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Summary

Nowadays, the automatic and univocal identification of items all around the world is
becoming a growing necessity, as a consequence of the rapid increase of the global
production and trade. In this regard, radio frequency identification (RFID) technology
has been emerging as a suitable and more evolved alternative to barcodes, being already
used in a multitude of applications in everyday life, such as items tracking through the
supply chain, smart inventory, access control and contactless payment. However,
although RFID has achieved entering into the mainstream of technology, already
providing a cost-effective solution in many scenarios, several challenges are still
waiting response. Among these, the identification of small metallic objects still requires
further efforts for obtaining thinner and smaller RFID tags, being the current on-metal
tagging solutions thicker and much more expensive than conventional RFID tags. Also,
the design of miniaturized RFID tags presenting uniform (or quasi-uniform) reading
pattern, which would allow identification of small objects independently from their
orientation, is still troublesome. On the other hand, some applications require
maximizing the reading distance, even at the expense of the tag dimensions, so that the
design of RFID tags with optimized reading distance is another interesting research
subject within the frame of RFID technology.

The main objective of this thesis is to explore solutions to the aforementioned
problems, thus contributing to the advance of RFID technology, and to its further
extension to everyday life applications. To this end, this work is focused on the antenna
design for passive RFID tags working at the UHF frequency band (passive UHF-RFID
tags), exploring the use of metamaterial-inspired resonators (i.e., the split-ring resonator
and its derived structures) as radiating elements, and also considering alternative
solutions based on other kinds of resonant structures.

X1






{{{®)

Motivation and objectives

In modern societies, the production and trade of goods all around the world is
constantly increasing. The latest technological achievements allow the mass-production
of millions of items of every kind, which are being exchanged all around the globe with
unprecedented rapidity. At the same time, the problem of identifying, classifying and
tracking such a growing multitude of objects is consequently arising.

In the last decade, Radio Frequency Identification (RFID) technology has been
emerging as a promising solution to these problems. The cost of RFID devices is
becoming more and more competitive, making such technology affordable even for the
identification of low-value consumable items. In particular, passive RFID systems have
been experimenting fast growth over the last decade, being currently used for hundreds
of applications, and further expansion is predicted for the near future. Nevertheless, to
fully develop its potentiality as a worldwide leading solution for identification, passive
RFID technology still has to deal with a set of challenges, which strongly depend on the
specific application scenario. Concretely, the tagging of small metallic items remains
troublesome, even after extensive research in the past years. Also, the development of
miniaturized tags readable from any direction, as required by many applications, is still
critical. In other applications, the tag design must be focused at maximizing the reading
distance, even at the expense of the tag size. In any of these cases, and, to a more
general extent, the tag antenna plays a fundamental role in passive RFID tag design.
Moreover, as a result of the extensive integration of RFID transponders, the antenna
size is currently the limiting factor of passive UHF-RFID tags dimensions. For these
reasons, the future advance of RFID technology is still dependent upon the research
efforts and accomplishments in the field of antenna design.



CHAPTER I MOTIVATION AND OBJECTIVES

This work is aimed at exploring new antenna design solutions for passive RFID tags
working at the UHF band, in order to overcome the aforementioned problems, thus
contributing to the progress of RFID technology. To this end, we appealed to the world
of metamaterials, which has been recently impulsed by the wide practical outcome
obtained within the microwave community. Specifically, some resonating structures
commonly used in metamaterial devices will be analyzed as radiating elements at the
base of passive UHF-RFID tags, and their benefits and limitations will be discussed.
This work was in part inspired by the lack of research on the radiation properties of the
abovementioned resonators, from now on metamaterial-inspired resonators, when used
as standalone elements, these being typically reported to be used in periodic
arrangements to form metamaterial devices. However, to maintain an open approach to
the problem, we also considered adopting other kinds of solutions, not related to
metamaterials, when these demonstrated to be advantageous. In this regard, special
mention must be done to the approach proposed in this work for the tagging of optical
discs, which represent a special case of item-level identification of small metallic
objects.

The outline of the presented thesis is as follows:

e In chapter two, a brief introduction to the RFID technology will be provided,
including an overview of the development history and an analysis of the recent
market predictions. The different types of RFID systems are then described,
highlighting their functional benefits and limitations, and defining the typical
applications of each typology.

e In the third chapter, the description is focused on passive UHF-RFID tags. The
tag structure is explained in detail, and the most important tag performance
indicators, i.e., the read range and the bandwidth, are introduced. Some common
examples of tag antenna designs are then provided, discussing the design
requirements and tradeoffs which are typically encountered. The last part of the
chapter is devoted to outline the state of the art of passive tag design, with
special attention to all those designs which included some kind of metamaterial-
inspired resonators. Finally, the problem of tagging small metallic object is
introduced, and the most relevant contributions from the literature to overcome
this problem are detailed.

e The fourth chapter analyzes the radiation properties of some of the most
common metamaterial-inspired resonators. These include the split-ring resonator
(SRR) working around its first and second resonances, the non-bianisotropic
split-ring resonator (NB-SRR), as well as their complementary counterparts. In
the latter case, special attention is dedicated to the radiation of those particles in
close vicinity of a metallic surface.



CHAPTER 1 MOTIVATION AND OBJECTIVES

e In chapter five, the results obtained in the previous chapter are applied to the
design of UHF-RFID tags, as a means to meet the challenging requirements
mentioned above. Specifically, a miniaturized tag with reduced sensitivity to
orientation and a low-profile tag for on-metal applications are presented.
Moreover, an SRR antenna working at the 900 MHz ISM band is proposed as an
alternative to half-wave dipole antennas. The design process is detailed, and the
manufactured prototypes are subjected to experimental validation.

e In chapter six, a novel approach to the UHF-RFID tagging of optical discs is
presented. The chapter opens with a description of the structure of the most
common optical disc types, introducing the issues encountered in the tagging of
such items, along with the solutions proposed in the literature and in commercial
tags. Then, the suggested approach is presented, and an exhaustive design
methodology is defined. On that basis, several examples of tag prototypes are
proposed, detailing their design, fabrication and measurements.

e Chapter seven is devoted to explore the design of passive UHF-RFID tags with
maximized reading distance. To this end, the stringent size constraints, which
typically characterize passive UHF-RFID tag design, are relaxed, though
maintaining practical suitability. As a proof of concept, a tag prototype is
designed, fabricated and subjected to experimental measurements.

e Lastly, in chapter eight, the main conclusions and future research arising from
this thesis, are outlined.

The work conducted during the realization of this thesis was carried out between 2011
and 2015, within the Group GEMMA/CIMITEC, which is part of the Electronics
Engineering  Department of the Universitat Autonoma de  Barcelona.
GEMMA/CIMITEC has been part of the European Network of Excellence NoE
500252-2 METAMORPHOSE (Metamaterials organized for radio, millimeter wave and
photonic super lattice engineering), the main objective of which was to research, study
and promote artificial electromagnetic materials and metamaterials within the European
Union. It has recently given rise to the Virtual Institute for Artificial Electromagnetic
Materials and Metamaterials (METAMORPHOSE VI AISBL). Furthermore, CIMITEC
is one of the centers of the Technological Innovation Network of TECNIO (ACC10) of
the Catalan Government, created with the objective of promoting the transference of
technology to industry in the field of Information and Communication Technology and
has been recognized as a Consolidated Group by the Catalan Government (AGAUR).
This work was, thus, supported by the European, Spanish and Catalan Governments by
means of several projects and contracts. The Universitat Autonoma de Barcelona
contributes through the Vicerectorat de Projectes Estrategics - Parc de Recerca.
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Introduction to RFID

In this chapter, an overview of RFID technology will be provided. The description
begins with a brief history of the birth and development of RFID systems, and then
focuses on the actual situation and future trajectory of the global RFID market. Then,
the classification of the several RFID types is discussed. Due to the complexity of
modern RFID systems, which encompass several aspects of the technological
breakdown of the last century, such as wireless communication, antenna optimization,
energy harvesting, integrated circuit design and mass production, an exhaustive
description is not possible within the context of this work. Instead, we highlight the
main characteristics distinguishing the several types of RFID systems, discussing the
benefits, limitations and most common applications of each family.



CHAPTER 2 INTRODUCTION TO RFID

2.1 Introduction to RFID technology

Radio frequency identification (RFID) is a widespread technology that allows
identification of objects by using electromagnetic waves. Nowadays, RFID technology
is being extended to many aspects of everyday life, such as regulating the access to
buildings and public transportation, facilitating the inventory and shipping of any kind
of goods in the supply chain, identifying and tracking animals, procuring additional
information in assembly lines and even providing assistance for the visually impaired
persons, among others. As it will be detailed in the next sections, further development,
and further penetration into market, is expected for the next years, mainly due to the
reduction of the tag cost, which is already in the order of tens of cents of US dollars.

The identification mechanisms relies on the wireless communication between a simple
device, called RFID tag, which is attached to the item, and a more complex device,
called RFID reader, which can receive the information from several tags placed nearby
(see Figure 2.1). Specifically, the reader generates a query signal, which is radiated to
the surrounding space by means of an antenna. Such signal hits the tag, which is
attached to the object, and is composed of an antenna connected to an application
specific integrated circuit (RFID ASIC), containing the information about the tagged
item in a reserved memory area. As a response to the query signal, the RFID tag
generates a response signal containing the item information, which is radiated back and
received by the RFID reader. The reader is usually connected to a microcontroller, a
host computer, or a computer network, in order to process and share the data. A
functional scheme of a typical RFID system is depicted in Figure 2.2.

The key advantage of RFID over other existing technologies, such as optical barcodes,
is the capability of identifying items without the need of line-of-sight operation, thus
making unnecessary the human intervention in the reading process. In addition, due to
the increased amount of data stored in the tag, RFID technology allows identifying each
object univocally, rather than identifying the class of product or the lot number, and,
unlike barcodes, allows read/write operation with advanced security by means of data

READER

Figure 2.1. Illustration of an RFID system.



CHAPTER 2 INTRODUCTION TO RFID

to host/  antenna
h Uotyorks ID stored in
ost computer -
! { downlink (R—» T) s

| o0 S0P ame

1D read v
reacer |

uplink (T—= R)

from tag reader

Figure 2.2. Scheme of a typical RFID system.

encryption. For these reasons, RFID is currently supplementing, or even replacing,
optical barcodes for many applications.

Among the different kinds of RFID tags, passive tags working at the UHF-RFID
frequency band are especially promising in many fields of application, due to the
significant achievable read ranges, low cost, small dimensions, and because such tags
do not need batteries. Moreover, the sophisticated anti-collision protocols implemented
in UHF-RFID transponders allow reading a great number of tags simultaneously, from
distances exceeding ten meters. All the tags presented throughout this work belong to
the category of passive UHF-RFID tags, and the efforts were directed to the antenna
optimization in response to specific market requirements and challenges.

2.1.1 Brief history of RFID technology

Although RFID technology is recently experiencing an unprecedented growth, its
basic principles, such as the modulated backscatter, originated many decades ago. In
fact, modern RFID systems are based on the military research developed during World
War 11, aimed at solving the problem of identifying incoming friendly aircrafts, which
led to the introduction of the “Identification, Friend or Foe” (IFF) system in the late 30s
of the 20th century. The first versions of the system, tested and put into operation in
1939, used a transponder (Mark I) mounted on the aircraft, which replied to the
incoming radar pulse of a specific frequency with a distinctive echo signal characterized
by a progressive amplitude increase over time [1]. The technology early evolved into
more complex systems, such as the transponder Mark III, which was successfully used
by the Allies during great part of the war, and incorporated a large number of
improvements over the initial prototypes [2].

Shortly after the conclusion of World War II, the interest on civil and commercial
applications of radio frequency identification progressively increased. In 1948, the first
landmark work on the subject, entitled “Communication by means of reflected power”
and written by Harris Stockman, was published. In that paper, the basic theory of
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Figure 2.3. Cover of an aviation journal from the early 40s.

backscatter communication was discussed, and several modulations techniques were
proposed, concluding that “considerable research and development work has to be done
before the remaining basic problems in reflected-power communication are solved, and
before the field of useful applications is explored” [3].

During the decades of the 50s and 60s, the development proceeded relatively slowly.
In this period, ideas and patents related to the radio frequency identification were
released (e.g., the patent entitled “Radio transmission systems with modulatable passive
responder” by D.B. Harris), and further theoretical research was carried out (e.g.,
“Theory of Loaded Scatterers”, written in 1964 by R.F. Harrington). However, it was
not until the invention and development of integrated circuits in the late 60s that RFID
technology eventually could be implemented to a large number of applications in
everyday life. In fact, as a result of the exponential reduction of the price and size of
electronic devices, microwave transponders eventually fulfilled the requirements of
being very small and cheap, setting the technological base to the RFID explosion of the
following decades. An important contribution to the RFID ASIC development came in
1975, with the work entitled ‘“Short-Range Radio-Telemetry for Electronic
Identification Using Modulated Backscatter”, by Alfred Koelle, Steven Depp, and
Robert Freyman, which introduced practical solutions in the modulation of the
backscattered signal, and was at the base of the first practical passive tags with
acceptable read range. Nevertheless, RFID was still highly developmental by that time,
and the research efforts involved a large number of companies, such as Raytag and
RCA in USA, Alfa Laval and Nedap in Europe, government laboratories and academic
institutions.

Eventually, at the second half of the 80s, RFID technology accomplished its first
worldwide commercial success, with its introduction for automatic toll collection at the
end of the decade. By that time, RFID transponders were already using low-power
CMOS digital circuitry and EEPROM nonvolatile memory, although the size of the
circuitry was still a limiting factor, accounting for half the tag area (See Figure 2.4a-b).
Throughout the decade of the 90s, tolling and rail application of RFID spread over the

8
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(b)

Figure 2.4. Evolution of RFID tags, compared in size to a penny. (a) A 12-b read-only tag from 1976, (b)
a 128-b read-only tag from 1987 and (c) a 1024-b read-write tag featuring a single CMOS integrated
circuit (black square on the lower side) from 1999. Extracted and adapted from [4].

world, involving many countries including Australia, China, Hong Kong, Philippines,
Argentina, Brazil, Mexico, Canada, Japan, Malaysia, Singapore, Thailand, South Korea,
South Africa, and Europe. New applications were successfully introduced, such as fuel
dispensing, ski pass systems and vehicle access.

The development of RFID transponders found a key advancement when the first
microwave Schottky diodes could be integrated in the CMOS technology, at the end of
the 90s. This breakthrough allowed the transponder circuitry to be entirely contained
inside a single integrated circuit (RFID ASIC), covering an insignificant portion of the
tag area (See Figure 2.4c). Modern passive RFID tags were born. For the first time, the
antenna size was the limiting factor of passive RFID tags, which still happens nowadays.
Tags were manufactured in the form of thin sticky labels (inlays), equipped with planar
antennas, which could be easily attached to the object to be managed.

By early 2000, RFID had successfully entered in everyday life. As the technology was
spreading worldwide with increasing market penetration, many efforts were directed to
develop standards and guidelines to regulate the communication protocols in the
different countries. The work of organizations like GS1, the European Conference of
Postal and Telecommunications (CEPT) and the International Standards Organization
(ISO), led to many protocols still in use nowadays. Among them, the Electronic Product
Code (EPC), defined in the EPCglobal Tag Data Standard, is currently the reference
choice for supply chain and retail, and is expected to guide the future development of
RFID standardization. In the last years, the tag performance has been rapidly improving,
and costs dropped down. With a total market size exceeding $5 Billion in 2009 [5],
RFID has entered in the mainstream of business and technology. Nevertheless, many
experts believe that the RFID revolution is just at its beginnings. The Auto-ID Labs
network, successor of the MIT Auto-ID Center, is currently working to the “Internet of
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Things” (IoT) project, which aims at creating an intelligent network of objects equipped
with electronics, software, or sensors, able to exchange data with the manufacturer, the
owner or with other networks. With an expected number of many billion inter-
connected objects by 2020, the actual scenario reveals only a small part of the future
impact of RFID technology in our everyday life.

2.1.2 Market trend for the near future

Nowadays (2015), the total RFID market is already worth $9 billion [6], and
predictions suggest a value exceeding $27 billion in 2024. The current market is almost
entirely covered by High-Frequency (HF) and Ultra-High-Frequency (UHF) RFID
systems (which will be detailed in the next section), with similar market share [7].
However, UHF-RFID market has been rapidly increasing in the last years, due to is
global standardization and to the promising performance of passive UHF-RFID tags in
the retail sector.

The limiting factor to the expansion of the RFID technology is the cost of the tag. In
fact, since tags are intended to label virtually any kind of object, including everyday
consumables, their cost must be fairly lower than the cost of the labeled item.
Specifically, the cost of the tag is mainly determined by the cost of the RFID ASIC,
which is currently in the order of few cents of dollar. A prediction of the RFID label
cost for the near future, depicted in Figure 2.5, reveals that the number of tags globally
sold by year will rapidly increase as the tag price drops down [5]. A global market trend
prediction [7] for the different commercial applications of RFID is depicted in Figure
2.6. The financial, security and safety sector is currently leading the market, exceeding
$1.5 billion in 2015, followed by transportation and automotive, animal tracking,
military and retail. It is worth mentioning that, whereas some applications (e.g.,
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Figure 2.5. Prediction of chip (solid line) and chipless (dash line) tag price versus global sells for the next
years. Extracted from [5].

10



CHAPTER 2 INTRODUCTION TO RFID

12000 - O Other

M Retail, Consumer Goods
OPassenger Transport, Automotive
10000 - mMilitary

D Manufacturing

ELand and Sea Logistics, Postal
8000 -

M Healthcare and Pharmaceutical

Financial, Security, Safety
Books, Libraries, Archivi
6000 - il i \ iving
m Animals and Farming
M Airline and Airports
4000 - E g

~=cEl
D-Mm

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

US$ million

Figure 2.6. Global RFID market trend prediction divided by sector. Extracted from [7].

transportation and automotive) seem to have already reached a stable position on the
market, a fast growth of other sectors is predicted for the very near future. Specifically,
the retail and consumables sector is expected to become the market leader before the
end of the current decade. Many companies are already introducing RFID to manage
supplies, inventory, losses/thefts and even payment in different kind of stores. Since the
retail market sector mainly relies on tags working at UHF frequencies, UHF-RFID
technology is being triggered to a very important growth for the near future.

2.1.3 RFID types and operation frequencies

RFID systems evolved through the years with a large variety of solutions, each
responding to specific design requirements. A first classification of RFID systems can
be done on the basis of the tag power supply, as follows (see Figure 2.7 Figure 2.8).

Passive tags are not provided with any independent source of power to activate the
integrated circuitry of the transponder. Instead, the power necessary to the transponder
operation is delivered by the interrogation signal coming from the reader. The
communication between the reader and passive tags is based on the modulated signal
backscatter principle, which can be described as follows. The transponder is initially in
a condition of good impedance matching with the antenna of the tag, so that it can
absorb all the power received from the antenna. Once the transponder is provided with
enough energy upon an incoming query signal, it changes its input impedance so that
the electromagnetic power is reflected to the antenna and radiated back to the reader.
The impedance states are alternated to generate a codified series of reflections, which
contains the information requested in the query signal.
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Figure 2.7. Overview of the different RFID types on the basis of the tag power source. Extracted from [8].

The absence of batteries, or any other kind of power supply, determines a tremendous
advantage in terms of dimensions, simplicity, and cost. Passive tags can be machined in
flexible adhesive inlays, with a thickness of few micrometers and a cost of few cents.

Active tags are equipped with an embedded power source, usually a battery, in order to
provide energy to the tag circuitry and to communicate with the reader. Relying on a
dedicated energy source, active tags can perform complex tasks and communicate to
very large distances, in the order of hundreds of meters, by means of sophisticated and
noise-robust phase-shift modulations. Contrarily to passive tags, which can only
respond to a request, active tags can start a communication to the reader, as may be
requested in specific applications.

However, active tags suffer from the increased complexity, dimensions and cost,
which is in the order of tens of dollars. The presence of a fully-equipped radio, a battery
and, in some cases, two separate antennas, makes impracticable the manufacturing of
thin, flexible labels. The expected lifetime of active tags depends upon the battery
duration, and in many cases the whole tag must be replaced once the battery is
exhausted. Moreover, being provided with a fully-equipped transmitting radio, active
tags must be subjected to certification according to the regulatory standards of each
country.

Semi-passive tags, also known as battery-assisted passive (BAP) tags, are provided
with a power source, usually a small battery, to feed the local tag circuitry, but use the
backscatter principle for communication with the reader. This solution is widely
employed in tags equipped with sensors, which need energy to continuously collect and
store data, but are designed to minimize their complexity and required power, so that an
active radio transmitter is not included.
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Figure 2.8. Some examples of commercial RFID tags: (a) passive, (b) semi-passive and (c) active tags.

A further distinction of RFID technology can be done on the basis of the coupling
mechanism (Figure 2.9) between the reader and the tag, which is determined by the tag
antenna size in terms of wavelength. In fact, while RFID systems use frequencies
varying by a factor of 50 000 or more, from around 100 kHz to over 5 GHz, the tag
antenna size encounters a relatively small variation, ranging from one to ten centimeters
in most cases. Therefore, whereas tag antennas of low frequency systems are much
smaller than the wavelength, tag antennas of high frequency systems are comparable in
size to a wavelength. In the first case, the tag antenna is essentially a small coil
interacting with the magnetic field stored in the vicinity of the reader antenna, a
mechanism often referred as inductive coupling. Rather than modeling the tag-reader
interaction by means of incident and reflected waves, the system can be thought as a
magnetic transformer, where the current flowing in one element induces a voltage
across the other element. To provide intense magnetic fields in the surroundings of the
reader antenna, large loop structures are usually employed.

On the other hand, when the antenna size is comparable with the wavelength, the
coupling mechanism 1is radiative coupling. Under this condition, the tag and reader
antennas communicate by means of traveling electromagnetic waves, being one antenna
located in the far-field zone of the other antenna.

A clear advantage of radiative coupling over inductive coupling is the distance of
operation. While the near fields stored in the vicinity of the antenna decay with the cube
of the distance, providing a detection zone whose dimensions are comparable to the
antenna size, the radiated fields attenuate with the square of the distance, so that systems
relying on radiative coupling can operate to much larger distances. Contrarily, inductive
coupling allows much smaller antenna sizes, which is categorically required by many
applications (e.g., animal tracking, where tags are usually implanted subcutaneously).

As exposed above, RFID systems use a wide range of frequency bands. The choice of
a frequency band involves a series of advantages and drawbacks, mainly related to the
physical behavior of the electromagnetic fields (e.g., coupling mechanism, wave
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Figure 2.9. Scheme of inductive coupling vs. radiative coupling.

propagation characteristics and interaction with materials, required size of the tag
antenna, among others) at a specific wavelength. On the basis of the frequency of
operation, RFID systems are often classified as follows.

Low Frequency (LF) systems can operate from 30 kHz to 300 kHz, but most of them
work at 125 kHz and 134.2 kHz. LF-RFID systems are usually passive and rely on
inductive coupling, so that LF tag antennas are typically coils, often with tens of turns
arranged around a ferrite core. Since magnetic fields at low frequencies suffer relatively
low interaction with materials, LF tags can operate when attached, or even embedded, to
objects containing water and other high-permittivity materials. A wide range of metal-
mount LF tags is available, with performance comparable to the general-purpose tags.
However, LF tags can be read from very short distances, in the order of few centimeters,
the reading speed is relatively slow and multiple readings are impractical. The
construction of the coil antenna requires a winding machine, which makes LF tags
relatively expensive.

Typical applications include animal tracking, access control and item level
identification of pharmaceutical products.

High Frequency (HF) band ranges from 3 MHz to 30 MHz, but most of HF-RFID
systems operate at 13.56 MHz. Similarly to LF systems, HF systems use passive tags
working on the basis of inductive coupling by means of coil antennas. However, being
the operation frequency much higher, a smaller number of turns is required to produce
sufficient voltage across the tag, generally in the order of only 5 or 6 turns. For this
reason, HF tags can be manufactured in very thin and relatively inexpensive labels, and
provide a read range of tens of centimeters, up to a meter in some cases. They are
relatively insensitive to objects, but to a much lower degree compared to LF tags. While
a HF tag can still be read when surrounded by a human hand, or attached to wood,
liquids and tissues, it cannot operate when mounted on metallic surfaces, or when
placed beyond metallic screens or films.

Typical applications of HF systems are near field communication (NFC), electronic
ticketing, smart cards, library books and airline baggage tagging, among others.
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Ultra High Frequency (UHF) systems work in the frequency bands centered around
433 MHz (active tags) and from 840 MHz to 960 MHz (passive and semi-passive tags).
Although UHF-RFID systems all around the world have been operating at different
frequency bands in the past (see Figure 2.10), most of the countries are currently
converging to use the European (865-858 MHz) and the North-American (902-
928 MHz) UHF-RFID bands [9], and many efforts are being directed to homogenize the
regional regulations in order to ensure the worldwide operation of the tags.

Unlike in the case of LF and HF systems, passive UHF tags typically use radiative
coupling to communicate with the reader. The tags are usually provided with a planar
dipole antenna, tuned to resonate with the RFID ASIC, which is able to produce a
backscattered wave travelling back to the reader antenna. The nature of radiative
coupling allows passive UHF-RFID systems to operate to large distances, in the order
of several meters, with many tags reaching distances up to 15 m in optimal conditions.
Moreover, passive UHF-RFID tags can be manufactured in thin and inexpensive labels
(inlays), whose dimensions can be easily adjusted to fit with a large variety of small
items. The modern communication protocols of UHF-RFID systems (e.g., EPC Gen2
standard) are provided with sophisticated anti-collision mechanisms, enabling very fast
multiple readings of nearby tags, and support anti-counterfeiting cryptography,
electronic article surveillance (EAS) functionality and privacy settings. However, due to
the behavior of electromagnetic waves at higher frequencies, systems working at UHF
are much more sensitive to the composition of the tagged item, and to environmental
conditions, with respect to LF and HF systems. The performance of passive UHF-RFID
tags is negatively affected by the presence of water, body-tissue and metals. Although
many efforts have led to several tag designs optimized to operate in proximity of liquids,
or to be attached on metallic surfaces, such solutions suffer from increased dimensions
and cost with respect to the general-purpose tags. As a consequence, item level tagging
of small metallic object by means of passive UHF-RFID tags is still challenging.
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Figure 2.10. World map of traditional frequency allocations of passive UHF-RFID. Both Japan and
China are currently migrating to the 902-928 MHz band.
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Figure 2.11. Examples of commercial RFID tags: (a) LF tag encapsulated for subcutaneous implantation,
(b) HF tag based on plastic substrate, (c¢) UHF tag label, (d) microwave active tag compatible with 802.11
standards (Wi-Fi).

Due to the benefits of low cost and long operational distance, UHF-RFID tags are
currently used for a multitude of applications. These include supply chain and inventory
management, parking access control, baggage tracking and asset tracking, among others.
Planned applications include smart-shelves and fitting rooms, fast payment and anti-
theft systems in retail stores, and significant contribution to the abovementioned
Internet of Things.

Many aspects regarding passive UHF-RFID tags, such as the transponder
characteristics and the antenna design principles, will be illustrated in the next section.

Lastly, Microwave RFID systems operate at frequencies centered around 2.4 GHz and
5.8 GHz, according to the restrictions of the respective ISM bands. Several
communication standards and regulations are available, and sometimes the tags are
designed to be compatible with other existing standards (e.g., IEEE 802.11 family).
Microwave RFID systems, which mostly always based upon active tags, are aimed at
tagging relatively expensive items at large distances, or to provide additional features
made possible by the circuital complexity of active tags. Being the first RFID systems
to be successfully adopted for commercial applications worldwide (i.e., highway toll
collection at the end of 80s), microwave RFID devices are a relatively mature
technology, which is still widely used nowadays. Transportation, access control and
real-time location systems (RTLS) are among the typical applications of microwave
RFID systems.

The RFID systems introduced up to now use active tag circuitry in order to provide the
required information to the reader. However, many efforts are being currently done in
order to avoid the use of any electronic component in RFID tags, to further reduce the
tag dimensions and especially its cost. The tags belonging to this category are named
chipless RFID tags, and are constituted exclusively of dielectrics and conductors,
although any other material with useful properties may be used in the future. At present,
chipless RFID technology is still highly developmental. In the future, it may provide
extremely low cost tags directly printable on the objects, replacing barcodes with
drastically improved functionality.
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Passive UHF-RFID tags: Overview and
State of the Art

In this introductory chapter, the discussion is focused on the design requirements and
state of the art solutions regarding passive UHF-RFID tags.

A brief description of the integrated transponder (UHF-RFID ASIC) technology,
including an introduction to the most commonly used communication protocol (EPC
Gen2), is firstly provided. The exposition continues with an introduction to passive tag
antenna design, detailing the application requirements and providing an overview of the
most common solutions employed in commercial tags. The main performance indicators
of passive tags are then introduced, along with the measurement setups which have been
used for obtaining the experimental data presented throughout this work.

Next, the concepts of metamaterial and metamaterial-inspired resonator are
introduced, and the most relevant examples of passive UHF-RFID tags employing
metamaterial-inspired resonators are reported from the literature.

Finally, the state of the art of on-metal passive tag design is discussed, specially
focusing on the solutions aimed at reducing the tag thickness (low-profile tags) and
dimensions.
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3.1 Passive UHF-RFID tags: an overview

As stated in the previous chapter, passive tags are mainly composed of two elements:
the transponder and the antenna. Usually, an impedance matching network is cascaded
between the ASIC and the antenna, although the system antenna-matching network is
often referred to as anfenna in passive tag design. A third component, often necessary
as a structural support, is the dielectric substrate.

Due to the large number of application fields of RFID technology, each presenting
specific requirements, passive RFID tags have been evolving to a number of different
application-optimized types. The current market offers a variety of tags optimized for
being mounted on glass, or attached onto object containing liquids, or worn by persons.
Special tags designed to be mounted on metallic surfaces, or to be attached to objects
containing metallic parts, are available today. However, an important part of the actual
market is owned by general-purpose tags. These are cost-effective tags which, rather
than being optimized for a specific application, are designed to operate in a wide
number of applications. One clear advantage of general-purpose tags is that the user can
buy a large number of the same tag model, and use it for tagging different items.
Obviously, these tags may suffer from severe performance degradation when attached to
some objects containing liquids or metals [10], so that prior information about each
tagged items is required to ensure good results.

3.1.1 UHF-RFID ASICs

The transponders currently used in passive RFID tags are characterized by being
entirely implemented in a single monolithic chip. The enormous progress of low-cost
CMOS technology in the last years allowed obtaining tiny transponders, gradually
reducing their cost and power consumption. At present, RFID ASICs cover a die area in
the order of a quarter mm®, and requires few tens of uW of electric power.

3.11.1 Packaging

Several solutions exist for the packaging of RFIS ASICs (Figure 3.1), each optimized
for a specific mounting process on the final tag. When the tag is manufactured as a
label in highly productive assembling lines, the unpackaged chip is directly attached to
the antenna, usually by means of flip chip techniques. This solution allows fast, efficient
and reel-to-reel production of very thin and reliable inlays, but also needs a high initial
investment. For this reason, the manufacturers also offer an alternative solution, which
consists of pre-mounting the ASIC on a small polymer strap provided with metal pads
connected to the ASIC input pads. The straps are thus mounted on the tag by using less
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Figure 3.1. Modern UHF-RFID integrated circuits in different packaging. (a) Unpackaged chip, (b) strap
and (c) SOT-323 packaged.

expensive assembly lines, but the reliability and durability of the final product is lower,
due to the presence of a more complex process and a double connection. A third
solution, mainly directed to tag prototyping, employs conventional SMD chip
packaging to allow easy mount on experimental, PCB board-based tags.

3.1.1.2 EPC Gen2 Standard

Most of the modern RFID ASICs are designed to comply with the EPC Class 1
Generation 2 protocol, firstly published by EPCglobal in 2004. The standard is based on
the concept of Electronic Product Code (EPC), which can be considered as an evolution
of the UPC code traditionally used in barcodes. In fact, with the global commerce and
mass production constantly increasing each year, the problem of uniquely identifying
each physical item anywhere in the world, for all time, is increasingly challenging. To
this end, the EPC code is designed as a flexible framework that can support many
existing coding schemes, and whose length can be expanded according to future
requirements. In their basic form, EPC codes are divided into 4 segments, which
provide identification of the protocol version, the product manufacturer, type and serial
number, respectively, for a total length of 96 bits (see Figure 3.2). This version of the
code allows identifying 268 million different companies, each disposing of 16 million
product types with 68 billion serial numbers available for each type. Moreover, EPC
based tags are further divided in 5 classes (from EPC Class 0 to EPC Class 4),
depending on the read and write abilities and other functionalities. Each class provides a
set of functions optimized to perform activities related to a certain application field.
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Figure 3.2. Exampe of EPC code contained in a passive Gen?2 tag.

Besides integrating the EPC coding system, the Gen2 standard defines all the physical
and logical requirements necessary for UHF-RFID tags and readers. The internal
architecture of RFID ASICs is designed to implement the different layers of the Gen2
protocol, which regulate a multitude of parameters, such as the signal modulation and
channel allocation, the encryption and authentication mechanisms, the data transfer rate,
the required memory size, among others. Advanced functions, often related to the
privacy of consumers, allow for example to disable or “kill” the tags after their
functional cycle has been complied. To provide all the required functionality, the
internal circuitry of RFID ASICs integrates a radiofrequency block (including voltage
rectifiers, modulator and demodulator), digital control logic and a non-volatile memory
area containing the tagging information.

3.11.3 Input impedance and sensitivity

Passive tags are required to collect the RF power contained in the incoming query
signal from the reader, in order to energize the active circuitry of the transponder. To
this end, the first stage of RFID ASICs is a voltage multiplier, which provides the
rectified DC voltage necessary for the operation of the subsequent blocks. Traditionally
implemented by means of Schottky diodes and capacitors, the rectifying stage is now
completely integrated with CMOS technology (an example is depicted in Figure 3.3a),
which allowed a significant reduction of the transceiver dimensions and cost. As can be
expected, the design strategy and optimization of the input stage is of primary
importance for the ASIC performance, being strongly related to its sensitivity and input
impedance, which affect the final tag read range and bandwidth, respectively.

The read sensitivity Py, of an RFID ASIC is defined as the minimum power that must
be delivered to the ASIC in order to obtain a successful response upon a data read
request. The advances in the design of high-efficiency voltage multipliers, along with
the reduction of the power consumption of integrated CMOS circuitry, made possible a
significant improvement of the transponder sensitivity. In the last 15 years, the typical
power sensitivity of RFID ASICs passed from —8 dBm to about —20 dBm [11], which
means that the power required by the latest ASICs has decreased by a factor 16. Further
advance in this direction is expected for the near future, and part of the research is
focused on the use of optimized-shaped carriers in the query signals from the reader, as
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Figure 3.3. (a) Photograph of an RFID integrated circuit using a CMOS-based voltage multiplier, (b)
evolution of the power sensitivity of RFID ASICs over the years. Extracted from[12] and [11],
respectively.

in the case of the power-optimized waveform (POW) technique reported in [12],
allowing to further increase the power efficiency of the charge pump-based RFID
ASICs.

The input stage of RFID ASICs also determines their input impedance Zc, as seen
from the tag antenna, when the transponder is in the state of “waiting” an incoming
signal. A good characterization of this parameter is crucial in RFID tag design, since the
ASIC impedance is supposed to be matched to the antenna impedance, so that the
incoming electromagnetic energy can be effectively delivered to the ASIC.
Unfortunately, being the transceiver a non-linear load with a strong reactive component,
its input impedance varies upon frequency, and also depends on the bias point of the
device, i.e., on the input power level. As a result, since RFID tags are designed to obtain
good impedance matching at the minimum power level required by the ASIC to operate,
significant mismatch may occur when the incoming power level is strongly increased
(e.g., when the tag is very near to the reader) [13]. Although in most cases passive tags
continue operating even in close proximity of the reader, some special tags with very
narrow bandwidth may lose their functionality in this situation. For this reason, many
efforts are done by the designers in order to reduce the power dependence of the ASIC
input impedance.

To simplify the tag antenna design, the ASIC input impedance Z¢ is usually modeled
by a parallel combination of a resistance R, and a capacitance C., whose values (for an
input power in the vicinity of Py) are provided by the manufacturer. Although this is a
simplified model, it is considered as a useful approximation inside the operational
bandwidth of a typical passive UHF-RFID tag, which is in the order of few tens of
MHz. While the resistance R, accounts for the power dissipated by the active load, the
capacitance C. includes all the capacitive effects associated to the rectifying diodes and
to the energy-storing capacitors of the charge pump. In order to facilitate the impedance
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TABLE 1 INPUT CHARACTERISTICS OF SOME COMMERCIAL UHF-RFID CHIPS.

Py (dBm), typical R.(Q) C.(pF) 1t.(ns) Zc(2)at915 MHz

Alien Higgs 4 -18.5 1800 0.85 1.53 23 -j202
Alien Higgs 3 -18 1500 0.85 1.27 27-j201
Alien Higgs 3 (SOT-323) -17 1500 0.9 1.35 25-7190
Impinj Monza 5 -17.8 1800  0.825 1.48 24208
Impinj Monza 4 -17.4 1650 1.21 2 12 - /142
Impinj Monza X-2K Dura -17 1600 1 1.6 19-j172
NXP UCODE G2XM -15 1385 1.16 1.61 16 —/148

matching to the tag antenna, and to obtain reasonable bandwidth, the ASIC input
capacitance should be maintained as low as possible. However, design considerations
impose a tradeoff between the input capacitance and the energy harvesting efficiency of
the charge pump, so that the input capacitance cannot be decreased indefinitely. As a
result, the input impedance of UHF-RFID ASICs typically present strongly capacitive
input impedance, with a reactance in the order of hundreds of ohms, and a resistance of
few tens of ohms. As it will be detailed at Section 3.2.2, the product 7¢ = R.C, is an
important design parameter, since it is inversely proportional to the maximum
bandwidth that can be accomplished by the tag under optimal conditions. The main
input characteristics of some commercial RFID ASICs are resumed in Table 1.

3.1.2 Passive UHF-RFID tag antenna

In this section, an overview of the antenna characteristics in the frame of passive
RFID tag is provided. Firstly, the main radiation parameters of tag antennas, and their
relation with the tag performance, are discussed. The exposition is then focused on
reporting the most common design solutions and tips employed in commercial tags,
discussing the limitations and tradeoffs typically encountered in each case.

3.1.2.1 Tag antenna parameters

The radiation efficiency, n:4, of an antenna is the ratio between the power radiated by
the antenna and the power accepted by the antenna, which includes the ohmic losses
within the antenna conductors and dielectrics. Obtaining high radiation efficiency is one
of the most important goals in passive tag antenna design. In fact, it is easy to
understand that higher radiation efficiency leads to better performance in terms of read
range, because a larger part of the energy coming from the reader can be delivered to
the ASIC. Whereas in many cases obtaining high radiation efficiency is not a problem,
things become challenging when dealing with very small tags, or when the tags are
attached to items made of high-loss materials.
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The radiation pattern is also very important for the tag performance, since it describes
how the tag antenna is able to collect (or radiate) energy from different directions.
Usually, but not always, an isotropic-like pattern is the optimal pattern of passive tag
antennas. This is especially true for general-purpose tags, or in any case the tag
orientation in the application scenario is unknown a priori. When the tag orientation is
known, however, a more directive pattern may be preferred, since it allows increasing
the tag read range in the desired direction, sacrificing the tag performance in other
directions.

The quality of the communication link between the tag and the reader is also
dependent upon the polarization of the tag antenna. It is well known that, in order to
obtain efficient coupling between two antennas, their polarization must be matched.
However, in general, the polarization mismatch depends upon the relative orientation
between antennas, which is not known in advance in many RFID applications.
Generally, tag antennas are provided with single linear polarization, to contain the tag
size and cost. Therefore, the task of managing the polarization mismatch is charged to
the reader, which, by its nature, is a more complex and costly device. A typical
approach is to provide the reader antenna with circular polarization. As a drawback, the
read distance is reduced because the tag receives only half of the incoming energy,
which is spread in two orthogonal polarizations. Due to its simplicity, this solution is
commonly used when the read range reduction is acceptable. Otherwise, in order to
reduce the sensitivity to orientation while maintaining unaltered the potential read
range, readers using alternate polarization have been recently commercialized (e.g.,
Impinj Speedway xPortal). In this case, the reader continuously switches between two
linear orthogonal polarizations, so that all the power is received when the tag is properly
aligned, and half of the power is received in the worst scenario, that is, when the tag
angle with respect to each reader polarization is 45°. However, this solution requires
additional circuitry in the reader, increasing its cost and complexity. As an alternative,
the tags are properly arranged so that their orientation is known in advance. Obviously,
this solution is only possible in some applications (e.g., library management, pallet
tracking, assembly lines) provided that a certain control over the item arrangement is
obtained. In this case, it is preferable to use simple linear polarized reader antennas,
which allows maximizing the tag read range.

Being related to the energy transfer with the ASIC, the antenna input impedance is
also a fundamental parameter in passive tag antenna design. As explained above, the
impedance of the ASIC is typically capacitive, so that, for conjugate matching, an
inductive behavior of the load is required. However, in few cases an antenna provides
suitable matching when directly connected to the transponder, so that a matching
network is usually introduced to improve the energy transfer. Nevertheless, when the
antenna impedance is particularly different from the required value, matching can be
difficult even using a dedicated matching network. This is because, to reduce the tag
cost and to maintain a planar geometry, distribute matching elements are used, rather
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than lumped elements, so that the reactance values which can be obtained in practice are
penalized.

The frequency variation of the antenna input impedance is strictly related with antenna
bandwidth. In passive tags, a wider bandwidth has a series of advantages over a narrow
bandwidth. First, although a very small bandwidth (in the order of few MHz) is required
for a tag to operate in one region, a noticeably wider bandwidth is necessary to ensure
uniform performance worldwide. As stated in the previous chapter, the UHF-RFID band
currently spans from 840 MHz to 960 MHz all over the world, so that it is actually
troublesome to obtain a tag which offers the same performance in different locations.
Another advantage of wideband antennas is that they are less sensitive to detuning,
which may occur in response to the permittivity of the tagged item. Consequently, tags
with a wider bandwidth are more likely to work efficiently over a higher range of
materials.

The relationship between the abovementioned parameters will be further detailed at
Section 3.2, where analytical expressions for the tag read range and bandwidth will be
provided. An overview of the most common tag antenna designs is provided at the next
section.

3.1.2.2 Common tag antenna designs

Most general-purpose UHF-RFID tags are based on planar dipole antennas. In fact,
this kind of antenna is simple, efficient and versatile. Its geometry can be adjusted to a
great number of shapes, and its lateral dimensions can be tailored to fit even relatively
small items. The most commonly known type of dipole antenna is the half-wave dipole,
consisting of two linear wires whose overall length is approximately equal to half the
wavelength at the working frequency. However, since a half-wavelength at the UHF
RFID band exceeds 15 cm, unmodified half-wave dipole antennas are rarely used for
general-purpose tags. Instead, size-reduction techniques are usually employed to obtain
smaller versions of the half-wave dipole antenna. Among them, the most commonly
used is meandering, which involves folding the radiating body by a certain number of
times, reducing its lateral dimensions while maintaining its total length substantially
unaltered [14]. When designing a dipole antenna, meandering can be applied to a certain
degree, so that the resulting tag size can be adjusted according to the application
constraints. In Figure 3.4a, examples of commercial passive tags with increasing degree
of meandering, from left to right, are shown. Whereas the final dimensions of most
general-purpose tags using meandering are in the range of 7-10 cm, strong meandering
allows obtaining tags whose size is reduced to few centimeters. However, the size
reduction provided by dipole meandering is always paid with a reduction of the tag
performance. In fact, while all the current elements in a straight dipole contribute
positively to radiation, the currents in neighboring arms of a meander flow in opposite
directions, so that their contributions to radiation are almost totally cancelled. In a
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heavily-meandered dipole, only a small part of the current contributes to radiation,
while the rest merely produces energy loss due to ohmic heating inside the non-perfect
conductors. As a result, the antenna resistance acquires very small values, encumbering
the impedance matching to the ASIC, and its radiation efficiency decreases, involving
significant degradation of the tag performance. Moreover, belonging to the category of
electrically small antennas, heavily meandered dipoles are characterized by significant
reductions of bandwidth, according to very well-known physical limitations [15, 16].

For these reasons, a tradeoff between the degree of meandering and the antenna
performance exists, and the antenna size is rarely reduced below 3 cm for commercial
tags (as one of the few exceptions, the smallest dipole-based label currently offered by
Alien Technology, covers 2.25cm x 2.25cm, but the read range is not declared).

Another very common size-reduction method applied to tag dipole antennas, often
combined to meandering, is capacitive tip loading [8]. In this case, the final part of each
arm is significantly widened, in order to increase the antenna series capacitance, and,
consequently, to lower the self-resonant frequency. This allows obtaining shorter
antennas which are still relatively easy to match with the ASIC for proper energy
transfer. Moreover, since the resistance of a conductive path is inversely proportional to
its width, capacitive tip loading also allows limiting the ohmic losses, which is specially
critical when working with reduced-conductivity materials, such as the conductive inks
occasionally used for printed tag antennas. The commercial tags shown in Figure 3.4b
are examples of dipole design emphasizing tip loading, while the tags represented in
Figure 3.4c exhibit a tradeoff between meandering and tip loading.

Other variations of the dipole structure are often aimed at increasing the antenna
bandwidth. In particular, passive tags characterized by fat dipole antennas encountered
wide commercial deployment in the last years. It is well known that, by increasing the
dipole width, the antenna inductance is reduced, while its capacitance rises [17].
Consequently, the antenna quality factor of a fat dipole is lower as compared with a thin
dipole of the same dimensions, thus it can operate over a wider frequency range.
Provided that the width dependence of the antenna quality factor is relatively weak, a
substantial broadening of the dipole is necessary in order to obtain an appreciable
bandwidth improvement. Therefore, combining this technique with meandering is
unpractical. Moreover, very fat dipoles may increase the tag manufacturing cost,
depending on the antenna fabrication process. Application examples of this technique
are provided by the tags of Figure 3.4d.

An important limitation of dipole antennas for RFID tags results from their radiation
pattern. In fact, there exist two directions in which the radiated (or received) power is
zero, so that a blind spot in the tag reading pattern appears around each of these zones.
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Figure 3.4. Examples of commercial passive UHF-RFID tags (not drawn to scale), classified by antenna
type: (a)-(e) dipole, (f) small loop and (g) metal-friendly antennas. Design solutions, such as (a)
meandering, (b) tip loading and (c) a combination of both, (d) dipole widening and (e) orthogonal
radiators can be seen for the dipole-based tags.

In many RFID applications, the orientation of the tag is not known a priori, so that
reading failures of relatively near tags may occur due to bad orientation. The most
common solution to this problem is to provide the tag with two orthogonal dipole
antennas (see Figure 3.4e), which entirely cover the tridimensional space in an
isotropic-like pattern. However, more complex ASICs are required in this case, because
each antenna requires an independent input, equipped with a dedicated RF frontend.
Also, the tag area is increased, and its shape is constrained to a square, which can be
unsuitable in some cases.
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Although the electric dipole antenna, and its derived structures, is the most commonly
used in passive tag antenna design, there exist some alternative solutions. When the tag
dimensions are required to be extremely small, in the order of 1 cm, a commonly used
design is the /loop antenna. Being much smaller than the wavelength at the working
frequency, this behaves as a homogeneous current loop, generating a voltage on the
ASIC as a response of an oscillating magnetic field across the loop surface. However,
since the radiation of a small loop is dependent upon the fourth power of its dimensions
in terms of wavelength, the radiation resistance associated to loops of such dimensions
is extremely small. Hence, rather than working as an antenna, the tag loop behaves as an
inductor, so that the communication with the reader is dominated by inductive coupling.
For this reason, tags based on small loops are typically constrained to near-field
applications, with reading distances in the order of few tens of centimeters. In Figure
3.4f, some commercial loop-based tags oriented to near-field applications in the UHF-
RFID band are illustrated.

Small loop antennas are sometimes combined to electric dipole to form hybrid tags.
This tag typology is able to work in far-field, by using radiative coupling, and also takes
advantage of the reliability of inductive coupling for near-field applications. Since a
loop structure is often introduced as a matching network for dipole tag antennas (see
next section), many general-purpose tags can be classified as hybrid tags, though not
specifically designed for near-field operation.

To conclude this brief description of the most commonly used antenna types in
passive UHF-RFID tags, special mention must be done to patch antennas. In fact, this
kind of radiator, along with its derived structures, is the most common solution for on-
metal operation. For their nature, patches operate on ground planes. Unlike electric
dipoles, whose radiation is cancelled when attached on conductive surfaces, patches
benefit from the field reflection on the metal plane, resulting in a significant increase of
directivity. Hence, provided that good radiation efficiency is obtained, the reading
performance of tags mounted on metallic surfaces can be even better as compared to
general-purpose tags, with some designs exceeding 20 m of reading distance [18, 19].
However, a challenging aspect of on-metal passive tag design, which still represents a
significant limitation with respect to general-purpose tagging, is related to the tag
thickness and cost. In fact, in order to properly operate, patch antennas require a certain
thickness of dielectric material between the upper patch and the underlying ground
plane. The height of a patch antenna for optimal operation in the UHF-RFID band is in
the order of the centimeter, which make it suitable only when a relatively thick tag is
acceptable. The patch height can be reduced to the order of a millimeter or smaller, as
currently done by many commercial on-metal tags, but this improvement is hardly paid
with a drastic reduction of the operating bandwidth and radiation efficiency. Moreover,
native patches require interconnection of the input port between the upper layer and the
ground plane. Although this can be accomplished by several methods (e.g., via hole in
the substrate, wraparound connection on the side of the dielectric), the tag
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manufacturing cost is relatively high in any case [8]. For these reasons, even after
extensive effort and research, on-metal tags based on patch antennas are still more
expensive and bulky as compared to general-purpose tags. Commercial examples of on-
metal tags, which are likely to be based on patch-type antennas, are shown in Figure
3.4g.

The alternative solutions reported in the literature will be detailed in Section 3.4,
where the state of the art of low-profile on-metal passive tag design will be treated.

3.1.2.3 Impedance matching methods

Due to the highly capacitive ASIC input impedance, passive tag antennas often
require the aid of a matching network to maximize the energy transfer. Although, as a
result of the intensive antenna research of the last years, several matching methods are
known, two solutions in particular have seen wide implementation in the context of
passive UHF-RFID tag design.

The first and most common method is based on the use of a T-match network.
Although many variations exists, the structure is characterized by connecting the ASIC
to a short stub, oriented parallel to the main dipole and separated from it by a certain
distance, whose ends are connected to the radiating dipole by means of shorts circuits
(Figure 3.5a). The T-match was first proposed by S. Uda and Y. Mushiake [20], who
also provided a transmission line model to explain its behavior. Initially proposed as an
impedance transformer for cylindrical-wire dipole antennas, the structure was then
applied to planar structures, and eventually to passive UHF-RFID tags [14, 21, 22].
However, the lack of a systematic design flow, resulting from the poor accuracy of the
analytic equations describing the structure, caused the design of a T-match network to
be complex. Partly motivated by the wide employment of the T-match network in RFID
tag antenna design, many efforts have been directed at obtaining simpler circuit models,
thus simplifying the design and synthesis process [8, 10, 21, 23].
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Figure 3.5. Schematic representation of impedance matching to a dipole antenna by means of (a) T-match
network and (b) inductively coupled feed. Extracted from [14].
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Examples of T-match networks, applied in different variations to commercial passive
tags, can be observed in all the dipole-based inlays presented in Figure 3.4.

An alternative to the T-match network, which has been used in passive tag antenna
design working at the UHF band, is the inductively coupled feed. In this case, the ASIC
is connected to a small loop which is placed nearby to the dipole antenna, in the vicinity
of its current maximum (which, in the case of a symmetric structure, is also its
geometrical center) (Figure 3.5b). Due to the mutual inductance between the loop and
the dipole wire, the magnetic field associated to the small loop induces an electric
current on the dipole, feeding it for radiation. Moreover, the antenna impedance seen
from the ASIC can be adjusted by varying the magnitude of the mutual inductance,
which depends upon the loop area and its distance from the dipole, until obtaining
proper impedance matching. One advantage of this method is that the system admits a
relatively simple circuit model, and therefore the equations used in the design process
are also relatively simple. This technique is especially effective when working with
highly reactive ASICs [14].

In any case, the introduction of a matching network results in additional ohmic losses,
worsened by the fact that inductive paths are often required being narrow. While this is
not a problem for relatively large antennas, it may introduce a significant degradation of
the radiation efficiency when the antenna dimensions are reduced to challenging values.
Thus, direct matching to the ASIC should be attempted in these cases, making the
impedance matching a special design concern in the context of tag miniaturization.

3.2 Passive tag performance

In this section, the main performance indicators of passive UHF-RFID tags will be
discussed. In particular, the tag read range and bandwidth will be treated, being the most
commonly used parameters for quantifying the tag performance. At the end of this
section, the measurement setup for obtaining the experimental data exposed throughout
this work is detailed.

3.2.1 The read range

For most applications, the most important tag performance indicator is the read range.
The read range is the maximum distance, between the reader antenna and the tag,
allowing a successful reading of the tag content. Usually, the reader sensitivity is much
smaller than the tag sensitivity, so that the limiting factor is the tag performance, i.e.,
whether or not the tag collects enough energy to activate is transponder.
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As mentioned before, the read range of a passive tag not only depends on the
characteristics of the tag itself. Its orientation, the materials where the tag is attached,
the presence of obstacles towards the reader, nearby objects and even nearby tags, may
degrade the read range [24]. For these reasons, the read range is measured under optimal
conditions, which can be obtained in a controlled environment. In this case, a simple
expression for the maximum read range RR can be found, on the basis of the Friis
transmission equation, as follows [25]:

IRP-G T
RR=j'—;T TO’ (3.1)
th

where /y is the free-space wavelength at the working frequency, EIRP is the equivalent
isotropically radiated power from the reader, Gy is the maximum tag antenna gain, 7 is
the power transmission coefficient between the tag antenna and the ASIC (which is
related to the power reflection coefficient, |sii|>, by 7= 1—|s;;|*) and Py is the ASIC
threshold power.

It can be deduced from (3.1) that the theoretical read range of a tag is determined by
the antenna (Gy, 7) and the ASIC (Py,) characteristics, but also depends on the regional
regulations on EM emissions at the UHF band, which limit the E/RP associated to the
reader to a certain value. A very common value, used in most countries including
United States, China, Japan, Australia and South America, is EIRP =4 W, while a value
of EIRP = 3.3 W is used in other countries, including Europe and Singapore [9].

For a given region (i.e., fixing the value of EIRP and the operation frequency), the
predicted read range can be represented as a function of the antenna realized gain G,
(that is, the factor Gy'7) and the ASIC sensitivity Py, as depicted in Figure 3.6a. For
example, in case the realized gain is 0 dB and the ASIC sensitivity is —18 dBm, the
predicted read range is around 13 m. For the same ASIC, an antenna gain of —10 dB
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Figure 3.6. Theoretical (a) read range as a function of the antenna realized gain and the ASIC sensitivity,
and (b) normalized read range as a function of the power reflection coefficient.
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would provide a read range of 4 m, suggesting that even relatively poor antennas can
provide useful performance in UHF-RFID tags. Let us now examine the influence of the
impedance mismatch over the tag read range. Again, this can be done on the basis of
(3.1). In Figure 3.6b, the read range, normalized to the value obtained in conjugate
matching conditions, is plotted as a function of the power reflection coefficient between
the antenna and the ASIC. It is worth mentioning that a value of |s;;| = —10 dB, which is
considered inappropriate or poor in many microwave applications, still provides 95% of
the maximum read range of passive RFID tags. Even smaller values may result
acceptable when the read range reduction is acceptable, at the expense of tag
dimensions or complexity.

Expression (3.1) predicts the read range when both reader antenna and tag antenna are
oriented towards each other in the direction of maximum gain and their polarizations are
matched. When the tag is oriented at a different direction towards the reader, (4.15) can
still be used by replacing Gy by the tag antenna gain G in that specific direction. In the
case of polarization mismatch, the gain must be multiplied by the polarization loss
factor, PLF, which can be defined as the squared module of the dot product between the
polarization vectors of each antenna [17].

3.2.2 Tag bandwidth

Due to the physical limitations regarding the behavior of both the tag antenna and the
ASIC, RFID tags can properly operate only in a limited range of frequencies. Normally,
the most restrictive limitation comes from the antenna, since electrically small antennas
are generally used for UHF-RFID tags. According to the classical definition, introduced
by H. Wheeler in 1947 [16], an electrically small antenna is any antenna whose
maximum dimension is less than the '"radianlength", corresponding to 1/(2m)
wavelengths. Derived from such definition, electrically small antennas must satisfy the
the condition ka < 0.5, where a is the radius of the smallest sphere enclosing the antenna
and k = 2m/, is the wavenumber in free-space at the working frequency. Consequently,
the boundary for an electrically small antenna at the UHF band is a total length of
around 5 cm, which is comparable to the size of most the passive tags available on the
market. As it was demonstrated in many works, firstly by H. Wheeler [16] and Chu [15]
at the end of the 40s, small antennas are subjected to significant limitations. Specifically,
the radiation quality factor Org4, defined as the ratio between the reactive power stored
in the fields around the antenna and the power radiated by the antenna, encounters a
lower bound, expressed by Chu as QOrag > (1/ka)’ + (1/ka). For very small antennas, the
expression can be simplified, since the second term on the right side is much smaller
than the first term. Recently, W. A. Davis ef al. presented a new version of the limit,
which definitely simplifies the lower bound to Q> (1/ka)’ [26] for any antenna
dimension. However, the presented limit applies to the general case of tridimensional
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antennas, that is, those structures who take advantage of the whole volume contained in
the minimum sphere closing the antenna. The limitations of antennas confined to planar
geometry were first studied by M. Gustafsson [27], as an extension of the work of
Harrington and Chu. It was found that the minimum radiation quality factor Q.4 for a
planar antenna enclosed in a sphere of a radius «a is at least 9n/8 times higher than the
lower bound for any antenna enclosed in the same sphere [27, 28]. Therefore, taking
into account that the total quality factor accounting for losses is Q = QOraq*#rad, it follows
that

9 _
0> < oo (kya)”. (3.2)

As it is well known, the quality factor of a system is inversely proportional to its
bandwidth, so that very small values of a lead to significant bandwidth degradation. The
antenna half-power fractional bandwidth, assuming conjugate matching, can be
expressed as [29]

3
R~ 2B a ) (3.3)
o 9 Ay

Expression (3.3) is valid for O >> 1, a condition normally satisfied for an electrically
small antenna with acceptable radiation efficiency. According to (3.3), a tag length of
5 cm limits the half-power bandwidth to about 50 MHz at the UHF band, a poor value
to ensure uniform operation worldwide. The situation gets worse for tag length in the
order of 3 cm, where a bandwidth of 10 MHz can be obtained in the best case.

The frequency behavior of the antenna and ASIC impedance, and the consequent read
range, for a typical dipole antenna-base tag, is represented depicted in Figure 3.7. It can
be seen that the read range usually peaks when the impedance of the antenna matches
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Figure 3.7. Qualitative behavior of the antenna impedance, ASIC impedance, and read range as functions
of frequency for a typical RFID tag. Extracted from [25].
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the ASIC impedance, because the power transmission coefficient 7 is the dominant
factor in (3.3), in terms of frequency dependence.

Up to now, we discussed about the tag bandwidth limitations imposed by the antenna.
Even though the tag bandwidth is typically limited by the antenna, this is not necessarily
true. In fact, in case the antenna is sufficiently large, the tag bandwidth is eventually
limited by the ASIC quality factor. On the basis of the Bode limit [30], the maximum
half-power bandwidth achievable by a tag can be expressed as [31]

BW < ,
7R.C,

(3.4)

where R, and C,. are the resistance and capacitance of the ASIC shunt circuit model,
respectively. However, the typical values of R. and C. of modern ASICs (see Table 1)
allow very high bandwidth values, in the range of 150-250 MHz.

3.2.3 Measurement setups

There exist several methods to measure the read range of passive tags. In any case, a
controlled environment must be created, where the link between the reader and the tag
is free from reflections, and far-field conditions between antennas are accomplished.
The most simple and direct method is to use a commercial UHF-RFID reader. The tag
distance is increased until the communication is lost, i.e., when the tag stops responding.
The measuring process can be carried out in an anechoic chamber, or, alternatively, in a
TEM cell, which represents a much more economical solution. The most important
limitation of this method is that commercial readers are usually designed to operate at
just one region, making impossible a frequency characterization of the read range. Some
readers are provided with multi-region functionality, but even in this case a continue
curve of the read range over the whole UHF band cannot be obtained.

A suitable alternative to solve this problem, employed throughout this work, is to
emulate the behavior of an RFID reader, by means of electronic test equipment (e.g.,
signal generators and analyzers) commonly found in RF laboratories, which allows a
high degree of freedom in the operation frequency. The measuring setup available in our
laboratory is detailed as follows.

An Agilent N5182A4 vector signal generator, capable of generating RFID interrogation
frames, is connected to a TEM cell (WaveControl WaveCell) by means of a 50 Q
coaxial cable. To increase the output signal power, a solid state RF amplifier (RFPA
RF101000—-10) may be cascaded between the signal generator and the TEM cell, when
required. The tag under test is placed inside the TEM cell and oriented along the
maximum directivity axis, or, alternatively, along others directions of interest. A
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circulator is used to send the backscattered signal from the TEM cell to an Agilent
N9020A signal analyzer, which is equipped with a software allowing demodulation of
RFID frames, and detects whether or not the tag is responding to the interrogation frame.
To measure the tag read range, an RFID interrogation frame is sent to the TEM cell at
different power levels, in order to determine the minimum power level P, required to
activate the tag, that is, to receive a backscattered response frame. An isotropic electric
field probe (WaveControl EFCube) is then placed at the tag position in order to measure
the root mean square of the electric field E.,s generated by the interrogation frame at the
power Ppin. Being E.s the minimum electric field required for the tag operation, is
possible to calculate the read range directly from its value. In fact, the average power
density S associated to a plane wave is determined from the value of the electric field
E'ms according to

E2
- Z

0

S , 3.5

where Zj is the impedance of free space. For a radiating antenna, the far-field Poynting
vector module in a given direction is given by
EIRP
S=——, 3.6
47r? (36)
where 7 is the distance from the antenna. Thus, the read range RR can be obtained by
equating (3.5) and (3.6), resulting in

J30EIRP
RR :30E—. (3.7)

ms

The method described above is then repeated for each frequency of interest (e.g., at
5 MHz steps) in order to obtain the read range in the whole UHF band, or in the band of
interest of a specific tag. A scheme of the described setup, along with a photograph, is
provided in Figure 3.8.

An approximate value of the tag half-power bandwidth can be extracted from the
measured read range, on the basis of (3.1). This can be accomplished by considering
that the frequency dependence of the read range is typically dominated by the power
reflection coefficient, 1, so that the frequency dependence of the rest of parameters can
be neglected. Under this assumption, and considering conjugate matching between the
antenna and the ASIC, the tag half-power bandwidth is defined by the two frequency
points where the read range is reduced by a factor V2 with respect to its peak value.
Obviously, the narrower is the tag bandwidth, the more accurate is the method.
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Figure 3.8. (a) Scheme and (b) photograph of the tag read range measurement used throughout this work.

The described technique can also be extended to measure the tag normalized radiation
pattern at a given frequency. To this end, the tag orientation inside the cell was swept,
with a step of 30° in our case, by means of a foam rotatable support. At each angle, the
value of the power P, required to activate the chip is measured. The normalized
pattern was then obtained dividing the required power Ppino at the maximum gain
direction by the minimum required power Puin;i at the i-esim direction. This method
allows measuring the radiation pattern of a tag antenna without connecting its input
terminals to a measuring device by means of metallic cables. For very small antennas,
this represents a clear advantage, because the presence of connectors and nearby coaxial
cables may strongly affect the radiation and impedance behavior of the antenna.

A similar setup was also used to measure the gain of small antennas in a given
direction. In this case, the prototype was placed inside a TEM cell, and oriented towards
the direction of interest. The cell was excited with a pure tone at the operation frequency,
generated by means of the vector signal generator and amplified through the RF
amplifier. The signal received by the antenna was delivered, by means of a coaxial cable,
to the input port of the signal analyzer, where the input power P, was measured. Finally,
the antenna was removed from the chamber, and replaced by the electric field probe,
carefully placed at the same position. The electric field strength E,ys measured by the
probe was used to evaluate the antenna gain Gy as

_4nZ, PA

0= (3.8)
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Figure 3.9. Scheme of the antenna gain measurement by means of the TEM Cell.

where the dimensionless parameter 4 accounts for the losses introduced by the cable
and the balun used to feed the antenna. Equation (3.8) is based on the common
definition of antenna effective area as the relation between the received power and the
incident power density, and assumes a pure TEM propagation inside the cell. This
configuration is outlined at Figure 3.9.

3.3 Metamaterial-inspired resonators: overview and
application to passive UHF-RFID tag design

Since its first appearance by the end of the 60s, the concept of metamaterial has raised
a lot of interest in the scientific community. The promising potentialities of
metmaterials triggered a large number of research efforts in several fields, such as optics,
microwave devices and acoustics, with several books have been written on the subject
[32-36].

Metamaterials can be defined as “artificial media with unusual electromagnetic
properties” [32, 33], or, to a more specific description, as “artificial effectively
homogeneous electromagnetic structures with unusual properties not readily available in
nature” [35]. Concretely, these unusual “properties” refer to exhibiting negative electric
permittivity and negative magnetic permeability, at the same time, which has never been
observed in any known ordinary matter. Wave propagation in negative parameters
media was first studied by the V. G. Veselago in its seminal paper at the end of the 60s
[37]. The research predicted that propagation in these hypothetical bodies is
characterized by negative phase velocity, so that phenomena such as the Doppler effect,
Cherenkov radiation, and even the Snell’s law, are inverted. Due to the reverse
orientation of the triad formed by the electric field, the magnetic field and the direction
of propagation, these structures were named “left-handed” media. Although these exotic
properties, and, more generally, the controllability of the electromagnetic properties of
matter, opened the doors to a wide range of applications, the possibility of synthetizing
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such artificial materials had to expect more than 30 years. In fact, while media
exhibiting negative electric permittivity are relatively common in nature (e.g., low-loss
plasmas, metals and semiconductors at optical and infrared frequencies), media
exhibiting negative permeability are rare. Traditionally, only ferromagnetic materials
near resonance were known to exhibit negative magnetic response.

In 1999, J. B. Pendry proposed the first structure exhibiting very small electrical size
and strong negative permittivity above its resonance, the split-ring resonator (SRR) [38],
as an evolution of the structures proposed by Schelkunoff [39] and Hardy [40]. One
year later, based on a periodic arrangement of SRRs and short wires, the first effective
“left-handed” medium working at microwave frequencies was obtained [41]. From that
moment on, the split-ring resonator, along with derived structures, was extensively used
to obtain one-dimensional effective media metamaterials [42], including metamaterial
transmission lines. Negative permeability (or mu-negative —MNG) [43], left-handed
(LH) [44] and composite right-/left-handed (CRLH) [45] transmission lines have been
implemented by loading a host line with SRRs (and with other additional elements for
LH and CRLH lines). These artificial lines and other artificial lines based on
modifications of the SRR topology (including the complementary counterpart, i.e., the
CSRR [46]) have been applied to improve the performance and/or the size of
microwave components and to implement new functionalities. Compact wideband and
ultra-wideband (UWB) filters [47], power dividers [48] and microwave sensors [49, 50]
among other devices, have been implemented by means of SRR- or CSRR-loaded lines.
The control of the phase constant and characteristic impedance (a unique feature of
metamaterial transmission lines) in SRR- and CSRR-loaded lines has also been
successfully applied to the design of leaky-wave antennas with broadside and
backward-to-forward radiation capabilities [51-53]. Along with the SRR, several
electrically small resonators with similar properties have been successfully used to
implement the unit cell of metamaterial structures. We refer to all those resonators,
including the SRR, with the term metamaterial-inspired resonators. In Figure 3.10, some
of the most common metamaterial-inspired resonators implemented in planar
technology are shown. These include the two-turn spiral resonator (2-SR), the non-
bianisotropic split-ring resonator (NB-SRR) and the open split-ring resonator (OSRR),
among others, as well as all their complementary counterparts. Such a variety of
different solutions allowed obtaining interesting results in electrically small antenna

DO L Q

(a) (d) (e)
Figure 3.10. Some examples of metamaterial-inspired resonators in planar technology: (a) split-ring
resonator (SRR), (b) non-bianisotropic SRR, (c) two-turns spiral resonator (2-SR), open SRR (OSRR),
omega structure.
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design, such as reducing dimensions [54, 55], obtain multiband and multi-frequency
operation [56, 57], high radiation efficiency [58], and achieving tuning capability [59].

Over the years, the comprehension of the SRR behavior has been progressively
extended. The resonance modes of SRRs have been extensively studied in [60], and the
values of their resonance frequencies were analytically predicted in [61]. Nevertheless,
since the particle is normally designed to work around its first (fundamental) resonance,
all the theoretical studies have been focused on the properties of the SRR at that
frequency. For instance, the first-order terms of the polarizability tensor of the particle
have been quantified in [32, 62-64] by using the quasi-static analysis at the fundamental
resonance. From such analysis, it follows that the SRR acts as a current loop at the
fundamental resonance, thus suggesting the possibility of using it as a radiating element.
However, since the particle size is in the order of 0.1 free-space wavelengths, and the
radiation resistance of a current loop depends on the fourth power of the radius in terms
of wavelengths, narrow bandwidth is expected, and impedance matching is troublesome.
For these reasons, the SRR has been rarely used as stand-alone radiating element at the
fundamental resonance [65]. Nevertheless, as it will be demonstrated in this work (at
Sections 4.1 and 5.1), the SRR antenna working at around its first resonance is a
suitable solution for obtaining small passive UHF-RFID tags with interesting
performance. Moreover, the lack of research about the radiation properties of the SRR
encouraged the study of the SRR behavior when operating around its second resonance,
presented in Section 4.2.

3.3.1 Application to passive UHF-RFID tag design

The first applications of SRRs to passive RFID tag design are relatively recent. In
2008, S. Lim et al. presented a tag based on a split-ring resonator antenna [66]. In this
work, however, the authors declare that the radiating part is only the external ring, being
the internal ring much smaller and dedicated to the impedance matching functionality
between the ASIC and the antenna (Figure 3.11a). Due to the significant difference
between the internal and external radii, the SRR does not behave as its quasi-static
analysis predicts, that is, the SRR electrical size in [66] is not reduced as compared to
that of a single ring resonator [where 7y = 4¢/(4m), ro and 4y being the ring radius and the
free-space wavelength, respectively]. The tag overall size is in the order of 5 cm, which
is comparable to the size of many small tags obtained by means of meandering, or by
other common techniques. Moreover, many important aspects relative to tag
performance, e.g., radiation efficiency, bandwidth and read range are not treated in this
work.

In 2010, B.D. Braaten et al. used a series combination of complementary open split-
ring resonators (OCSRR) as a radiating element for a passive RFID tag working at the
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Figure 3.11. Application examples of metamaterial-inspired resonators to passive tag design. Works by
(a) S. Lim et al. [66], (b) B.D. Braaten et al. [67, 68], (c) F. Paredes et al. [69].

UHF-RFID band [67]. As the authors claim, this solution is a valid alternative to
meandering, and allows easily controlling the impedance matching to the ASIC.
Nevertheless, although good performance in terms of gain was obtained (1.8-2 dB) by
means of parametric optimization techniques, the lateral dimensions of the presented tag
are still in the order of 5 cm, because four resonators were cascaded in series. Once
again, the radiation properties of the resonator were not analyzed. Instead, the overall
structure was modeled by a small electric dipole in terms of radiation, so that little
control was achieved over the radiation properties of the tag. In the same year, the
authors propose a meandered version of the complementary open split-ring resonators
(MOCSRR), and applied it to reduce the dimension of their previous structure.
Specifically, the lateral size was reduced to 3.6 mm, with an acceptable 25% loss in read
range [68] (the abovementioned structures are depicted in Figure 3.11b). Comparable
results were achieved by using deformed omega resonators in a similar manner [70]. As
in the previous cases, however, the tag bandwidth was not declared, nor was a
frequency-dependent read range measurement carried out.

Another important contribution came in 2010 by F. Paredes et al., when split-ring
resonators were employed for the first time to obtain dual-band functionality in passive
UHF-RFID tags [71]. By loading a microstrip transmission line with an SRR, the
authors achieved conjugate matching with the tag antenna at two arbitrary frequencies.
In practice, very similar performance in different regions, such as Europe and North-
America, could be obtained, which is troublesome to obtain by means of broadband tag
approaches. The design process, based on equivalent circuit models and a perturbation
method, was fully explained, and analytical expressions were provided. The same
concept was then applied to obtain compact, dual-band tags based on meandered
antennas and loaded with 2-SR resonators (Figure 3.11c¢) [69].

The suitability of a standalone SRR as antenna for UHF-RFID tags was explored
again in 2013 by M. Polivka et al. [72]. Based on a set of parametric simulations of the
SRR antenna in terms of impedance and efficiency, the authors concluded that the
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Figure 3.12. Modified SRRs proposed by (a) M. Polivka et al. [72] and (b) T.H. Cheng et al. [73].

minimum SRR external radius in order to obtain acceptable impedance matching to
typical RFID chip impedances is in the order of 26 mm (A/13). However, by adding a
third split ring to the structure (Figure 3.12a), smaller overall size can be achieved
(down to 16 mm in radius, corresponding to A/21), while maintaining the possibility of
proper impedance matching. The simulated radiation efficiencies ranged from around
Nrad = 50% for the smaller structures, up to #r.g = 90% for an SRR antenna with a radius
of 26 mm (the tags were manufactured on a thin Taconic TLP-3 substrate of thickness
hy = 0.127 mm, relative permittivity &, = 2.33 and loss tangent tand = 0.0009). Based on

the simulation results, a bandwidth comparison for different antenna sizes was also
provided, suggesting that a 3% fractional bandwidth could be obtained in the best case.

More recently (2014), another SRR-based passive tag working at UHF was presented
by T.H. Cheng et al. [73]. In this case, the authors loaded modified the split-ring
resonator to a rectangular topology, and significantly shortened the internal ring (Figure
3.12b). The dimensions of the tag are 35 mm x 18 mm, but the radiation efficiency only
reaches 25%, so that the tag read range is less than 2 meters (the tag was coupled to the
Alien Higgs-3 SOT-323).

The lack of analytical approach and design methodology in the reported state of the art
inspired our contributions on this subject, which are described throughout chapters 4
and 5.
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3.4 On-metal low-profile passive UHF-RFID tags:
overview and state of the art

Since the beginnings of passive RFID tagging, great research effort was dedicated to
find affordable solutions to the problem of metallic surfaces. As already mentioned, the
performance of general-purpose passive UHF-RFID tags is severely degraded when
they are attached to metallic surfaces [74-76]. This is because the metallic interface
imposes a series of boundary conditions on the electric and magnetic fields, which are
not compatible with the field distribution associated to electric dipole antennas placed
parallel to the conducting surface. Such effect is also commonly explained in terms of
image currents formed on the metal plane, which have opposite sign with respect to the
antenna current, thus cancelling the radiation [17]. In terms of antenna properties, this
involves a reduction of the radiation resistance and radiation efficiency, with consequent
degradation of the impedance matching and gain. In Figure 3.13, the radiation
efficiency of a typical T-matched folded dipole antenna placed at different distances
over a metallic plane is depicted [77]. The plot suggests that the efficiency quickly falls
towards zero when the thickness is in the order of the millimeter, and very small values
(5%) are obtained even for distances of 3 mm.

The amount of challenges associated to the development of an on-metal UHF-RFID
tag can vary a lot upon the application scenario of such tag. For example, applications
related to industrial environments, such as railways, oil and gas, assembly lines, but also
commercial applications such as access control and vehicle identification may not
require the tag to be thin, small and cheap, or flexible. On the other hand, item-level
identification of low-value small metallic items (e.g., tin cans, tools, spray bottles) may
concentrate all the above mentioned requirements, thus resulting particularly
troublesome. For these reasons, the research interest on low-profile small tags for on-
metal operation remains high, and the following discussion will be limited on reporting
the most relevant examples of size reduction in the context of on-metal passive UHF-
RFID tags.

0 05 1 15 2 25 3
Antenna-metal separation [mm]

Figure 3.13. Radiation efficiency versus distance from metal of a folded T-matched dipole placed parallel
to a metal plate. Extracted from [77].
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(d)

Figure 3.14. Examples of patch-based low-profile small on-metal tags from the literature. Works from (a)
B. Yu et al [78], (b) T.V. Koskinen et al. [79], (¢) J. Zhang et al. [80] and (d) J. Kim ez al. [81].

Ever since the beginnings of passive tag design, a common approach for on-metal tags
consisted of using patch-type antennas [82]. However, even the early tags exhibited
some modifications to the conventional patch design, to reduce the antenna size,
thickness and complexity to the constraints imposed by RFID tag design. In many cases,
only one half of the patch is used, with a side shorted to ground, to form a PIFA antenna
[83-85].

In 2007, B. Yu et al. proposed a tag based on two radiating patch elements, fed by
means of inductive coupling (Figure 3.14a) [78]. The authors achieved small footprint
(47.5 mm x 50 mm), and a thickness of 3 mm (obtained by sandwitching a 0.6 mm FR-
4 layer with a 2.4 mm foam layer), while maintaining the read range in the order of 5 m.
In 2008, the same research group proposed a more conventional design, consisting of a
patch radiating element, matched by means of a feed line, with an overall thickness
reduced to 1.6 mm [86]. However, the lateral dimensions of the tag were incremented to
40 mm x 80 mm, and the read range was reduced, ranging from 3.5 m to 4.2 m, as a
function of the ground plane size.

In 2011, T.V. Koskinen et al. proposed a thinner version of the tag presented in [78],
with similar lateral dimensions (Figure 3.14b) [79]. As a means to improve the tag
bandwidth, the authors introduced a series of slots etched in the radiating patch, which
allowed covering the whole 902-928 MHz band in spite of the very low profile of
1.6 mm over metal. Again, the thickness reduction was paid in radiation efficiency, with
an antenna gain of —8 dB and a read range limited to 2 m.

Other attempts to further reduce the thickness of patch antennas also lead to a
significant reduction of the radiation efficiency. In [87], trapezoid patch antennas of
different sizes were designed, using a FR-4 substrate of thickness 0.8 mm. However,
even the largest structure (60 mm x 90 mm) exhibited relatively low gain (—7 dB).

Recently (2014), J. Zhang et al. proposed a tag characterized by extreme
miniaturization of the lateral dimensions [80]. The antenna design is based on two
symmetric radiating patches, fed by means of inductive coupling, through an embedded
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dual-element PIFA array (Figure 3.14c). In this case, the tag overall dimensions were
reduced to just 26 mm x 14 mm x 2.4 mm. However, the structure requires two metal
layers and two substrates (PTFE and FR-4, with thicknesses of 0.8 and 1.6 mm,
respectively), which makes it complex for standard manufacturing. Moreover, good
impedance matching was not fully accomplished, with a simulated power reflection
coefficient limited to —4 dB.

Another reported approach to reduce the lateral dimensions of patch-based tags is the
use of high-permittivity ceramic substrates. Early in 2008, J. Kim ef al. combined the
very high permittivity of the substrate (¢,=48) with the inductive coupling feed
technique, obtaining a tag with extremely small footprint (25 mm x 25 mm) and
relatively low-profile (3 mm) [81]. Despite its reduced size (Figure 3.14d), the antenna
gain reached 0.5 dB, allowing read ranges exceeding 10 m when coupled to the recent
ASIC available on the market. However, the use of ceramic makes the tags rigid and
very expensive, and the thickness is greater compared to many other solutions.

Although they may be convenient for many applications, the solutions based on patch
type antennas involve higher manufacturing cost and complexity as respect to the
general-purpose labels, due to the presence of two or more conductor layers with
interconnections. Moreover, rigid tags are obtained. For these reasons, research effort
was also dedicated to mitigate the effect of metal on single-conductor label-type tags
[88, 89]. In [88], the authors applied an optimization technique (the Pareto genetic
algorithm) to a modified dipole antenna, to obtain similar performance in free-space and
over metal. However, for acceptable performance, the label had to be spaced from the
metal by means of a 3 mm thick foam substrate. Nevertheless, poor read range (2 m and
3 m, for free-space and on metal operation, respectively) was reported, in spite of the
relatively large lateral dimensions of the tag (83.4 mm x 29.9 mm). In 2011, Koo et al.
proposed the introduction of a loop-structure surrounding a folded dipole antenna, to
mitigate the effect of the metal [89]. Although representing an improvement over an
unmodified dipole antenna, the results suggested a severe degradation of the gain
(—11 dB) when the tag was placed at 1 mm from the ground.

Other designs, also aimed at minimizing the tag complexity, focused on the reduction
of the lateral dimensions. To this end, ceramic substrates have been used to obtain
extremely small tags based on dipole antennas and slot antennas. In the first case, along
with reducing dimensions, the high permittivity of the substrate was a means to obtain a
greater effective distance from the metal plane, mitigating its negative effects. In 2012,
T. Bjorninen et al. obtained a small (14 mm x 28 mm) and flexible tag by using a
composite barium titanate (BaTiOs) substrate with a thickness of 1.5 mm (Figure 3.15a)
[90]. Due to its small footprint and flexibility, the tag can be attached to many everyday
items such as spray bottles and tin cans. However, the gain is significantly degraded as
compared to a full-sized dipole operating in free-space, with values ranging from
—18 dB to —8 dB as a function of the labeled object size. Consequently, the read range is
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Figure 3.15. Examples of on-metal tags based on ceramic substrates from the literature.

in the order of 2-3 m, which limits the utility of the presented tag to less distance-
demanding applications. In the same year, the authors used the same substrate for
designing a tag employing a slot antenna (Figure 3.15b) [91]. In this case, the lateral
size is 27.5 mm, and the thickness is 2.75 mm. Again, the antenna gain was degraded to
—17 dB, and the read range reached less than 2 meters.

In the last decade, electromagnetic bandgap (EBG) structures have also been used to
obtain low-profile tags for on-metal operation [92, 93]. In these cases, the controllable
reflection from an EBG surface can be tailored to obtain in-phase response, even at
small distances from the metal, thus isolating the tag from the negative effect of the
underlying metallic surface. However, these antennas are still complex to fabricate,
requiring multi-layer structures, and the EBG technology still requires further
miniaturization to compete with the performance-to-size ratio obtained with patch
antennas [77].

In this work, we explored for the first time the possibility of using metamaterial-
inspired resonators as radiating particles for low-profile small on-metal UHF-RFID tags.
Based on the study of the radiation properties of the SRR and some of its derived
structures (NB-SRR and complementary particles), carried out in the next section, a tag
design is proposed in Section 5.2.
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Radiation Properties of Edge-coupled
Split-ring Resonators (EC-SRRs) and

Derived Structures

In this chapter, a study of the radiation properties of the SRR and other metamaterial-
inspired resonators will be detailed. Due to its uniplanar geometry, which contributed to
its widespread diffusion in the metamaterial community, the edge-coupled SRR (EC-
SRR) is the topology considered throughout this work. Analytical approach was at the
base of the presented results, and provided approximated expressions for the most
relevant antenna parameters, such as the input resistance, the radiation efficiency and
the cross-polarization of the radiated fields. The results have been validated by
comparison with full-wave EM simulations in different cases, obtaining good agreement.

The expressions obtained in this chapter are at the base of the antenna designs
presented in the next chapter, where experimental data provided additional validation of
the analysis exposed below.
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4.1 EC-SRR at its fundamental resonance

The topology of the EC-SRR is depicted in Figure 4.1 (cylindrical coordinate system r,
z, ¢ is adopted for the analysis). The ring trace width, ¢, is assumed to be the same for
both rings, a condition which is usually complied in most of the designs involving the
EC-SRR. The width of the cuts in each ring is not critical for the SRR response, since
the capacitance associated to the cut can be neglected [4]. Its value is set greater than
the distance between rings d and, obviously, much smaller than the mean ring radius
ro = (r4 + rp)/2, where r, and rp are the mean radii of the external and internal rings,

respectively.

The electric current distribution in each ring at the fundamental (first) resonance can
be found from the quasi-static analysis presented in [62], which assumes that the
particle length is small in terms of wavelengths. Such assumption is usually satisfied in
practical SRR designs, where the coupling between the internal and external rings
makes the resonant particle much smaller than the wavelength, typically in the order of
Ao/10 (in terms of diameter) [32], where Ay is the free-space wavelength. Strong
coupling between rings involves a reasonably small distance d between rings, which
ensure a high value of distributed capacitance between rings. From the quasi-static
analysis, it was found that: 1) the currents on the internal and external rings flow in the
same direction, and present the same maximum amplitude iy, i1) the current on each ring
can be approximated to follow a linear dependence over the position angle ¢, iii) the
current at the ring cuts is approximately zero, since the capacitance associated to the
cuts in each ring can be neglected. Due to the considerations above and the position of
the cuts, the sum of the currents in the outer and inner rings is constant and equal to i
along the whole circumference (it does not depend on the position angle ¢), as
represented in Figure 4.1. Hence, it follows that the SRR can be treated like a constant
current loop of radius 7y in terms of magnetic polarizability. This has been usually done
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Figure 4.1. Topology and electric current/charge distribution of the EC-SRR at its fundamental resonance
under the quasi-static approximation.
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in the quasi-static analysis of the particle, in order to evaluate its magnetic polarizability
around the resonance [32]. However, while this approach is a good approximation for
typical EC-SRR designs (where ¢ <<ry), SRR designs oriented to radiation require a
more accurate analysis. This is because, in order to obtain high radiation efficiency, the
rings of a radiating SRR are required to be somewhat wider (see Section 4.1.2), as
compared to the rings of an SRR used in metamaterial design, and therefore the
condition ¢ << ry complies more weakly.

In the next section, such analysis is carried out in order to obtain an expression for the
radiation resistance of the EC-SRR at its first resonance.

4.1.1 Radiation resistance

As mentioned before, the SRR working around its first resonance is much smaller than
the wavelength. It is also well known that the radiation properties of small particles are
mainly determined by its first-order electric and magnetic moments (dipole moments).
Hence, the first step in our analysis is to evaluate both moments, individually, on the
basis of the current distribution of the EC-SRR.

Let us now focus on the magnetic dipole moment m, associated to the SRR external
ring A. According the definition of dipole moment, this can be written as

mA:%IerJAdVA, 4.1)
VA

where J is the current density on the ring cross-section and V4 is the volume occupied
by ring A. The exact evaluation of (4.1) requires the current density dependence over the
r coordinate (i.e., over the ring width) to be known and expressed analytically. Due to
the proximity effect [94] between the internal and external rings, the current is not
uniformly distributed along the ring width (see Figure 4.2), and at the first resonance it
tends to accumulate far from the slot d because the currents in the rings flow in the same
direction (Figure 4.2a). The magnitude of the effect depends upon the position angle ¢,
and is minimized at ¢ =0 and at ¢ = & for the external and internal rings, respectively,
due to the positions of the current zeroes and maxima on the SRR. That is, the current
distribution is approximately uniform where the maxima i, occur, because the current
on the other ring is zero. Since the zones around the current maxima provide the main
contribution to the magnetic dipole moment, expression (4.1) can be evaluated to a good
approximation by assuming a uniform current distribution along the ring width at any
position angle ¢. Under this assumption, that is J, = J(z,0,?), (4.1) leads to
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Figure 4.2. Amplitude of the electric current density on the EC-SRR at the (a) first and (b) second
resonance, simulated with CST Microwave Studio [ry = 15 mm (4¢/24), ¢ =2 mm, d = 0.5 mm]. The input
port is represented as a red triangle.
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where c is the ring width and i, is the current flowing on the external ring. Based on the
quasi-static analysis, the current vector i, on the external ring at the angular frequency
@y can be expressed as

||

1, (p,t) =1, [1 —;J cos(@,t)@ , (4.3)

as represented in Figure 4.1. Substitution of (4.3) into (4.2) and integration provide

T| 5 Cz . A
m, =5\ +E i, cos(ayt)Z . (4.4)

The magnetic dipole moment mp associated to the internal ring B can be evaluated by
using the same method, and provides an expression analog to (4.4), with r4 changed for
rg. After some manipulation, the total magnetic dipole moment m = my + mp can be
written as

, ¢ cd d*). R
m=rx|r, +?+7+T i, cos(@,t)Z . (4.5)

Expression (4.5) provides a good approximation to the problem. It shows that the
magnetic dipole moment generated by the SRR at resonance is actually somewhat
higher than that of a current loop of mean radius r,. However, even when the ring width
¢ 1s increased up to 7y/2 (which could be taken as limit to ensure the correct operation of
the resonator), all the terms depending from ¢ and d in (4.5) can be neglected (note that
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d is usually maintained small in order to obtain reasonable coupling between the
resonators). Therefore, for practical cases, (4.5) can always be reduced to

m = zri, cos(ayt)2, (4.6)

which is the expression of the magnetic dipole moment associated to an infinitely thin
current loop of amplitude iy and radius 7y, and is the expression commonly used for the
EC-SRR.

Let us now evaluate the resistance associated to the loop radiation. The power radiated
by an electrically small magnetic moment of amplitude m, can be written as [95]:

4 2
v Lok my

M = 4.7)
1o

b

where Zj is the free-space impedance and k is the free-space wavenumber. Therefore, by
using (4.6), the radiation resistance associated to m, referred to the current amplitude iy,
can be found to be

4
R =82 (r—‘)) . (4.8)

Since the size of the SRR mean radius in terms of wavelength is in the order of 1/20, the
radiation resistance associated to the axial magnetic dipolar moment m is in the order of
1-2 Q, though it strongly depends on the particle size (i.e., on the substrate thickness
and permittivity, and on the magnitude of the coupling between rings).

As it i1s well known, the EC-SRR at its fundamental resonance also exhibits an electric
dipole moment p tangential to the plane of the particle, which arises from the bi-
anisotropy of the structure. Such a dipole moment can be evaluated based on the electric
charge distribution of the SRR, which can be inferred by applying the charge continuity
law to the equation of the current profile (4.3) along the rings. As a result, the linear
charge density 44 on the external ring can be written as

2,(p,0) = —2—sin(w,t) sgn(p) . 4.9)

L,

Since expression (4.9) is odd with respect to the position angle ¢ (as a result of the
electric wall along the xz-plane), the total electric dipole moment associated to ring 4 is
the sum of the infinitesimal dipole moments directed along the § direction, namely:

p, =] A(p.0)2r} singdey. (4.10)
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Once again, for simplicity, J4 has been considered uniform through the ring width, so
that the effective distance between charges is 2r4sing. By integrating expression (4.10)
we obtain

4r, . . .
p, =——21i,sin(w,)y . (4.11)
T @,

The internal ring B (with radius r) exhibits an electric dipole moment pp with the same
orientation, but presents opposite sign, due to the ring cut position. Therefore, the total
electric dipole moment p is obtained by subtracting their amplitudes. By assuming the
hypothesis of strong coupling between rings, which is normally satisfied at the first
resonance, the current in the internal ring has roughly the same amplitude iy as the
current in the outer ring. Taking into account that r4 — 3 = ¢ + d, the total electric dipole
moment is

4 N
=2 (c+d)i sin(@)§ .
p . (c+d)iysin(a)y (4.12)

Then, by using the Larmor equation [96] for the radiated power by a given electric
dipole moment of amplitude p, that is

E_ 2 Zok4p§

- (4.13)
rad 0 127[

b

where ¢y i1s the speed of light in vacuum, the radiation resistance associated to p, and
referred to the maximum current iy can be expressed as follows:

2
erd:ﬁzo ctd | (4.14)
3z A,

Due to the proximity effect between rings, which was not taken into account in the
analysis, the radiation resistance associated to the electric dipole moment is expected to
be slightly higher than the value predicted by (4.14). This is because the effective
distance between charges is actually higher than ¢ + d, since the currents in the internal
and external rings tend to separate each other.

Let us now compare (4.14) with (4.8). Since the typical values of ¢ + d in terms of
wavelength are in the order of 1/100, that is, five or more times smaller than the mean
radius 7y, the radiation resistance associated to the electric dipole moment is in the order
of 0.1 Q, which is an order of magnitude smaller than the radiation resistance related to
the magnetic dipole moment of the SRR. Therefore, the radiation resistance of the
particle can be approximated by the resistance associated to the axial magnetic moment,
that is
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~ pM
Rrad ~ R

rad *

(4.15)

4.1.2 Loss resistance and radiation efficiency

As it is well known, the ohmic losses introduced by the metals in any structure
strongly depend upon the current distribution J inside the conductors. Hence, in order to
provide an accurate estimation of the loss resistance, the skin effect and the proximity
effect have to be taken into account. Due to the skin effect, the current density
distribution J within the ring cross section decays exponentially from the surfaces, with
a penetration depth (skin depth) depending on the working frequency f; and the metal
conductivity ¢ (among others). Since the conductor thickness /4 is usually much smaller
than its width ¢, only the top and bottom faces are considered to carry current,
neglecting the small contribution from the lateral faces.

The assumptions above lead to the following expression for J, (the current density in
the outer ring) in phasorial form:

_fh
Jy(r)e d 2)(1—@}5 —§<z<o
J,(r,p,z)= 4.16
: 4t o
Jy(r)e 1—; o 0<z<5

where y = (145)/0'is the complex propagation constant inside the conductor and o 'is the

skin depth, given by 6= (2/wuoc)"?

[97], where u and o are the permeability and
conductivity of the conductor material, respectively. The above expressions (for y and 0)
are valid for low-loss conductors, that is, for those satisfying o >> we (¢ being the
permittivity). As said in Section 4.1.1, the radial dependence of J, [i.e., Jo(r)] is
cumbersome to be expressed analytically. However, an effective width cetr < ¢ can be
defined to account for the proximity effect, so that the current density is assumed to be
uniform and equal to Jy inside the effective width c.s, and zero elsewhere. In the EC-
SRR, the value of such effective section always depends on the width c (this is not true,
for example, for the effective thickness /¢ associated to the skin effect, which does not
depend on the thickness # when 4 >> ¢) because there exist zones (¢ =0 and ¢ = n for
the external and the internal rings, respectively) of the rings where the current is
distributed uniformly, and therefore all the cross-section is used. If the current is
assumed to concentrate in an infinitely small area in the zones where the proximity
effect is maximized (at p==n and ¢ =0 for the external and the internal rings,
respectively), and that a linear variation of the used section with the angle arises, the
effective width can be approximated to c.sr~ %2 c. As it will be shown at Section 4.2.2,
this value works very well for the SRR at the second resonance, while a slightly higher
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value c.ir=2/3 ¢ has been found to provide good results at the first resonance, and to
agree with the expression proposed by Marques et al. in [63].

The power loss in the outer ring, inferred from the Ohm’s law, is therefore

h X
(5) (’A*%)

17t J.(z.0)
Ploss,A = 5__[ ‘[l J. Mrdrdzdgo. (417)
2

o
(=) (=0

By solving (4.17) the power loss is found to be

_h
_ zegr,0(1—e 6)J2 (4.18)

P .
3o 0

loss, A —

The power loss in the inner ring can be obtained by using the same procedure. Thus, the
total power loss can be written as:

L
P - 2rcgro(l—e ?) J2. (4.19)
3o

Let us now compute the total current iy flowing at the input section (¢ = 0), in order to
calculate the loss resistance. By integrating the current density over the effective cross-
sectional area, namely

) (5
i, = j j (3 ,(0,2)-@)drdz (4.20)

h "
(=3) (=5

it can be found that the squared RMS (root mean square) current can be expressed as:
|l‘0|2 2.2 2 7% 7% h
TZJOceffé' l+e 9—2e *cos 55| (4.21)

Finally, the loss resistance is obtained by dividing the power loss (4.19) by the squared
RMS current (4.21), obtaining

1
27, h h h

R === | coth| 2 |- csch| —= |cos| 2=

o 3aceff5{co (25) e (25}’05(25)} (4.22)

The hyperbolic function on the right side of (4.22) can be approximated by the

hyperbolic cotangent with the same argument, that is
-1 \
coth ij —csch (i) cos (ij ~ coth (i
26 25 25 25 ) (4.23)
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Figure 4.3. Comparison between the functions in the left (solid line) and right (dashed line) hand of
equation (4.23).

with a maximum error of 20% for & = 3.7 J (see Figure 4.3). We will later show that, for
practical cases, the error introduced by approximation (4.23) is reduced to a few
percentage points in the expression of the radiation efficiency, so that (4.23) provides a
substantial simplification of the formulas while maintaining good accuracy in the results.
In fact, by combining (4.22) and (4.23), the loss resistance can be expressed in a very
simple form, that is

27t h
R, = 0 _coth| — |.
3¢, 8 (25) (4.24)

As said above, the value of effective width providing good agreement with the
simulated results is c.¢r = 2/3 c. Therefore, the final expression for the loss resistance of
the SRR around its fundamental resonance is found to be

Y, h
R, ~—%coth| —|. 4.25
loss 005 (25j ( )
It is worth mentioning that (4.25) converges to the values provided in [63] when the
metal thickness approaches the values 4 << 2¢ and 4 >> 20, and additionally describes
the behavior of the loss resistance for intermediate values of 4.

Let us now discuss the radiation efficiency at resonance, #;,q. To this end, it is worth
mentioning that the equivalent circuit model of the SRR at resonance, usually being
reported to be a shunt LC circuit [32], becomes a series RLC circuit when the particle is
excited through a cut opened in one ring, and both radiation and losses are considered (a
simulated and experimental validation of this fact will be provided in Section 5.1.1).
Therefore, the ohmic losses in the SRR can be modeled by a resistance placed in series
with the radiation resistance, so that the radiation efficiency (neglecting dielectric losses)
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Figure 4.4. Theoretical and simulated results for the radiation efficiency of the EC-SRR at the first
resonance, as a function (a) of the metal conductivity (for different values of trace width ¢, with metal
thickness 4 =35 um) and (b) thickness (for trace width ¢ =2 mm). The conductivity of the conductive
paint is set to 10° S/m [98, 99].

is also the ratio between the radiation resistance R..q and the total resistance Riad + Rioss.
Based on this consideration, and on the previous analysis, it follows that

-1

4 -1
Ew(cﬁ f70) coth[%j , (4.26)

8 7'z, NI

77rad ~ 1+

where 1 is the permeability of free-space and f is the working frequency. Expression
(4.26) does not take into account dielectric losses, which strongly depend on the
dielectric properties and the thickness of the substrate, and require integration of the
fields over the substrate volume to be calculated.

In order to validate (4.26), and consequently, the expressions obtained above for the
radiation (see previous section) and loss resistance, full-wave simulations of an EC-
SRR without dielectric substrate were carried out by means of the commercial software
ADS Momentum. The simulated structure was fed by a differential port placed across a
cut (0.2 mm) opened in the external ring at the position ¢ = 0, and the dimensions of the
SRR were adjusted to locate the resonance at fo = 1 GHz, obtaining ro = 15 mm (4¢/20)
and d = 0.5 mm. In the first set of simulations, the efficiency was found as a function of
the metal conductivity ¢ for two different values of ¢ (Figure 4.4a), setting the metal
thickness to # =35 um. In the second set, the width was fixed to ¢ =2 mm, and the
efficiency was depicted as a function of the metal thickness / for different materials
(Figure 4.4b). In both cases, good agreement between (4.26) and EM simulation was
obtained. As can be seen in Figure 4.4a, the antenna efficiency strongly depends on the
ring width ¢, which is therefore one of the most important design parameters of the SRR
antenna.
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4.1.3 Far-field radiation pattern and quality factor

According to the analysis of the previous section, the main radiation mechanism of the
EC-SRR at the first resonance is attributed to the electrically small current loop which
results from the current distribution in the external and internal rings. Hence, in a first
approximation, the SRR is expected to produce a linearly polarized omni-directional
radiation, with maximum power density in the xy-plane (£-plane) and a theoretical
directivity of 1.5 (1.76 dB1) [17]. However, the presence of the electric dipole moment
introduces some changes in the fields radiated by the resonator. First, it generates a
cross-polarization component. In fact, if the radiation produced by the magnetic dipole
moment is defined as co-polar (being the main radiation mechanism), the contribution
from the electric dipole moment is entirely cross-polar in the yz-plane (¢ = n/2), due to
the orthogonality and the 90° phase shift [see (4.6) and(4.12)] between the two radiators.
Note that, in the xz-plane, the electric dipole radiation does not contribute to the
formation of cross-polarization components, because the fields radiated by the loop and
the dipole are oriented towards the same direction (@ for the electric field). It is useful

to define the quantity

E 2 -4
XPOL_ = R;;i _ i6 crd )| n ) (4.27)
7o\ A A,

rad

which represents the maximum value of the cross-polar component (which occurs at
6= 0), normalized to the maximum value of the co-polar (which occurs at § =n/2) in
the yz-plane. This can be deduced by assuming that the radiation patterns of the
magnetic and electric moments present the same shape (i.e., both are elemental
radiators). The value of XPOL,x controls several characteristics of the far-field, in
terms of gain and axial ratio (defined as the ratio between the major and minor axis of
the ellipse described by the electric field of the radiated plane wave). In the yz-plane, the
gain in the axial (z-axis) direction is found analytically to be XPOL,x times the gain in
the endfire direction (y-axis). Furthermore, four zones where the axial ratio decays
down to unity exist in the yz-plane. In fact, since the co-polar radiation is proportional to
sin’(0) and the cross-polar is proportional to cos*(6), circular polarization is generated at
the four angles

0 = {itg* (JXPOL,, ).xtg”'(\|XPOL,, )+ ﬂ} : (4.28)

and the axial ratio maintains under an arbitrary level AR, (e.g., ARy =10 dB can be
considered for linear polarization) in each of the four regions centered in €. and
subtending an angle equal to

AG, =1g" (AR, \JXPOL_ )—1g™ (AR;'\/[XPOL_ ), (4.29)
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where elliptical polarization is produced. It was verified by simulation that, for values of
ARy in the order of 10 dB, each of these regions describes approximately a cone in the
radiating sphere, thus enclosing a solid angle Q. = 2n[1—cos(Af./2)]. This expression
can be used to quantify the polarization purity across the radiating space of tags based
on the SRR antenna, as in the case of the design presented in the next chapter.

In terms of radiation diagram, the presence of the electric dipole radiation distorts the
omni-directional pattern of the current loop in the xy-plane to a bi-directional pattern,
with maxima at ¢ = {0,m}. As reported in [100], this kind of pattern results from the 90°
phase-shift between an electric and a magnetic radiator oriented orthogonally. It is
interesting to relate the minimum antenna gain G, which occurs in the axial direction
(or 8=0) to the maximum antenna gain G, occurring in the xy-plane at ¢ = {O,n}. It
was found that

G. XPOL_.

G 1+ XPOL_ (430)

Expression (4.30) assumes that the magnetic dipole moment produces a perfectly omni-
directional pattern in the xy-plane. However, since the sum of the inner and outer
currents in the SRR is only approximately a constant function of ¢, the assumption
made above is not strictly satisfied, so that expression (4.30) should be considered as an
approximation. In the next chapter, the formula will be used in order to relate the
minimum read range to the maximum read range of UHF-RFID tags based on the SRR
antenna at its first resonance, and an experimental validation will be provided.

As it is expressed in (4.27), the value of XPOL.x is controlled by the SRR mean
radius and the distance ¢ + d (which is also the radius difference 74 — rg). For very small
values of c¢+d, the cross-polarization level can be lowered to —20 dB/-25 dB
(according to simulation results). However, this involves a reduction of the radiation
efficiency, as predicted by (4.26), so that the the typical values of XPOL.x at the first
resonance for efficient EC-SRR antenna designs are in the range of —8 dB/—10 dB. In
any case, the value of XPOL,,x is much smaller than unity, because the distance ¢ + d
cannot be increased indefinitely. As a result, the solid angle £ is much smaller than 41
(which represents the solid angle of the sphere) in any case, and therefore the EC-SRR
radiation can be considered linearly polarized on most of the radiating sphere.

The radiation pattern described above, along with the cross-polarization level
predicted in (4.27), was validated by the far-field EM simulations (experimental
validation of the SRR antenna radiation pattern will be provided at Section 5.1). To this
end, two different lossless EC-SRR layouts with very different values of ¢ + d (2.5 mm
and 0.7 mm) were simulated, and the far-field characteristics were compared. The
results, in terms of radiation diagram and axial ratio, are depicted in Figure 4.5. As
expected, the radiation of the SRR can be modeled by the sum of an axial magnetic
moment (main radiator) and an electric moment oriented towards the y-axis (secondary
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Figure 4.5. (top) Simulated normalized radiation pattern at ¢ =0° (xz-plane) and = 90° (xy-plane),
(middle) co-polar and cross-polar components in the yz-plane and (bottom) axial ratio in the yz-plane, of a
lossless EC-SRR at the first resonance for (a) ¢ +d =2.5 mm and (b) ¢ + d = 0.7 mm. The value of 7y is
15 mm. The low axial ratio (< 10 dB) region is depicted in grey.
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TABLE 2 THEORETICAL AND SIMULATED VALUES OF XPOLMAX FOR THE EC-SRR AT THE FIRST RESONANCE.

THEORETICAL EM SIMULATION
c+d=25mm -13 dB -9dB
c+d=0.7mm -25dB -21dB

radiator). Moreover, the levels of the cross-polar radiation rise when the value of ¢ +d
is increased, and the elliptical region gradually narrows and orientates toward the
radiation minima, as predicted by theory. However, the simulated values of XPOLax
are higher than the predicted values (see Table 2 for a comparison). We attribute this
disagreement to the second order effects (e.g., the proximity effect, which is expected to
increment the electric dipole moment) which were not taken into account in the analysis.
Hence, (4.27) should be taken as a first approximation which allows easily
understanding the behavior of the EC-SRR cross-polarization as a function of its
geometrical parameters. The simulated antenna directivity is Do= 1.6 dBi for
ctd=25mm and Dy=2dBi for ¢ +d=0.7mm; both values are similar to the
directivity of an elemental radiator (1.76 dBi).

Let us now discuss the EC-SRR antenna quality factor at the first resonance, which
determines the maximum bandwidth that can be obtained with conjugate impedance
matching. Due to the physical limitations affecting small planar antennas, discussed at
Section 3.2.2, the quality factor and bandwidth are limited to the values provided by
equations (3.2) and (3.3), respectively. Taking into account that, at the first resonance,
the mean radius (and consequently the external radius) is in the order of 1/20 times the
free-space wavelength and assuming that the radiation efficiency approaches unity, the
half-power fractional bandwidth is expected to be FBW <1-2 %, corresponding to
roughly 10-20 MHz at the UHF-RFID band. While this value could be considered poor
for some communication applications, it is suitable for UHF-RFID tags, where the
required bandwidth is limited to few megahertz.

The abovementioned equations set the lower bound for the quality factor of any small
antenna confined to a planar geometry. In practice, the SRR antenna is expected to
provide a higher quality factor, which can be predicted on the basis of its equivalent
circuit model near the resonance, i.e., a series RLC resonator, which provides
Orad = @oL/Ryaq. The value of the EC-SRR self-inductance L can be computed as the
average of the inductances of both rings [32], that is the inductance of a loop with radius
ro and width c. A commonly used approximation for the inductance of a circular loop is
L = poro[In(16r9/c)—2], which assumes a circular section with radius ¢/2. Hence, by
using (4.15) for the radiation resistance, the half-power fractional bandwidth of the SRR
antenna, in the case of conjugate matching, can be approximated to
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FBW ~ Sty ln[l6r—°j—2 o, 4.31)
3 c Ao

Expression (4.31) assumes that the input resistance of the port driving the antenna does
not vary in frequency. This condition is not strictly satisfied in the case of RFID ASICs,
which are modeled by shunt RC circuits. However, the variation of the ASICs input
resistance Rc is usually very small within the UHF-RFID band [31], so that (4.31) can
be used for the tag bandwidth to a good degree of approximation. For practical cases,
the values found by using (4.31) are in the order of FBW = 0.8—1%, when radiation
efficiency near unity 1is obtained. Although this value does not allow a worldwide
operation of the tag, it is large enough for ensuring its correct operation in one of the
UHF-RFID bands. It is worth to mention that ohmic and dielectric losses decrease the
overall quality factor, thus increasing the bandwidth at the expense of a reduction of the
tag peak read range. Equation (4.31) will be verified by means of EM simulation and
measurements at Section 5.1.1, where an UHF-RFID tag based in the EC-SRR antenna
will be presented.

4.2 EC-SRR at its second resonance

In this section, the study of the EC-SRR radiation resistance will be extended to the
case of working around the second resonance of the structure, where the currents in the
external and internal rings flow in opposite directions [60]. Due to the increased particle
dimensions and the different current distribution, the quasi-static analysis presented at
the previous section does not hold for the second resonance. However, the EC-SRR
dimensions at its second resonance are still very near to the commonly accepted
boundary of electrically small antennas (ka = 0.5), since its radius is typically in the
order of 0.1 free-space wavelength, corresponding to ka = 0.6. Therefore, its radiation
properties can still be predicted to a good degree of approximation by evaluating the
first order (dipole) terms of the electric and magnetic moments generated by the current
distribution, and treat such sources as elemental radiators.

4.2.1 Radiation resistance

At the second resonance, the currents in the outer and inner rings flow in opposite
directions [60], and the current distribution approximately satisfies i4(¢) =—iz(¢p *+ ),
where i4 and iz is the current in the external (4) and internal (B) ring, respectively, and ¢
is the angular position with respect to the x-axis. This relation is valid if the distance
between rings, d, is small as compared to the mean ring radius ry (strong coupling
condition). Since the length of each ring is approximately half-wavelength, the current
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Figure 4.6. Topology and theoretical electric current/charge distribution of the EC-SRR at its second
resonance.

along the ring circumference can be assumed to exhibit a sinusoidal profile (Figure 4.6),
with a maximum value at the center (¢ = 0 for ring 4 and ¢ = = for ring B), and null at
the ring edges (approximated to ¢ = +r for ring 4 and ¢ = 0 for ring B). However, as it
is corroborated later (see Figure 4.7b), the current in each ring actually exhibits a slight
discrepancy to this approximation, mainly because the length of each ring at the second
SRR resonance is somewhat greater than the half-wavelength at the working frequency.
Nevertheless, by means of this sinusoidal approximation to the rings currents, analytical
expressions can be found, and good agreement between theory, simulation and
experiment is obtained. Moreover, as in the previous section, the proximity effect will
not be taken into account in the calculation of the radiation resistance, in order to
maintain the expressions simple and to show that such effect does not substantially
affect the result.

The current in the external ring, of mean radius 74, can thus be written as:
: . @ .
I,(p,t)=i,cos By cos(@,t)@ - (4.32)

By solving the well-known electric charge continuity equation, the linear charge density
in the ring is found to be

i, sin ((5] sin(w,t) 433)

A, (p,1) = o
4@

As in the case of the analysis at the first resonance, expression (4.10) can be used to
evaluate the electric dipole moment associated to the external ring, obtaining
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4r, . . N
P, =——10,sin(w,t)y. (4.34)
3 w,

The internal ring B, of mean radius 73, exhibits an electric dipole moment with the same
orientation and phase, so that the total dipole moment amplitude is the sum of the
internal and external dipole moments amplitudes, leading to

p= §”_ol-0 sin(@,?)¥y. (4.35)
3w, '
Since the radiating particle is electrically small, it is still possible to consider the total
moment given by (4.35) as an infinitesimal electric dipole moment located in the y-axis.
Thus, by using the Larmor equation [96] for the radiated power by a given electric
dipole moment of amplitude py, the total radiation resistance referred to the maximum
current ip can be expressed as

2 2
RE, =187 [ 5] 5600/ 2| . (4.36)
2777\ 4 A

It is interesting to compare the value found in (4.36) with the radiation resistance of a
small dipole, which can be expressed by means of the well-known expression:

2 2
R, =207 (/Ii] ~ 790(%) O (4.37)

0 0

where 7 is the length of each dipole arm. As can be seen by comparing (4.36) and (4.37),
for a given radiator size (o for the SRR or r for the dipole), the SRR working at the
second resonance exhibits a much higher radiation resistance as compared to a small
electric dipole. This can be explained arguing that the SRR takes advantage of most of
the area enclosed by its lateral dimensions, while the dipole only distributes its charges
along a line.

Let us now compute the magnetic dipole moment associated to EC-SRR at the second
resonance. By solving (4.1), the magnetic contribution associated to the external ring is
found to be

m,, = 2r2i, cos(a,t)Z. (4.38)

As explained above, the current in the internal ring flows in the opposite direction, and
generates an opposite axial magnetic dipole moment. Therefore, the total magnetic
dipole moment can be written as:

m =47, (r, =1, )i, cos(@yt)2. (4.39)
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As in the previous case (Section 4.1.1), the radiation resistance associated to the
magnetic dipole moment, referred to the current maximum iy, can be found by using
(4.7). Taking into account that »4 — g = ¢ + d, it is found that

2 2
M 1B g [ [exd ) (4.40)
3 A )\

It can be easily verified that, due to a nearly complete cancellation of the axial magnetic

moments of the internal and external rings, the power radiated by the magnetic dipole at
the second resonance is much smaller (two orders of magnitude) than the power
associated to the electric dipole. Therefore, to a good approximation, the radiation
resistance of the particle is dominated by the one associated to its electric dipole
moment, that is,

R =R, (4.41)

The potential of SRRs as radiating elements operating at their second resonance is
demonstrated by evaluating (4.41) for typical values of r¢/4g, which are in the order of
0.1. The resulting radiation resistance values are very close to the radiation resistance of
the commonly used, and very well-known, half-wave dipole antenna (73 Q). This fact
suggests that half-wave dipole antennas can be replaced with SRRs (operating at the
second resonance) without the need of a matching network, thereby reducing the
maximum dimension of the antenna (defined as the radius of the minimum sphere
enclosing the antenna) by a factor 2.5, approximately.

In order to validate the analysis presented above, an EC-SRR was simulated by means
of the commercial software Agilent Advanced Design System (ADS). The geometry of
the particle was adjusted to locate the second resonance at the frequency fo =1 GHz
(4o =300 mm) when no substrate is used. The values for the geometric parameters are
ro =35.25 mm (4¢/8.5), c = 2 mm, d = 0.5 mm, and the cut width was set to 5 mm.

The discrete port was placed across a 0.4 mm gap opened at the center of the external
ring (¢ = 0°), where a current maximum iy is expected to occur. Therefore, in a lossless
case, the input resistance Rj, of the system corresponds to the radiation resistance R;,q of
the particle. Hence, in the first set of simulations the metal is treated as a perfect
conductor, in order to isolate the radiation resistance of the SRR and to verify (4.41).

The simulated input impedance of the SRR (without dielectric substrate), depicted in
Figure 4.7a, clearly reveals the first (0.4 GHz) and second (1 GHz) resonant frequencies
of the SRR, and the first anti-resonant frequency (0.66 GHz), which corresponds to the
intrinsic resonance of the inner ring. Note also that the radiation resistance at the second
resonance (73 Q) is nearly two orders of magnitude greater than the radiation resistance
at the first resonance (1), and is exactly equal to the radiation resistance of a
canonical half-wave dipole. The simulated electric current density distribution at the

62



CHAPTER 4 RADIATION PROPERTIES OF EDGE-COUPLED SPLIT-RING RESONATORS

(EC-SRRS) AND DERIVED STRUCTURES
(a) 200 (b) ==

1504

100+
50

O 4
-50 - 2 i |

|
L
q004  F\ o/ : A
{ istres | 2ndres ! —— Real N\ ! I
-150 { ' :' AAAAAAA Imag ¥ 6 0

-200 +——F— — o
200 400 600 800 1000 1200 1400 . pe— i

Frequency (MHz)

Impedance (Q)

Figure 4.7. Simulated (a) input impedance and (b) electric current distribution at the second resonant
frequency (1 GHz) of a lossless EC-SRR (no dielectric substrate is considered).

second resonance (Figure 4.7b) is in good agreement with the approximated theoretical
distribution described at the beginning of this section, i.e., the current in the internal and
external rings flow in opposite directions, and their amplitudes are similar. However,
since the length of each ring is slightly greater than half-wavelength, the maximum at
the center of the rings splits into two maxima symmetrically positioned around the
center. Nevertheless, expression (4.32) is a useful approximation, as it allows
simplifying the analytical treatment maintaining high accuracy in the results.

In order to validate (4.41), a lossless dielectric of thickness 4, =2.54 mm was then
added as substrate, allowing to control the value of the second resonance frequency fo,
and consequently the value of Ag. By increasing the dielectric permittivity &, of the
substrate, the value of r¢/1y was gradually decreased, and the simulated input resistance
of the particle was compared in each case to the radiation resistance calculated by (4.41).
The results, depicted in Figure 4.8, reveal that there is very good agreement between
theory and simulation.

It is worth to mention that, in order to modulate the electrical size of the particle
without changing the substrate dielectric constant, it is also possible to vary the
coupling between rings, mainly controlled by the slot width d. In fact, according to the
theory of coupled resonators [101], decreasing the coupling (while fixing 7y) reduces the
frequency split between first and second resonance. Therefore, the second resonance is
lowered and the particle becomes electrically smaller, providing an additional degree of
freedom at the design stage. However, only relatively small changes of 7y/A¢ are possible
by using this technique. Moreover, if the coupling between rings is very small, the
assumptions for the derivation of equations (4.35) and (4.39) no longer hold. The reason
is that the difference between the internal and external rings radii increases with the
distance d, and the internal and external current amplitudes diverge as well.
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Figure 4.8. Radiation resistance at second resonance as a function of the EC-SRR mean radius relative
to the wavelength. Note that the radiation resistance is roughly 73 Q (i.e., the radiation resistance value of
a half-wave dipole) for ro/Ap = 0.118.

4.2.2 Loss resistance and radiation efficiency

The assumptions regarding the current density distribution along the EC-SRR cross-
section (Section 4.1.2) still hold at the second resonance. In this case, however, the
current dependency over the position angle ¢ is different, being imposed by (4.32).
Therefore, the following expression for J, (the current density in the outer ring) in
phasorial form can be written as

h
J,(r)e y( 2jcos[§]¢3 —§<z<0
J,(r.p,2) = (4.42)

=3 (o h
Jo(r)e 2 cos[EJ(ZJ 0<z<5

As said in Section 4.1.2, an effective width cer < ¢ can be defined to account for the
proximity effect, so that the current density Jy(r) is taken to be uniform and equal to Jy
inside the effective width cesr, and zero elsewhere. If the current is assumed to
concentrate in an infinitely small area in the zones where the proximity effect is
maximized (¢ =7 and ¢ =0 for the external and the internal rings, respectively), and
that a linear variation of the used section with the angle arises, the effective width can
be approximated to cefr = ¢/2.

The power loss on the outer ring can be calculated by using (4.17), leading to

h
P _megr,o(l—e ?)

loss,A —

72, (4.43)

20

so that the total power loss is found to be
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Starting from (4.44), the procedure described at Section 4.1.2 [involving expressions
(4.21) and (4.23)] can be used to evaluate the loss resistance, obtaining

r, h
R, ~—2 coth| —|. 4.45
loss O_chf 5 (2 5) ( )

As mentioned above, the effective width can be approximated by c.i =~ ¢/2, leading to
the final expression for the loss resistance of the EC-SRR at the second resonance:

27r, h
R, ~~"—%coth| — |. 4.46
loss 0_05 (25) ( )

Let us now discuss the radiation efficiency of the EC-SRR at the second resonance.
As it was found in the previous section, the ohmic losses can be modeled by a resistance
placed in series with the radiation resistance. Therefore, the radiation efficiency 7,4 can
be expressed as

-1

/ -1
Mvaa |:1+%Co ’ul(c”o\/f(fa) COth(%j} . (4.47)
0

The expression above was validated by EM simulation. To this end, ohmic losses
were added to the metal layer of the simulated structure presented in the previous
section [fo =1 GHz without dielectric substrate, 4 =36.5 mm, 73 =34 mm ¢ =2 mm,
d=0.5mm, ro=3525mm (4¢/8.5), cut width 5 mm]. The simulated radiation
efficiency as a function of the metal conductivity for different values of the strip width ¢,
setting the value of the metal thickness to # =35 um, is shown in Figure 4.9a. The
thickness dependence of the radiation efficiency for a strip width of ¢ =2 mm is
simulated and depicted in Figure 4.9b for different materials. Very good agreement
between electromagnetic simulations and theoretical predictions is observed for
efficiency values greater than 15%, which is the region of interest in practical antennas.
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Figure 4.9. Simulated and theoretical radiation efficiency of the EC-SRR at the second resonance, (a)
versus conductivity for # =35 pm and (b) versus conductor thickness for ¢ =2 mm. The considered
conductive paint has a conductivity o= 10° S/m [98, 99].

4.2.3 Far-field radiation pattern and quality factor

Since the main radiation mechanism of the EC-SRR at the second resonance is the
tangential electric dipole moment oriented along the y-axis (see Figure 4.6), the
structure is expected to produce a linearly polarized omni-directional radiation, with
maximum power density at 6 = {0,n} and a theoretical directivity of 1.5 (1.76 dBi).
However, due to the non-zero length of the particle in the x direction (the structure can
be seen as an array of near elements radiating in phase), a slightly bi-directional pattern
is expected over the xz-plane (¢ = 0), thus resulting in a higher value of the directivity.
Moreover, the presence of a magnetic dipole moment oriented along the z-axis
generates radiation, which is entirely cross-polar in the yz-plane (E-plane), as in the case
of the electric dipole radiation at the first resonance (Section 4.1.3). In this case, the
cross-polar radiation is maximized at § = /2. Hence, in this direction the value of the
cross-polarization level is maximized, and it can be evaluated by dividing (4.40) by
(4.36), obtaining:

2
XPOL_ =97 [”d} . (4.48)

0

Notice that, unlike in the case of the first resonance [see Equation (4.27)], the value of
XPOLp,x does not depend on the SRR mean radius.

The considerations made at the previous Section, about the effect of XPOL,.x over the
radiation pattern and the axial ratio, still hold at the second resonance. However, in this
case the low axial ratio zones are centered on the angles

g = {J_rtg*‘ (JXPOL ), 4157 (JXPOL" )+ ;z} , (4.49)
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Figure 4.10. Simulated (a) normalized radiation pattern and (b) axial ratio in the yz-plane of a lossless
EC-SRR at the second resonance (with ¢ +d = 2.5 mm). The low axial ratio (< 10 dB) region is depicted
in grey.

and the region with elliptical polarization is comprised in

A, =tg ' (AR\| XPOL.\ )—tg” (AR;'\|XPOL ). (4.50)

The simulated results for the radiation pattern and the axial ratio of a lossless EC-SRR
at the second resonance are depicted in Figure 4.10 [fo=1 GHz, r,=36.5 mm,
rg=34mm c=2mm, d=0.5mm, ry=3525mm (0.118 4p), cut width 5 mm]. The
normalized radiation pattern in the yz-plane confirms that the main radiation mechanism
is the electric dipole oriented along the y-axis, and the value of the cross-polarization
level is XPOL.x = —22 dB, in perfect agreement with the theoretical value predicted by
(4.48). As expected, such a small value of the cross-polarization level provides a very
small elliptical radiation area (A8, = 10°), centered very near to the radiation minima,
so that the radiation provided by the magnetic moment does not practically affect the
polarization of the radiated fields. Regarding the xz-plane (¢ = 0), the pattern is slightly
bi-directional, due to the array effect associated to the non-zero length of the particle in
the x-direction (notice that, at the first resonance, the lateral dimensions of the particle
in terms of wavelengths are sensibly smaller, and therefore a quasi-circular pattern is
obtained). As a result, the directivity is increased, and reaches Dy = 2.7 dBi according to
the simulations.

Let us now treat the quality factor of the EC-SRR at the second resonance. Due to the
greater dimensions of the particle in terms of wavelength, the quality factor of the EC-
SRR at the second resonance is expected to be much lower than the quality factor of the
same particle at the fundamental resonance. Specifically, doubling the antenna size in
terms of wavelengths involves an increase of 8 times in the minimum radiation quality
factor, since it depends upon the third power of the electric length of the antenna.
However, these values should be considered only as qualitative, since very few antennas
actually approach the lower bound of the radiation quality factor calculated on the basis
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of their size. Unfortunately, an analytical prediction of the EC-SRR quality factor at the
second resonance is not straightforward. In fact, though a series RLC circuit model can
be used to describe the particle behavior in terms of impedance (see Figure 4.7a), no
closed expressions linking the values of L and C to the geometrical values (ro, ¢, d) are
known, unlike in the case of the first resonance. For this reason, the values presented in
this work will be merely based on EM simulations, i.e., on the simulated half-power
bandwidth FBW = 2/Q when conjugate matching is obtained. For the lossless structure
simulated in this section, the value of the fractional bandwidth is FBW =11.5%,
corresponding to a radiation quality factor of O, = 17. For comparison, equation (3.2)
provides a lower bound of QOp,q>7.3 (given that req=ro+c+d/2=37.5mm and
fo=1 GHz), which is sensibly smaller than the value found in our case. Even though the
EC-SRR antenna does not approach the Gustafsson limit, its radiation quality factor is
similar to that of a small planar rectangular (with a length-to-width ratio around unity)
dipole antenna of the same size, and much better as compared to small thin dipole
antennas [27, 28].

Unlike in the case of working at the first resonance, the EC-SRR antenna at the second
resonance is capable of providing the bandwidth required for many applications, even
outside the context of RFID, including wireless communication systems. A design
example in the 900 MHz ISM band is described at Section 5.3, with the aim of
providing experimental validation to the analysis carried out in this chapter, and to
demonstrate the utility of the proposed antenna design.

4.3 Non-Bianisotropic Split Ring Resonator (NB-SRR)

The non-bianisotropic split ring resonator was first proposed in [102] in order to avoid
cross-polarization effects, which affect the behavior of many resonators (e.g., the EC-
SRR), while maintaining uniplanar geometry. The topology of the resonator, along with
a sketch of the electric current and charge distribution at the first and second resonance,
is represented in Figure 4.11. The non-bianisotropy in the particle response arises from
the inversion symmetry with regard to its geometrical center, which ensures an exact
cancellation of 1) the tangential electric dipole generated at the first resonance and ii) the
axial magnetic dipole generated at the second resonance, when uniform external
excitations (such as plane waves) are considered. This is because both rings are identical,
and the current/charge impressed in one ring presents the same amplitude of the current
in the other ring. This is also true, though not formally exact, when the particle is
excited as an antenna, i.e., through a differential port located in a cut opened in one of
the rings, provided that the coupling between rings is strong, so that the current
amplitudes in both rings are equal to iy. The absence of the cross-polarization terms in
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Figure 4.11. Topology and theoretical current/charge distribution of the NB-SRR at the (a) first and (b)
second resonance.

the polarizability tensor represents the most important difference between NB-CSRR
and EC-SRR behavior, being their electrical sizes and their equivalent circuit models
fundamentally equal [32]. Hence, the radiation resistance R.,q of the NB-SRR at the first
and second resonance can be approximated by (4.8) and (4.36), respectively. Similarly,
expressions (4.25) and (4.46) can be used to evaluate the loss resistance Rjoss at the first
and second resonance, respectively, along with expressions (4.26) and (4.47) for the
radiation efficiency. On the other hand, the cross-polarization level XPOL,x of the
radiated fields is expected to be much lower (ideally zero), at both resonances, as
compared to the EC-SRR, due to the absence of cross-polarization. Another expected
characteristic of the NB-SRR radiation pattern at the second resonance is that the
electric dipole moment is not oriented along the y-axis, as it happens in the case of the
EC-SRR. In fact, due to the NB-SRR topology, the ring center is not positioned at ¢ =0,
because the inner part of the ring is shorter than the outer part (the difference is
increased when the ¢ + d is increased). Therefore, the ring center is shifted few degrees
towards positive values of ¢, and so the position of iy, depending primarily on the
relationship between rp and r4. The ring center angle ¢ is well approximated by the
expression ¢o = n/2-(1-rp/ry), or, alternatively, po = n(c + d)/(2ro + ¢ + d), provided that
the cut width is greater than the distance ¢ + d. As a result, the electric dipole moment is
also expected to be rotated anti-clockwise of the same angle ¢, with respect to the y-axis.

In order to confirm the behavior detailed above, a lossless NB-CSRR without substrate
was simulated by means of Agilent Advanced Design System (ADS). The values of the
geometrical parameters 7y, ¢ and d are the same as in the case of the EC-SRR simulated
in the previous section (rp = 35.25 mm, ¢ = 2 mm, d = 0.5 mm, cut width 5 mm), so that
the response of the structures can be compared. The differential port is placed at the
position ¢¢=0.197 (6°), which was calculated using the expression above, and
corresponds to the ring center.

The simulated input impedance of the NB-SRR is depicted in Figure 4.12: the analogy
with the EC-SRR impedance (Figure 4.7a) in all the frequency range is evident. The
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Figure 4.12. Simulated input impedance of a lossless NB-SRR. Notice the analogy with the behavior of a
EC-SRR of the same dimensions (see Figure 4.7a)

most relevant difference is that the radiation resistance of the NB-SRR at the second
resonance (63 Q) is slightly smaller as compared to the EC-SRR (73 Q), due to the
slightly different charge distribution (which is not treated in this work).

The radiation diagrams at the first (0.362 GHz) and second (1.016 GHz) resonance are
shown in Figure 4.13. The cut planes (6 = 90°, ¢ = 6°) at the first resonance and (¢ = 96°,
@ = 6°) at the second resonance correspond to the E-plane and the H-plane, respectively.
The simulated patterns confirm that the main difference between the patterns of the EC-
SRR and the NB-CSRR is the absence of cross-polarization in the latter, while the
directivity of the two particles are very similar (the NB-SRR provides Dy =2 dBi and
Dy = 2.8 dBi at the first and second resonance, respectively).
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Figure 4.13. Simulated normalized radiation pattern (top) and axial ratio in the ¢ = 96° plane (bottom) of
a lossless NB-SRR at the (a) first resonance and (b) second resonance. Notice that, due to the non-
bianisotropy, the low-axial ratio (< 10 dB) region is practically inexistent.

4.4 Complementary particles (EC-CSRR, NB-CSRR):
free-space and on-metal radiation

When a planar particle is replaced by its complementary screen, i.e., an unbounded,
very thin and perfectly conductive sheet where the particle has been subtracted forming
a slot, the complementary particle is obtained. For example, the complementary split
ring resonator (CSRR), proposed in [103] as a means to obtain negative permittivity
propagating structures, was obtained as the complementary screen of the EC-SRR
(Figure 4.14). This transformation can be applied to any planar particle, and allows
obtaining equivalent structures which may be, in certain situations (e.g., when radiating
over metallic surfaces), more convenient than the initial particle. As it is well known
from the concept of duality and complementarity in electromagnetism [104, 105], the
fields associated to a planar particle and its complementary screen are directly related.
Specifically, being F' = (E, H) the solution for the electromagnetic field generated by a
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Figure 4.14. Construction of the CSRR as the complementary screen of the EC-SRR (metal is depicted in
grey) (top). Extracted and adapted from [32]. Transformation of the equivalent circuit model, as seen
from the center of the external ring (bottom).

particle, the field F'= (E', H') associated to its complementary screen in one half-space
(delimited by the screen) is defined by

F'=(E" H)=(—Jule-H,\el u-E), (4.51)

while, due to the boundary conditions in the perfectly conductive screen and to the
symmetry of the problem, the solution in the other half-space is —F". It directly follows
from duality that, in one side of the screen, the CSRR produces an axial electric dipole
moment at the first resonance and a tangential magnetic dipole moment at the second
resonance (of course, due to bi-anisotropy, each resonance actually generates both
electric and magnetic moments). Equivalently, the CSRR can be seen as a magnetic
current loop and a magnetic dipole at the first and second resonance, respectively.
Another direct consequence of duality is that the radiation diagram of the
complementary screen in an unbounded medium is the same as the radiation diagram of
the particle, but the magnetic and electric field orientations are interchanged, and
therefore the polarization is rotated [104]. Other far-field characteristics, such as the
axial ratio, are maintained in the transformation.

As it was found by Booker in [104], duality also relates the driving impedance of a
planar antenna to that of its complementary screen, namely:

7,7 =20 (4.52)

where Z; and Z; are the impedances of the lossless particle and its complementary
screen, respectively, and Z, is the impedance of free-space. From (4.52) it can be
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deduced that the admittance of the complementary particle is proportional to the
impedance of the original particle, thus suggesting that a trasformation from series to
shunt occurs in the equivalent cirtuit model of the complementary particle around
resonance. In fact, as it is well known in slot antenna theory, the radiated power is
dependent upon the equivalent magnetic current, which corresponds to the voltage
applied to the slot at a certain position. Equation (4.52) allows obtaining the radiation
conductance Gr,g of the CSRR (or the NB-CSRR) directly from the previous
expressions of the EC-SRR radiation resistance (Sections 4.1 and 4.2), assuming that
the particle is driven from the central position (¢ =0). At the first resonance, the
radiation conductance of the ideal CSRR is found to be

5 4
rad = 2”_ & s (453)
3 7,0 4,

while at the second resonance the value is

2
Gmd:ﬂi 5l (4.54)
27 Z,\ 2,

The values of the transformed shunt inductance and capacitance for the CSRR
equivalent circuit model can be deduced by applying the Booker formula (4.52),
obtaining the relations exposed in Figure 4.14. It is easy to show that the radiation
quality factor maintains in the transformation.

As said above, the complementary screen is an ideal structure which cannot exist in
practice, so that, in many cases, the principle represents an approximation. First, the
Babinet’s principle does not take into account losses. When finite conductivity materials
(such as copper) are used, a certain amount of ohmic losses is introduced, which is in
general different from the amount of losses introduced by the same material in the
original particle. Several studies [106-109] shown that there is no principle relating the
total losses introduced in a resonator to the losses introduced in its complementary
counterpart, and only approximated expressions depending upon the slot geometry can
be obtained [108]. Therefore, the antenna efficiency is in general not maintained when
passing to the complementary screen of a lossy resonator (an analytical calculation of
the losses associated to the CSRR is very complex, and will not be treated in this work).
In addition, the Babinet’s principle requires the complementary screen to be infinitely
extended and to radiate in an unbounded medium. In practice, the complementary
antenna is limited in size, and it often radiates over/near other bodies, such as dielectrics
or ground planes. Nonetheless, in many practical cases, the principle can still be
considered as a good approximation, and remains a very useful guideline to understand
the impedance and far-field behavior of slot antennas. For example, when the size of the
surrounding metal sheet approaches the value of A¢/2w [104], a further size increase has
little influence on the impedance of the antenna.

73



CHAPTER 4 RADIATION PROPERTIES OF EDGE-COUPLED SPLIT-RING RESONATORS (EC-
SRRS) AND DERIVED STRUCTURES

Concerning ground planes, they are sometimes intentionally placed below the
complementary structure to confine its radiation to one half-space. In these cases, their
distance can be properly adjusted (ideally to the distance of A¢/4) in order to minimize
the reactive loading thrown across the center of the slot antenna, and therefore to
maintain the resonant frequency and the radiation pattern virtually unaltered. However,
in on-metal UHF-RFID tag design, the ground plane is represented by the metallic
surface of the object, so that the distance from the radiating particle is equal to the tag
thickness, which is supposed to be much smaller than A¢/4 for obvious practical reasons.
As a result, substantial changes in the particle response are expected due to the vicinity
of the metal plane, such effect increasing as the distance 4, between the particle and the
ground decreases. According to image theory, in one half-space (delimited by the
ground plane) the system is equivalent to a set of two parallel complementary screens,
separated from a distance 24, with currents flowing in opposite directions. Therefore, a
system of two coupled CSRRs separated by en electric wall is obtained. According to
coupled resonators theory [101], this situation leads to a decrease of the resonance
frequency, with respect to the uncoupled CSRR, when the coupling between resonators
is electric, and to an increase of the resonant frequency when the coupling is magnetic.
As said above, the CSRR at first resonance produces a strong axial electric dipole
moment, thus involving an electric coupling with the resonator image. For this reason,
the first resonant frequency is lowered by the presence of a ground plane. On the other
hand, it can be deduced that the second resonant frequency of the CSRR is raised by the
presence of a ground plane, being basically a magnetic resonance. In both cases, the
ground plane sensibly reduces the antenna radiation efficiency, due to several reasons.
First, since the particle radiates only in one half-space, its radiation conductance Grg
is halved [104]. Moreover, the metal plane introduces an additional capacitance, as seen
from antenna the input port (further increased when high-permittivity dielectric
substrates are used), which involves an increase of the electric currents exciting the
particle for a given applied port voltage, thus increasing the ohmic losses in the plane of
the particle. Additional losses mechanisms include the ohmic losses on the metal plane,
and dielectric losses (when a dielectric substrate is used). From the Poynting theorem,
the latter can be evaluated according to

P

2
oss.diel — Dp€,€, 1an 5.”J‘|E| av, (4.55)
vV
where ¢, and tand are the substrate relative permittivity and loss tangent, respectively, £
is the electric field evaluated in the volume J between the particle and the ground plane.
Dimensional analysis suggests that dielectric losses in (4.55) tend to increase as the
distance /4, from the metal plane decreases, for a given voltage applied to the slot.

The radiation pattern of the CSRR in the radiating half-space is not substantially
modified by the presence of the metal plane, provided that the electric field distribution
along the slot (or, equivalently, the magnetic current distribution) maintains roughly
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unaltered (of course, 3 dB are added to the directive gain because the power is radiated
in one half-space). On the other hand, as it was deduced by Booker, important
modifications of the radiation pattern of a complementary antenna come from the finite
dimensions of its screen, especially in the directions of the screen plane (6= 90°),
where, due to symmetry, no radiation is possible. However, short-circuiting the screen
edges to the ground plane is an effective way to avoid this effect, even when the metal
surroundings of the particle are small. In this case, the boundary conditions allow
exciting the structure by a plane wave coming from the direction 8 = 90°, with electric
field orientated in the z-direction, as in the case of an infinitely extended complementary
screen. Technically, such antenna can be classified as a cavity-backed slot antenna,
since the slot is boxed in a metallic cavity. It is known that the resonant modes in the
cavity might affect the electric field distribution on the slot [110], and consequently the
radiation pattern. We observed that the boxed CSRR antenna, excited with a voltage
across the center of the outer ring slot (see Figure 4.15), maintains a radiation pattern
similar (in one half-space) to that of the unbounded complementary screen, even for
very small distances from the metal plane (Figure 4.17).

The behavior described above was verified by means of electromagnetic simulations,
which also provided an estimation of the resonance split and the radiation efficiencies
for different distances (5 mm, 2 mm, 1.27 mm, no metal plane) of the CSRR over the
metal plane. To this end, the commercial software CST Microwave Studio was used.
The CSRR was etched on an infinitely extended screen made of (a) perfectly conductive
material (lossless case) and (b) copper (lossy case), with thickness 4 =35 pm, and
excited with a differential port placed across the slot at the position ¢ = 0. In order to
compare the impedance response, the simulated CSRR has the same dimensions as the
EC-SRR simulated at Section 4.2 (rp =35.25 mm, ¢ =2 mm, d = 0.5 mm). In the cases
which consider the presence of a ground plane below the resonator, the screen
containing the CSRR was cut with lateral dimensions of 150 mm x 150 mm, and the
four sides of the square were connected to ground by means of vertical copper walls

Figure 4.15. Finite size CSRR antenna short-circuited to the ground plane. Metal is depicted in grey; the
ground plane is represented by the grid. The excitation port is represented by the red triangle.
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Figure 4.16. Simulated input impedance of a (a) lossless and (b) lossy (etched on a copper layer) CSRR
at different distances over an infinitely extended ground plane (first resonances are marked in light grey,
second resonances in dark grey).

(with thickness equal to /). The ground was defined by forcing the boundary condition
E,=0 (where E, is the electric field tangential to the plane), which describes a lossless
and infinitely extended ground plane.

The simulated input antenna impedance for different cases is depicted in Figure 4.16.
As expected, the frequency split associated to the presence of the ground plane is
evident. It is interesting to note that, even for very small distances from the ground
plane (4 = 1.27 mm), the impedance response of the CSRR clearly shows its resonances,
thus suggesting that the particle behavior is not strongly affected by the ground plane. In
case no ground plane is present, the first (0.37 GHz) and second (0.99 GHz) resonances
of the CSRR agree very well with the resonant frequencies of an EC-SRR of the same
dimensions (see Figure 4.7). The radiation conductance G4 calculated by using (4.53)
and (4.54) for the first and second resonances, respectively, shows good agreement with
the simulated values in the unbounded lossless case, as expected from duality. The
theoretical/simulated values are 3.1:10° S/4.2-10° S at the first resonance, and
2.2:107 $/2.1-107 S at the second resonance.

Equation (4.53) and (4.54) were also applied to predict the radiation conductance
when the radiation is confined by the ground plane, taking into account that the results
must be halved, since radiation occurs only in one half-space. In this case, however, the
theoretical prediction is not as accurate as in the unbounded case, and only provides a
rough approximation.

As can be seen in Figure 4.16, ohmic losses associated to copper do not introduce
changes in the resonant frequencies. In such a lossy case, one of the main concerns is
the radiation efficiency, which can be severely affected as the distance from the ground
plane is made very small. As illustrated in Table 3, the simulated values of the radiation

76



CHAPTER 4 RADIATION PROPERTIES OF EDGE-COUPLED SPLIT-RING RESONATORS
(EC-SRRS) AND DERIVED STRUCTURES

TABLE 3 SIMULATED VALUES FOR THE FIRST AND SECOND RESONANT FREQUENCIES OF THE BOXED CSRR OVER AN IDEAL GROUND
PLANE.

J1(GHz) /> (GHz) Nrad1 (Y0) Nradz (%0)
no ground 0.37 1 45 98
hs =5 mm 0.26 1.2 6 77
hs =2 mm 0.2 1.26 2 46
hs =1.27 mm 0.17 1.28 <1% 30

efficiency decrease as the value of /4, is reduced. At the first resonance, the efficiency
quickly falls to very small values, due to the combined effect of the electrical size
reduction (the first resonance is lowered down to half its value) and the additional losses
arising from the vicinity of the ground plane. On the other hand, the results at the
second resonance are encouraging even for the smallest value of 4, =1.27 mm (4/185),
where 71, = 30% is predicted. It is worth mentioning that no substrate has been
considered so far. Obviously, a dielectric substrate may be necessary in many practical
cases, due to its structural function. Moreover, when designing an UHF-RFID tag based
on this resonance, one might want to reduce lateral dimensions, which have been
increased by the presence of the metal plane (a 100 mm x 100 mm tag would result
when working at 915 MHz without adding any substrate, so that the resulting tag area
would be significantly larger than average), and this can be accomplished by properly
choosing the permittivity of the substrate. However, as mentioned before, the substrate
may cause an important reduction of the radiation efficiency, so that a careful tradeoff
between tag dimensions and read range is necessary at the tag design stage.

Let us now check the electric field distribution and the radiation pattern of the CSRR
(Figure 4.17) when boxed on a ground plane. The simulation results suggest that, even
when the distance from the ground is small (1.27 mm), the field distribution on the slot
is similar to that of the ideal CSRR. Notice that, due to duality, the proximity effects
encountered in the EC-SRR are also replicated in the electric field distribution (or,
equivalently, in the magnetic current density) on the slot. As a result, the radiation
pattern (in the upper half space) is also very similar (Figure 4.7¢).

In conclusion, although the ground plane lowers the radiation efficiency of the CSRR,
it is actually interesting to explore this solution for the design of UHF-RFID tags with
low-profile and acceptable read range, in light of the novelty that this kind of design
represents over the state of the art. In the next chapter, an on-metal UHF-RFID tag
based on a NB- CSRR working at the second resonance will be presented, along with
the design concepts and the measured read range.
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Figure 4.17. Amplitude of the electric field tangential to the slot of the (a) unbounded CSRR and (b)
CSRR boxed on a ground plane (at a distance 4, = 1.27 mm). A zoom of the E-field vector in the slot at
the position ¢ =90° is also represented. (c) Radiation pattern at the first and second resonance (left and

right, respectively).
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(O
Antenna and UHF-RFID Tag Design

based on Split-ring Resonators and

Derived Structures

In the previous chapter, an analysis of the radiation properties associated to the more
commonly used electrically small resonators (EC-SRR, CSRR, NB-CSRR) was
provided and validated by means of electromagnetic simulations. Such analysis is at the
base of the antenna and UHF-RFID tag designs presented in this chapter. The main
purposes of this chapter are 1) to validate, by means of experimental data, the analysis
from the previous chapter and ii) to demonstrate the practical utility of metamaterial-
inspired resonators in antenna and UHF-RFID tag design. The design process, including
antenna geometry adjustment and impedance matching strategy, is detailed in each case.
Then, a prototype is fabricated and measured, and the results are compared with
simulations and theory.

The presented devices include an electrically small UHF-RFID tag based on an EC-
SRR at its fundamental resonance (Section 5.1), a low-profile on-metal UHF-RFID tag
based on a NB-CSRR at its second resonance (Section 5.2), and a 50 Q@ EC-SRR
antenna working in the 900 MHz ISM band (Section 5.3).
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5.1 UHF-RFID tag based on EC-SRR at its
fundamental resonance

As shown at Section 4.1, the SRR at its fundamental resonance is capable of providing
acceptable radiation efficiency when the trace width ¢ is properly chosen. As mentioned
above, an important limiting factor in this case is the operating bandwidth, which is
severely restricted (FBW = 1-2%) due to the very small electrical dimensions of the
antenna (A¢/10 in diameter). While this represents a serious problem for many
applications, this is not the case of UHF-RFID, where the required bandwidth is very
small. Moreover, the radiation pattern of the EC-SRR at its first resonance is interesting
for UHF-RFID tags, since it does not present radiation zeros. As seen at Section 4.1.3,
the parameter XPOL,x provides a relation [XPOLpax/(1+XPOLnax)] between the
minimum and maximum antenna gain, which occur in the z-axis and x-axis directions,
respectively. Therefore, on the basis of the read range equation (3.1), it can be found

that:
XPOL
RR =RR | ————=—. (5.1)
1+ XPOL _,,

For a value of XPOL,x = —10 dB, the tag read range in any direction is higher than the
30% of the maximum read range. This is a clear advantage over the conventional RFID
tags, based on meandered electric dipoles, which present two blind spots in the direction
of the tag axis. Another important advantage is represented by the significant reduction
of the tag lateral dimensions, as compared to conventional tags, without the need of any
size reduction technique (e.g., meandering). Furthermore, as it will be demonstrated
below, proper impedance matching between the antenna and the RFID ASIC can be
achieved without the need of a matching network. This represents a benefit in terms of
tag size and performance. All these features encouraged us to propose an UHF-RFID
tag prototype based on an EC-SRR antenna, as detailed below.

5.1.1 Tag design and simulation

In this section, the tag prototype design process, based on the analysis of the previous
section and aided by means of EM simulations, is presented. The tag was designed to be
used in the North-American UHF-RFID band (902-928 MHz), which is centered at
fo=915 MHz. The simulations were performed by means of the commercial software
Advanced Design System. The RFID ASIC used for the prototype is the Alien Higgs 3
with SOT-323 packaging, a nominal input impedance of Z¢ = R¢c +jXc =25 — 190 Q at
fo, and a minimum sensitivity of Py, =—17 dBm (as detailed in Table 1).

Let us first discuss the impedance matching between the RFID ASIC and the SRR
antenna. Since the SRR presents a narrow-bandwidth (as it will be detailed later) series
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resonance, it is expected that nearly beyond resonance the inductive reactance part will
match the capacitive reactance of the chip. At this frequency, the reflection coefficient
notch depth (and thus the value of 7) depends on the ratio between the input resistance
Rin and the chip resistance R¢. If the port is placed in the external ring at ¢ = 0°, where a
current maximum iy occurs, the input resistance is equal to Ry = (RraqtRioss), Which is in
general much lower than R, resulting in an important impedance mismatch. However,
it is possible to change the port position in order to increase the input resistance Ri,(¢)
until reaching a good impedance matching without the need of an external matching
network. In fact, as reported in [17], the following expression provides the input
resistance, as a function of the port position, for asymmetrically fed wire antennas:

B
bR, 5.2
o) ey

R, (p)=

where i, is the amplitude if the current on the external ring at the position ¢. By
combining (5.2) with the current profile iy expression (4.3), the port angle providing
R, = R is found to be:

¢, =*x(1-Va). (5.3)

where « is a scaling factor, and is defined as a = Ro/Rc The proposed method allows
overcoming the limitations reported in [111] on the impedance matching between an
RFID ASIC and an SRR antenna.

As a first step of the design process, a dielectric substrate was chosen. To avoid
further size reduction, with consequent radiation efficiency decrease, a thin and low
permittivity substrate was chosen (as in the case of most commercial UHF-RFID inlays).
The Arlon CuClad 250LX was selected, presenting a thickness 4, = 0.49 mm, a relative
permittivity & = 2.42, a loss tangent Jj,ss = 0.0018 and a copper layer with a thickness
h =35 um. Thus, the SRR was designed as follows. A differential 50 Q port was
connected through a 1 mm wide cut opened on the external ring at the position ¢, =0,
where the input resistance Rj, is equal to Ry by definition. Based on the radiation
efficiency expression (4.26), the ring width was set to ¢ = 2.2 mm, in order to ensure an
efficiency of about 90% (neglecting dielectric losses, and considering that ry =~ 1/20)
(see Figure 4.4). Then, a combination of mean radius 7y and distance d was chosen in
order to locate the first resonance just below the working frequency f, according to the
impedance matching considerations exposed above. The set of values ro= 13.1 mm
(40/25) and d=0.33 mm (consequently, re=15.46 mm) provided resonance at
£-=900 MHz, as can be observed on the basis of the simulated input impedance,
depicted in Figure 5.1. The simulated value of the input resistance is Ry = 1.3 Q. [Note
that, by combining the expressions of the radiation resistances associated to the SRR
electric and magnetic dipole moments, i.e., expressions (4.15) and (4.25), respectively, a
theoretical value (which neglects the dielectric losses) of Ry=1Q is obtained].
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Figure 5.1. Input impedance of the SRR antenna fed at the center of the external ring. Dimensions are
ro=13.1 mm, ¢ =2.2 mm and d = 0.33 mm.

Therefore, the scaling factor was determined as o= R¢/Rc=1.3/25=0.052 and, by
using (5.3), the port positions providing conjugate matching were found to be
¢p =*£139°. The following simulation was then performed by placing the port cut at the
position ¢, = —139°, and modeling the port by the RFID ASIC equivalent circuit model,
which is an RC shunt circuit, with values R, = 1500 Q, C. = 0.9 pF (as mentioned above,
it provides Zc=Rc+jXc=25—j190 Q at fy). The final tag layout, along with the
simulated current distribution at the working frequency, is depicted in Figure 5.2a.

The simulation results, in terms of power reflection coefficient, are depicted in Figure
5.2b. As expected, good impedance matching [-19 dB, which in RFID provides 99.4%
of the read range obtained with conjugate matching, according to (3.1)] was obtained
closely above the SRR resonant frequency, at 920 MHz, which is close to the central

Sl (¢B)

'24 T T T
880 900 920 940 960

Frequency (MHz)

Figure 5.2. Simulated (a) current distribution in the SRR tag antenna and (b) power reflection coefficient
of the proposed tag. The half-power bandwidth is depicted in dark grey, the North-American UHF RFID
band is depicted in light grey.
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Figure 5.3. (a) Normalized radiation pattern in the H-plane (¢ = 0°) and E-plane (8 = 90°), (b) co-polar
and cross-polar pattern in the yz-plane

frequency of the North-American UHF-RFID band. The simulated half-power
bandwidth of the tag (depicted in grey) is BW = 8§ MHz.

The simulated radiation pattern, depicted in Figure 5.3, is very similar to that of the EC-
SRR shown in Figure 4.5a, which has approximately the same dimensions of the design
presented here. The realized gain provided by simulation is —0.1 dB. Therefore, the
maximum read range, predicted by using (3.1), is RR, = 11.5 m. Again, the tag read
range in the axial direction can be predicted by using (3.1) with the simulated gain in
the z-direction (—8.7 dB), resulting in RR, = 4.3 m. The simulated value of XPOL,.x can
be directly read in the normalized pattern in the yz-plane (Figure 5.3b), where the
radiation from the electric and magnetic moments is decoupled, as predicted in Section
4.1.3). Note that the simulated value (-9 dB) is very near to the theoretical value
(—10 dB), obtained from (4.27). A validation of expression (5.1), and, consequently, of
the SRR antenna modeling as a combination of two elemental radiators, can be done by
evaluating the tag read range in the axial direction on the basis of XPOL,x and RR,. The
result is RR, = 3.8 m, which is similar to the value predicted above (the discrepancy is
around 15%). The simulated directivity is Dy = 1.6 dB, and the radiation efficiency was
found to be 77;ag = 67%. In comparison, by using (4.26) with the given SRR dimensions,
a theoretical efficiency of 84% is predicted. The difference is attributed to the presence
of the substrate, which, as confirmed by means of simulations with lossless substrates,
introduces significant amount of dielectric losses.
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Figure 5.4. SRR antenna input impedance measurement assembly.

5.1.2 Fabrication and measurements

To validate the simulated results, the layout described in the previous section was
fabricated by means of a PCB drilling machine (LPKF-H100). In order to measure the
SRR antenna input impedance, a first prototype was fabricated with the input port
placed at the center of the external ring (¢ = 0) (Figure 5.4). The antenna impedance
was measured by using the technique reported in [23], resumed as follows. The SRR
antenna was connected to the signal analyzer through a test fixture based on two semi-
rigid coaxial cables soldered together. Based on the measured single-ended scattering
parameters, the differential input impedance was then obtained by analytical
transformations. The results, depicted in Figure 5.1, exhibit good agreement with
simulations. Nevertheless, the first resonance according to measurements is located at
857 MHz, which is 43 MHZ below the simulated value (900 MHz).

The final tag prototype (Figure 5.5a) was then fabricated by applying a scaling factor
(0.97), in order to compensate the frequency shift detected in the measurements. The
final tag dimensions are ro=12.7 mm, ¢=2.1 mm, d=0.32 mm and consequently
rext = 15 mm (4¢/22). The ASIC was soldered across the cut opened at the position
@, =—139° (see previous section). The substrate, which was considered infinite in the
simulations, was cut round-shaped with a radius approaching ey in order to minimize
the tag dimensions (Figure 5.5a).

@) __ ®)

Read Range (m)

= —— xp-plane
=+ z-axis

0 T T T
1] 900 905 910 915 920
Frequency (MHz)

Il
3

||H[!|||’IHI|IIII
cm 1 =

Figure 5.5. (a) Fabricated tag prototype (97% scaled) and (b) experimental read range.
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The tag radiation pattern was then measured by using the method described at Section
3.2.3. The pattern in the E-plane and H-plane, depicted in Figure 5.3a, exhibits very
good agreement with both theory and simulation. The experimental read range along the
x-direction (also obtained according to the setup described at Section 3.2.3), depicted in
Figure 5.5b, reaches RRy =9.3 m at 911 MHz, which is 20% lower than the predicted
value (11.5 m, see previous section). However, this discrepancy is compatible with the
tolerance of Py, declared by the ASIC manufacturer, which ensures a minimum value of
Py =—15 dBm (while Py =—17 dBm is the “typical” value). By using this value, the
predicted read range is 9.2 m, very similar to the measured value.

The measured axial read range reaches RR. =4.2 m, which is very close to the value
predicted in the previous section (4.3 m). Nevertheless, if a new prediction is done by
correcting the value of Py, to —15 dBm (as in the case of RRy), the simulated value only
reaches 3.4 m. As a result, measurements suggest a value of XPOL,x =—6dB, i.e.,
nearly 3 dB higher than the simulated value and 4 dB higher than the theoretical value
predicted by means of (4.27). Such a difference might be attributed to non-idealities in
the measurement process, e.g., the non-perfect TEM propagation inside the cell. The tag
half-power bandwidth, extracted from the read range curve, is BW =7 MHz, which is in
good agreement with the simulated bandwidth (8 MHz, previous section). It is
interesting to compare the measured value to the value predicted in (4.31), taking into
account the size of the scaled tag and considering #,q = 0.67 (i.e., the simulated value).
The result for the predicted half-power bandwidth is BW =8 MHz, which is in perfect
agreement with the simulated value, and very near to the measured one.

As confirmed by measurements, the proposed tag is very performing (relatively to its
dimensions) in terms of read range. It is worth mentioning that with the latest ASICs
available on the market (e.g., Alien Higgs 4, with Py, =—18.5 dBm [24]), the read range
could be extended up to 13.7 m. Nevertheless, like any other electrically small UHF-
RFID tag, performance degradation in terms of radiation efficiency and impedance
matching may occur when the tag is attached to some objects, depending on the
electromagnetic properties of the labeled item. In many cases this can be taken into
account in the tag design stage (e.g., when the object is known a priori) in order to
mitigate these effects.

5.1.3 Conclusions

In this section, a small passive UHF-RFID tag based on an SRR antenna working
around its first resonance has been presented. The tag design, aided by means of EM
simulations, was based on the theoretical analysis of the input impedance and the
radiation properties of the SRR, described in the previous chapter. An impedance
matching strategy has been introduced, suggesting that good impedance matching
between the ASIC and the SRR antenna can be achieved without the need of an
additional matching network. In order to validate the simulated results, a tag prototype
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of size 30 mm x 30 mm (4o/11 x A4¢/11) was manufactured. The SRR antenna input
impedance, along with the tag radiation pattern and read range, were validated
experimentally. The tag measured read range reaches 9.3 m at 911 MHz in the direction
of maximum read range, and 4.2 m at the same frequency in the direction of minimum
read range.

The main advantages of the presented tag are its small dimensions and the absence of
radiation zeros, which are typically present in general-purpose UHF-RFID tags, and
result in undesired blind spots in the read range.

5.2 On-metal UHF-RFID tags based on Non-
bianisotropic Complementary Split Ring Resonator

The radiation properties of complementary split ring resonators (CSRRs) boxed over a
ground plane were discussed in Section 4.4. The analysis, mainly based on
electromagnetic simulations, showed that good performance can be obtained when the
particle works around its second resonance, even at a very small distance over the metal
plane (1.27 mm). However, such results have to be considered only a starting point,
because no substrate was used in the simulations. The dimensions of the resonator are,
in terms of area, greater than most of the commercial UHF-RFID tags, including many
on-metal tags. Obviously, the introduction of a dielectric substrate reduces the electric
size of the tag, but also its performance (as mentioned in the previous section, special
concern is about radiation efficiency). For this reason, when choosing a substrate, the
value of its permittivity should be properly chosen to obtain an acceptable tradeoff
between dimensions and performance, mainly depending upon the final tag application.
In the tag prototype design presented in this work, we wanted to explore the possibility
of reducing lateral dimensions to a great extent, while maintaining a reasonable value of
the tag read range. The non-bianisotropic version of the CSRR (NB-CSRR) was chosen
for this preliminary design due to its simpler radiation diagram, which arises from a
single radiating dipole moment, and presents very low values (ideally zero) of cross-
polarization.

5.2.1 Tag design and simulation

As stated above, the presented tag design was aimed to reduce the lateral dimensions.
Hence, a high permittivity substrate was chosen, namely the Rogers RO3010, with
relative permittivity .= 10.2, loss tangent tand = 0.0023 and thickness A= 1.27 mm
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(= 4/260 at 915 MHz). The ASIC used for the design is the Alien Higgs 3 with SOT-323,
which presents an input impedance of Z¢ = 25—7190 Q at 915 MHz.

The impedance matching strategy adopted in this case is very similar to the one used
for the tag of the previous section, where an EC-SRR was used as the radiating element.
As a result of duality, a complementary resonator can be modeled as a shunt circuit
around resonance (see Figure 4.14), and hence it presents inductive behavior below
resonance. Due to the reduced dimensions of the particle in terms of wavelength, and
the vicinity of the metal plane, the radiation quality factor of the particle is expected to
be high, leading to high values of the reactance slope around resonance. As a result, the
antenna reactance is expected to resonate with the ASIC capacitive reactance nearly
below the NB-CSRR second resonance. The matching level at resonance is a function
of the ratio between the ASIC conductance G, and the antenna input conductance G,
(neither of the quantities depend on frequency, in a first order approximation, provided
the bandwidth is small), which can be controlled by adjusting the position ¢, of the
input port along the slot. Duality ensures that, similarly to the case of moving the input
port along the SRR ring (see Section 5.1.1), the NB-CSRR input conductance is
transformed to higher values, as respect to the input conductance at the center, when
moving towards the ends of the slot. Therefore, provided that the input conductance at
the center of the NB-CSRR is lower than the ASIC conductance, it is possible to obtain
the required impedance matching at the working frequency without the need of a
matching network, by properly choosing the port position along the slot. Unlike in the
case of the SRR based tag, were the port position ¢, was evaluated on the basis of
expression (5.3), a parameter sweep of the port position was performed here. This is
because, as a result of the low radiation efficiency, in this case we do not have a precise
knowledge of the antenna input conductance and its variation with the angle, being the
loss conductance expected to overtake the radiation conductance.

It is worth mentioning that, due to the high quality factor of the proposed particle
when operating over metal, the bandwidth of the tag is limited to a few MHz, which
excludes the possibility of a worldwide functionality of the tag, though it is fully
sufficient for the correct operation in one region. However, narrowband impedance
matching is typical for low-profile on-metal UHF-RFID tags [112].

Based on the electromagnetic simulations, the values of the geometric al parameters
were adjusted to 7o = 18.95 mm, ¢ = 1 mm, d = 0.5 mm, w = 6 mm, obtaining the second
resonance at f> =925 MHz. The port position which provided optimal impedance
matching with the Alien Higgs 3 ASIC at f, =~ 915 MHz was found to be ¢, = —30°. The
overall lateral dimension of the simulated structure are L x L, with L =45 mm (Figure
5.6a).

The simulated power reflection coefficient of the tag is depicted in Figure 5.6b. A
good matching level (—16 dB) is obtained at 914 MHz, with a half-power bandwidth of
5 MHz.
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Figure 5.6. (a) Tag layout and (b) simulated power reflection coefficient.

Let us now focus on the simulated tag antenna parameters. As expected, the radiation
pattern (Figure 5.7) at 915 MHz agrees very well with the pattern produced by the
tangential magnetic dipolar moment of the NB-CSRR. The axis of the dipole is oriented
at ¢ = 107° (H-plane), where a null in the far-field radiation occurs. The directivity of
the antenna is Dy =5 dBi (for an infinitely extended metallic plane), and the radiation
efficiency is #raa = 10%, resulting in a gain of Gy = —4.7 dB. Although, as expected, this
value is considerably lower than the value obtained when no substrate was used
(1raa = 30% was obtained, see Table 3), it is still reasonable for an UHF-RFID tag. In
fact, the predicted read range reaches RR = 6.8 m, which is in line with existing low-
profile on-metal tags of similar dimensions (see Section 3.4). Moreover, as can be seen
by observing the axial ratio depicted in Figure 5.8a, the non-bianisotropic nature of the
resonator is maintained to a great extent in this configuration, despite the vicinity of the
ground plane and the port position (which formally breaks symmetry in the excitation of
the particle). The axial ratio is higher than 40 dB over the whole half-space (z > 0), and
the Q¢ zone is very small. For comparison, an alternative tag design based on a CSRR
with the same dimension was simulated, and its axial ratio at the second resonance is

aBi
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Figure 5.7. Simulated far-field radiation pattern of the NB-CSRR-based tag at 915 MHz.
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Figure 5.8. Comparision between the axial ratio of the (a) NB-CSRR-based and (b) CSRR-based tags
working at their second resonance.

represented in Figure 5.8b. The difference is evident, and it consistent with the analysis
presented at Chapter 4.

5.2.2 Fabrication and measurements

In this section, the manufactured tag prototype (Figure 5.9a) is presented, along with
the experimental read range, in order to validate the simulated results. The layout,
described in the previous section, was fabricated by means of a PCB drilling machine
(LPKF-H100). For practical reasons, the short-circuit connections of the tag sides to the
ground plane were implemented by using vias (8 each side, with radius 0.15 mm).
Simulations suggested that, in this case, an increase of the lateral dimensions of the tag
sides (the NB-CSRR dimensions are not changed) is necessary in order to maintain the
resonant frequency at 915 MHz. The lateral dimensions of the fabricated tag are
60 mm x 60 mm.

The experimental read range is depicted in Figure 5.9b. The tag response is centered at
the frequency fy =958 MHz, exhibiting a frequency shift of about 40 MHz, which
should be attributed to simulation and fabrication tolerances. The maximum measured
read range (5.3 m) is roughly 20% smaller than the simulated value, while the measured
half-power bandwidth (extracted from the read range, providing 12 MHz approximately)
is wider than the simulated (5 MHz). Both of the effects mentioned above should be
attributed to the additional ohmic losses introduced by: i) the connections to ground,
which have been implemented in the prototype by using vias, instead of the vertical
metallic walls considered in the simulation and i1) the losses on the copper metal plane,
which were not considered in the simulations. The effect of these losses is to decrease
the antenna quality factor, and therefore enhance its bandwidth. This behavior was
confirmed by later simulations, which provided a bandwidth of 10 MHz and a gain of
—10 dB, taking into account the presence of the vias and the losses in the metal plane.
However, the read range resulting from simulations with vias is 3.5 m, which is lower

89



CHAPTER 5 ANTENNA AND UHF-RFID TAG DESIGN BASED ON SPLIT-RING
RESONATORS AND DERIVED STRUCTURES

(a) (b)y s

54

E 4]

@

2

@ 31

o

® 2

17}

x 14
0 T T
950 955 960 965

e R AR R AR RARERY
o G g g

Frequency (MHz)

Figure 5.9. (a) Tag prototype and (b) experimental read range over a copper plane of 300x200 mm.

than the measured value. This fact, along with the 40 MHz frequency shift in the tag
response, suggest that EM simulations of complementary particles working at a very
small distance from a metallic surface are subjected to a certain degree of uncertainty,
which increases as the distance from the metal decreases.

5.2.3 Conclusions

The behavior of the NB-CSRR antenna for UHF-RFID tags placed at very small
distance (1.27 mm = 4/260) from a metallic surface has been studied in this section. Due
to the configuration of its intrinsic dipolar moments, the particle has been found by
means of EM simulations to present acceptable radiation efficiency (10% with RO3010
substrate) near its second resonant frequency. Furthermore, the non-bianisotropy of the
NB-CSRR causes the polarization of the radiated fields to exhibit a very high linear
axial ratio (>40dB in EM simulations). This property was emphasized when
comparing the radiation of the presented particle and a complementary split ring
resonator (CSRR) of the same dimensions.

Based on the NB-CSRR antenna, a very low-profile, on-metal passive UHF-RFID tag
(dimensions are 45 mm x 45 mm x1.27 mm) has been designed. The proposed
impedance matching strategy allowed obtaining good impedance matching (=16 dB)
between the antenna and the RFID ASIC (Alien Higgs 3) at 914 MHz (which is roughly
the center of the North-American UHF-RFID band). The simulated overall antenna gain
(—4.7 dB), suggested a read range of 6.8 m when placed over an infinitely-extended
ground plane. In order to confirm the simulated results, a tag prototype was
manufactured and tested. The experimental read range reached 5.3 m, validating the
suitability of the NB-CSRR resonator as a radiating element for on-metal passive UHF-
RFID tags with very low profile.
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5.2.4 Other proposals

As discussed in Section (4.4), the use of high-permittivity dielectric substrates
produces an increase of the ohmic losses in the conductors forming the slot antenna,
reducing the radiation efficiency. In case of working over metal at the second resonance,
however, high-permittivity substrates are necessary to contain the lateral size within
acceptable values. On the other hand, when working at the first resonance, the particle is
so small that the use of a high-permittivity substrate is not necessary, but at the same
time, due to its reduced dimensions, its radiation efficiency is totally insufficient for
practical use (Table 3). This situation is worsened as the thickness over metal is made
smaller. However, the first resonant frequency of the SRR can be increased by using
derived structures. In particular, the double-split SRR (2-SRR) resonates at twice the
resonant frequency of an SRR of the same dimensions [102]. This structure is obtained
by providing each ring with two cuts, separated by 180° (Figure 5.10a). At the
fundamental resonance, the current in each ring section flows in the same direction, like
in the native SRR, so that the structure still behaves as a uniform current loop in terms
of radiation. Unlike the SRR, however, the 2-SRR presents inversion symmetry, which
makes it a non-bianisotropic particle. It is clear that, being the tag oriented to on-metal
applications, the complementary counterpart of the 2-SRR, i.e., the 2-CSRR, is much
more suitable, since it generates an axial electric (equivalent) dipole moment,
compatible with the boundary conditions imposed by the metallic surface. The
geometric parameters (height over the metal plane, width and separation between rings,
and port position across the slot) can be tailored to adjust the resonant frequency, or,
equivalently, the electrical size of the antenna, until reaching acceptable radiation
efficiency. In case, the number of slits can be even increased to obtain larger uniform
current loops with controllable electrical size. Similarly to the case of the previous tag
(based on the NB-CSRR), the impedance matching can be controlled by changing the
port position along the slot. Again, the input conductance at the slot center must be
lower than or similar to that of the ASIC, thus setting a limit to the maximum size of the
loop suitable for the tag. On the basis of (4.52), and considering that radiation
conductance is halved by the presence of the metal plane, the maximum loop radius for

Figure 5.10. (a) Topology of the 2-SRR and electric current/charge distribution at its first resonance. (b)
Layout of the proposed tag over metal (the input port is depuicted in red).
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proper impedance matching to the Alien Higgs 3 ASIC is in the order of 40 mm. This is
a rough estimation, because, as already mentioned at Section 4.4, the prediction of the
radiation conductance is not accurate when the particle is working over metal. Moreover,
loss conductance was not taken into account.

By following the principles exposed above, a tag prototype was designed and
simulated by means of CST Microwave Studio. The approach allowed obtaining a tag
with lateral dimensions comparable to the tag based on the NB-CSRR at the second
resonance, without using any substrate.

The tag layout is shown in Figure 5.10b. As in the previous case, the tag thickness
over metal was fixed to 4, = 1.27 mm, and the thickness of the screen containing the
particle was set to 2 =35um. In this case, the screen containing the particle was cut
round-shaped, with a radius of 20.5 mm, and the boundary of the screen was connected
to ground by means of a vertical copper wall (with thickness equal to /). To increase the
accuracy of the simulation results, the ground was modeled by a conductive wall with
the conductivity of copper (o =5.96:10" S/m). The volume enclosed by the antenna was
treated as air in the simulation, since no substrate was used.

The 2-CSRR mean radius was set to 7o = 18.6 mm, the distance between rings to
d=14mm and the ring width to ¢ =2 mm. The port position providing optimal
impedance matching to the Alien Higgs 3 SOT-323 ASIC was found to be ¢, = 50°.

The simulated power reflection coefficient, depicted in Figure 5.11a, exhibits good
impedance matching at 915 MHz. The radiation pattern (Figure 5.11b) suggests that the
2-CSRR behaves as a loop antenna, with a quasi-omnidirectional pattern on the xy-plane,
as expected from the current distribution of the 2-CSRR around its first resonance.
Regarding the radiation efficiency, a significant improvement was obtained by avoiding
the use of a dielectric substrate. The simulated value reaches #..q =23%, with a
maximum gain of Gy =—1.3 dB towards the x-direction, thus allowing read ranges in the
order of 10 m.

Obviously, due to the absence of a substrate, and the consequent lack of structural
rigidity, the presented solution is not suitable for manufacturing without further
modifications. One possible solution is to increase the thickness of the metal, and even
the metal type, to obtain a self-supporting structure. For example, a stainless-steel
edition of the tag would possess sufficient rigidity to withstand the environmental
conditions in many applications. Due to the lower conductivity of this material,
however, the radiation efficiency would be reduced. Simulation results predicted an
efficiency of 7.0 = 11%, leading to a gain of Gy =—4.8 dB and a read range of 6.7 m.

Alternatively, a very thin PET substrate with copper metallization may be used,
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Figure 5.11. (a) Simulated power reflection coefficient and (b) far-field radiation pattern.

sustained by low-loss foam. In this case, the simulated results predicted smaller loss of
performance, with the radiation efficiency reaching #.,q=18% (with substrate
characteristics: 4, = 15um, and ¢, = 3.3, tand = 0.015), a gain of Gy =—2.6 dB and a read
range of 8.5 m. However, the metallization of the screen sides to the ground would still
require special techniques, and may increase the tag complexity and cost.

5.3 EC-SRR antenna design: application to the 900
MHz ISM band

In this section, the theoretical analysis involving an EC-SRR working at the second
resonance (Section 4.2) is applied to the design of an SRR antenna prototype, in order to
validate its usefulness in the design stage, and to confirm the radiation properties of the
SRR antenna introduced in this work. As a practical application example, the prototype
was designed to operate at fo = 915 MHz, which is the center of the 900 MHz ISM band
(902-928 MHz), matched to a 50 Q port.

5.3.1 Design process and simulation results

The first step in the design process is to determine the SRR mean radius 7, in order to
adjust the antenna input resistance to the required value of Ry = 50 Q. In a general case,
the antenna input resistance at resonance is Rin = Rrad T Rioss, 1.€., 1t 1S obtained by
summing (4.36) and (4.46). Therefore, its radius dependence is a second order
polynomial of the form Ry, = ary” + bro, where a and b depend on the frequency f;, the
metal conductivity ¢ and the geometrical parameters ¢ and /. As a result, the required
mean radius 7y is obtained by solving a second order equation (which provides a unique
positive solution) after the parameters mentioned above (fy, g, ¢, &) have been set to a
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given value. However, in case the radiation efficiency is expected to be sufficiently high
(Figure 4.9), the loss resistance can be neglected, and by using (4.36) the required mean
radius can be approximated to

ry~4-10° 7R, . (5.4)

where all the quantities are expressed in SI units. Since the metal used for the prototype
is copper with a thickness of # =35 pm, setting the strip width to ¢ =2 mm allows using
the expression above, because the expected efficiency is 98% (neglecting the substrate).
The result is 7o = 31 mm.

The second and final step in the design stage is to adjust, with the help of EM
simulation software, the second resonance of the SRR (with radius ry) at the desired
frequency fo. First, a dielectric substrate with the proper combination of relative
permittivity &, and thickness /4 is chosen, obtaining a resonant frequency near to the
desired value. Finally, by tailoring the distance d between rings, a fine adjustment of the
frequency of resonance is done. In our case, we used a Rogers R04003 substrate
(,=3.55, hy=0.81 mm, tand =0.0027) and the ring distance was found to be
d = 1.6 mm. Consequently, the external radius of the SRR is 7ex = 33.8 mm (=A/10).
The ring cut width and the port gap, which values are not relevant for the SRR response,
were set to 5 mm and 0.8 mm, respectively.

The simulated power reflection coefficient of the SRR antenna prototype is depicted
in Figure 5.12b. As expected, good impedance matching is achieved at the working
frequency fo =915 MHz. The simulated radiation efficiency and antenna gain are
Nrad = 92% (lower to the predicted 98% due to the presence of dielectric losses) and
Gy = 2.2 dB, respectively, and the simulated bandwidth is 62 MHz (FBW = 7%).

5.3.2 Fabrication and experimental results

To validate the simulated results, the layout described in the previous section was
fabricated (Figure 5.12a) by means of a PCB drilling machine (LPKF-HI00). The
layout was provided with soldering pads, in order to mount a SMD-packaged high
frequency ceramic balun (Johanson Technology 0900BL15C050 [113]) across the SRR
port gap, and a SMA connector to feed the balun and the antenna. The substrate was cut
square-shaped with a side length of 80 mm.

The power reflection coefficient of the system was measured by means of an Agilent
N5221A4 network analyzer, and the results (Figure 5.12b) are in good agreement with
simulations, showing a small frequency shift (10 MHz) and a good impedance matching
level (—18.5 dB). However, since the presence of the balun was not taken into account
in the simulations, some differences between simulation and measurement arise. In
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Figure 5.12. (a) Fabricated SRR antenna prototype. The SMD-packaged balun can be seen at the center
of the close-up. (b) Simulated and measured power reflection coefficient of the prototype SRR antenna.
The 900 MHz ISM band is depicted in grey.

particular, the measured notch depth and out-of-band response are limited by the return
and insertion losses of the balun, respectively.

The antenna gain was evaluated by using the method reported at Section 3.2.3. The
total losses in the antenna-analyzer link, accounted by the parameter 4, where the sum
of the coaxial losses (measured to be 0.9 dB) and the insertion losses of the balun
(1.2 dB [113]). Therefore, by using (3.8), the experimental antenna gain was evaluated
to be G =2.05 dB, which is very close to the predicted value (2.2 dB, previous section).

5.3.3 Conclusions

As a proof of concept, a prototype of the SRR antenna has been designed and
fabricated to work at the 900 MHz ISM band, and the experimental data validated both
the theoretical and simulated results (exposed at Section 4.2) in terms of impedance
matching and antenna gain. Hence, further confirmation was provided indicating that
the SRR antenna may be a valuable alternative to the commonly used half-wave dipole,
especially when a reduction of the maximum antenna dimension is needed. It is worth
mentioning here that, since the value of the radiation resistance is roughly the same, an
SRR antenna operating at the second resonance can replace a half-wave dipole antenna
without the need of any additional matching network. Its radiation pattern, which can
provide a gain up to 2.7 dB, i.e., 0.5 dB higher than the one of the half-wave dipole,
may also be preferred in some applications where a more directional pattern is needed.
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UHF-RFID Tags for Optical Discs

This chapter is focused on the design of UHF-RFID tags to be mounted on optical
discs (CDs, DVDs, Blu-ray discs). Due to the reflective layer buried under their surface,
optical discs must be treated like metallic objects within the context of RFID tagging.
The most challenging aspect is that the common solutions employed for metallic
surfaces are not suitable in this case, and the solutions created ad hoc suffer from poor
performance when compared to general-purpose UHF-RFID tags. In this work, a novel
approach to the problem is proposed, which allows overcoming the abovementioned
limitations and greatly reduces the performance gap with respect to general-purpose
tags.

The chapter is organized as follows. Based on the study of the disc structure, the tag
operation principle is proposed, and a working prototype is presented to confirm the
validity of the presented solution. Then, the analysis is extended to solve the problem of
impedance matching, defining a specific design method which allows the designer to
optimize the performance for the several ASICs/discs types available on the market. As
a practical example, such a method is then applied to the design of 1) a tag for DVDs
and ii) a tag for Blu-ray discs (BDs), both based on the Alien Higgs 3 ASIC. It is worth
mentioning that the impedance matching method developed in this work, namely the
resistive scaling method, can be applied in a more general context of UHF-RFID tag
design, providing a simple and intuitive alternative to other methods.

Due to its flexibility in the definition of three-dimensional geometries, the software
CST Microwave Studio will be used for all the electromagnetic simulations related to
optical discs.
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6.1 Tag operation principle

In this introductive section, the operation principle of the proposed tag family will be
explained. Since a study of the structure and electromagnetic properties of the different
disc types was at the base of the presented solution, the disc structure will be first
discussed as follows.

6.1.1 Structure of optical discs

Optical discs are composed of several layers bonded together; each layer is made of
specific materials and is devoted to a specific function, as follows.

The substrate layer, made of polycarbonate plastic, provides structural rigidity and
protects the internal layers from mechanical damage (scratches) and oxidation caused
by atmospheric agents (humidity, oxygen, dust, etc.). In CDs and Blu-ray discs, the
substrate is composed of a monolithic 120 mm (80 mm in the “Mini” versions) circular-
shaped polycarbonate layer, with approximately 1.2 mm thickness (1.1 mm for Blu-ray
discs). On the other hand, DVDs employ two identical polycarbonate layers (0.6 mm
thickness each) bonded together, which opens to the possibility of reading the disc
content, located in the middle, from both the top and bottom side (double-sided DVD
discs). In every case, the substrate presents a central hole of 15 mm, in which the
rotational head of the reader is inserted.

The reflective layer, which is found in all kind of optical storage devices, is necessary
to reflect the laser beam during read and write operations of the data content. It is
constituted by a very thin metal film (30-50 nm) grown on the polycarbonate by means
of sputtering deposition. The sputtered material can be aluminum, gold, silver, or silver
alloys, depending on the disc type [114]. The position of such layer varies with the disc
type, according to the following configurations: 1) top of the substrate in CDs (protected
by an overlying lacquer layer, and sometimes an optional labeling layer), ii) middle of
the substrate in DVDs and iii) bottom of the substrate in Blu-ray discs (protected by an
underlying “protection layer” or “hard layer”). The reflective layer does not extend up
to the disc center. Its inner diameter varies from 20-25 mm to 48mm (which is the
beginning of the data zone), depending on the disc model. As it will be detailed later,
the inner diameter of the metal layer is tightly related to the performance of the tags
proposed in this work.

The data layer, which contains the information, is usually adjacent to the reflective
layer, sometimes being the reflective layer itself (e.g., ROM discs). Data are stored in
this layer in the form of nanometer scale pits and lands, which modulate the intensity of
the reflected laser beam detected by the reader photodiode. Depending upon the disc
type, different materials can be employed to form this layer. Molded polycarbonate,
organic dye or phase-changing metal alloy film is commonly used for ROM
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Figure 6.1. Basic structure of the different optical disc types.

(read only), R (recordable) and RW (rewritable), respectively [114]. Some kinds of
DVDs and Blu-ray discs can include additional data layers, associated to additional
semi-reflective layers (e.g., double data layer DVDs and BDs, triple and quadruple data
layer BDs), so that the disc capacity is multiplied up to four times, without increasing
the size (although the complexity of the disc is proportional to the number of layers).

Other layers, such as an optional labeling layer (thermal-printable, inkjet-printable, or
silkscreen-printable [114]), a lacquer layer (found in CDs) and a protective layer (or
“hard coating”, at the bottom of Blu-ray discs) can be found on the disc.

When it comes to electromagnetic simulation, it is possible to simplify the problem by
modeling the disc considering only the substrate layers and the metal layer. In fact,
these are the most important layers in terms of electrical properties, as the other layers
are very thin and do not present critical electrical properties (i.e., high permittivity or
high conductance). This approximation can only be assumed in the case of single data
layer discs only. Multiple layer discs should be modeled including additional metal
layers.

As said above, the reflective layer is the responsible of the problems arising when
tagging optical discs. This is because, although the film thickness is much smaller than
the wavelength at the RFID band, its surface resistance is still much smaller than the
free-space impedance, namely:

R =§zo.sg <3770 (6.1)

where p is the metal resistivity and ¢ is the film thickness (in the calculation above, a
50 nm silver film was considered). As it was demonstrated in [115], an incident plane
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Figure 6.2. State of the art UHF-RFID tags for optical discs: (a) bending dipole (extracted from [116]) ,
(b) meandered and ring (extracted from [117]), (¢) commercial meandered tag (/mpinji corp.).

wave will be almost perfectly reflected by the thin film under this condition. This means
that the film effectively behaves as a metal, forcing its boundary conditions which
prevent the correct operation of any electric dipole-based tag (e.g., general-purpose
tags) placed on the disc surface. This situation led to the development of specific tag
designs, which will be detailed in the next section.

6.1.2 State of the art of UHF-RFID tags for optical discs

The unique solution proposed in the literature/market relies on bended [116] and
meandered [117] dipole antennas (see Figure 6.2), to be placed in the small central area
of the disc, which is metal-free [as said above, the reflective layer does not cover the
central zone of the polycarbonate substrate, comprised between the inner hole (diameter
15 mm) and the beginning of the data zone (diameter 48 mm)]. However, this solution
presents poor performance, mainly because of two factors: i) the proximity of the disc
metallic layer, which generates image currents opposed to the dipole currents, and ii)
the reduced tag size, which is a consequence of the small available area. Regarding the
first point, preliminary simulations of a bended dipole (Figure 6.3), placed in the central
zone of the disc, confirmed that image currents in the metal layer arise, so that the
radiation resistance at resonance is reduced to only Ryg=2Q and the radiation
efficiency drops to #rnd=2.5%. As a result, the achieved read ranges are sensibly
reduced as compared to general-purpose tags. Declared read ranges are in the order of
half a meter [116, 117], which is inadequate for many typical RFID applications.
Moreover, this kind of tags typically presents complex layout geometries (as in the case
of [117]), and the design process is not fully explained.
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Figure 6.3. (a) Layout and (b) simulated electric current of a bended dipole placed in the central zone of
an optical disc.

6.1.3 Optical disc-based tags

As an alternative to the designs presented above, where the tag was designed to avoid or
minimize the effects of the metal layer, the tags proposed in this work use the disc
reflective layer as the main radiating body. In fact, the physical disc dimensions
(120 mm) are equal to 4¢/2.7, i.e., slightly smaller than half-wavelength at the UHF-
RFID band, meaning that the disc behaves in a similar way to a half-wave dipole
antenna. This can be seen in the simulated disc response, in terms of induced currents
and electric fields, when illuminated by a plane wave (Figure 6.4). The tag proposed in
this work is intended to excite a similar current distribution on the disc surface, so that
an oscillating dipolar moment would be generated, acting as the main radiating element
of the system. In this situation, the tag would take advantage of the whole dimensions of
the disc, and no image currents would arise. We propose the term “optical disc-based
tags” to the RFID tags which follow this operation principle, being their operation
tightly based on the presence of the optical disc. Obviously, their radiation efficiency
mainly depends on the losses in the radiating body, i.e., the reflective layer, so that its
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Figure 6.4. (a) Electric current density and (b) electric field induced on an optical disc illuminated by a
plane wave (with £ = 1 V/m oriented along x) travelling in the —z direction.
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Figure 6.5. Scheme of an optical disc-based UHF-RFID tag.

square resistance is a fundamental parameter in this design approach. As it will be
detailed in the next sections, the obtained efficiencies are sufficiently high to provide
read ranges in the order of several meters, as a function of the disc type and the tag
design. Since the metal layer is buried under the disc surface, it is not directly accessible
by a tag attached to the disc. Therefore, the disc excitation must be based on
electric/magnetic coupling between the tag and the reflective layer. This point, along
with other important design aspects (e.g., impedance matching, mass balancing) will be
detailed in the following sections, where practical examples will be presented. A
scheme of an optical-disc based tag is represented in Figure 6.5.

6.2 UHF-RFID tag for DVDs

A first example of optical disc-based tag, intended to operate when attached to DVD
discs, is presented in this section. The design process was based on the study of the
radiation and impedance properties of a standalone DVD disc, and the generation of an
equivalent circuit model, as explained below.

6.2.1 Circuit model of the DVD disc

Because electromagnetic (EM) coupling to the metal layer is required, the impedance
matching between the antenna and the ASIC will directly depend on the input
impedance of the disc metal layer. Therefore, in order to design the proposed tag, it is
very useful to understand the electrical behavior of the disc in terms of its impedance.
To analyze the frequency response of the disc, the CST Microwave Studio commercial
software (the frequency domain solver) was used. The simulated structure, presented in
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Figure 6.6. (a) Structure of the considered DVD disc: lateral view (left), top view (right). Dark grey
represents silver, light grey represents polycarbonate. Layer thicknesses are not drawn to scale. (b)
Simulated current profile on the metal layer at f, = 885 MHz.

Figure 6.6a, is a simplified model of a DVD+R disc, according to the approximations
described in section 6.1.1. Silver was considered as the constitutive material of the
reflective layer, which was modeled as an ohmic sheet with a square resistance given by
(6.1). It is worth to mention that the value of the silver conductivity has been corrected
to take into account the effects of the nanometric film thickness. In fact, it is known that
that the effective electrical resistivity of thin metal films typically increases, with
respect to the material bulk resistivity, as the film thickness decreases. This effect
becomes very important when the thickness is in the order of the electron mean-free-
path p of the conductive material [115, 118]. The value of p for silver is roughly 50 nm
[119] at room temperature. Hence, for a reflecting layer thickness of 50 nm, the
thickness to mean-free-path ratio #p approaches unity. It is possible to predict the
effective resistivity p’ of a thin metal layer, given the values of the bulk resistivity p and
the ratio #/p [115]. Based on [115], the value of p'y, for #p =1 can be found as 1.5p,,
(where p4, = 16 nQ-m is the bulk resistivity of silver [120]), leading to p’4, = 24 nQ-m.
Therefore, according to (6.1), the square resistance value is Ry = 0.5Q. The relative
permittivity and dielectric loss tangent values used for polycarbonate plastic are
g =2.88 and tand =0.012, respectively [121]. It is important to remark that the
electrical properties of the polycarbonate plastic and silver layers may vary depending
on many factors related to the fabrication process. In this regard, and considering the
wide range of different DVD manufacturers, the choice of one set of electrical
parameters for the structure is arbitrary and slight variations in the tag performance can
result for different brands.
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Figure 6.7. Comparison between the simulated input impedance of the DVD+R disc (Zg;.) and the input
impedance inferred from the circuit model (Zy.c).

In order to carry out the simulation, a differential input port is placed directly on the
metal layer, and aligned to one of the infinite symmetry planes of the structure, as
depicted in Figure 6.6a. The reason for choosing a symmetric position of the port is
simple: the final structure (tag layout and DVD) should present (at least in a first order
approximation) symmetry in order to prevent a displacement of the barycenter. Actually,
unbalancing the rotating mass can cause read/write problems and physical damage of
the disc and the reader.

The simulated input impedance Z ;. of the structure, depicted in Figure 6.7, shows a
parallel-type resonance occurring at fo = 2.61 GHz, suggesting that a shunt RLC circuit
model can be used to describe the disc impedance to a good approximation. Based on
the resistive part of Zgisc and the reactance slope values at fy, it is possible to perform a
parameter extraction. The calculated values for the circuit parameters are R, = 6350 Q,
L,=57nH, C,=65 fF. Good agreement between the circuit model and EM simulation
is observed in Figure 6.7.

Let us now discuss the expected radiation properties of the disc metallic plate. Since
the excitation signal is applied over one of the symmetry planes of the structure (x-axis
in Figure 6.6), a magnetic wall is expected to form along such axis. Moreover, the y-
axis is also a symmetry plane of the structure, and a differential excitation is applied on
its sides. Therefore, an electric wall is formed along the y-axis. Due to the symmetry
walls generated in the structure, a first order cancellation of the fields radiated by the
current components along y-axis is expected. Nevertheless, the x components of the
currents flow in the same direction, resulting in a dipolar radiation along the x-axis.
Given that the first self-resonance of the disc occurs at high frequencies, we expect a
short dipole charge profile at the UHF-RFID band. Since the width of such dipole is
comparable with the wavelength at the working frequency, the phase contributions of
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each element cannot be neglected. Therefore, the radiation pattern of the disc can be
approximated by the radiation pattern of an array of short dipoles excited in phase. In
terms of far-field radiation, as a first order approximation it is possible to model the
system as an array of two infinitely thin dipoles, excited in phase, and separated by a
distance d. The effective distance d between the two dipoles is a function depending on
the current density profile along the section of the metal layer, and is comprised
between the physical dimensions of the disc: 38 mm (4/10 at 885 MHz) and 120 mm
(4/2.8 at 885 MHz). Such dipole array is thus expected to present a maximum directivity
value higher than the single dipole, and the radiation pattern is expected to present a
maximum at § = 0° (direction normal to the disc plane). Moreover, a directional pattern
is expected for the H-plane (yz), with a minimum directive gain at § =90° due to the
destructive interference between the two radiating elements. However, since the two
elements of the array are in-phase excited and their distance is smaller than 4/2, the
directive gain minimum value on the H-plane is not expected to reach zero. Far-field
polarization is expected to be linear, with E-field oriented along the x-axis.

The simulated current pattern on the metal layer at the center frequency (885 MHz) is
depicted in Figure 6.6b. As expected, each side of the disc exhibits a dipolar type
current. The simulated radiation pattern (see Figure 6.8) confirms the behavior of the
disc as an array of two short dipoles, with a maximum directive gain value Dy = 3.7 dBi
at = 0°. The minimum directive gain on the yz-plane is —1 dBi. Due to the width of the
conductive path on the metal layer, the radiation efficiency is reasonably high, reaching
the value of 7,2 = 23.2% at 885 MHz. It is interesting to quantify the losses in each part
of the disc. The simulation results indicate that 85% of the dissipated power is due to
ohmic losses in the metal layer of the disc. Dielectric losses in the polycarbonate layer
represent a 15% of the total losses. Based on the simulated radiation pattern, the antenna
gain is Go=-2.6 dB. This means that, providing good impedance matching, it is
possible to obtain a read range in the order of several meters. As an example,
considering EIRP=4W, the read range is 7m for ASICS with sensitivity

0 0
——DVD+R
——DVD+R : O — ,
(a) 330 30 . DvD+Ruwithtag . (b) 330 _— - 30 - - -DVD+R with tag
10 300 , _‘;‘_60 -10 300_-':4)‘_ ._,'3-.?0
20| ‘ 204 |
270 | lo0 270 | |90
204 | ’ 200 | /
A0 540K Y120 -10 240'-:_; ‘___‘;-120
0 ", ! [~ 0- {
| 210 T S——0— 150 210 T T———T 150
180 180

Figure 6.8. Radiation pattern at 885 MHz for DVD+R and DVD+R with tag (see section 6.2.3): (a) E-
plane (xz-plane); (b) H-plane (yz-plane).
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Figure 6.9. (a) Circuit model of the system composed by the DVD and the tag, (b) simplified model using
electrical wall (E-wall) concept.

Py =-15 dBm, and 10 m with sensitivity P, =—-18 dBm.

6.2.2 Tag design principles

In the previous section, the capability of a DVD to work as an efficient antenna at the
UHF-RFID frequencies was demonstrated. In order to design an RFID tag capable of
taking advantage of this potentiality, the coupling method problem has to be solved. In
fact, coupling is necessary because the metal layer is not directly accessible in the DVD
post-production stage, and a RFID tag can only be placed on top of the polycarbonate
structural layer. The adopted solution is to produce an electric coupling between the tag
and the disc by means of a series stepped-impedance resonator (SIR) synthetized
through semi-lumped elements. The capacitance between the tag metal (top layer) and
the disc metal (inner layer), Cy,, provides electric coupling. The series inductance, Liag,
realized through a thin line (e.g., 0.4 mm), forces a controllable series resonance,
forming a virtual short circuit between the ASIC and the metal layer of the disc.

An equivalent circuit model for the whole structure can be obtained by means of a
series connection of the disc (described in the previous section) and the tag circuit
models, as shown in Figure 6.9a. Differential excitation and symmetry considerations,
allows us to apply the electric wall concept (Figure 6.9b). Notice that, due to the series
connection between the disc and the tag, the impedance seen from the ASIC is simply
Z4 =Ry +jX4, where Ry = Riag + R'sisc and Xy = Xiag + X'gisc. Although the disc can still
be modeled by an RLC parallel resonator, the values vary due to the presence of the tag.
In particular, a shorter effective current path on the metal disc results as a function of
the capacitor length /.. Thus, the new values of inductance L', and resistance R’, are
smaller compared to L, and R, The resulting disc impedance is designated as
Z'sisc = R'aisc + X dgisc. The tag capacitance Cy,e and inductance Ly, can be controlled by
means of simple geometrical parameters (e.g., the area of the semi-lumped capacitor
and the width of the semi-lumped inductor). By working in the vicinity of the LC series
resonance, it is possible to control the tag series reactance X, which can be either
inductive or capacitive. Thus, the total reactance X, = X'gisc + Xiae can be adjusted in
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order to match the capacitive reactance X¢ of the RFID chip (ASIC). Since ohmic losses
of the LC resonator are omitted in the model, the resistive part of the antenna system R4
is directly equal to R'gis.. Its value cannot be easily controlled for impedance matching,
since it presents a very small variation as a function of the tag geometry. However,
according to the simulation results, the value of R'4s. at UHF is in the range of 8-12
Ohms, thus providing a good matching level with many ASICs available on the market,
without the need for an additional matching network.

It is important to note that the circuit proposed above is a simplified circuit model
which allows an easy design of the tag in the UHF-RFID band. In order to describe the
impedance behavior of the system in a wider band, it is necessary to take into account
an additional capacitance introduced by the presence of the tag conductors, which is in
the order of 100 fF and is placed in shunt with the impedance Z,.

6.2.3 Layout synthesis and simulation

Based on the concepts illustrated in the previous section, the tag layout synthesis is
presented here. Although it is not possible (without an additional mass balancing
element) to achieve a perfect symmetry of the tag that guarantees that the barycenter is
located at the center of the disc, the layout design has been focused on optimizing it.
The chip, which introduces mass unbalance, has been chosen to be placed as near as
possible to the rotation center of the disc, i.e., adjacently to the inner hole of the
polycarbonate structure, in order to minimize the barycenter shift of the system. The
electrical connection between the coupling capacitance Ci,, (at the edge of the tag) and
the ASIC (at the center of the tag) was designed in order to work as the tag inductance
Liag, resulting in a very simple final layout (Figure 6.10). The UHF-RFID chip used in
the design is the NXP UCODE G2XM, with an input impedance of Zc =16 — ;148 Q at
915 MHz, and a sensitivity of P, =—-15 dBm (See Table 1). However, the value of Py,
for this ASIC has been experimentally measured over the UHF band [122], yielding
results in the order of —13 dBm at the center frequency. The substrate used for the
prototype is the Rogers RO3010 (with thickness #hy=0.254 mm, ¢, =10.2,
tano = 0.0023), which has a structural function only. In fact, the high permittivity of the
material does not have a role, neither in size reduction, nor in increasing the tag
performance. On the contrary, the required dimensions of the capacitive part of the tag
slightly increase when using any substrate, rather than directly print or grow the metal
layer on the polycarbonate surface. This is because adding a substrate on the
polycarbonate layer decreases the capacitive coupling between the disc and the tag. An
equivalent circuit model would describe the presence of the substrate as an additional
capacitance in series with the capacitance between the disc and the tag. Actually, the
RO3010 substrate was chosen as a mechanical support for fabrication, being the only
thin substrate available in our laboratory. Commercial versions of the tag might be
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Figure 6.10. Final tag layout to be positioned over the central zone of the disc. The metal is represented
in dark grey and RO3010 substrate in light grey.

engineered without any substrate, e.g., by screen- printing the tag on the disc surface, in
order to minimize the cost.

Once the layout strategy has been defined, the problem presents 3 degrees of freedom
(Ie, We, Wi) in the geometry of the tag (Figure 6.10). Obviously, many different
solutions exist in order to obtain the required reactance. As a starting point, the value of
W was fixed at 2 mm, an arbitrary value that ensures a minimal overlapping of the tag
within the DVD graphical label layer. A proper combination of /- and W; was then
chosen in order to obtain the matching peak at the desired frequency (885 MHz). At this
stage it is useful to consider that, as a first order approximation, the capacitor length /¢
controls the capacitance value Cy,, and the line width W, controls the inductance value
L. Final values for the geometrical parameters are We=2mm, Ic=16.5 mm,
Wi =0.4 mm, 4 =15 mm (corresponding to the diameter of the DVD inner hole) and
B =42 mm.

Simulation results, in terms of power reflection coefficient, are depicted in Figure
6.11a. As expected, good matching is achieved at 885 MHz (|s;,|*=—-13 dB,
corresponding to 7 =1 — [s;;|° = —0.2 dB). Based on the simulated input impedance of
the structure, a parameter extraction for the electrical model was performed, in order to
demonstrate its validity. The extracted circuital values are R’, = 1500 Q, L', =19 nH,
C', =58 fF, Ly =20nH, Cwe =2 pF. Very good agreement between electromagnetic
and circuital impedance in the UHF-RFID band can be observed in Figure 6.11b.

The radiation pattern for the whole system is very similar to that of the DVD alone, as
depicted in Figure 6.8, demonstrating that the tag is actually using the metal layer of the
DVD as the main radiating element. The radiation efficiency of the system remains
reasonably high, with a value of 7.4 = 22.8% at 885 MHz, resulting in a maximum gain
value of —-2.4 dB. According to these results, it is possible to estimate a maximum
theoretical read range of 5.6 m (considering 7=-0.2dB, Pyp=-13dBm and
EIRP = 4W), on the basis of (3.1).
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Figure 6.11. (a) Simulated amplitude of the power reflection coefficient of the tag described in Figure
6.10. (b) Comparison between the impedance of the circuit model and the one inferred from
electromagnetic (EM) simulation (with RO3010 substrate).

In order to compare the results, a simulation of the tag without the dielectric substrate
was performed. The reflection coefficient amplitudes are very similar (Figure 6.11a),
and the upward shift introduced by the substrate is only 3 MHz. The antenna gain for
the tag without substrate is —2.7 dB, resulting in a theoretical read range of 5.4 m.

It is worth to mention that, due to the degrees of freedom in the problem, infinite
solutions for Cyg and Ly, do exist. However, each solution produces a different
impedance behavior over the frequency band. More precisely, the bandwidth of the tag
is strictly related to the choice of the final solution. Since the tag can be modeled as a
series LC resonator, bandwidth is maximized by minimizing the inductance value,
which it implies a very wide inductive section, and maximizing the capacitance value,
which implies a very large coupling area. In practical terms, this means that a tradeoff
between geometrical layout issues and bandwidth performance must be chosen.

6.2.4 Fabrication and measurements

To validate the simulated results, the layout described in the previous section was
fabricated by means of a PCB drilling machine (LPKF-H100). The measurements (not
shown) present a frequency shift of the tag response, with a read range peak at 955 MHz.
This effect has been attributed to the intrinsic indetermination of the electrical properties
of the DVD materials at the UHF band, and to the simplifications made in the modeling
of the disc. In fact, unlike most substrates used for tag implementation, DVD disc
materials are not intended for microwave design. Therefore, manufactures neither report
nor control their electrical properties. Moreover, as discussed in section 6.2.1, some
geometrical parameters are not specified as well (e.g., the thickness of the reflecting
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Figure 6.12. (a) Fabricated tag, mounted on a DVD+R disc, and (b) measured read range.

layer).

Based on the measured results, a second layout of the tag was synthetized and
fabricated in order to correct the frequency shift. The matching position was adjusted by
simply tailoring the length /- of the tag capacitance. The corrected value of the
geometrical parameter is /c =26 mm. The final tag, mounted on a DVD+R disc, is
shown in Figure 6.12a. The measured read range of the new layout, depicted in Figure
6.12b, shows the curve correctly centered around 885 MHz, with a peak value of 5.2 m,
which is very close to the 5.6 m predicted from the simulation. Furthermore, the results
reveal that the read range is above 3 m in the whole UHF-RFID frequency band,
confirming that the tag is capable of worldwide operation with very good performance.

A second read range measurement involved the DVD+R placed inside its standard
plastic case. Comparing the curves (Figure 6.12b), it can be concluded that the presence
of the box has small effect on the final read range.

It is worth to mention that, although the design was aimed at simplifying the mass
balancing stage (e.g., minimize the required mass, simplify the calculation of its
position), the presented tag was fabricated without the balancing element. This was
partly due to fabrication issues, and partly because our tag is intended to be a prototype,
since it uses a microwave substrate and a very large RFID chip packaging (SMD-
TSSOP).

6.2.5 Conclusions

In this section, a first example of optical disc-based UHF-RFID tag has been presented.
The tag was designed to be used when mounted on a DVD+R disc, or to be directly
screen-printed over the disc surface. The tag prototype allowed to validate the
potentiality of the new design approach described in the previous section. In fact, the
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experimentally measured read range has a peak value of 5.2 m (very close to the 5.6 m
predicted by electromagnetic simulation) and the read range is above 3 m within the
UHF-RFID band, that is, one order of magnitude higher than the read ranges of
conventional DVD tags reported in the literature [116, 117]. These results confirm the
validity of the proposed circuit model of the optical disc, the coupling strategy between
the ASIC and the radiating element, and the equivalent circuits of either element, which
are at the basis of the design approach.

The potential of the presented methodology is clear on account of the RFID chip used
in the design (the one available in our laboratory), that has a relatively low performance
in terms of activation power (—13 dBm according to [122]), as compared to the latest
commercially available ASICs (see Table 1). Therefore, it is possible to significantly
improve the read range by considering the latest RFID chips available in the market.

6.3 Resistive scaling method

The promising performance of the optical disc-based tag presented in the previous
section, along with the design simplicity and the possibility to manufacture the tag by
means of serigraphy directly over the disc surface, encouraged us to carry on the study
of this solution. An impedance matching analysis is especially useful to provide the
design flexibility required to match the antenna to the various RFID ASICs available on
the market. Indeed, as already mentioned, while the input reactance of the antenna can
be easily matched by varying the tag geometry, its input resistance (in the range of 8-
12 Q) cannot be easily controlled, since it presents a very small variation as a function
of tag geometry. For the case presented in the previous section, where the ASIC (NXP
UCODE G2XM) resistance (16 Q) matched relatively well to the antenna input
resistance, the power reflection coefficient was acceptable (—13 dB at 885 MHz).
However, depending on the ASIC input resistance, an impedance matching network
may be needed. For instance, the more recent and sensitive Alien Higgs 3 ASIC presents
a higher input resistance, in the order of 25 Q at 915 MHz, thus providing poor
impedance matching when directly connected to the antenna.

An impedance matching analysis for the optical disc-based UHF-RFID tags is
provided below, setting the basis of a design methodology which allows obtaining good
performance for any ASIC and optical disc available on the market.

6.3.1 Analysis of the resistive scaling method

Let us assume the case of a generic impedance Z = R + jX in shunt with a reactance X,
Considering Z' = R' + jX' to be the impedance resulting from the parallel combination
of Z and X, the value of Z' can be easily inferred, yielding
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1

R-X? X, [RHXx-(X+X)]

= +
/ R+(X+X,)

- 6.2
R? +(X+Xp)2 (62)

Now, it is possible to imagine the real part of Z' to be equal to R times a scaling factor a,
with a > 0. That is:
R'=a-R . (6.3)

This equality leads to a second order equation which solution provides the value of X,
as a function of R, X, and a:

1 2 2 2
(1—;)XP+2X‘XH(X +R°)=0. (6.4)

In order to have real solutions (pure reactive values), the discriminant A of (6.4) must be
positive. This sets a limit on the maximum value of a, which is:

X 2
<1 — . 6.5
a < +(R] (6.5)

If (6.5) is satisfied, we have 2 real solutions for (6.4), given by:

_—aXi\/a[X2+(l—a)R2]

a-—1

X (6.6)

pl2

It can be demonstrated with algebra that for a <1 (resistance decrease), solution 1 is
capacitive and solution 2 is inductive. Moreover, for o > 1 (resistance increase) both
solutions are inductive when X < 0, and capacitive when X > 0. The limiting case (a = 1)
is provided by an infinite reactance (whether positive or negative) or by the solution
X, = —(X’+RY)/2X.

It is also possible to demonstrate that the imaginary part of Z' can be written as:

JA

X\, =50~ (67)
2
showing that for a given value of a, the two solutions for X, always give opposite values
of X', which are capacitive for solution 1 and inductive for solution 2.

Now, given that the typical input impedance of an RFID ASIC is strongly capacitive,
it is useful to find an approximate solution for (6.4) in the case of Z being strongly
reactive. Under the assumptions:

X*>1-a|R? (6.8)
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X*> R?, (6.9)

the solutions (6.6) of equation (6.4) can be simplified to

Ja

X ~F X forX >0 (6.10)
" e
X, =% Ja ‘X forX <0, (6.11)

1F \/E
suggesting that the value of X1, can be easily calculated starting from X and a.

The imaginary part of Z’ can be evaluated from (6.7) by using the conditions (6.8)-
(6.9), leading to a very simple equation:

X', =T a-X forX>0 (6.12)

X', =+Ja-X forX<0. (6.13)

In this situation, the value of neither i) the required shunt reactance X, and i1) the
transformed load reactance X', no longer depends upon the load resistance R. Hence, a
graphical representation of the approximated solutions as a function of a can be done
(Figure 6.13). Note that, if (6.9) is satisfied, the approximation is always valid, i.e., (6.8)
is also satisfied, for 0 <a <2 (grey zone in the plot). Outside the grey region, the
approximation may still be useful, but its accuracy gradually decreases as the value of a
is increased.
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Figure 6.13. (a) Shunt reactance solutions for the reactive impedance approximation, and (b) transformed
reactive values for the case X <0. For X> 0, solution 1 and 2 are interchanged. The zone of validity is
depicted in gray.
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6.3.2 Bandwidth analysis for the transformed ASIC impedance

As to be expected, the introduction of the reactive element X, in shunt with the ASIC
modifies its susceptance slope, which is directly related to the maximum tag bandwidth
achievable with a certain ASIC [31]. The transformed susceptance slope can be easily
calculated taking advantage of the reactive impedance approximation, so that the
solutions providing higher bandwidth can be found analytically. It will be demonstrated
that solution 1 provides higher bandwidth than solution 2, for both a <1 and a>1,
when the transformed ASIC is cascaded to an ideal antenna (i.e., the antenna which
provides conjugate matching and exhibits the minimum susceptance slope [31] in its
circuit model). The two cases will be analyzed separately, because the circuits involved
are different.

Case o<1

As can be deduced from Figure 6.13a, capacitive (solution 1) and inductive (solution 2)
solutions exist for the shunt reactance X, when a <1 and X <0. In the first case, the
ASIC reactance is maintained capacitive, while in the second case it is changed to
inductive (see Figure 6.13b). As a consequence, the ideal antenna matched to the
transformed ASIC impedance would be modeled as a shunt RL and RC circuit, for the
first and second case, respectively (Figure 6.14). The transformed susceptance slope of
the ASIC in each case can be evaluated as

oB'., 1 )
——=—=_C, for solution 1 6.14
ow \/Z 19
0B'c, = 2o +1 C, for solution 2, (6.15)

ow Ja

where Cc is the ASIC shunt capacitance, which also corresponds to the susceptance
slope of the untransformed ASIC. Let us now calculate the susceptance slope of the
whole tag, obtained cascading the transformed ASIC impedance to the ideal antenna
circuit model. In this case, it is obtained that
OB' 2 .
L =——C, for solution 1 (6.16)

oo o

0B, 2(1++a)
ow Ja

These results reveal that, in both cases, the susceptance slope is incremented as the

C, for solution 2. (6.17)

ASIC resistance is scaled down, at the expense of the tag bandwidth. Nevertheless, the
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Figure 6.14. Circuit model of the transformed ASIC impedance matched to the tag antenna, for (a)
solution 1 and (b) solution 2, in the case a < 1.

capacitive solution (solution 1) provides better results, as can be deduced by comparing
(6.16) with (6.17).

The tag half-power bandwidth associated to each solution can be calculated
analytically, obtaining:

1 .
A = R Ja  for solution 1 (6.18)

c c

AFMAX _ 1 \/;

g =—————— for solution 2. 6.19
S TRC T o

Case 0> 1

In this case, provided that conditions (6.8)-(6.9) are satisfied, both solutions are
inductive (see Figure 6.13a), and the transformed susceptance slopes of the ASIC are

0B ¢, = 2a -1 C,  for solution 1 (6.20)

0w \/E

0B ¢, = 2a+l C. for solution 2, (6.21)

ow Ja ¢

leading to the following values for the whole tag susceptance slopes:

OB’
ow

=2C, for solution 1 (6.22)

oB', _2(1+JE)C

ow Ja

Once again, solution 1 provides smaller susceptance slope in the final tag model.

for solution 2 . (6.23)

Moreover, solution 1 maintains the tag susceptance to the theoretical minimum (i.e., 2C,
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[31]), independently from the value of a. On the other hand, solution 1 requires higher
inductive values, resulting in larger tag areas dedicated to the matching network (with a
consequent increase of ohmic losses due to the larger inductive paths).

The resulting tag half-power bandwidths are

1 .
AR = e for solution 1 (6.24)
1 N, .
A = —— d for solution 2. (6.25)
7R.C. 1+Va

It is worth mentioning that, unlike solution 1, solution 2 does not present a singularity
for a = 1. Consequently, the same expressions can be used for both a <1 and a > 1, as
can be deduced comparing (6.15) with (6.21), (6.17) with (6.23), and (6.19) with (6.25).

6.3.3 Conclusions

In this section we demonstrated that the resistance scaling method provides a simple
solution to the impedance matching problems involving a UHF-RFID ASIC. We will
show in the next section that good impedance matching in optical disc-based tags can be
obtained by using just one element (X)), shunted to the ASIC.

Although the method was born in the context of optical disc-based tags, it may be
extended to the more general context of UHF-RFID tag design, provided that conditions
(6.8)-(6.9) are satisfied. In this case, a series element may be also required, and its value
can be easily calculated on the basis of the transformed ASIC reactance expression
(6.13). The method also allows easily controlling the matching level at resonance (i.e.,
the notch depth in the |s;;| versus frequency), which directly depends on the ratio
between the antenna and the transformed ASIC resistances. This can be very useful for
the design of UHF-RFID tags since that, due to bandwidth considerations, a certain
matching level could be preferred over conjugate matching [123, 124].

The resistance scaling method will be applied to the design of optical based-tags for
DVDs and Blu-ray discs matched to the Alien Higgs 3 ASIC, as detailed in the next
sections.
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6.4 UHF-RFID tag for DVDs matched to Alien Higgs
JASIC

The tag presented in this section can be considered as an evolution of the DVD-based
tag presented above. In fact, the lack of a matching network in the latter limited the
choice of the ASIC to the ones presenting low values of input resistance R, given that
the antenna input resistance R'gisc 1S low (8-12 Q). In that case, the NXP UCODE G2XM
ASIC was used, which has an input resistance Rc= 16 Q at 915 MHz. However, newer
and better performing RFID chips may present higher input resistance, so that specific
matching strategies should be implemented. We will show here that the problem can be
solved by introducing only a matching element (instead of two elements, as generally
required in impedance matching problems), placed in shunt with the ASIC, since the
series reactance provided by the LC resonator can be adjusted by varying the tag
geometry.

The tag design strategy, regarding the coupling between the ASIC and the disc
reflective layer, was maintained from the previous design (Section 6.2.2): a stepped-
impedance resonator (SIR) capacitively couples the two elements (Figure 6.15, top).
However, conjugate matching was obtained in this case by means of semi-lumped
matching elements added in shunt to the ASIC (Figure 6.15, bottom). The required
values of the matching reactances were determined by using the resistance scaling
method, as detailed in the next section.

2

b
I I ] I _l
1 €4 2 i

Figure 6.15. Proposed tag layout (on top). The matching elements are illustrated at bottom left (solution 1)
and bottom right (solution 2).
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6.4.1 Resistive scaling applied to Alien Higgs 3

Let us apply the previous method to obtain conjugate matching at 915 MHz between
the Alien Higgs 3 (SOT-323 packaged) ASIC and an antenna based on a DVD disc. As
stated above, we can take advantage of the reactive impedance approximation by
applying the transformation to the chip impedance Z:, obtaining the transformed
impedance Z'c. To verify this, let us consider the input impedance of the ASIC at the
center frequency, which is Z¢=25—;190 Q. In this case, the load impedance is the
antenna impedance Z4, so that the resistance scaling factor providing conjugate
matching can be easily calculated as @ = R4/Rc. If the disc antenna resistance is assumed
to be R, =10 Q (Section 6.2.3), a value of a = 0.4 is obtained. As expected, conditions
(6.8)-(6.9) are satisfied, as it can be proved by evaluating X*=3.6-10" Q* >
|1—a|-Rc* = 3.75-10* Q7. Thus, since X¢ <0, the solutions for X, can be calculated by
using (6.11), obtaining X,,; = =327 Q and X, = 74 Q. The transformed ASIC reactance
can be inferred from (6.13), yielding X'c; = —120 Q and X', = 120 Q. As a consequence,
the required antenna reactance for each case is X; = 120 Q and X, = —120 Q.

6.4.2 Tag design, synthesis and simulation

Let us now introduce the tag equivalent circuit model (Figure 6.16), which is a
simplification of the model proposed for the previous tag (Figure 6.9). In fact, since its
first resonance frequency occurs at 4.8 GHz, the RLC tank which models the disc
impedance Z'jisc can be approximated to the series combination of the disc inductance
L', and a resistance, which is directly the antenna resistance R,4. The tag (excluding the
ASIC and the matching element) is still modeled as an LC series resonator in series with
the disc impedance. On the left side of the model, the transformed chip impedance Z'¢c
was obtained as a shunt combination of the ASIC parallel model and the matching
reactance X,. The proposed model does not take into account the ohmic losses
introduced by the matching network and by the sections L, and Cigg.

NYY\_‘

Figure 6.16. Simplified equivalent circuit model of the tag coupled to the disc.
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6.4.2.1 Tag design process

The design process begins with the matching elements, which are implemented
through semi-lumped components, a solution widely used in the design of UHF-RFID
tags. The capacitive reactance, required for solution X,;, was obtained by means of an
interdigitated capacitor, whose parameters are number of fingers N, length a;, width b,
and e;, spacing c¢; and d;, whereas the inductive solution X,, was provided by a loop
inductor of radius a, and width b, (Figure 6.15). The final layout was obtained in each
case by varying the geometrical parameters until the simulated reactance reached the
required value (X,; or X)»). In order to get better accuracy, the simulated elements were
placed at their final positions on the tag substrate (Rogers RO3010, hs = 0.254 mm),
which was placed on top of the disc. The tag LC series resonator was not included at
this stage.

The next step is to determine, for each solution, the geometric parameters associated
to the LC resonator. This was accomplished by simulating the resonator (coupled to the
disc) without the matching network, and varying the capacitor area in order to adjust the
antenna reactance to the required value (X4 or Xy4). As it will be justified in the next
paragraph, the value of the inductor width #; (and consequently the value of Li,,) was
fixed during the design process. This was set to W, = 0.6 mm.

Finally, a simulation of the complete layout cascaded to the impedance Zc is
performed, in order to verify the impedance matching. At this stage it is useful to point
out that, although the antenna resistance R, (which can be inferred from the previous
simulation) cannot be easily controlled by the tag geometry, a slight variation of its
value occurs varying the LC resonator geometry. As a result, the minimum value of the
power reflection coefficient is expected to present, for each solution, a deviation from
the expected value. In case that poor impedance matching is obtained, the design of the
matching element should be repeated taking into account a corrected value of @, which
can be easily determined on the basis of the simulated value of R,. Moreover, a small
error in the matching element reactance X, (geometrical tolerances might make difficult
obtaining the exact required value) can introduce a frequency shift Af (with respect to fy)
of the minimum power reflection coefficient, due to the deviation of X'c from the
expected value. An additional contribution to the frequency shift could be introduced by
the non-zero frequency slope of the antenna conductance G4, which exists because the
antenna cannot be modeled as a pure parallel load. However, the total frequency shift
can be corrected by simply tailoring the value of /¢ in the final simulation, which adjusts
the antenna reactance to the required value.
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6.4.2.2 Tag bandwidth

Let us now analyze the final tag bandwidth associated to each solution (i.e., capacitive
solution 1 and inductive solution 2). In Section 6.3.2, the maximum tag bandwidth
associated to a certain ASIC was evaluated by considering an ideal antenna, modeled by
a shunt RL or RC model. In this specific case, the antenna is modeled as a series RLC
circuit, and therefore a dedicated analysis is required. For fabrication and measurement,
the solution that provides broader bandwidth will be chosen.

First of all, we discuss the value of Ly,. Since the tag introduces a series resonance,
bandwidth optimization suggests minimizing the inductance L, thus adjusting the
reactance by changing the value of Cy,,. Moreover, it is difficult to efficiently control
the value of Ly, since it depends on the logarithm of the strip width ;. On the contrary,
the value of Ci,, can be easily controlled since it linearly depends, in first approximation,
on the capacitor area. Therefore, it is reasonable to adjust the tag reactance by simply
varying the capacitor length /¢ and the capacitor width We.

Let us compare solutions 1 and 2 from the bandwidth point of view. In Section 6.3.2 it
was demonstrated that the transformed ASIC susceptance slope was lower for solution 1.
However, it is necessary to sum the antenna susceptance slope to the previous
expressions, in order to estimate the final tag bandwidth. To do this, it is firstly
convenient to analyze the antenna reactance and its frequency slope, for each case, in
the vicinity of w,. Based on the equivalent circuit model (Figure 6.16), these can be

written as:
0 s a)O
ox ’
w
Al — (2L, +LI’,) 1+ = , (6.27)
om |, @,

where o, = [(ng +L,/2)C,, ]_1/2 is the tag series resonance angular frequency. Since an

inductive antenna behavior is required for solution 1 and a capacitive behavior is
required for solution 2, conditions wy <@y and ws > wo must be satisfied, and
consequently wy > wy1. Therefore, taking into account that L, 1s fixed in the design
process and L', is weakly dependent on the tag geometry, a smaller value of (6.27) 1s
obtained for solution 1. As a final step, let us write the expression of the susceptance
slope of a generic load as a function of its impedance:

0B,| _2X,R, OR,| +XA2—RA2.6XA|
6a)|% |ZA|4 aa)l% |ZA|4 6a)|w0’

(6.28)

which can be approximated to:
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B, 1 .aXA|
8a)| ~XA2 8w|w0

@

(6.29)

when Ry << X,. Since X4 = =X, [as a consequence of (6.7)] and the antenna reactance
slope is smaller for solution 1, susceptance slope (6.29) is also smaller for solution 1.
Therefore it can be concluded that capacitive matching provides both smaller ASIC and
antenna susceptance slopes, resulting in a greater bandwidth.

6.4.2.3 Simulation results

The EM simulations are performed by means of the CST Microwave Studio
commercial software (the frequency domain solver is used). The disc was modeled as
described at Section 6.2.1. The substrate used for the tag is the Rogers RO3010 (with
thickness /4, = 0.254 mm, ¢, = 10.2, tand = 0.0023), which has a structural function only.
As it was demonstrated for the tag presented at the previous section, the high
permittivity of the material does not have a role, neither in size reduction, nor in
increasing the tag performance of optical-based tags.

The first simulations provided a possible set of solutions for the geometrical
dimensions of the matching elements. The values were found to be N=6, a; =5 mm,
b;=0.5mm, ¢;=0.2mm, d;=0.2 mm, e;=0.2 mm for the capacitive solution, and
a;=3 mm and b, = 0.2 mm for the inductive solution. The tag LC resonator geometry
was then obtained for each solution, as described in the design process. The results are
lc;=13mm, W¢e; =2 mm and /o> = 3.1 mm, W, =2 mm. The values of the simulated
antenna resistance are R ;=9 Q and R4, = 6 Q at 915 MHz. Therefore, since R'c =10 Q,
the expected values of the power reflection coefficient at 915 MHz are —25 dB and
—12 dB, respectively. Since both values provide very good performance in terms of read
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Figure 6.17. Simulated tag power reflection coefficient
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range, the matching elements do not need to be corrected. The simulated power
reflection coefficients of the complete tag are shown in Figure 6.17. The matching
notches (—25 dB for solution 1 and —19 dB for solution 2) are clearly visible as expected,
and the frequency shifts are Af; =25 MHz and Af> =34 MHz. In order to correct the
shifts, a tailoring of the capacitor length /- was performed as a final step. The resulting
geometrical values are /c; =144 mm and /c;=4.1 mm. The final curves for |siil,
centered at fy, are also depicted in Figure 6.17. Good matching is achieved in both cases
(—31 dB and —11 dB for cases 1 and 2, respectively) and the half-power bandwidths are
BW;=65MHz and BW, =40 MHz. Although bandwidths are smaller than the optimal
values predicted in (6.18) and (6.19) (where an ideal network is cascaded to the
transformed chip impedance), it is interesting to note that the ratio BW;/BW, approaches
the value obtained in the optimal case (1+0c1/2 =1.63 for a = 0.4).

Let us now compare the antenna gain of the tag for the two different solutions, since
its value is strictly related to the tag read range. Simulated far-field (Figure 6.18)
indicates that, while directivities are similar in both cases (4 dB approximately) an
important difference in the radiation efficiency exists for the two cases, providing
Nrad1 = 26% and #1092 = 14%. There are mainly two reasons for this difference. First, the
inductor is implemented through a thin line, which introduces more ohmic losses than
an interdigitated capacitance does. Moreover, the second solution transforms the ASIC
impedance, as seen from the antenna, from capacitive to inductive. This corresponds to
changing the sign of the internal electric dipole existing around the ASIC, with respect
to the external dipole created by the optical disc antenna (Figure 6.19). As can be seen
in the figure, in the case of inductive matching the internal dipole is opposite in sign to
the external dipole, causing a reduction of the radiation efficiency. The simulated
antenna gains are G; =—-2dB and G,=-4.3 dB, corresponding to the expected read
ranges RR;=93m and RR,=7.1 m (considering EIRP=4W, Py=-17dBm),
according to the read range equation (3.1).

Solution 1
- = -Solution 2

Solution 1 0 (b) o
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Figure 6.18. Simulated tag gain at 915 MHz in the (a) E-plane (xz-plane) and (b) H-plane (yz-plane).
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Figure 6.19. Electric field for (a) solution 1 and (b) solution 2. The cutting plane is the xz-plane.

6.4.3 Fabrication and measurements

To validate the simulated results, the layout associated to solution 1 (described in the
previous section) was fabricated by means of a PCB milling machine (LPKF-H100). As
explained above, solution 1 has been chosen because it provides wider bandwidth and
higher antenna gain.

The measurements (not shown) present a frequency shift of the tag response, with a
read range peak at 1 GHz approximately. This effect has been attributed to the intrinsic
indetermination over the electrical properties of the DVD materials at the UHF band,
and to the simplifications made in the modeling of the disc. In fact, unlike most
substrates used for tag implementation, DVD disc materials are not intended for
microwave design. Therefore, manufacturers neither report nor control their electrical
properties. Moreover, some of the geometrical parameters (e.g., 0.2 mm spacing) of the
capacitive matching element are very close to the fabrication tolerances of the PCB
milling machine, introducing further error in the tag response.

Based on the measured results, a second prototype of the tag was synthetized and
fabricated in order to correct the frequency shift. The matching position was easily
adjusted by simply tailoring the length /¢ of the tag capacitance. The corrected value of
the geometrical parameter is /c=22 mm. The tag, mounted on a DVD+R disc, is
depicted in Figure 6.20a. The read range measurement depicted in Figure 6.20b, shows
a peak of 8.3 m at the center frequency, in good agreement with the simulated value.
Based on the read range, the half-power bandwidth has been evaluated to be
BW =50 MHz.
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Figure 6.20. (a) The fabricated tag, mounted on a DVD-R disc. The matching network is depicted at
bottom left. (b) Measured read range.

6.4.4 Conclusions

The analytical impedance matching method for optical disc-based UHF-RFID tags,
presented at the previous section, has been applied in this section to the design of a
DVD-based tag using the Alien Higgs 3 ASIC, optimized to work in the North-
American UHF-RFID band (902-928 MHz). The tag design process was presented, and
the bandwidth limitations and radiation efficiencies associated to the different solutions
were discussed. Based on that, the optimal solution was chosen for fabrication and
measurement. The measurements agree with simulations, and measured read range
reaches 8.3 meters at the center frequency (915 MHz), with a 50 MHz half-power
bandwidth. Note that the obtained read range is an order of magnitude higher than the
read ranges obtained with the tag designs described in the literature (see Section 6.1.2).

6.5 UHF-RFID tag for Blu-Ray discs

The design methodology presented in the previous section was then applied to the
design of tags based on Blu-ray discs, which represent an important part of the actual
optical disc production. The results, detailed below, confirm the validity of the optical
disc-based tag approach and the design flexibility provided by the resistive scaling
method.

Although there exist some important structural differences between DVD and Blu-ray
discs (see Section 6.1.1), the electromagnetic modeling of the two discs is very similar:
both can be modeled as a thin metal layer sandwiched between two polycarbonate
layers. In the Blu-ray, the metal layer is located 1.1 mm below the disc surface, on top
of the 0.1 mm hard layer (which is modeled as polycarbonate in the EM simulation), as
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Figure 6.21. (a) Simulated radiation efficiency of the optical disc antenna, as a function of the inner
radius of the metal film (the polycarbonate substrate was not considered), and (b) metal film resistance
measurement path on the tested Blu-ray disc.

detailed in Figure 6.22. Additionally, the inner radius of the metal film is reduced from
19 mm (the value used for the DVD) to 12.5 mm for the considered Blu-ray disc. It is
worth mentioning that, whereas the maximum internal radius of the metal layer is fixed
to 24-25 mm (which is the beginning of the data area [125]), its minimum value is not
fixed, and can vary upon the disc type and manufacturer. It was verified by simulations
that, as the internal radius decreases, the radiation efficiency of the disc antenna also
decreases significantly, as depicted in Figure 6.21a. This is the primary mechanism
leading to a reduction of the performance when comparing the tag presented in this
section with the tag detailed in the previous section. As in the previous case, the metal
film square resistance is assumed to be R;=0.5Q. It is worth mentioning that, a
posteriori, the film square resistance was measured on the Blu-ray disc, as follows. A
rectangular window (see Figure 6.21b) was opened on the lower side of the disc by
removing the hard coating layer, so that the metal film was directly accessible. Then,
with the aid of a cutter, a path of 1 mm width and 70 mm length was isolated from the
rest of the film. The side-to-side resistance was successively measured by using a
multimeter, which provided a value of R =153 Q. Taking into account that the path
consisted of 70 squares connected in series, the square resistance was determined to be
R =0.76 Q, which is very near to the theoretical value used in the simulations. Later
simulations revealed that a very small decrease (—0.4 dB) of the simulated tag gain
arises when the theoretical value of the film square resistance (0.5 Q) is substituted by
the measured value (0.76 Q) in the disc modeling.

6.5.1 Tag design, synthesis and simulation

Since the equivalent circuits of the Blu-ray and DVD discs are identical (except for
the values of the circuit elements), the tag design flow follows the same scheme of the
tag presented in the previous section. As in the previous design, the RFID ASIC used in
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Figure 6.22. (a) Structure of the considered Blu-ray disc: lateral view (left), top view (right). Dark grey
represents silver, light grey represents polycarbonate. Layer thicknesses are not drawn to scale. (b) Layout
of the final tag. The close-up focuses on the matching element.

the design is the Alien Higgs 3 with SOT-323 package, and the dielectric substrate is the
Rogers RO3010 (with thickness 4, = 0.254 mm, ¢, = 10.2, tand = 0.0023).

Based on the Blu-ray model described above (Figure 6.22a), a preliminary simulation
was carried out in order to estimate the radiation properties of the standalone Blu-ray
disc. The results showed a radiation pattern very similar to that of a DVD disc (Figure
6.8), with a directivity of Dy = 2.7 dBi and the radiation maximum oriented along the z-
axis. However, the radiation efficiency is sensibly lower, namely #.,4 = 10% (versus
25% for the DVD), due to the smaller inner radius of the metal film. As a consequence,
the simulated input resistance of the disc antenna (given by a successive simulation
which included the LC resonator coupled to the disc) at resonance is R4 =5 Q, and
therefore the scaling factor is o= R¢/Ry4=25/5=0.2. The required value for the
matching element reactance was then evaluated by using (6.11), obtaining X, = —154 Q
(for the reasons detailed in the previous section, the capacitive solution was
implemented). The transformed ASIC impedance is Z'c =5 —j85 Q, thus requiring an
antenna impedance of Z'y =5 + 785 Q. The topology of the matching capacitor and the
LC resonator (Figure 6.22b) was then adjusted with the help of EM simulations, as
detailed in the design process of the DVD tag (Section 6.4.2). The geometric parameters
of the final layout (see Figure 6.22b) are N=4, a; =4.5 mm, b; = 0.5 mm, ¢; = 0.3 mm,
lc=22.6 mm, We=4 mm and W; = 0.3 mm.

The simulated power reflection coefficient, before and after the final correction on the
capacitor length /¢, is depicted in Figure 6.23a. Very good impedance matching (—25 dB)
and half-power bandwidth (47 MHz) are exhibited, and the final response is centered
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Figure 6.23. Simulated tag (a) power reflection coefficient and (b) radiation pattern (gain, expressed in
dB) at 915 MHz in the E-plane (xz-plane) and H-plane (yz-plane).

approximately at the center of the North-American UHF-RFID band (915 MHz).
Moreover, the tag radiation pattern suggested by EM simulation (Figure 6.23b) is in
good agreement with the expected pattern of a disc antenna, already discussed for the
previous disc-based tags, with a directivity of Dy =4.2 dB. The simulated radiation
efficiency of the tag is #;.g = 6%, which provides a maximum gain of Gy, =—-8.4 dB.
Therefore, the tag predicted read range (Figure 6.24b), evaluated on the basis of (3.1)
and considering EIRP=4 W and Py =-—17 dBm, reaches the value RR=4.5m at
915 MHz. Although this value is sensibly smaller as compared to the read range
obtained by the DVD-based tag, it still represents an important improvement over the
state of the art of optical disc tagging.

6.5.2 Fabrication and measurements

The tag described in the previous section was manufactured by means of a PCB
drilling machine (LPKF-H100) and attached to a Blu-ray disc (Figure 6.24a).

The experimental read range, depicted in Figure 6.24b, exhibits a maximum value of
6.3 m at 914 MHz, and a half-power bandwidth of 40 MHz. Although the bandwidth is
in good agreement with the simulated value (47 MHz), the experimental peak read
range is higher (40%) than the value predicted by simulation. In order to justify this
difference, it is worth mentioning that the disc electromagnetic modeling, described at
the beginning of this section, is a first order approximation, since the exact composition
and electric properties of the disc materials are not known accurately. Even though the
square resistance of the metal film was confirmed experimentally (see the introduction
of this section), the loss tangent of the disc substrate could not be measured, and its
value is not declared by the disc manufacturers.
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Figure 6.24. (a) The fabricated tag, mounted on a Blu-ray disc. The matching network is depicted at
bottom left. (b) Measured read range (after correction).

6.5.3 Conclusions

In this section, an optical disc-based UHF-RFID tag mounted on a Blu-ray disc has
been presented for the first time. As a first step, the physical structure of the disc was
investigated, and a simplified electromagnetic model was generated in order to evaluate
the radiation properties and the input impedance of the Blu-ray disc antenna by means
of EM simulations. Then, as in the case of the DVD-based tag described at Section 6.4
the tag layout was designed by combining the general design principles of optical disc-
based tags (Section 6.2.2) with the resistive scaling method, which allowed obtaining
good impedance matching between the antenna and the RFID ASIC. A tag prototype
was then fabricated and attached to the disc, and the read range was measured, showing
a peak value of RR = 6.3 m and a half-power bandwidth of 40 MHz.

6.6 Reading of stacked optical discs

The read ranges of the optical disc-based tags presented in the previous sections,
which are in the order of several meters, refer to the case of reading a single disc
surrounded by air, or inserted in its plastic case (as demonstrated experimentally in
Section 6.2.4, the disc plastic case does not significantly affect the tag response).
However, in the real world, optical discs are often stored in a stack (e.g., on a pallet
during shipping, on the retail shelves), which involves a large number of nearby tags
interfering each other. In this situation, a modification of the tag behavior due to
couplings has to be expected, since the distance between antennas is much smaller than
the antenna dimensions. As suggested by previous research [126, 127], the behavior of
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Figure 6.25. Lateral views of the simulated stack of tagged optical disc.

dense arrays of UHF-RFID tags may be substantially different from the behavior of the
standalone tag. In fact, the antenna properties (e.g., radiation efficiency, radiation
pattern), including its impedance, may be significantly affected by the mutual
interference with nearby tags. Obviously, this is especially critical in the case of
attaching the tags to metallic items, because these involve a much higher interaction
with radio waves as compared to dielectric objects (e.g., plastics, textiles, paper). In
particular, when dealing with stacks of tagged metallic items, special concern arises

from the mutual shadowing between neighboring elements.

These considerations lead to conduct a preliminary investigation on the effects of
stacking over optical-discs based tags. To this end, a 20 discs stack (Figure 6.25) was
simulated by periodically repeating (along the z-direction) the structure of a single
tagged disc, with a separation of 1 cm, a distance based on the thickness of the standard
DVD case. In order to simplify the problem, the presence of the plastic case was not
taken into account. The rotation angle of each disc was randomized, since in a real-
world scenario the orientation of each disc is aleatory. The simulation consisted in
exciting each disc individually, and evaluating the realized gain in the z-direction (and,
consequently, the read range) of the structure in each case. The results (Figure 6.26)
indicated that, although the mutual coupling between discs causes a degradation of the
read range compared to a single disc, it is still possible to read stacked discs

Read range (m)
i
/

o 5 10 15 20
POSITION
Figure 6.26. Simulated read range in the z-direction as a function of the disc position in the stack.
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simultaneally. In the studied case, according to the simulation results, it was possible to
read all the stacked DVDs from a distance of 80 cm (from the first element of the stack).

It is interesting to observe that the read range of stacked tags does not decay
monotonically. This suggests that the stack may act as a propagating structure with
unterminated ends, whose power reflections cause a stationary wave creating minima
and maxima in fixed points of the structure. Also, the distance between minima (or
maxima) is 4¢/3, which indicates that slow wave propagation through the piled discs
occurs. In this regard, further investigation (including experimental confirmation) is
needed, in order to understand and even control the behavior of the stack, thus
improving the reliability of RFID tagging for this application.
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A High-Gain Passive UHF-RFID Tag
with Increased Read Range

In this chapter, some aspects regarding the performance limitations of passive UHF-
RFID tags are briefly discussed. In particular, the maximum read range is explored in
case the condition of size reduction, usually applied to the general-purpose commercial
UHF-RFID tag design, is relaxed. In fact, whereas for many applications a tradeoff
between tag dimensions and performance is necessary, there exist some applications
where the read range optimization is a due, even at the expense of the tag dimensions.
Such applications may include, for instance, inventory of boxes in a large warehouse,
and pallet tagging, among others. In general, when a high read range is required and the
dimensions of the tagged objects are relatively large, oversized (as compared to the
usual sizes) tags with optimized read range might be preferred. The analysis suggested
that, while maintaining a dipole type antenna, a significant improvement of the read
range can be accomplished by extending the tag size to 1.25 wavelengths, and that
further increases in dimensions worsen the tag performance due to the increasing
number of blind spots.

As a proof of concept, a tag prototype is designed with the aid of the commercial
software CST Microwave Studio, and manufactured. The experimental read range is
presented, exhibiting good agreement with simulations, and compared to a high-end
commercial general-purpose tag (Alien Squiggle).
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7.1 Strategy to maximize the read range

The field radiated by an infinitely thin wire antenna of a given length / oriented along
the z-axis can be calculated by integrating the radiation of the infinitesimal current
element dI over the length of the antenna. As reported in many classical analysis of the
problem [95]-[17], it is a good approximation to consider the current over the antenna as
a perfect harmonic function of the position, with zeroes at both ends of the wire, thus
neglecting the second order effects on the current distribution. The resulting expression
for the directivity, as a function of the wire length /, can be written as [17]

oy =2 O

jF(e, 1)sin(6)d6

(7.1)

where F(6,/) is a function proportional to the radiated power density, and can be

cos (,B ;j —CoS (,B ; cos(&)j
sin(&)

expressed as

2

F(0,])= , (7.2)

where 6 is the inclination angle and f is the free-space phase constant at the working
frequency. A graphical representation of (7.1) for wire lengths up to 4 free-space
wavelengths is depicted in Figure 7.1. It can be clearly seen from the graphic that the
directivity increases monotonically with the antenna length up to approximately 1.25
wavelengths, where a peak value of Dy =3.3 (5.2 dBi) results. Above that length, the
increase of the side lobes produces a sudden degradation of the directivity, leading to a
minimum located at approximately 1.5 wavelengths. A further increase of the antenna
length results in periodical directivity peaks and minima, whose levels tend to increase
linearly with the antenna length. Nonetheless, the radiation pattern above the first peak
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Figure 7.1. Directivity of a wire antenna as a function of its electrical length.
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is characterized by a crescent number of lobes, and radiation zeros. Such kind of
radiation pattern is not useful for a general-purpose RFID tag, since it produces
undesired blind spots in the tag read range. It is also worth to mention that, above the
first directivity peak, the following major peak occurs at 3.6 wavelengths, which implies
tag lengths exceeding one meter.

For the above reasons, we found reasonable to design the tag to work at 1.25
wavelengths, corresponding to an overall length of /=410 mm at the frequency
fo=915MHz. The theoretical power radiation pattern, obtained from (7.1) and
normalized to 5.2 dBi, is depicted in Figure 7.2. It is composed of a main lobe with a
maximum at #=90°, and two side lobes of magnitude —10 dB. The half-power
beamwidth is 34°, and the null-to-null beamwidth is 74°. It is worth to mention that, for
a non-zero radius wire, the effective antenna length may slightly differ from the
theoretical value of 1.25 wavelengths.

Let us now quantify the maximum theoretical read range which can be obtained with
this kind of tag. By using (3.1) with the values of EIRP=4 W and a sensitivity of
Py =-17 dBm (e.g., Alien Higgs-3 chip, SOT-323), and neglecting ohmic losses, the
maximum predicted read range is RR =21 m. Such value, which is only qualitative
since losses have not been considered, is very promising since it doubles the maximum
read range of general-purpose commercial UHF-RFID tags (e.g., the Alien ALN-9640
“Squiggle” tag), which is of the order of 11-12 m.

It is worth mentioning that, according to the previous analysis, the read range is
increased by making the tag more directive. Hence, due to its reduced beamwidth, the
tag performance is more dependent upon its orientation with respect to the reader
antenna. Although this is generally an undesired behavior in general-purpose UHF-
RFID tags (where the tag orientation is not known a priori), it is not necessarily an issue
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240 ——1.25 3, thin wire (lheoretical)//T?O
5. N mmees Simulated tag d
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Figure 7.2. Directive gain in the E-plane, normalized to a directivity value of Dy = 5.2 dBi.
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for some applications requiring read range optimization (e.g., when the tag orientation is
known). In this regard, it is useful to evaluate the half-read-range beamwidth of the tag,
corresponding to the quarter-power beamwidth of the antenna [this is a consequence of
the read range equation, (3.1)]. For the 1.25 wavelengths dipole antenna, the value is
46°, which is roughly half the value obtained with a half-wave dipole antenna (108°)

7.2 Tag design and simulation

For practical reasons, the presented tag prototype was chosen to use a copper wire to
implement the 1.25 wavelengths antenna, so that the tag design described below refers
to that case. However, since RFID tags are usually fabricated in planar technology (e.g.,
inlays), where the antenna is implemented by a thin metal strip, this latter case has also
been considered, and will be described in a separate section.

7.2.1 Copper wire antenna

In this section we present the simulations of a UHF-RFID tag based on a 1.25
wavelength long wire antenna and the Alien Higgs-3 RFID chip (SOT-323 packaged),
designed to work in the 902-928 MHz band.

The first simulation involved a copper wire with circular cross section of diameter
a=0.8 mm. A 4 mm gap was opened at the center of the wire in order to connect the
input port. The length of the wire was swept in the vicinity of 1.25 wavelengths, in
order to determine the optimal length for the given wire diameter value a. It was found
that the length /=400 mm (1.22 1) provided the maximum directivity D =4.9 dBi,
which is very close to the theoretical value (5.2 dBi). The next step was to quantify the
input impedance at the working frequency fo =915 MHz (the center of the 902-
928 MHz band), in order to design the impedance matching network between the chip
and the antenna (see Figure 7.3). According to the simulation, the antenna presents a
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Figure 7.3. Simulated input impedance of the wire antenna.

134



CHAPTER 7 A HIGH-GAIN PASSIVE UHF-RFID TAG WITH INCREASED READ RANGE

(a) i ®)o
— Foim = 4
ASIC
Ll L o 81
b =
W =12
L, ' =
N | Substrate -16-
l—>z L -20 T T ‘
y : 2 0.80 0.85 0.90 0.95 1.00

vl Frequency (GHz)

Figure 7.4. (a) Final tag layout, (b) simulated power reflection coefficient (half-power bandwidth in grey).

resistance R, =130Q and a capacitive reactance y,=-440Q at f,. It can be
demonstrated, e.g., by using the resistance scaling technique described in Section 6.3,
that a shunt inductance with value L, = 24 nH transforms the chip impedance Z. into the
complex conjugate of the antenna impedance Z, to a very good approximation, thus
allowing to obtain a very good impedance (conjugate) matching without the need of a
series element.

A second, and last, simulation comprises the wire antenna, the matching inductive
element and the chip port exciting the system. The inductive element was implemented
on a FR-4 substrate (¢, = 4.3, tand = 0.025) with thickness # = 1.5 mm, which has also
the function of carrying the soldering pads for the chip and the antenna. The final layout
of the tag is shown in Figure 7.4a, and the values for the geometric parameters are
L;=146 mm, L,=4mm, W;=02mm, a=08mm, »=1mm, /=400 mm. The
simulated power reflection coefficient between the chip and the antenna, depicted in
Figure 7.4b, exhibits good impedance matching at the central frequency, and a half-
power bandwidth of BIW =90 MHz.

Let us now examine the radiation properties of the tag, in order to predict the
maximum read range. As can be seen in Figure 7.2, the simulated radiation pattern
(normalized to Dy = 5.2 dBi) of the tag is in good agreement with the theoretical pattern
of a 1.25 wavelength long wire antenna, as calculated by using expression (7.1). The
simulated directivity is 4.9 dBi, and the half power beamwidth is 33°. The effect of
ohmic losses introduced by the conductors is taken into account in the simulation,
resulting in a radiation efficiency of 7.4 = 92%, which leads to a realized gain of
Go 7= 4.4 dB. Based on these results, the tag read range can be predicted by using (3.1),
providing RR = 19.4 m.
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7.2.2 Planar technology

It is interesting to explore the possibility of designing this kind of tag in planar
technology, by means of standard fabrication techniques (e.g., inlay, screen printing,
etc). In this case, the conductor has a rectangular section of width w and thickness ¢. The
main concern about this implementation is the radiation efficiency, which is a function
of the metal conductivity and its thickness. It is important to highlight that this kind of
tag is focused on read range optimization, at the expense of its length, and this is worth
only if the radiation efficiency remains sufficiently high (77:.a = 90% can be considered
as a lower bound).

In order to quantify the effect of ohmic losses in the fully planar approach, we
simulated (by means of ADS Microwave Studio commercial software) the antenna, with
length /=400 mm (1.22 1), for different values of strip width w, thickness /# and metal
conductivity o. A graphical representation of the simulated radiation efficiencies is
depicted in Figure 7.5. The data reveal that it is possible to obtain high radiation
efficiency even by using reduced conductivity materials, such as screen-printing
conductive paint, with reasonable values of thickness (of the order of 20 um) and
conductor width (1 mm).

To maintain generality, the simulations did not take into account the presence of a
dielectric substrate. This could be the case of direct screen printing of the tag over the
item surface. Regarding the inlay implementation, the substrate should be chosen to be
as thin as possible, and to present a low permittivity, in order to preserve the electrical
length of the antenna and therefore its gain. Nevertheless, the characteristics of the
tagged item (not considered in this study) are relevant for the determination of the
optimum antenna dimensions.
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Figure 7.5. Simulated radiation efficiency of the planar tag (a) versus conductivity for # = 35 um and (b)
versus conductor thickness for w = 1 mm. The conductive paint has a conductivity & = 10° S/m [98, 99].
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7.3 Fabrication and measurement

In order to validate the simulated results, the tag layout described in Section 7.2.1 was
fabricated (Figure 7.6a) and its read range was measured. Due to the dimensions of the
tag, the standard measurement process inside the TEM cell could not be carried out.
Instead, the read range was measured in an outdoor environment, with the ground as a
unique nearby scatterer, by means of a commercial Motorola FX7400 UHF-RFID
reader matched to a half-wave dipole antenna, obtaining a transmission E/RP = 1.5 W.
The read range was measured in the 865-868 MHz (Europe) and 902-928 MHz (U.S.
and others) bands available from the reader. The results, normalized to E/IRP = 4W, and
compared to the simulated read range curve, are depicted in Figure 7.6b. The data are in
very good agreement in the 865-868 MHz band, where 14.4 m were obtained. On the
other hand, the measured peak read range is 17.5 m in the 902-928 MHz band, which is
10% lower as compared to the simulated value. This discrepancy can be attributed to the
fact that the actual chip sensitivity tends to be smaller [128]-[122] than the manufacturer
nominal value. Indeed, each dB decrease in the chip sensitivity leads to 10% reduction
of the read range, as suggested by (3.1). Nonetheless, when compared to one of the best
performing available commercial tags in terms of read range, i.e., the Alien ALN9640
“Squiggle”, the tag presented in this work provides a measured read range in the 902-
928 MHz band that represents an increase of almost 60% (Figure 7.6b). This improved
read range has been achieved despite the fact that the nominal sensitivity
(Pm =—18 dBm) of the unpackaged Higgs-3 chip used in the ALN-9640 inlay is better
than the one of the SOT-323 version used in this work (=17 dBm).
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Figure 7.6. (a) Manufactured tag prototype, (b) simulated and measured read range.
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It is also remarkable that the read range measured when the proposed tag is attached to
a wooden pallet is 16.4 mm, pointing out the potential of these tags for such application.

7.4 Conclusions

The read range limitations of passive UHF-RFID tags based on electric dipole
antennas have been studied in this chapter. A 1.25 wavelength long linear wire has been
proposed as a tag antenna which maximizes the gain while maintaining acceptable
dimensions and radiation pattern. Based on this result, a tag prototype has been
designed by matching the antenna impedance to the Alien Higgs-3 chip input impedance
by means of a shunt inductance. The presented tag antenna dimensions are
400 mm x 0.8 mm, respectively, and a 4 mm x 14.6 mm rectangular substrate, holding
the chip and the inductive matching network, is located at the center of the tag.

The measured read range exhibits a maximum value of 17.5 m at the 902-928 MHz
band, representing an important improvement as compared to the best general-purpose
commercial passive UHF-RFID tags. Moreover, several simulations predict that the tag
can be implemented in planar technology (i.e., inlay) while maintaining high values of
radiation efficiency.
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Conclusions and Future Work

This thesis is enclosed in the context of antenna design for passive RFID tags working
at the UHF frequency band. A significant part of the work is focused on exploring the
benefits and limitations of metamaterial-inspired resonators as standalone radiating
elements for UHF-RFID tags. To this end, an exhaustive analysis of their radiation
properties was carried out, setting the basis for the design of tags meeting specific
requirements. In this regard, the use of the split-ring resonator (SRR) working around its
first resonance demonstrated its practical effectiveness in obtaining tags with very small
size and reduced sensitivity to orientation. Also, complementary metamaterial-
resonators have been proposed for the first time as antennas for tags operating at very
small distance from metallic surfaces. Specially, a very low profile tag based on a
complementary non-bianisotropic SRR (NB-CSRR) has been obtained, and its
performance demonstrated competitiveness with state-of-the-art solutions. In addition,
the analysis of the radiation properties of the SRR at the second resonance, carried out
for the first time within this thesis, suggested that the particle compares with the popular
half-wave dipole antenna, in terms of input impedance and radiation efficiency, though
providing significant reduction of the maximum antenna dimension. Another important
contribution provided in this thesis regards the RFID tagging of optical discs, which is a
special case of item-level tagging of metallic objects. We proposed an innovative
solution to the problem, by taking advantage of the metallic film of the disc and
converting it into the main radiator of the tag. This approach allows one order of
magnitude improvement in the tag performance in terms of read range, as compared to
the state-of-the-art solutions.
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The contents of the thesis have been divided into eight chapters (excluding the
conclusions and future work), as follows. After discussing the motivation and objective
of this work, in Chapter 1, a brief introduction to the RFID technology has been
provided in Chapter 2.

In Chapter 3, an overview of passive UHF-RFID tags has been reported. In particular,
the main tag antenna parameters have been introduced, followed by a general discussion
over the design solutions and tips commonly employed in commercial tags. The most
important performance indicators of passive tags, i.e., read range and bandwidth, have
been discussed in detail. The rest of the chapter has been dedicated at providing a state
of the art of passive UHF-RFID tag design. Firstly, the report has been focused on the
use of metamaterial-inspired resonators in the tag design. To this end, the concepts of
metamaterial and metamaterial-inspired resonator have also been introduced, and a brief
overview of their application in the microwave community has been provided. Then,
discussion over the state of the art has been directed to on-metal tags, with special
attention to those solutions emphasizing the thickness reduction (low-profile on-metal

tags).

The radiation properties of metamaterial-inspired resonators, specially focusing on the
EC-SRR, the NB-SRR and their complementary counterparts (the CSRR and the NB-
CSRR) have been analyzed in Chapter 4. Based on the evaluation of the electric and
magnetic dipole moments generated around resonance, closed expressions for the
radiation resistance, efficiency, quality factor and cross-polarization levels of the EC-
SRR have been obtained. The analysis, validated by means of electromagnetic
simulations, demonstrates the viability of the EC-SRR antenna for the design of
miniaturized passive tags, and generated useful expressions that allow controlling the
antenna characteristics by adjusting its geometry. In particular, it has been pointed out
that, by increasing the separation between the external and internal rings, the radiation
pattern of the EC-SRR could be made more uniform, thus reducing the sensitivity to
orientation of the tags based on such antenna. The analysis has been then extended to
study the radiation of the EC-SRR at the second resonance, also motivated by the
absence of literature on the subject. It has been found that the radiation properties in this
case are very similar to that of a half-wave dipole antenna, in terms of radiation
resistance and efficiency, despite the lateral size of the SRR is halved. The radiation
diagrams are similar, also because the cross-polarization values of the EC-SRR at the
second resonance (—20 dB) have been found to be sensibly smaller than at the first
resonance (—10 dB). Following on, the discussion has been focused on the radiation of
complementary particles. Special attention was dedicated to the case of these particles
radiating over a metal plane, with special concern about evaluating their performance
degradation when the distance from the metal is reduced to very small values, as
required in low-profile RFID tags. The analysis, based on electromagnetic simulations,
suggested that, although a clear dependence of the behavior upon the distance from
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metal exists, acceptable performance in the frame of passive tag design could be
obtained at the second resonance, even for very small thickness (1.27 mm).

The validity of the above-mentioned analysis, along with the utility of the design tools
arising from such analysis, has been corroborated in Chapter 5, where some practical
examples have been provided. First, a passive UHF-RFID tag based on the SRR antenna
has been designed, simulated and subjected to experimental validation. The design
process has been detailed, revealing that good impedance matching could be obtained
without the need of additional matching networks. In good agreement with theory and
simulations, experimental data revealed that good performance in terms of read range
(9.3 m) has been obtained, despite the very small tag size (30 mm x 30 mm). Moreover,
the tag response has been adjusted to minimize the orientation sensitivity of the tag,
obtaining a minimum read range of 4.2 m. Then, a low-profile on-metal tag based on
the NB-CSRR antenna has been presented as an alternative to the state-of-the-art
solutions, motivated by the encouraging conclusions of the analysis in the previous
chapter. The tag design, aided by electromagnetic simulations, has been detailed. The
measurement revealed a read range of 5.3 m, which is promising in relation to the NB-
CSRR dimensions (45 mm x 45 mm) and the tag thickness (1.27 mm). However, it has
been pointed out that the radiation efficiency of the antenna has been significantly
degraded due to the presence of the high-permittivity dielectric substrate (Rogers
RO3010), employed to contain the tag lateral dimensions to acceptable values.
Therefore, an alternative solution avoiding the use of such substrates has been proposed.
Specifically, a tag of the same size, based on a modified CSRR (i.e., the double slit
CSRR, or 2-CSRR) antenna, suggested very encouraging results in terms of read range
(between 7 and 10 m depending on the materials, according to the simulations). Finally,
an SRR antenna working at the second resonance has been designed to operate in the
900 MHz ISM band, matched to a 50 Q load, on the basis of the analysis carried out in
the previous chapter. A prototype has been manufactured, and subjected to experimental
validation, exhibiting good agreement with both theory and simulations. Despite the
reduced lateral size (=A¢/5), the antenna behavior in terms of input resistance,
efficiency and bandwidth is similar to that of the commonly used half-wave dipole
antenna, thus confirming the SRR antenna at the second resonance as a valuable
alternative, especially when a reduction of the maximum antenna dimension is needed
(at the expense of the area).

In Chapter 6, the problem of optical disc tagging has been treated, as a special case of
item-level tagging of metallic objects. After an analysis of the disc structure, the state of
the art of optical disc tagging has been reported. Then, the concept of optical-disc based
tag has been introduced, detailing the working principle and discussing the benefits over
the existing solutions. As a proof of concept, the approach has been first applied to
design a tag for DVD discs, which required building a design methodology based on
circuit modeling of the whole structure (i.e., the tag coupled to the disc). The
experimental data validated the simulated results, and confirmed that significant
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improvement could be obtained in terms of read range (5.2 m), compared to the existing
solutions (less than a meter). The design method has been then improved to allow
obtaining good impedance matching with any ASIC available on the market. To this
end, an impedance matching method oriented to design simplicity has been developed
on the basis of analytical approach. Such method, which considered the introduction of
a matching capacitance in shunt with the RFID ASIC, has been then applied to the
design of a tag for DVDs with a different, more advanced ASIC (Alien Higgs 3).
Consequently, the tag read range was extended to 8.3 m, as confirmed by measurements.
The method has been also applied to design a tag for Blu-Ray discs, with similar read
range (6.3 m). Moreover, preliminary results also suggested that the proposed approach
makes possible the reading of stacked discs.

Finally, in Chapter 7, the limitations of passive tags in terms of read range have been
studied. To this end, the condition of size reduction imposed by the RFID design
requirements of many applications, and characterizing most of the tags available on the
market and in the literature, has been relaxed to some extent. After a discussion of the
radiation pattern of linear wire antennas of different lengths, it has been concluded that
a 1.25 wavelengths wire antenna provides a reasonable tradeoff between size and
performance, and that further increase of the length causes degradation of the radiation
pattern. Of course, being the tag length in the order of 40 cm, this solution is only
suitable to identify relatively big objects (e.g., boxes, pallets). On the other hand, the
performance improvements over standard tags are significant, and make the presented
approach a possible choice for the applications demanding long reading distances. A tag
prototype, implemented by using a copper wire of diameter 0.8 mm, exhibited a read
range of 17.5 m in free space, thus demonstrating a great improvement over the typical
general-purpose tags (40% higher compared to the Alien “Squiggle” high-end
commercial tag).

As a general conclusion, the work developed within this thesis provided alternative
solutions to the design of passive UHF-RFID tag antennas, responding to the
challenging requirements of modern RFID tag design. The results, which contributed to
the understanding of some unexplored radiating structures, have been disserted in
specialized journals, international conferences, and generated a patent approved by the
European Patent Office (see Patents).
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Future Work

The encouraging results emerging from this thesis open the door to further exploration
in the near future. Regarding the analysis of the radiation properties of metamaterial-
inspired resonators, preliminary work showed that the two-turn spiral resonator (2-SR),
operating between its first and second resonance, allows further reduction of the tag
sensitivity to orientation, due to an increased value of cross polar radiation. However, a
perfect balance between the radiation from the electric and magnetic moments, which
would minimize the tag sensitivity to orientation, has not been accomplished yet.
Though not producing an isotropic radiation pattern, this condition would allow
obtaining a minimum read range equal to the 71% (1/72) of the maximum read range
(based on the theoretical analysis of orthogonal radiators in phase quadrature), thus
representing an advance over the results obtained in this work.

The use of complementary metamaterial-inspired resonators for designing low-profile
on-metal tags also inspired future research. In particular, the manufacturing of a tag
prototype based on the 2-CSRR, which exhibited promising results in simulations, is
still pending. Also, the size reduction of CSRR/NB-CSRR antennas at the second
resonance without involving high-permittivity dielectrics should be explored.
Specifically, removing half of the particle, by applying the proper boundary conditions
to maintain unaltered the current distribution along the slot, is an interesting possibility.

Regarding the tagging of optical discs, the proposed method could be tested on
different-sized discs. For example, preliminary simulations of the 80 mm MiniDVD
suggest that, even if the antenna gain is lower as compared to the standard DVD, a read
range of several meters (4-5 m) could be reached, thus still providing an interesting
alternative to the state-of-the-art solutions. Moreover, further research is needed to
understand, and eventually control, the signal propagation through a pile of stacked
DVDs, in order to maximize the number of discs read simultaneously. This would make
possible an effective and reliable tagging of optical discs in stores, libraries and video
rental shops, as well as the tracking of packed discs through the supply chain.
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