags. These tags have more life time compared with other
types. Passive tags are the least expensive tags and are normally used in
places where the tags are not reusable, ie., consumable items. Passive tags

normally have limited data storage capability. Block diagram of the passive
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RFID tag is shown in Fig.1.6. As shown in the figure, the tag consists of

electronic circuits like rectifier, supply regulator, clock generators, etc.

IC RFID Chip Block Diagram
oo
i RF&DCPower (e Digital Circuits | !
Continuous Powering signal } Kl * State i
?\ea(\e‘ e Rectifier Machine ||
e Charge Pump * RAM,ROM ||
i ||* SupplyRegulator * EEPROM |1
: = * Input Protection :
7&&}(]\\/% Y\ : * PoweronReset | ... _ !
1 | | Clock Generator _/_LDC Power | )
\ I'] |* Demodulator _'\J' Storage J ] !
1 | [= Modulator o ol \“
/I( [ |+ Load Switching :
Tag Antenna®' !

Figure 1.6 Block diagram of a Passive RFID tag.
2.2.2. Semi passive Tags

These are also called Battery Assisted Tags (BATs). Such tags have
on-board power supply to provide power to the IC to keep it alive. The
communication between the tag and reader is similar to passive tags. Longer
read ranges up to 100 ft are possible compared to the passive tags. Because of
the on-board battery, tag can be used for sensor application like temperature,
pressure, humidity, etc. Due to the absence of any active transmitter, these
tags do not contribute to any radio noise. These tags have more memory
capacity than the passive tags. Depending on the size of the battery, Semi
passive tags are more expensive, bigger in size, and heavier. The life of these

types of tag is determined by the life of the battery.
2.2.3. Active Tags

These tags have an on-board battery and a transmitter. The battery

supplies power to both the IC and the transmitter. Due to the presence of
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transmitter, it doesn’t have to rely on an interrogator to transmit its data by
backscatter coupling. Tags with range up to several kilometres are available,
depending on the battery and transmitter. On-board environmental sensors
and memory with higher data rate are also available with these tags. These
types of tags can be used in Real-Time Location Systems (RLTS). Active
tags can have a sleep mode and consumes the least power in the idle stage.
Thus the battery life and the tag’s life can be elongated. These tags use two
different frequencies for transmission and reception of data (downlink and
uplink). The active tags are the most expensive tags and are limited in their
usage by cost factor. Due to the presence of an on-board transmitter, these

tags contribute largely to radio noise.
2.3. Middleware Software

Middleware software maintains the interface and the software protocol to
encode and decode the identification data from the reader into a mainframe or
personal computer. This is the intermediate between the interrogator and the
enterprise layer. Middleware sends and collects data directly from the
interrogator, performs a business-related process regarding the data, read
data, stores the data as per the requirement and sends data to the enterprise
applications. Middleware also comprises the software used to monitor,
configure, and manage the hardware of the interrogator. Data gathered from
middleware are sent to the enterprise application stored in the computer.
After the process application software can update the data in the server

through the internet.
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3. Applications of RFID

Only dreams can limit the application of RFID. Nowadays, RFID tags
are applied in almost every business process and are projected to be applied
everywhere that exists in the real world. Because of the use of radio waves in
RFID, it does not require line-of-sight to operate. That means, the tag can be
hidden inside the item or box that is to be identified and still be read. Another
feature of RFID is the ability to read many tags at the same time. Again, there
is a huge savings potential in not having to manually present the reader to each
item to be identified. Applications fall into two main categories: short range
applications in which the reader and the tag must be in close proximity (such as
access control), and medium to long range applications in which the distance

may be greater (such as reading across a distribution centre dock door) [2]-[3].
4. RFID Vs Barcode

The most widely adopted method for product identification is
barcodes. The barcode is a vertically stripped identification tag printed on
products, allowing retailers to identify billions of products. There are two
types of barcodes that are widely used; one-dimensional (1D), which
represent data in the widths (lines) and the spacing of parallel lines, and two
dimensional (2D), which come in patterns of squares, dots, hexagons and
other geometric patterns within images [4]. The former one is common in
most household products, while 2D barcode is common in industrial products
where more information is needed to be stored in the label. 2D barcodes have
a maximum capacity of 128 bits and hence can be comparable with
Electronic Product Code (EPC). Barcodes data capacity comes from
diffraction of light rays from strip edges. They are increasingly being used

and also appear more on consumer goods. In the case of 1D barcodes, the

Department of Electronics



Chapter1

maximum capacity is 41 bits (eg: EAN 13 barcodes). Barcodes are much
smaller, less expensive and work with the same accuracy on various materials
in which they are placed. Barcodes can directly print into plastic or paper
materials and therefore the only cost involved is the ink. Although
appropriate in many instances, there are cases where barcodes cannot meet
the need. Even though RFID and barcodes are two techniques of auto-
identifications, they are different in many ways. Table 1 shows a comparison

of RFID with barcode [2], [5].

Table 1: Comparison between RFID and Barcode

RFID Barcodes
Read Range Up to 100’s of feet or more (Active Tag) Several inches up to 2 feets
Read Rate 1000’s of tag simultaneously Only one at a fime
Read/Write Many RFID tags are Read/Write Read only
Technology RF (Radio Frequency) Optical (Laser)
Line of Sight Not required Required

Human Capital | Once up and running system is completely automated Labourers must scan each item

Durchil High, can read through the obstacles like paper, fabric, | Low. Easily damaged or removed;
urability
wood, etc. through which EM wave can propagate cannot be read if dirty or greasy.

Low. Much easier to reproduce or
Security High. Difficult to replicate. Data can be encrypted.
counterfeit.

Therefore the retailers were looking for a solution to overcome the
limitations of barcodes. Fortunately, RFID could become a promising solution
for this. RFID could eventually replace barcodes in some applications where
bulk counting is routinely performed. However, the cost of the RFID tags still
makes it inappropriate for low-cost applications. Thus, almost 70% of the
articles are still tagged using barcodes. Approximately 15000 billion units are
fabricated each year for this purpose. The main inconveniences of RFID

technology is its cost. Chip tags are not normally available below $0.3 for orders
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less than one million tags [9]. The marginal cost of a barcode is approximately
less than one tenth of a cent. Privacy is another major anxiety with RFID
technology. Remote access and data sharing implies abuse usage of private
information. Tags could be read without a person’s knowledge because humans

cannot sense radio signals.
5. Chipless RFID
Application Specific Integrated Circuits (ASIC) design on Silicon

wafer and testing along with the tag antenna result in a costly manufacturing
process. Chipped tags are fabricated on a Silicon wafer and there is a fixed
cost per wafer (around US $1,000). The cost of the RFID chip can be
assessed by knowing the required silicon area of the RFID chip. Alternative
solution to this problem is the design of a new RFID tag without having any
silicon chip and other costly circuits. RFID tag without Silicon chip is called
Chipless RFID. In these types of tags unique number is stored in time or
frequency domain. Most chipless RFID systems are based on using the
electromagnetic properties of materials and/or designing various conductor

layouts to achieve particular electromagnetic properties.
5.1. Review of Chipless RFID Tags

The main challenge for researchers when designing chipless RFID
tags is how to encode data without the presence of a chip. There are two

methods reported in the literature. They are,
5.1.1. Time Domain Reflectometry (TDR)-based chipless tags
5.1.2. Spectral signature-based chipless tags.

5.1.1.Time Domain Reflectometry (TDR)-Based Chipless Tags

TDR-based chipless RFID tags are interrogated by sending a signal from

the reader in the form of a pulse and listening to the echoes of the pulse sent by
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the tag. A train of pulses are thereby created by tag, which can be used to encode

data. Popular RFID tag operating on the principle of TDR is explained here
5.1.1.1. SAW (Surface Acoustic Wave) Tag

An example of a nonprintable TDR-based chipless RFID tag is the SAW
tag developed by RFSAW Inc. [10]. SAW tags are excited by a chirped
Gaussian pulse sent by the reader centred around 2.45 GHz ISM Band [11]-[15].
A schematic diagram showing the working of SAW tag is depicted in Fig.1.7.
The RF interrogation pulse is initially picked up by the tag antenna and
converted to SAW using an InterDigital Transducer (IDT). The SAW propagates
across the piezoelectric crystal (with a velocity of 3158m/s for ST-X Quartz
substrate and 3488m/s for Y-Z Lithium Niobate substrate) and is reflected by a
number of reflectors, which create a train of pulses with phase shifts [16]-[23].
The train of pulses is converted back to an EM wave using the IDT and detected
at the reader end where the tag’s ID is decoded [24]-[33].

W/// ‘l/l:)]) SAW RFID Chip

R W \/\’_’«/\, N\ NN\
eader /..‘ *.." ._4 ' Y., '...v._ ) ;

ID'T Surface':icoustic Wave Wavé Reflectors
*.Tag Pulses
Antenna

Global SAW Tag
Reply Signal

www.rfsaw.com B o ResAw, 2008

Figure 1.7 System architecture of SAW tag. Courtesy: S. Harma et. al. [10].
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Even though RFSAW Inc. has fabricated RFID tags with a data
encoding capacity of 96 bits, the cost of the tag is almost same as that of
commercial RFID. This is due to the fabrication tolerance of the order of um

and also required piezoelectric substrate with Interdigital Transducers.
5.1.1.2. Delay Line based Tag

Delay-line-based chipless tags consist of antenna with a transmission
line of specific length. The tag is operated by using a microstrip discontinuity
after a section of delay- line, as reported in [34]—[36]. A delay-line-based
chipless tag is shown in Fig.1.8. The tag is excited by a short (1ns) EM pulse.
The tag consists of two microstrip transmission line branches, one, a
relatively short straight branch and the other, a longer meandered branch. The
ends of the microstrip branches are either terminated with a resistor equal to
characteristic impedance Z, to avoid reflections. The signals in each of the
branches get delayed by different amount. Using isolators, the signal in the
meandered branch is tapped on it. The tapped signals with different time
delays are superimposed on to the straight branch to produce an output signal
as shown in Fig.1.9. Only eight bits were successfully tested with delay line
method, which shows the limited potential of this technology.

(b) O—AVAV" _ Signal

Substrate

Ground

&= |solator

4
(a)o%_ &Y Resistor

Figure1.8 Schematic diagram of transmission delay line based 1D generation circuit.
Courtesy: A. Chamarti et. al. [34].
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Figure 1.9 Binary code generation by the superimposition of delayed signals. Courtesy: A.

Chamarti et. al. [34].

Another Delay line based tag is reported by Raji. S. N et. Al. [37]. In

this tag group delay of the backscattered signal is used for encoding data.

Transmission lines with different length are selected for creating different

group delay as shown in Fig.1.10. While increasing the length of the C section,

group delay at the port 2 can be varied. Large length of C section creates

amplitude distortion in the group delay; hence it results in low bit encoding

capacity. Delay line based time domain tags are detailed in Chapter 3.
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Figure 1.10 Principle of encoding for cascaded commensurate C-sections. a) Prototype (for

simplicity, only one C-sections is represented). b) Group delay Vs frequency
response. ¢) Corresponding time domain response to the spectral component.
Courtesy: Raji Nair et. al. [37].
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5.1.2.Spectral Signature Based Chipless Tags

Spectral signature-based chipless tags use a specific frequency band to
encode data using resonant structures or metallic patterns. Each data bit is
usually associated with the presence or absence of a resonant peak or dip at a
predetermined frequency in the spectrum. The advantages of these tags are,
they are fully printable, robust, greater data storage capability and low cost.
But, these tags require large frequency spectrum for data encoding, and
orientation alignment with reader antenna. A wideband Voltage Controlled
Oscillator (VCO) with RF components are also needed at the reader end.
Spectral signature based tag showing better data encoding capacity than time
domain based tags except SAW tag. Hence there are many RFID tags

working in the frequency domains are reported in the literature [37]-[55].

Planar circuit chipless RFID tags are designed using standard planar
microstrip/coplanar waveguide/stripline resonant structures, such as antennas,
filters, and fractals. They are printed on dielectric substrates. Reported

frequency domain based tags can be grouped into two categories,
5.1.2.1.Multiresonator based tags
5.1.2.2.Multiscatterer based tags

The multiresonating chipless tag comprises three main components:
the transmitting (Tx) and receiving (Rx) antennas and multiresonating circuit.
Multiresonating circuit in most of the reported tag consists [38]-[45] of
narrow band high Q filters using different microwave resonators like spiral,
split ring, C like structures, etc. These resonators are either connected or
coupled to microwave transmission line and both ends of the transmission

line are connected to two UWB antennas.
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The Multiscatterer based tags consist of resonators with different
dimensions and each resonator will act as receiving antenna, filter and
retransmitting antenna. Hence size requirement for the UWB antennas and
transmission line can be eliminated and these tags show good bit encoding

capacity than multiresonator based tag.
5.1.2.1. Multiresonator Based Tags

A block diagram of a multiresonator based tag with basic components
is shown in Fig.1.11 [38]. The chipless RFID tag consists of a vertically
polarized UWB disc-loaded monopole receiving tag antenna, a
multiresonating circuit, and a horizontally polarized UWB disc-loaded
monopole retransmitting tag antenna [38]. The tag is interrogated by the
reader by sending a frequency swept continuous wave signal with constant
amplitude and phase. When the interrogation signal reaches the tag, it is
received using the receive monopole antenna and propagates towards the
multiresonating circuit. The multiresonating circuit encodes data bits using
cascaded spiral resonators, which introduce amplitude attenuations and phase
jumps at particular frequencies of the spectrum. After passing through the
multiresonating circuit, the signal contains the unique spectral signature of
the tag, and is transmitted back to the reader using the transmit monopole tag
antenna. The receiving and retransmitting tag antennas are cross-polarized in
order to minimize interference between the interrogation signal and the
retransmitted encoded signal containing the spectral signature. Fig.1.12
shows a 35-bit tag [39], designed on Taconic TLX-0 (g = 2.45, h = 0.787
mm, tan 8 = 0.0019) substrate. All the 35 amplitude variations in the
frequency due to 35 resonators in the tag are depicted in Fig.1.13. Same

variations can be observed in phase of the backscattered signal [39].
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Figure 1.11 Structure and operation of a multiresonator-based chipless RFID tag. Courtesy:
S. Preradovic et. al. [38].
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Figure 1.12 Photograph of 35-bit chipless RFID tag (length=88mm, width=65mm).
Courtesy: S. Preradovic et. al. [38].
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Figure 1.13 Measured insertion loss of the multiresonating tag with 35 bits of data. Courtesy:
S. Preradovic et. al. [38].
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Chipless RFID tag using different types of multiresonating circuits are
reported in the literature [39]-[45]. The multiresonator circuit using Modified
Complementary Split Ring Resonators (MCSRR) is proposed in [42].
Fig.1.14 shows the layout of conventional CSRR and MCSRR on CPW
transmission line. Instead of representing one bit with one resonator, here two
bits are proposed by modifying (shorting or opening) inner and outer rings of
MCSRR. Fig.1.15 shows the all four combinations of 2 bit data obtained by
modifying the single MCSRR structure. Even though the tag has double data
capacity than others, the resonator is placed on the CPW feed line. As the
number of resonator increases, the amplitude distortion through the

transmission line also increases. Hence bit encoding capacity is limited.

Ground

Inner
ring
CPW
Outer
ring

Ground
(a)
Ground
*
Wi Outer
ring
Split1
;teed line
Split 2 Inner
< ™ S rini
Ground
(b)

Figure 1.14 (a) Layout of a conventional Complementary Split Rectangular Ring Resonator
(CSRRR) (h) layout of the proposed modified complementary split ring
resonator (MCSRR). Courtesy: Md. Shakil Bhuiyan et. al. [42].

Cochin University of Science and Technology



Introduction to RFID Technology

0+
~ 5]
g 13_ 1 % ip=10
» -15 T T T T T 1
- -5 0 \1/ '01'
® -10 —— ID="01
'15| T T T 1
01— —_—
5 0 0| —— Ip="00"
-10
'15| T _I T _I T 1
6 7 8 9 10 1" 12

Frequency (GHz)

Figure 1.15 Insertion loss (S21) responses of MCSRR configured to generate all four bit
combinations. Courtesy: Md. Shakil Bhuiyan et. al. [42].

5.1.2.2. Multiscatterer Based Tag

Multiscatterer based tag consists only of scatterers with different
dimensions. The space requirement for two UWB antennas and transmission
line reported in the multiresonator based tags can be removed. The similar
electromagnetic response of the mutiresonator based tag can be achieved with
a structure using multiple signal processing scatterers [46]-[54]. Each
scatterer serves as a receiving antenna, a filter and a transmitting antenna.
Normally, each scatterer (see Fig.1.16) will receive an interrogation signal
from the reader and reflects back to the reader as quasi-optical way. At
resonance, it will generate a different EM signature. The chipless tag
proposed in [46] is the first design reported based on this principle. Although
it has a limited coding capacity of the order of 5 bits compared to 35 bits
[39], but the size requirement for this tag is less compared to 35bit tag. This

demonstrates the miniaturization potential of this approach.
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RF barcodes are constructed with arrays of microstrip dipoles on a
dielectric substrate with the metallic ground plane. Detection is based on
reflection characteristics. The interrogator emits electromagnetic energy, and
the frequency content of the reflected energy from the RF barcodes is
analysed to determine which codes on the tagged item in the detection zone.
Multiscatterer based tags using metallic strip working in the ISM bands
(24GHZ, 52GHz and 5.8GHz) are shown in Fig.1.16 [46]. The

backscattered signal from tag is shown in Fig.1.17.

Figure 1.16 Full range of RF barcode elements at 2.4, 5.25 and 5.8 GHz bands with near
field measurement probes. Courtesy: I. Jalaly et. al. [46].
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Figure 1.17 Bistatic S»imeasurement results at 1.5m read range for 5-bit RF barcode
representing 11111 (top) and 11010 (bottom), where a ‘1" is indicated by a
‘null’ or RF energy absorption at the corresponding frequency. Courtesy: I.
Jalaly et. al. [46].
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A depolarising based chipless RFID tag is reported in [52]. In this tag
resonators are designed in such a way that it will interrogate the tag with one
polarisation and decoded with orthogonal polarisation. Commonly used
metallic shapes (cylinders and rectangle) scatter the incident wave in the
same polarisation of transmitted signal. Hence the orthogonally polarised
backscattered signal mostly comprises of the signal from the depolarised
resonators. Two types of resonators are proposed in [52], dual L shaped
resonator and 45° shorted dipole. Fig.1.18 shows the resonators with current
pattern at resonance and RCS of each resonator. There are some drawbacks
due to the presence of higher harmonics in the integral multiples of the
fundamental mode with these resonators. Amount of surface current
generated at the resonant frequency determines its backscattered signal
strength. But in dual L shaped resonators, the total current is distributed in
two orthogonal directions, thus reduce the reading distance. In case of 45"
shorted dipole, multiple numbers of resonators with same dimensions are
required to generate enough backscattered power. If the item embedded with
the tag is rotated about 45°, tag became polarisation dependent and the

scatterer cannot produce depolarised backscattered signal.

Majid Manteghi et. al. successfully represented the resonant frequency
of the RFID tag in complex domains (Real and Imaginary) and its extraction
method using different methods like singularity expansion method, Short-
Time Matrix Pencil Method etc. [53] -[57]. The relations between the
persistence of the complex resonant modes along time Vs frequency are

successfully demonstrated using numerical and experimental methods.
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Figure 1.18 (a) and (b) Tag based on dual-L resonators. (a) Surface current density at
resonance. (b) Simulated RCS response for co-polarization (VV) and cross-
polarization (VH). The tag dimensions are L = 11.4mm and g = 0.5 mm. (c)
and (d) 45° rotated shorted dipoles tag. (c) Surface current density at
resonance. (d) Simulated RCS response for co-polarization (VV) and cross-
polarization (VH). The tag dimensions are L = 19mm, g = 0.5mm and w = 2mm.
Courtesy: Arnaud Vena et. al. [52].

UWB IR (Impulse Radar) technique is used for the analysis of RFID
tags. Fig.1.19 shows the photograph of the notched elliptical dipole tag used
for the measurements [57]. Pole signature of the three bit RFID tag using
simulation analysis is plotted in Fig.1.20. Resonant frequencies due to the
notch in the dipole resonators are found to be at 5.65, 7.08, and 8.45 GHz
with pole at 3GHz due to the dipole structure.
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Figure 1.19 Photograph of the notched elliptical dipole tag. Courtesy: A. T. Blischak et. al.
[67].
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Figure 1.20 Pole signature for notched elliptical dipole tag extracted from simulated time-
domain scattered fields resulting with impulsive plane wave excitation.
Courtesy: A. T. Blischak et. al. [57].

RFID tags for secure applications are also presented in the literature

[45], [58]. Instead of using scattering in the free space, this type of tags uses
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secure reader zone like slotted wave guides. RFID technology for on-touch
data transfer applications is proposed in [38]. A Single bit is used for
identification. The proposed measurement system comprises of a rectangular
waveguide and an RFID tag consists of a substrate with rectangular metal
resonator. The resonant frequency of the tag (size of the rectangular patch) is
above the waveguide cutoff frequency. Fig.1.21 shows the geometry of the
tag and measurement setup inside the S band waveguide. Fig.1.22 shows the
simulated frequency response through the waveguide with different
conditions. Different IDs are generated by dividing S band frequency
(2.5GHz to 5GHz) into small section (1IMHz) and the reader will check for

the position of resonance in the band.

L
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Figure 1.21 (a) Geometry of the chipless RFID tag. (b) Waveguide measurement setup..
Courtesy: Sreejith M Nair et. al. [38].
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Figure 1.22 Simulated reflection coefficients of matched waveguide, matched waveguide
loaded with substrate, and matched waveguide loaded with metalized
substrate. Courtesy: Sreejith M Nair et. al. [38].

6. Chipless RFID Tag for Sensor Application

The main attracting applications of chipless RFID tag is to encode data
along with sensor, which is used for detecting various conditions like humidity,
pressure, temperature, presence of gases, etc. [47], [59] -[72]. In conventional
RFID, physical parameters are detected by using chip IC or a passive lumped
component. The analog voltage variations due to these sensors are generally
converted to a digital signal with an ADC (Analog to Digital Converter)
embedded in the tag IC and then stored in the memory. In chipless RFID tag
sensors are working based on the variation of the amplitude, phase or resonant

frequency of the backscattered signal with changes in the physical parameters.

Amplitude detection based chipless RFID tag sensor is reported in [63].
Depending on the level of water content behind the RFID tag, the backscattered
signal strength changes so that this variation can be detected by the reading
system. C like scatterer is used as the sensing element and the backscattered

power from the tag with different water level are depicted in Fig.1.23.
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Figure 1.23 (a) “C" shape resonators embeded in a water tank. (b) |RCS| results obtained
with CST Microwave Studio. Courtesy: A. Guillet et. al. [63].

Chipless RFID tag for temperature sensing is reported in [65]. Tag
performs real time temperature sensing using the dielectric property of
temperature dependent high K polyamides. Introducing high K dielectric
material changes the equivalent capacitance of the LC resonator which varies
with environmental temperature. A dedicated resonator can perform the
sensing whereas the other cascaded resonators used for encoding the ID of
the tag. Fig.1.24 shows the top and side view of the spiral resonator modified
with Stanyl Polyamide for temperature sensing. Stanyl polyamide has a linear
variation of dielectric constant with temperature, ie., dielectric constant of the
material increases with increasing temperature. Measured resonant frequency
variation with dielectric constant is shown in Fig.1.25; here other two

resonant frequencies are used to encode the ID.
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Figure 1.24 Layout of modified spiral resonator as a temperature sensor (a) Top view. (b)
Cross sectional view. Courtesy: E. Amin et. al. [65].
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Figure 1.25 Measured magnitude of Insertion Loss (S21) of the RFID tag with modified spiral
resonator. Courtesy: E. Amin et. al. [65].

The CNL (Carbon Nanotube Loaded) in chipless RFID tag comprises
a UHF RFID antenna and a single-walled carbon nanotube (SWCNT)
designed for toxic gas detection is reported in [47]. The CNL chipless RFID
tag is shown in Fig.1.26. The antenna and SWCNT were printed using inkjet
printing technology. The chipless tag antenna is a bowtie meander-line dipole
antenna. The SWCNT is placed between the input ports of the antenna in

order to enable data encoding.
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The SWCNT is highly sensitive to the presence of ammonia (NHj3),
and its impedance characteristics when placed in air and NH; are shown in
Fig.1.27. From Fig.1.27 it is clear that the CNL chipless RFID tag operates
by varying the amplitude of the backscattered signal, depending on the
concentration of NH3. Amplitude variation of the backscattered signal is due
to the RCS variation influenced by the change of the impedance of SWCNT.
The amplitude variation of the backscattered power of the tag can be detected

at the reader end and decoded to estimate the level of NH3.
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Figure 1.26 The RFID tag module on flexible substrate: (a) configuration; (b) photograph of

the tag with inkjet-printed SWCNT film as a load. Courtesy: L. Yang et. al.
[47].
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Figure 1.27 The calculated power reflection coefficient of the RFID tag with a SWCNT film
before and after the gas flow. Courtesy: L. Yang et. al. [47].
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7. Data Encoding Techniques in Chipless RFID

Different bit encoding techniques are reported in the literature for
time and frequency domain based tags. Encoding technique will enhance data
storage capacity of the tag while keeping the tag size small. Different data

encoding techniques are
7.1. Pulse Position Modulation (PPM)

PPM method is effectively utilised in the time domain based RFID
tags. The incident pulse from the reader is received by the tag antenna and
guided through the substrate (for SAW tag) [16] or transmission line [34]-
[36], [49]. Several reflectors along the substrate or transmission line with
different lengths are used to create reflected pulses at specific times.
Depending on the reflected pulse position, the reader can extract the ID using
PPM (Pulse Position Modulation) scheme. Fig.1.28 shows the PPM
technique used in the SAW tag and Fig.1.29 shows the PPM technique

implanted on a transmission delay line based tag [49].
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Figure 1.28 Simulated SAW tag Response. Courtesy: T. Han et. al. [16].
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Figure 1.29 Measured time responses of four tags with different delays [49].

7.2. Presence or Absence Coding Technique

This technique is used in frequency domain based tag [39]-[42], in
which each resonator is assigned with predetermined frequency. Presence or
absence of resonance at that frequency determines the data (0 or 1). Hence,
one resonator can store one bit information. As data encoding increases, the
size of the tag also increases. Fig.1.30 shows the method of encoding data;
here half wavelength dipole is used as a microwave resonator. Schematic
diagram (as seen in Fig.1.30) of a backscattered signal with and without

second resonator can encode two different spectral ID (1111 and 1011).

N2

Amplitude

Frequency

Figure 1.30 Presence or Absence coding technique, scattered signal with and without
second resonator.
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7.3. Phase Coding Technique.

The phase can also be used to encode data by adding complex load in
the resonator or antenna. Phase encoding method in the backscattered signal
with structural variation of the resonator is presented [73] and Fig.1.3 shows
the backscattered phase changes with different structural variation. Balbin et.
al. [12] use multiple patch antennas connected to a stub of variable length and

encode data by varying the phase of each antenna independently.
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Figure 1.31 Phase encoding technique. Courtesy: A. Vena et. al. [73].
7.4. Frequency Shift Coding (FSC) Technique

Apart from using the presence or absence of resonance, in FSC,
resonators are assigned with different frequency band [51]-[52]. Fig.1.32
shows the method of encoding data for N resonator using FSC technique.
Here resonators are assigned with a frequency span (Af) and each frequency
span is divided into different resolution bandwidth (8f). The of represents the
bandwidth required for the resonator to represent its resonant dip or peak.

Therefore, one resonator can represent more number of states. This method is
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more appropriate to encode large data while RFID tag having lesser number

of resonators.
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Figure 1.32 Frequency Shift Coding Technique. Courtesy: A. Vena et. al. [52].
7.5. Hybrid Coding Technique

This coding method is proposed by Arnaud Vena et.al. [51]. The
technique is a combination of Frequency Shit Coding and Phase Coding
Technique. Author proposes a tag consist of ‘C’ like resonator (as seen in
Fig.1.33), in which resonant frequency and phase can be controlled
independently. The resonant frequency is controlled by the length of the
resonator (L) (A2 resonator) and phase variation is done by varying the gap
(g). The technique delivers good encoding capacity, but it requires frequency
spectrum of around S00MHz to accommodate change in the phase variation.
Resonators with independent control over resonant frequency and phase are

difficult to achieve.
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Figure 1.33 Hybrid Coding Technique, Phase is varied by changing the gap (g) and the

resonant frequency is varied by length L. Courtesy: A. Vena et. al. [51].

8. Thesis Outline

The thesis investigates both frequency spectra based chipless RFID

tags (Multiresonating and Multiscatterer). The first type of tag is a

multiresonator based one and it demonstrated using microstrip open stub

resonators with a data encoding capacity of 8 bits. Another tag based on

multiscatterer is designed using Stepped Impedance Resonator with a data

encoding capacity of 79 bits. Time domain analysis of the backscattered

signal is also investigated with a practical measurement scenario.

The objectives of the work presented in the thesis are:

+» To identify the suitable resonators for encoding information in the

frequency domain.

% Design of compact tags using above resonators.

% Find methods for encoding more number of bits using new

techniques.

¢+ Selection of suitable calibration technique.
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% Extraction of the spectral content of RFID tag from the backscattered
signal with different practical scenario like noisy signal, moving

target, paper pack, metal container, etc.

% Development of an algorithm for the spectral extraction from

backscattered signal.
¢ Development of an RFID reader prototype.
Organisation of the thesis

This section provides a brief description of the chapters presented in

this thesis.
Chapter 1: Introduction to RFID Technology

This chapter describes the available RFID tags in the literature and its
working principle. The evolution of chipless RFID technology and theory
behind its working is also discussed. This chapter presents a comprehensive
review of available chipless RFID tags on the market and reported in peer-
reviewed journals and conferences. Chipless RFID tags based on different

encoding techniques are reviewed with illustrations.

Chapter 2: Multiresonator Based Chipless RFID Tag using Microstrip
Open Stub Resonator

A compact chipless RFID tag using microstrip open stub resonator is
discussed in this chapter. Equivalent circuit of single open stub resonator is
designed and validated with Agilent ADS and Ansys HFSS software. The
chapter also deals with a parametric study for the optimisation of frequency
bandwidth to incorporate more number of resonances in a limited frequency

span. An 8 bit RFID tag consists of two UWB antenna and multiresonating
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circuit using open stub resonator is presented and its working is validated

experimentally.

Chapter 3: Multiscatterer Based Chipless RFID Tags using Stepped
Impedance Resonator (SIR)

The design of a UWB (3.1-10.6GHz) chipless RFID tag utilising SIR
as multiscatterer is described in this chapter. Advantages of SIR, such as
independent control over harmonic modes and control over the electrical
lengths are also utilised for tag design. Three types of RFID tags with
different bit encoding techniques and coding density of 79bits with five SIRs
are discussed. Different bit encoding techniques is also incorporated for the
enhancement of bit encoding capacity. A simple amplitude detection method

for identifying resonant dips in the backscattered signal is also proposed.
Chapter 4: RFID Reader for Multiscatterer Based Chipless RFID Tags

A simple working setup of chipless RFID reader with single antenna
as transmitter and receiver is explained in this chapter. MIT Coffee Can
RADAR is modified as an RFID reader working in the ISM band centred at
24GHz. Proposed reader can be used for signal extraction from
multiscatterer based tag and successfully decoded the data up to a distance of
Scm. RFID tag with single bit and two bits are measured using proposed tag

and its results are validated with Network Analyser.

Chapter 5: Time Domain Analysis of Frequency Spectra Based Chipless
RFID Tags

Benefits of time domain analysis using UWB Impulse Radar
techniques on the frequency spectra based tag is discussed in this chapter. By

combining time domain analysis on frequency spectra based tag, enables the
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spectral extraction and identification of data from noisy signals, moving
items, metallic containers, etc. Simple algorithm is also developed for

removing or minimising unwanted reflection from the backscattered signal.
Chapter 6: Conclusion and Future Perspective

All the relevant points about the work are concluded in the thesis with

an insight to future work

The thesis also includes the bibliography and a list of publications by
the author in the related field.

Appendix: 2.4GHz ISM Band Doppler Radar

Appendix explains the working principle of RADAR capable of
sensing range and relative speed. Architecture of Doppler RADAR is
presented with six RF components from mini-circuit and it is designed to
operate at 2.4GHz ISM band. Measurements were taken inside the university
campus road and relative speed of vehicles is calculated from the doppler

frequency shift.
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Abstract

Compact multiresonator based chipless RFID tag employing open
stubs in a microstrip transmission line is proposed. The prototype of
the tag is fabricated on a substrate of dielectric constant 4.4 and loss
tangent 0.0018. The multiresonator tag consists of microstrip open stub
resonators and cross polarised transmitting and receiving disc
monopole antennas. Equivalent circuit of the single bit tag is studied
and validated with simulation results. A prototype of 8 bit data encoded
tag is demonstrated in this chapter. Method for enhancing the
performance of the RFID tag is also proposed. Magnitude or group
delay response of the backscattered signal is used to decode the tag
information. The readable range of the tag is found to be 40cm inside
the anechoic chamber, using a PNA E8362B network analyser with
source power of O0dBm.
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Chapter 2

2.1. Introduction

As explained in the earlier chapter, the frequency spectra based chipless
RFID tags can be divided into two categories, multiresonator and
multiscatterer based tags. This chapter highlights the design and development
of multiresonator based tag. It consist of a receiving antenna for the reception
of the interrogation signal from the RFID reader, a multi resonating structure
consist of a number of resonators and a retransmitting antenna. Multiresonator
circuit is basically a narrow band rejection filter comprises of different
resonators and it will alter the amplitude and phase of the interrogating signal.
The output of the filter is connected to a transmitting antenna which will
retransmit the encoded signal back to the reader. Block diagram of the
multiresonator based chipless RFID system is depicted in Fig.2.1. The system
is not based on radar cross section (RCS) backscattering, but on retransmission
of the interrogation signal with the encoded unique spectral ID. RFID reader
for the multiresonator based system consists of two linearly polarised wide
band antennas orthogonally polarised to each other. This arrangement helps the
reader to minimise direct coupling between the reader antennas and also
reduces the mutual coupling between the interrogation and backscattered
signals. RFID reader comprises of a wide band microwave source and other RF
device like Low Noise Amplifier (LNA), directional coupler, power splitters,
frequency mixer, etc. Reader has to generate an interrogation signal with
constant phase and amplitude as shown in Fig.2.1. Backscattered or
retransmitted signal from the chipless tag will have different amplitude and
phase, which depends on the characteristics of the multiresonating circuit. A
control section is also needed in the reader system to manage all the activities

and communication with middleware software.
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Figure 2.1 Block diagram of the multiresonator based RFID system

Components of a multiresonator based tag are

2.1.1. Multiresonating circuits

2.1.2. Receiving and retransmitting UWB antenna
2.1.1. Multiresonating Circuits

Numerous chipless RFID tags are reported based on the method
proposed by Stevan Preradovic et.al. [1]-[9]. Multiresonating circuit is
designed to attenuate particular frequency in the desired band. Basic
resonators used in the design of multiresonating circuits are spiral, hair pin,
‘C’ like structures, split ring resonator (SRR), Complementary SRR (CSRR),
Stepped Impedance Resonator (SIR), etc. Most of the tags are designed on
microstrip based resonators [1]-[7] and some of them are based on CPW [8]-
[9]. In CPW based multiresonating circuits, resonators are etched in the feed

lines. In the case of microstrip based circuits, resonators are either connected
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or coupled to the transmission line. Because of the resonators in the feed line,
CPW based multiresonating circuits create more insertion loss with number
of resonators and also requires large space in the feed line to accommodate
lower frequency resonators. Fig.2.2 shows some of the resonators reported in
the literature for the design of multiresonating circuits. Fig.2.2 (a) to (d)
shows the multiresonating circuits based on microstrip line and Fig.2.2 (e) &
(f) are based on CPW. In all cases, the size of the multiresonating circuit
depends on the number of parameters like operating frequency band,
dielectric properties of the substrate, the separation between the resonators,

common coupling area between the transmission line and resonator, etc.

Spiral
Resonator

Figure 2.2 Reported resonators used for the design of multiresonator based tag. (a) to (d) :
microstrip based resonators and (e) to (f): CPW based resonators.

2.1.2. Receiving and Retransmitting UWB Antenna

The complete design of RFID tag based on multiresonator requires two
UWB antennas, one for receiving the interrogation signal from reader and
another for retransmitting the encoded signal from the multiresonating

circuits to the reader. This antenna should provide a good impedance match
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and radiation characteristics at the desired frequency band. Fig.2.3 shows the
reported antennas used in the design of the chipless tag. All the antennas are
UWB with CPW or microstrip feed. The overall size of the antenna depends
on substrate permittivity, geometry and lowest operating frequency of the tag.
Compact tag antennas are preferred to accommodate more number of bits in a

limited tag size (size of the credit card or bank note).

Figure 2.3 Reported antennas used for the design of multiresonator based chipless RFID tag
[91,[7] and [1].

2.2.Expression for Free Space Losses in the Multiresonator
Based Chipless RFID System

The expected power levels of the received signals from the chipless
tags in an anechoic chamber (lossless environment) can be calculated using
the Friis free-space transmission formula [10]. The power density of the

signal that reaches the chipless RFID tag in free space is given by

_ PGy
4112

where Py is the transmitted power, G, is the gain of the reader transmitting

(2.1)

antenna and r is the distance between the tag and reader antenna. The power

collected by the transponder antenna is defined as
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P, = SA, = $¥6 2.2)

41

where A. is the effective area of the tag antenna, G; is the gain of the tag
antenna and A is the wavelength. In this calculation, both antennas used by
the RFID reader for transmission and reception of interrogation signal are
identical. Similarly, antenna in the RFID tag for receiving and retransmitting
is also considered as identical. Hence, the signal received by the reader after

interrogating the tag is

P = MGG
X (4mr)?

(2.3)

where L(f) is the insertion loss of the tag’s multiresonating circuit as a function
of frequency f . Received signal strength Py should be above the noise floor, for
the successful identification of backscattered signal. In the RFID system, the
noise floor of the backscattered signal depends on the polarisation isolation
between the reader antennas and environmental conditions (interference from

different wireless systems, scattering from stationary objects, etc.)
2.3. Multiresonator Circuit Design Using Open Stub Resonator

This chapter proposes a multiresonator based chipless RFID tag using
open stub resonators. The proposed tags are resonating at quarter wavelength
(M4) whereas most of reported tag resonators are half wavelength (A/2).
Therefore, the sizes of the proposed resonators are small compared with other
tags working on the same frequency. Another advantage is that open stub
resonator is directly connected to the transmission line, but in normal tags a
coupling is required. As shown in Fig.2.2, all the resonators have to be placed

close to a transmission line with common coupling area between the two.
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The evolution of an RFID tag from a simple microstrip transmission line
using Ag/4 open stub is demonstrated in Fig.2.4, where Ag is the guided
wavelength at the operating frequency. Ansys HFSS software is used for the
simulation analysis. The width of the microstrip transmission line is found to be
3mm for 50Q2 impedance and it is simulated on a substrate of dielectric constant
4.4, loss tangent 0.0018 and substrate height 1.6mm. To make compact tag, ‘L’
shape open stub resonator is placed on the transmission line as shown in Fig.2.4.
Width (W>) and length (L) of the open stub resonator is selected as 0.5mm and
21mm, respectively. The two 50Q2 excitation ports are connected at the end of
the microstrip transmission line with characteristic impedance of 50QQ (W, =
3mm). The simulated frequency response of the open stub resonator is depicted
in Fig.2.5. Narrow band notch filter response at 2.12GHz is clearly shown in the
figure. The resonant frequency (fo) of a Ag/4 resonator can be accurately found
analytically by taking care of appropriate corrections due to open end [11] and
microstrip bend [12] effects of the microstrip line. The length AL (seen in
Fig.2.4) is the extended length due to open end fringing field on the microstrip
line. Field distribution (surface current and E field) on the resonator at the
resonant frequency (2.12GHz) is shown in Fig.2.6 and confirms the quarter

wavelength operation at the resonant frequency.

Figure 2.4 Microstrip Transmission line with open stub resonator, W1 = 3mm, W2 = 0.5mm,
L = 21mm and AL=0.629mm.
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Figure 2.5 Simulated frequency response of the open stub resonator
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Figure 2.6 Field distribution on the open stub at resonant frequency (2.12GHz), (a) surface
current distribution and (b) Electric field distribution

2.3.1. Equivalent Circuit Design of Open Stub Microstrip Resonator

Equivalent circuit of an open stub resonator can be derived by finding
the capacitance and inductance of each section in the microstrip line. Open
end fringing field and microstrip bend effects are also to be incorporated into
the analysis for the accurate calculation of resonant frequency. Transmission
line and open stub resonator are assumed to be lossless ie., distributed
resistance is zero. Equivalent circuit of the open end microstrip line is shown
in Fig.2.7. Ls and Cp are the equivalent series inductance and shunt
capacitance per unit length of microstrip line, Lg and Cg are the equivalent

series inductance and shunt capacitance due to microstrip bend. ACp is the
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shunt capacitance due to open end fringing field. Closed form expressions for

finding the unknown quantities are given in the following steps [11]-[15].

L L; Lg
Y'Y YYYN YYN

C— C— AC,—=

Figure 2.7 Equivalent circuit of a single open stub resonator

Series inductance (Ls) and shunt capacitance (Cp) of a microstrip line
can be calculated by solving closed form equation [11].

Z() — 87 I [ 5.98h ] 0

Je+1.41 " losw+T (2.4)
_2.6410711(g5+1.41)

Cp = 1n[5.98h/(0.8W +T)] /m (2.5)

LS = Cozoz H/m (26)

where g, h, W, and T are the permittivity, height of substrate, width of
microstrip line and thickness of the metal, respectively. ¢, is the speed of
light in the free space. Parallel capacitance Cg and series inductance Lg per
unit length due to microstrip bend can be computed by [12].

(145 +12.5)W/h -(1.835-2.25) | .02 w
C_B(p_F)= Wh +(W/h) forh<1

w
" —(9.55r+h1.25)w+ 526 + 7 for %> 1

L?B(%) =100 {4& - 4.21} (2.8)

Capacitance due to open end effect (ACp) can be found by [13].

2.7)
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AC, = Ahfere 2.9)

CoZc
where AL is the extended length due to fringing field are given by

AL _ E1E3ES
L _ g (2.10)

B ere?81 + 0.26(W/h)08544 1 0,236
E1 = 0.434907 o i 05

W /h)0%-371
£2 = (W/h)
2.35¢, + 1
0.5274tan~1[0.084 (W /h)1-9413/82]
ag - + gre0'9236
&4 = 1 +0.037tan"[0.067(W/h)1.456]. {6 — 5exp[0.036(1 — &)}
—7.5W
€5 = 1- 0.218@xp( . )

where g Is the effective dielectric constant of the microstrip line. As per the
above equations, extracted values of inductance and capacitance of the open
stub resonator and microstrip line are detailed in Table 1. The parameter
L TLsand C_TLp are the series inductance and shunt capacitance of the 502

microstrip transmission line shown in Fig.2.4.

Table 1: Extracted parameters

Parameter Values
Ls 0.157nH/mm
Cr 0.048pF/mm
Ls 0.098nH
Cs 0.0156pF
ACe 0.032pF
L TLs 0.27nH/mm
C Tl 0.11pF/mm
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The equivalent circuit of the open stub resonator with 50Q2 transmission
line is modelled in Agilent ADS software with values given in Table 1 and its
frequency response with HFSS simulation is validated. Fig.2.8 shows the
equivalent circuit designed in Agilent ADS software with two ports connected
across the 50Q transmission line. Fig.2.9 shows the frequency response
comparison between equivalent circuit and the 3D numerical result. Equivalent

circuit results show good agreement with numerical results.

test? [SinglezStubLy matic] ¥ (Schematic):
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Figure 2.8 Equivalent circuit of an open stub resonator (Fig.2.4) connected with 502
transmission line using Agilent ADS.
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Figure 2.9 Frequency response of the above open stub resonator extracted using HFSS and Agilent ADS
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2.4. Substrates for Chipless RFID Tag

Multiresonating circuit using open stub resonator is analysed with
different substrate are discussed in this section. Different substrates used for
the analysis are FR4 (g, = 4.3, tand = 0.02, h = 1.6mm), C-MET LK 4.3 (g, =
4.3, tand = 0.0018, h = 1.6mm), RT Duroid (g, = 2.2, tand = 0.0009, h =
Imm) and glossy paper (& = 3, tand = 0.09, h = 0.22mm). The dimension of
the open stub resonator given in the Fig.2.4 is analysed on different
transmission lines designed on the above substrates with characteristic
impedance (Zy) of 50Q2. From the figure it is clear that, the resonator printed
on a lossy glossy paper can also encode the data in the frequency spectrum,
but it requires large bandwidth to represent resonance due to low Q. The
better Quality factor can be achieved with low loss substrate (<<tand). The
resonant frequency variation with respect to the dielectric constant of the
structure is also shown in the figure. C-MET LK 4.3 substrate is used for the
design and analysis of multiresonator based chipless tag, which is
indigenously developed by C-MET (Centre for Materials for Electronics
Technology, India). Substrate properties given by the manufacturer are given
in Table 2.

S21 (dB)
o

-20

—— CMET LK 4.3
—— FR4

—— RT Duroid
—— Glossy Paper

-25

-30

-35

Frequency (GHz)

Figure 2.10. Simulated frequency response of the open stub resonator on different substrate.
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Table 2. Material Properties of C-MET LK-4.3 Substrate

C-MET LK-4.3 Values
Dielectric constant 4.3 +0.03 at 10 GHz
Loss tangent 0.0018 at 10 GHz
Temperature coefficient of dielectric constant -27 ppm[°C
Linear coefficient of thermal expansion 19 ppm/°C
Copper peel strength 1.2 N/mm
Water absorption 0.05%
Thermal conductivity > 1 W/mK

2.5. Optimisation of Open Stub Resonator

Frequency spectrum available for the design of chipless tag is limited
due to allocation of bands to different applications. Hence, to encode more
bits in the limited spectrum, the bandwidth of the resonators to represent the
bit/resonator should be small as possible. It is noted that there is a band notch
centred at 2.35GHz when an open circuited stub of length 18mm and width
0.5mm is connected to the 50€2 microstrip transmission line. Simulation
analysis on different parameters of the single open stub resonator with
microstrip line is carried out in this section. Fig.2.11 shows the variation of
resonant frequency with respect to the width of the transmission line (W}). As
the width of transmission line increases, Fractional Band Width (FBW)
decreases, ie. FBW changes from 39.42% to 12.57% when W, varies from
2mm to 7mm. The FBW is estimated using, FBW=At/f,*100%, where Af is
the 3dB S,; band width and fj is the notch frequency. Similar parametric
study on open stub resonator width (W>) is also carried out and its frequency
response is shown in Fig.2.12. FBW is decreased with the width of the

resonator as demonstrated in Fig.2.12.

Department of Electronics



S21 (dB)

1.5 2.0 2.5 3.0 3.5
Frequency (GHz)

Figure 2.11 Frequency response of the structure with different transmission line width
(W1), & = 4.3, tand = 0.0018, h =1.6mm and W2 = 0.5mm

Frequency (GHz)

Figure 2.12 Frequency response of the structure with different open stub resonator width
(W2), & = 4.3, tand = 0.0018, h =1.6mm and W1 = 3mm

The results of the parametric analysis shown in Fig.2.11 and 2.12 are
detailed in Table 3. It is found that when the transmission line impedance is
50Q2 (W=3mm), the system offers a Fractional Band Width (FBW) of
30.05%. As seen in the Table 3.a increasing the width of the transmission line
will reduce the FBW. However, when the transmission line impedance is

about 28Q (W= 7mm), optimum FBW (12.57%) is achieved. It is noted that
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further decrease in the impedance of the transmission line distorts the S;;
characteristics. So this impedance is selected for further analysis. From
Table.3.b it is again found that when the width of the Ag/4 stub (W,) is
decreasing, FBW of the resonator is also decreasing. Due to the fabrication
limitation, the width W, is taken as 0.5mm in the present study. It is also
observed that there is a small frequency shift with the width of the stub. This
may be due to the increased inductance of the stub for small width [17].
Similarly, the small shift in the resonance with the width of the transmission

line may be due to the change in effective capacitance of the line with width.

Table 3: Parametric Study on Open Stub Resonator and Microstrip Transmission Line

Table 3.a Table 3.b
L=18 mm, W2 = 0.5mm L=18 mm, Wy = 3mm
w F W F
(mm) (6H2) AL (mm) (GH) FBW (%)

2 2.37 39.42 0.3 2.33 21.27
3 2.35 30.05 0.5 2.35 30.05
4 232 23.50 0.7 2.36 33.69
5 2.31 17.90 0.9 2.38 31.21
6 2.30 15.11 1.1 241 39.48
7 2.29 12.57 1.3 2.44 40.08
8 2.27 9.21 1.5 2.47 44 .45

To reduce the impedance mismatch between antenna terminal (50€2)
and microstrip transmission line (28Q2), an impedance transformer section
(tapering section) is also included [18]. The length of this tapering section
(Lt) 1s equal to 0.25A4, where A4 is the wavelength in the substrate
corresponding to the lowest frequency of operation. Final model of the single
bit open stub resonator based mutiresonator circuit is depicted in Fig.2.13. A
parametric study on the multiresonating circuit with different resonator length
(L) is depicted in Fig.2.14 and all other parameters of the structures are same

as that shown in Fig.2.13. It is clear from the figure that, the resonant
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frequency of the multiresonating structure can be easily controlled by the

resonator length.

W(28Q)

Figure 2.13 Final model of a single bit open stub resonator based mutiresonator circuit,
where Wi = 3mm, W2 = 0.5mm, W= 7mm Lr= 12 mm, L = 18mm, & = 4.3,
tand = 0.0018 and substrate height = 1.6mm.
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Figure 2.14 Simulated resonant frequency variation of open stub resonator with respect to
its length (L).
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2.6. Tag Design

From the above knowledge, a multiresonator circuit with 8 open stub
resonator is designed and fabricated on a C-MET LK 4.3 substrate. Fig.2.15
shows the structure of the proposed 8 bit multiresonator circuit with an

overall dimension of 30x25x1.6mm’

. Each resonator is independently
resonating at its quarter wavelength frequency (Ag/4). To minimise the
mutual coupling between the two resonators they are kept Imm apart.
Experiments of the multiresonating circuit are conducted using the PNA
E8362B network analyser. Fig.2.16 shows the measured and simulated
frequency response of the 8 bit RFID tag. The simulated results are in good
agreement with the measured one. The resonant frequencies of the circuit are
found to be at 2.08GHz, 2.23GHz, 2.36GHz, 2.56GHz, 2.81GHz, 3.21GHz,

3.61GHz and 4.03GHz.

Figure 2.15 Proposed 8 hit open stub RFID tag, where & = 4.3, tand = 0.0018, h =1.6mm,
W=7mm, W1=3mm, W2=1Tmm, W3=0.5mm, L1=21Tmm, L2=19.5mm, L3=19
mm, L4=17.5mm, Lb=15.25mm, L6=13.5mm, L7=11.5mm and L8 =10.5mm
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Figure 2.16 Simulated and measured frequency response of the proposed 8 bit tag [1111
1111] shown in Fig.2.15.

Absence or Presence Coding technique is used in the design of present
tag, hence one resonator can represent 1 bit of information. The presence of
the resonance at a predefined frequency indicate bit 1 and absence will
indicate bit 0. Fig.2.17 shows the method of generating different bit
combination from the mutiresonator circuit. Instead of removing entire
resonator from the tag, the connection between transmission line and
resonator is removed to minimise the frequency shift in the multiresonating
circuit. Measured transfer function (S;;) of the tag with different bit

combinations are depicted in Fig.2.18.

\x_/' Mav \\_/,

Connection removing method

Figure 2.17 Structure of the multiresonating circuit with disconnected open stub resonators
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Figure 2.18 Measured frequency response of the multiresonator circuit with different bit
combination

Bit information of the multiresonating tag also can be encoded in the
group delay of the transfer function as shown in Fig.2.19. Group delay is
defined as the negative derivative of the signal phase with respect to
frequency. When a signal passes through a device or medium, it experiences
both amplitude and phase distortion. The amount of distortion depends on the
characteristics of the device/medium. A wave incident at the input of a device
may have several frequency components. The group delay gives a measure of
average time delay of input signal at each frequency or it gives a measure of
the dispersive nature of the device. Mathematically, the group delay can be

expressed as,

7, = L@ (2.11)
g

dw

where 6 and w are the phase and the angular frequency of the signal.

If the phase of the backscattered signal varies, the group delay will

vary with frequency ie., backscattered signal will have different delays at
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different frequencies. From [19] it is clear that the group delay signal may
have positive or negative symmetry depending on the phase change direction
(+ve to —ve or —ve to +ve). The group delay plot is very efficient to analyse
any nonlinearity that is present in the phase. From Fig.2.19, all the
resonances can be easily identified from the backscattered group delay signal.
Small shifts in the resonant frequency due to the removal of connection

between the open stub and transmission lines are also shown in the figure.

1e-8

5e-9 A

-5e-9
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Figure 2.19 Group Delay of the multiresonator circuit with different bit combinations

2.7.Receiving and Retransmitting UWB Antennas: Disc

Monopole Antenna

A complete chipless RFID tag requires two UWB antennas at the two
ends of multiresonating circuit. Selection of UWB antenna in the
multiresonator based tag depends on impedance match, polarisation, radiation
pattern and overall size. The antenna should possess very good impedance

match over the operating frequency band of the RFID tag and also need better
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linear polarisation characteristics. For successful reception and
retransmission of interrogation signal, the radiation pattern of the antenna
also needs to be uniform. In this tag, microstrip disc monopole antenna is
opted due to its simple structure and wide band operation [4]. Fig.2.20 shows
the geometry of the monopole antenna, along with the design parameters.
Measured return loss characteristic of the antenna from 1.5GHz to 11GHz is
shown in Fig.2.21. The antenna shows very good impedance match over

operating range of multiresonator circuits (1.9GHz to 4.5GHz).

(151
<

>
v
Figure 2.20 Disc monopole antenna & = 4.3, tand = 0.0018, h =1.6mm, R = 15mm, W3
= 3mm, Lg = 0.6mm, Lg1 = 40mm and Lg2 = 20mm
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Figure 2.21 Measured reflection characteristics of Disc Monopole Antenna
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The measured radiation patterns of the antenna both in H and E plane
at 3GHz, 7GHz and 10GHz are shown in Fig.2.22. Over the frequency range
of RFID tag, UWB antenna confirms omnidirectional radiation pattern. This
antenna is not suitable for a wide range of application due to the degradation
in the polarisation and radiation pattern. Above 7GHz radiation pattern of the
antenna is changing drastically due to the excitation of higher order modes.
For most of the angular directions (in E and H plane), the antenna is showing
polarisation better than 20dB (below 7GHz), hence it will improve the

isolation between received and retransmitted interrogation signal.

At 3GHz At 7GHz At 10GHz
%0

Figure 2.22 Radiation pattern of the Disc monopole antenna at three different frequencies
(3GHz, 7GHz and 10GHz). (a) H Plane and (b) E Plane.
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2.8. 8 bits Open Stub Resonator Based Multiresonating Chipless
RFID Tag

Complete microstrip open stub resonator based multiresonating
chipless RFID tag is shown in Fig.2.23. The receiving and retransmitting disc
monopole antennas are connected in such a way that they are orthogonally
polarised. The backscattered signal from the retransmitting antenna has been
used for the encoding purposes. If all resonators operating at different
frequencies (2.08GHz, 2.23GHz, 2.36GHz, 2.56GHz, 2.81GHz, 3.21GHz,
3.61GHz and 4.03GHz) are present, then the bit pattern is 1111 1111. The
overall dimension of the RFID tag is 80x60x1.6 mm’.

L

Figure 2.23. 8 hit RFID Tag with Disc Monopole antenna, G1 = 50mm, G2=30mm, dotted
line showing the ground at the backside of the substrate (€:=4.4,
tan6=0.0018 and height=1.6mm)

2.9. Measurement System

Reader system proposed by S. Preradovic et. al [1]-[3] is opted for the
measurement. Agilent PNA E8362B network analyser with transmitted power

of 0dBm is used as the RFID reader and two medium gain horn antennas are
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used at the reader end for transmitting and receiving signals from the RFID tag.
Schematic diagram of the reader system with two cross polarised antennas and
proposed chipless tag is shown in Fig.2.24. Proposed system requires proper
arrangement with the reader and tag antenna for successful detection of the
encoded signal. Fig.2.25 shows the gain of a linearly polarised reader antenna
(horn) and tag antenna (disc monopole). In the desired frequency band the
reader antenna has a gain of about 8-10dB and for the tag antenna it is about
1.5-4.5dB. Calibrations are not required to get the backscattered signal from
the retransmitting antenna for a distance of 40cm due to the orthogonal
polarisation arrangement of the RFID system. From the Friis transmission
equation, the readable range of the tag can be further improved by setting high
gain antennas at the reader and tag ends. Increasing the power from the

microwave source can also be used to increase the range.

: u;:E

S0 ——— &

Agilent PNA E8362B

Anechoic Chamber

|
with horizéntal
polarisation
1

1
with vertical

pelarisation

Figure 2.24 Schematic diagram of the measurement system using Agilent PNA E8362B.
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Figure 2.25 Gain of the reader antenna (horn) and tag antenna (disc monopole).

The RFID tag decoded up to a distance of 1-2 meters are reported in
the literature, but it requires complex calibration procedure [20] - [21]
including reference measurements with metal sheets and time domain gating,
etc. These calibration techniques will create complex measurements which is

not suitable for practical applications.
2.10.Result and Discussion

All the measurements are carried out inside the anechoic chamber and
the measurement setup is shown in Fig.2.26. As shown in the figure, the
RFID tag is placed at a distance of 40cm away from horn antennas.
Identification of each bit is very clear from magnitude and group delay
measurements. The typical response of the RFID tag for 1111 1111, 1001
1110, 1001 1010 and 1001 0010 bits are shown in Fig.2.27 to 2.30,
respectively. All the bits can be identified from the backscattered magnitude
and group delay signal. RFID without antenna in Fig.2.27 to 2.30, means the

direct measurement of multiresonator circuit as shown in Fig.2.18. The band
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notches are well defined and in the worst case the magnitude of the dip is
better than 5dB. From the figure, it is well understood that the magnitude and

group delay can be conveniently used for reading the tag.
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Figure 2.27 Measured backscattered response (Magnitude and Group delay) of RFID tag
(11111111)
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Figure 2.28 Measured backscattered response (Magnitude and Group delay) of RFID tag (10011110)
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Figure 2.29 Measured backscattered response (Magnitude and Group delay) of RFID tag (10011010)
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Figure 2.30 Measured backscattered response (Magnitude and Group delay) of RFID tag (10010010

Proposed system successfully measured backscattered amplitude and
phase (group delay) variation of different multiresonator based tag up to a distance
of 40cm. Hence the system can be adopted for applications like automatic
identification of items in the conveyor belt. The barcode technology can be

replaced with the proposed system, providing proper arrangement with the reader.
2.11. Conclusion

A novel RFID tag with multiple open stub resonators is proposed in
this chapter. The quarter wavelength resonance of the open stub resonator
makes proposed tag more compact than other existing tags. Equivalent circuit
model with different parametric studies are conducted on the open stub
resonator. The tag enables to encode data in magnitude as well as in group
delay. Without having any additional calibration technique, the proposed
system is able to decode the tag information up to a distance of 40cm. The
method introduced in this chapter can be effectively implemented using low

cost substrate materials which in turn reduce the overall cost.
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