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Abstract

In the recent years, radio-frequency identification (RFID) technology has
been widely integrated into modern society applications, ranging from barcode
successor to retail supply chain, remote monitoring, detection and healthcare,
for instance. In general, an RFID tag or transponder is composed of an
antenna and an application-specific integrated circuit chip. In a passive UHF
RFID system (which is the focus of presented research), the communication
between the transponder tag and the reader is established by modulating the
radar cross section (RCS) of the transponder tag. The need for flexible RFID
tags has recently been increased enormously; particularly the RFID tags for
the UHF band ensure the widest use but in the meantime face considerable
challenges of cost, reliability and environmental friendliness.

The multidimensional focus of the aforementioned research encompasses
the production of low-cost and reliable RFID tags. The state-of-the-art fabri-
cation methods and materials for proposed antennas are evaluated in order to
surmount the hurdles for realization of flexible green electronics. Moreover,
this work addresses the new rising issues interrelated to the field of economic
and eco-friendly tags comprising of paper substrate. Paper substrates offer
numerous advantages for manufacturing RFID tags, not only is paper exten-
sively available, and inexpensive; it is lightweight, recyclable and can be rolled
or folded into 3D configurations.

The most important aspect of an RFID system’s performance is the read-
ing range. In this research several pivotal challenges for item-level tagging, are
resolved by evolving novel structures of progressive meander line, quadrate
bowtie and rounded corner bowtie antennas in order to maximize the reading
distance with a prior selected microchip under the various constraints (such as
limited antenna size, specific antenna impedance, radiation pattern require-
ments). This approach is rigorously evolved for the realization of innovative
RFID tag antenna which has incorporated humidity sensor functionality along
with calibration mechanism due to distinctiveness of its structural behavior
which will be an optimal choice for future ubiquitous wireless sensor network
(WSN) modules.

The RFID market has grown in a two-dimensional trend, one side con-
stitutes standalone RFID systems. On the other side, more ultramodern
approach is paving its way, in which RFID needs to be integrated with broad
operational array of distinct applications for performing different functions
including sensors, navigation, broadcasting, and personal communication, to
mention a few. Using different antennas to include all communication bands
is a straightforward approach, but at the same time, it leads to increase
cost, weight, more surface area for installation, and above all electromagnetic
compatibility issues. The indicated predicament is solved by realization of
proposed single wideband planar spirals and sinuous antennas which covers
several bands from 0.8-3.0GHz. These antennas exhibit exceptional perfor-
mance throughout the operational range of significance, thus paving the way
for developing eco-friendly multi-module RF industrial solutions.
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Chapter 1

Introduction

1.1 Background

1.1.1 Ubiquitous Sensor Networks

The next wave in the era of intelligent sensing and processing will be outside the
realm of the traditional desktop. In the Internet-of-Things paradigm (IoT) [I98],
selective information from any item of a certain value is on the network in one form
or another. Radio frequency IDentification (RFID) and sensor network technologies
are giving fuel to this evolving standard, in which information and communication
are invisibly embedded in our surroundings. In this context, everyday objects, such
as cars, packages of food beverages, refrigerator items, medical equipments, logis-
tics, and more advanced, loosely coupled, computational and information services
will not merely be in the range of each other’s interaction but also communicate
with one another [65] [T]. This signifies the futurity internet will be object-to-object
communication rather than machine-to-machine communication [94].

Significant amounts of information from sensor enabled devices will flow in or-
der to furnish smart, and proactive environments that will expressively meliorate
both work and leisure experiences of people. Smart interacting physical object that
conform to the current situation, without any human participation will become the
next ratiocinative step to hoi polloi already linked up anytime and anywhere [I59].
With the growing presence of WiFi, 3G and 4G LTE wireless Internet access, the
evolution towards Ubiquitous Sensor Networks (Figure is already discernible
today [220]. However, the Internet—of—Thingsﬂ vision for successfully emerging de-
mands:

1. The computing standard to go beyond traditional mobile computing scenarios
that employ smartphones and portables [224], and develop into connecting
conventional existing objects and embedding intelligence into our environs.

nternet-of-Things denotes to a ubiquitous network society in which a vast collection of objects
is “connected.”



2 CHAPTER 1. INTRODUCTION

USH
Services

isaster fcrisis

Di
management
Strucb.lral health

Logistics, SCM manitoring Agricultural control Disaster Sur\.\eﬂlanceII M|I|tar F|e|d

- !
- : ol

{ USH Applications |
U-Health care

CI
Wireless A
Sensor ®
Network

Figure 1.1: The vision of Ubiquitous Sensor Networks. (Courtesy: ITU NGN-GSI)

2. The sensor based technology to disappear from the cognizance of the user
while at the same time incorporated in every item for being detected.

1.1.2 Evolution of RFID-Enabled Ubiquitous Sensing

The significant advantages and wide applicability of RFID systems and Wireless
sensor networks (WSNs) elevated them as the most ubiquitous computing tech-
nologies in contemporary literature [50, [89, 149, [IT6]. It is highly anticipated by
analyzing the consumer and technology trends that, in the near future, a number
of devices such as wireless tags, and sensors especially in embedded form will in-
crease by manifold as compared to the current scenario. These devices collect and
transmit information about people, wildlife, livestock, objects and their ambient
environment, which corresponds to identification, sensing and information process-
ing. In the current 2011 report of IDTechEx, the economic value related to RFID
market is anticipated as $5.84 billion, up from $5.63 billion recorded in 2010. This
is the accumulative impact of RFID tags, readers, software services related with
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RFID cards, labels, fobs and all other form factors. These all factors will lead to
an estimated growth of USN/WSN market by 2021 to $2 billion as compared to
$0.45 billion in 2011 [23].

In manufacturing plants, RFID raises the efficiency
of part management, production volume statistics
acquisition, and shipping inspection. It also
contributes to traceability management.

RFID is able to shorten delivery schedules and cut
inventory at head offices overseeing supply chains

ed RFID server
Ict information)

Pliserinudor,

RFID improves the efficiency of loading and At retail outlets, RFID makes receiving inventor
unloading operations and destination sorting more efficient, reduces accounting procedures,
operations. It also makes inventory more and simplifies the taking of stock.

transparent.

Figure 1.2: RFID bridging the gap between digital and physical worlds. (Cour-
tesy: Toshiba Tec Corp.)

RFID due to its vast practice has drawn considerable press and scientific commu-
nity attention in recent years, and for compelling reasons: RFID not only supplants
traditional line-of-sight dependent barcode technology [3], it also delivers additional
benefits of removing boundaries that aggressively limited the use of prior alterna-
tives. In contrast to the barcode, with RFID, however, a reader can process the
encoded information even when the tag is concealed for either aesthetic or security
reasons. The early impact of the clandestine nature of RFID technology led the
privacy advocates to raise concerns. One of the main objection states that com-
mon products equipped with such tags can be tracked beyond the intended use of
manufacturers and retail stores. For example, some apprehensions that advertis-
ing agencies might influence the technology for directed selling or security agencies
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might furtively practice it to monitor the individuals. Thanks to latterly updated
RFID ASIC variant for providing another layer of protection in which the readabil-
ity or detection can be authorized to only intended readers. The implementation
of RFID in the areas of supply-chain management, asset tracking, manufacturing
and retail automation, bridged the growing gap between the digitally networked
world and the physical world (Figure . In the future, RFID tags will probably
be used and recycled as environmental sensors on an unprecedented scale [207].

Succinctly, RFID systems are comprised of two main components: wireless tags
and readers. A tag has an identification (ID) number and a memory bank that
stores additional information such as manufacturer, product type, and environ-
mental factors such as temperature and humidity. The reader can read and/or
write data to tags via wireless transmissions. In most of the RFID implementation
cases, the tags are either attached or embedded into the objects that need to be
identified or detected [126]. The reader can observe the existence of the correspond-
ing objects by foremost reading tag IDs in the vicinity and then accessing a record
database that provides a mapping between IDs and objects [200].

Another area which is budding with the growing demand of RFID applications is
its impact on eco-systems. However, so far mainly cost insensitive niche areas have
utilized this new technology [I51] [194]. The requirement for RFID tags to survive
against harsh environments adds further complexity to the implementation hori-
zon [46]. The material of the objects on which the tags are attached can influence
the capacitive characteristics and radiation pattern of the tag antenna [106] [125].
Some experience has suggested that there is a need to take precautionary measures
to prevent the likely negative results from the final disposal of RFID labels [192].
Currently, most of the RFID tags are neither biodegradable [2I] nor recyclable [34].

The convergence of MEMS technology, wireless communications and digital elec-
tronics, provided energy to WSN potentiality [I71], [85]. Thus, WSN emerged as a
system which has abilities of self-networking, self-configuring, self-diagnosing and
self-healing. These attributes made it an especially attractive solution for a wide
range of environmental monitoring, distributed surveillance, healthcare and con-
trol applications [I43]. Nowadays, the primary use of RFID systems is to identify
the objects or to track their position without transmitting any information about
the physical conditions of the target. On the other hand, WSNs constitute the net-
works of small, cost effective devices that can collaborate and convey information by
sensing the ambient environmental conditions such as light intensity, temperature,
pressure, humidity, sound and vibration.

WSN and RFID possibly will play a pivotal role in the generation of perva-
sive/ubiquitous computing [IT3]. The WSN has a distinct applicability on moni-
toring such as environmental and habitat monitoring, while the RFID is commonly
applied for identifying tasks in such as logistics and industrial manufacturing pro-
cesses. Even though, each has significant applicability, some already existing appli-
cations can be imposingly enriched by the integration of both technologies [80} 212].
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1.2 RFID Classification and Principles of Operation

Over the various stages of RFID system development, numerous types of RFID
systems have emerged. The systems distinguish from each other by system utiliza-
tion, operating frequency, reading distance, protocol, power supplied to the tag,
and the process for sending data from the tag to the reader [84]. RFID systems can
be categorized as ‘near-field’ RFID and ‘far-field” RFID in terms of the method of
transmitting power from the reader to the tag. The other classification is based on
the process of powering up the tags: RFID systems can be classified as ‘passive’,
‘active’ and ‘semi-active’ [64].

The outer space around the reader antenna can be split into two main regions
as represented in Figure [[.3} far-field and near-field. In the far-field, electric and
magnetic fields propagate outward as an electromagnetic wave whereas both are
perpendicular to each other and to the direction of propagation. The angular
field distribution is independent of the distance from the antenna. The fields are
uniquely related to each other via free-space impedance and decay as 1/r. In
the near-field, the field components have different angular and radial dependence
(e.g. 1/r®). The near-field region is further composed of two sub-regions: radiating,
where the angular field distribution is dependent on the distance, and reactive,
where the energy is stored but not radiated.

Reactive

N

Near-field

Figure 1.3: Antenna near and far-field regions. (Figure adopted from [146])

The antenna whose size is comparable to wavelength (UHF RFID), the esti-
mated boundary between the far-field and the near-field region is often given as
r = 2D?/\ where D is the maximum antenna dimension and is the wavelength.
For electrically small antennas (LF/HF RFID), the radiating near-field region is
small, and the boundary between the far-field and the near-field regions is com-
monly given as (7 = ¢/2rf) [37, 27, [117]. It is noteworthy to commemorate that
reference point of antenna structure (also referred as phase center of antenna) de-
pends on antenna geometry and its electrical size [20), [146].
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1.2.1 Near-field Coupling

Electromagnetic field in the near zone is reactive and quasi-static in nature. Electric
field is decoupled from magnetic fields, and which one will prevail is determined by
the type of antenna employed: the electric field dominates when a dipole antenna is
used, whereas the magnetic field dominates in the case of a small-loop antenna. The
coupling between tag and reader antennas can be achieved through interaction with
the electric or magnetic fields (Figure . In near-field RFID systems, inductive
coupling systems are practically more widely available than capacitive coupling

systems [54].

Using induction for power coupling from reader to tag and
load modulation to transfer data from tag to reader

Magnetic field
affected by tag data

Binary tag ID

Glass or plastic
encapsulation

Far-field region

S Propagating electromagnetic

. L T
Alternating magnetic field in waves

the near-field region

Figure 1.4: Near-field RFID communication mechanism. (Figure adopted

from [208])

1.2.2 Far-field Coupling

In far-field RFID systems, the EM waves radiating from the reader antenna are
captured by the tag antenna which then develops an alternating potential difference
that appears across the ports of the microchip. A diode can rectify this potential
and link it to a capacitor, which results in an accumulation of energy in order to
power up its electronics [214]. The tags are located beyond the near-field zone of
the reader in order to prevent the information is transmitted back to the reader
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by using load modulation. Thus, in far-field RFID systems the communication
between the reader and tag is comprehended by using a backscattering principle.

Using electromagnetic (EM) wave capture to transfer power from reader to tag

and EM backscatter to transfer data from tag to reader
|
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Figure 1.5: Far-field RFID communication mechanism. (Figure adopted from [208])

The reader antenna emits energy as showed in Figure|1.5] which is received by
the tag antenna, and some of the incident energy is then reflected from the tag
and detected by the reader. The variation of the tag’s load (microchip) impedance
causes the envisioned impedance mismatch between the tag antenna and the load.
As a consequence, the varying impedance mismatch produces variation in (ampli-
tude of) the reflected signals. Therefore, by changing the tag antenna’s load over
time, the tag can reflect incoming signal (with fluctuations in amplitude) back to
the reader in a pattern that encodes the tag’s ID. This category of communication
is called ‘backscattering modulation’ [79], 40].

1.2.3 Active RFID Systems

In active RFID systems, tags have an on-board power source (e.g., a battery) and
electronics for performing specialized tasks [216]. An active tag uses its on-board
power supply to support microchip operation and transmit data to a reader. It
does not require the power emitted from the reader for data transmission. The
on-board electronics incorporate microprocessors, sensors, and input/output ports,
and so on. In an active RFID system, the tag always communicates first, followed
by the reader. As the presence of a reader is unnecessary for the data transmission,
an active tag can broadcast its information to surroundings even in the absence of a
reader. This type of active tag, which continuously transmits data with or without
the presence of a reader, is also called a transmitter. Another type of active tag
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enters into a sleep or low-power state in the absence of interrogation by a reader.
A reader wakes the tag from its sleep state by issuing an appropriate command.
The ability to enter into a sleep state conserves battery power, and consequently
this type of tag generally has a longer battery life than an active transmitter tag.
This type of active tag is called a transmitter/receiver [9]. The reading distance of
an active RFID system can be 30m or more [134, [147].

1.2.4 Passive RFID Systems

In passive RFID systems, the RFID tag has no on-board power source, and instead
uses the power emitted from the reader to activate itself and transmit its stored
information to the reader [I88], [196] [63]. Compared to active or semi-active tags,
passive tags, therefore, are simpler in structure, lighter in weight, less expensive,
more generally resistant to harsh environmental conditions, and offer a virtually
unlimited operational lifetime. Several commercially available passive RFID tags
are shown in Figure [I.6] The trade-off is that passive tags have shorter reading
distances than active tags and require higher-power readers. They are also con-
strained in their capacity to store information and their ability to perform well
in electromagnetically noisy environments [I82] [55]. The reading range of passive
RFID systems can be usually up to 10 metersEl In tag-to-reader communication
for this type of tag, the reader always communicates first, followed by the tag. The
presence of a reader is necessary for such a tag to transmit its data. A passive tag
usually consists of a microchip and an antenna fabricated on a substrate.

Figure 1.6: Commercial passive RFID tags: (a) HF tags from TI Inc., (b) UHF
tags from Impinj Inc.

2The reported RFID integrated circuits for UHF tags can attain a sensitivity better that
—~12dBm to —18dbm [100] 29} O], 150, [6], which can significantly improve the read range.
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1.3 Components of Passive RFID Tag

Antenna Passive RFID tags can have different shapes, dimensions as well as dis-
tinct capabilities, but all passive tags are comprised of Tag antenna, Inte-
grated circuit (microchip) and Substrate. The first thing that can be clearly
distinguished while looking at a tag is the tag antenna. The size of the tag
antenna not only influences the overall size but also contributes to roughly
one third of tag’s cost [I78] [I65]. The antenna is accounted for transmitting
and receiving RF waves while enabling the communication with the reader.

Integrated Circuit (Microchip) The IC (microchip) is the central processing
element of the RFID tag. It is a silicon chip with dimensions usually less than
one square millimeterﬂ The IC of an RFID tag functions like a microprocessor
but in a much less complex approach. Unlike microprocessor, the IC has a
single main purpose of transmitting the tag’s unique ID. The unique ID is
stored/embedded in the IC’s memory. Whenever the IC is activated by the
energy captured and processed from the tag antenna [36], its logic circuit will
retrieve the ID number stored in the memory, and then broadcasts it by using
the backscattering modulation. There are several types of ICs are available
depending upon the particular applications [57, [1T9] [32]. The RFID IC is
usually equipped with an extra memory, which can be written by the user for
embedding additional information with the help of the reader [66].

Substrate The substrate is the material that supports the tag components to-
gether. The substrate can be rigid (usually FR-4) or flexible (usually PET)
depending upon the particular application [123], and can be manufactured
through several different types of materials. For instance, RFID tags utilized
for document tracking need a flexible substrate in order to bend in accor-
dance with attached paper sheet. The most volatile but potential candidate
for such use is paper substrate because of its abundant availability, environ-
mental friendliness, and above all, it can be printed together with the target
document. In some special cases, the space to place RFID tags is exceedingly
limited, and tag dimensions become the prime concern. Special industrial
substrates [73], 25, [30], such as a flexible magnetic composite substrate, can
help in trimming the antenna form factor around two to three times but at
higher overall cost of the tag [I33]. In depth analysis, and design examples of
RFID tags fabricated on various substrates will follow throughout the text,
while concentrating on the sensing pertinency and state-of-the-art fabrication
technologies employed for these tags.

3Hitachi’s super-mini wireless automatic recognition mu-Chip is only 0.4mm?
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1.4 Future Trends and Challenges

Technology trends in RFID are not only evolved through new inventions, advance-
ments and improvements of already running businesses, but also by social, economic
and political factors play a key role towards the realization of futuristic RFID sen-
sors networks. By considering all these complexities EPCglobal projected, the
roadmap from RFID to IoT whose one of significant driving force is ubiquitous
sensing as showed in Figure In the roadmap, top emerging trends associated
with RFID are identified that are expected to drive its ubiquitous adoption. These
RFID trends are emphasizing technological advancements, business process inno-
vations, evolving standards and legislation and consumer application innovations
that focus on:

o low-cost and reliable production of RFID tags, the fabrication methods and
materials for antennas are considered to be challenges [I55, [96]. Moreover,
the research area appears deserted while addressing the new rising issues
interrelated to the field of economic and eco-friendly tags comprising of paper
substrate [7, [I18].

o The substrate material and the associated integration techniques which are
becoming more than a basic research topic, due to the ever growing demand
for affordable and power-efficient broadband wireless electronics virtually in
a ubiquitous manner [154].

1.4.1 Design Challenges for RFID Tag Antennas

The most important aspect of an RFID system’s performance is the reading range—
the maximum distance at which an RFID reader can detect the backscattered signal
from the tag [I65]. For a specific application with prior selected reader (including
reader antenna), the reading distance depends on the performance of the tag. As
typical passive RFID tag consists of an antenna and a microchip or strap. The
characteristics of the microchip are quantified by IC manufacturers and cannot be
modified by the users. The key challenge for tag antenna design is to maximize
the reading distance with a prior selected microchip under the various constraints
(such as limited antenna size, specific antenna impedance & radiation pattern, and
cost).

Generally, the requirements for RFID tag antennas with prior selected mi-
crochips can be summarized as follows [72]:

e good impedance matching for receiving maximum signals from the reader to
power up the microchip;

¢ small enough for being attached or embedded into the specified object;

o insensitive to the attached object to keep performance consistent;
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« required radiation patterns (omnidirectional, directional or hemispherical);

e robust in mechanical structure; and

low cost in both materials and fabrication.

Under the different limitations for particular RFID applications, various aspects
should be considered in RFID tag antenna design [139} [165]:

Frequency band: The antenna type is dependent on the operating frequency.
In LF and HF RFID applications, spiral coil antennas are most commonly
employed [31L, [T0T] to harvest the energy from the reader by coupling. At UHF
and MWF frequencies, dipole antennas [88], meander line antennas [132], slot
antennas [223] 2], and patch antennas [206] are widely utilized [122].

Size: Tags are demanded to be small so that they can be embedded into or bonded
to a specific object such as a cardboard box, airline baggage strip, identifi-

cation card or printed label. The size limitation is

one of the challenges for

RFID tag antenna designing [I73] [I72]. Small size limits the coupling capac-
ity of the loop antenna peculiarly at LF and HF, and results in low efficiency
of the antenna at UHF and MWF. As a result, the reading range of RFID

systems will be reduced substantially [24].
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Radiation patterns: Some applications demand a specific directivity pattern of
the tag antenna such as omnidirectional, directional or hemispherical cover-
age.

Sensitivity to objects: The performance of a tag will be altered when it is placed
on different objects such as cardboard boxes with variant contents, and de-
meaned on lossy objects such as plastic bottles containing water and oil, or
metallic cans [5I]. The tag antenna is required to be tuned for optimal per-
formance on a particular item, or designed to be less sensitive to the assorted
types of object on which the tag is placed [45] 166} [148)].

Cost: An RFID tag must be a low-cost device for large scale applications. This
enforces limitations on both the antenna design and the choice of materi-
als for fabricating the tag, including the microchip. The materials used for
the fabrication of the tag antenna are conducting strip/wire and supporting
dielectric. The dielectrics usually include flexible polyester for LF and HF
and rigid printed circuit board substrates like FR-4 for UHF and MWF. For
further reducing the cost, all-printed RFID tags have been reported that use
screen printing or inkjet printing techniques [184) [T68].

Reliability: An RFID tag must be a reliable device that can deal with fluctuation
in temperature, humidity, and mechanical stress, and survive procedure such
as label insertion, printing, and lamination [98] 197, [163].

Eco-Friendliness: The lately emerged demand for RFID antenna is its operability
on substrates which can be easily recycled such as paper substrate [213].
In order for businesses to minimize their antagonistic impact on the green
environment, there is a need to evaluate this challenging factor [39].

1.5 Author’s Contribution and Thesis Organization

1.5.1 Contributions

The main theme of the presented research is the development of versatile, low-cost
RFID tags with a focus on exploring design techniques, and printing technologies
for realizing performance optimized eco-friendly tag antennas. In this context, the
research is divided into four parts, which are explored in parallel with the first
part while the concept and knowledge achieved, constitute the key ingredients in
improvement of the next area focused in this research. In the first part, innovative
large scale production technologies are explored and analyzed with several types of
electrically conductive inks and extremely flexible substrate materials. The inks are
further evaluated on the basis of flexibility, annealing temperature, sintering time,
and conductivity. Various ultra-low-cost substrates are investigated as an approach
that has ultimate aim to accommodate the antenna during the package printing
process, whilst faster production on commercially available paper substrate.
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In the second part, the paramount design and print parameters that an RFID
tag can accommodate are investigated in design evolution process in order to realize
narrow-band (EU & NA bands) progressive meander line antennas. The antennas
are optimized for reducing ink usage and innovative shunt stub meandering tech-
nique is applied for further improving the antenna performance. The evolution pro-
cess is applied to get robust tags, which must show less sensitivity to the variation
of dielectric permittivity environment. As a result, novel quadrate bowtie passive
RFID tag antennas are developed. The quadrate bowtie antenna profile modifica-
tion and T-matching network are used to match the antenna input impedance to
tag’s chip impedance, and the effects of metal and water on the proposed antennas
are also categorically investigated. The objective is to stabilize the antenna on the
entire frequency band of interest. However, even if it is not possible to eliminate
it completely, it is made possible in the proposed antennas to strongly limit this
phenomenon.

In the third part, the newfangled set of parameters emerging in RFID antennas
are addressed, while entering the era of green RFID revolution by evaluating and
optimizing the key design parameters which are affected by the utilization of paper
substrate. The semi-rounded corner, full-rounded corner, straight-corner bowtie
antennas are developed by using innovative conjugately impedance matching tech-
niques with the RFID chip, thus implementing or eliminating the use of matching
network in order to improve the stability or reduction in ink usage, respectively.
The antennas exhibit wideband characteristics for their entire coverage of UHF
RFID band (860-960MHz). The proposed tags are a perfect choice for far-field
industrial applications due to their eco-friendliness, flexibility and substantially
extended read range, especially for large items-level tracking in supply chain (card-
board cartons containing water & metal objects) and freight (wood or metal pallet)
transportation.

In the fourth part, several design parameters of planar spirals and sinuous an-
tennas are optimized while demonstrating an emerging concept of integrating RFID
functionalities along with sensors and other wireless applications for green electron-
ics. The wideband nature of the proposed antennas is exploited to accommodate
several modules for sensing and wireless applications, in addition to an RFID tag.
In-depth, parametric analysis is performed for the proposed antennas which are
fabricated on paper substrates to develop a system-level solution for ultra-low cost
mass production of multi-purpose wireless tags in an approach that could be easily
expanded to other microwave and wireless “cognition” applications. The antennas
exhibit excellent performance throughout several RFID ISM bands, and for other
wireless applications in their operational range from 0.8-3.0GHz. These directly
printable antennas are intended for cardboard cartons level tagging, where size is
not an issue but high performance with increased functionality at low cost is desired
so that valuable goods can be tracked in any orientation and transported safely.

In the final part of this research, an innovative RFID antenna with integrated
humidity sensor and calibration functionality for wireless sensor network is devel-
oped. The antenna is composed of series & shunt stubs and capacitive tip-loading
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is employed for impedance matching and reliability for near & far-field communica-
tion. The innovative structure plays the key role for humidity sensing, and sensor
calibration. The prototypes of the antenna are fabricated and tested: antenna ef-
fectively senses the ambient humidity levels while demonstrating stable behavior for
RFID communication. The antenna has a compact size of 1x10cm for 902-928MHz
RFID band.

1.5.2 Thesis Organization

Chapter 1 introduces RFID systems, their classification and principles of oper-
ation with a focus on RFID’s potential in ubiquitous sensor networks and
future trends.

Chapter 2 evaluates state-of-the-art fabrication technologies for organic and printed
electronics, and provides analysis of manufacturing technologies with a focus
on low cost RFID solutions available for industrial applications.

Chapter 3 presents the novel structures of narrow-band antennas which cover the
EU and NA RFID bands along with performance optimization techniques for
green electronics.

Chapter 4 provides the in-depth analysis on design and development of wideband
RFID antennas, which cover complete UHF RFID ISM band with innovative
performance enhancement techniques without limiting the bandwidth of op-
eration that ranges from matching techniques to structural optimizations for
achieving optimal effective aperture.

Chapter 5 describes the implementation of an emerging concept of antennas which
can accommodate multiple wireless modules, and provide stable broadband
multimode feature in near and far-fields. The focus is then extended to inno-
vative sensor-enabled RFID antenna which provides humidity sensing along
with calibration functionality.

Chapter 6 concludes the presented research along with discussion on future work
and possibilities of RFID applications in emerging trends of flexible and or-
ganic electronics.
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Chapter 2

State-of-the-Art Technology for
RFID

Flexible and low-cost RFID (radio frequency identification) transponder is one of
the auspicious applications for organic printed electronics which is based on inno-
vative large scale production technologies, electrically conductive inks and extremely
flexible substrate materials. This chapter provides an overview of the cardinal con-
stituents driving the printed electronics into the era of digital-lifestyle. Later on,
an in-depth analysis of state-of-the-art printing technologies for organic electronics
s conducted in coaction with different inks and substrate materials for realization
of eco-friendly RFID antennas.

2.1 Organic and Printed Electronics for RFID

RFID tags manufactured by applying printed electronics have been well-thought-
out to be distant from commercialisation; nevertheless they are proceeding into
the zone of mass production. The market for printed tags has seen a Cumulative
Average Growth Rate (CAGR) of 16.1% from 2007 to 2015. The pace at which the
printed RFID is developing renders luculent indications that the printed electronics
market is likewise in its growing stages. Conventional manufacturing of displays
and electronic components involves larger expensive, vacuum-based equipment and
facilities for performing steps that involve high temperatures. In Photolithography,
a resist mask is defined, enabling the antecedently deposited material to be removed
and thrown away as electronic waste, which results into the required pattern by
taking away the mask. These ingredients amass not only towards immense capital
investments to commit such fabrication capacity, but also there are high material
costs required to manufacture such products.

The Printed Electronics in direct contrast demands the conductive material to
be deposited on the predefined position. Therefore, this process requires fewer
steps and lower temperature, which is desirable for organic or inorganic flexible

17
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Roadmap for organic / printed RFID
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Figure 2.1: Roadmap of organic/printed RFID. (Figure adopted from [22])

substrates. The flexible nature of the technology makes use of large roll-to-roll
manufacturing possible without highly sophisticated production environments. The
possibility of deploying low cost materials and their utilization can drastically re-
duce the manufacturing cost. Printed electronics along with its customizable feasi-
bleness envision tremendous potential in a wide range of revolutionary applications
that are lightweight, and robust and above all the production costs are acceptable
for disposable electronics.

Printed electronics is an emerging technology that enables fabrication of elec-
tronic components and devices by employing standard printing processes.
IDTechEx [61] discovers that the market for printed and potentially printed elec-
tronics, including organic, inorganic and composites, will increase from $1.92 billion
in 2009 to $57.16 billion in 2019. The majority of the market in 2009 (71%) is for
electronics which are comparatively developed and conductive inks for RFID tags,
sensors and Organic Light Emitting Displays (OLEDs) have enormous potential-
ity. The incomparable feature of this technology is its ability to manufacture a
large number of devices or components at an ultra-low cost as depicted in the
roadmap of organic/printed RFID in Figure by Organic Electronics Association
(OE-A) [22]. RFID tags with printed electronics are available at a lower price, as
standard printing processes are practiced to produce the integrated circuits (ICs)
that are used for these tags.
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2.1.1 Materials and Inks

Organic electronics relies on electrically active materials that can be employed as
conductors, semiconductors, dielectrics, luminescent, electrochromic, electrophoretic
or encapsulation materials. The required dielectrics and encapsulation materials for
a specific application have to be cautiously selected since process conditions, and
interaction with other printed layers can influence the performance and the stability
of the resultant organic electronic product.

Table 2.1: Characterized/evaluated substrate parameters [I3].

Substrate Thickness(pm)/ RFID
Material Permittivity(e,)/Loss Tangent Applications
Kodak U-P Photopaper 250 / 3.3(avg.) / 0.077 (1GHz@25°C) Packaging
Kodak Photopaper 280 / 3.3(avg.) / 0.077 (1GHz@25°C) Packaging
HP Adv. Photopaper 250 / 3.3(avg.) / 0.04 (1GHz@25°C) Packaging
Paper (p_e:smart) 250 / 3.2(avg.) / 0.077 (1GHz@25°C) Packaging
Paper (Korsnés) 375 / 3.3(avg.) / 0.077 (1GHz@25°C) Packaging
Teonex Q51 25 /2.9 / 0.005 (1GHz@25°C) Harsh environment
Kapton HN 125 / 3.5 / 0.0026(1KHz@25C) Harsh environment
Metal coated PET 50 / 3.3/ 0.003 (0.9GHz@25C) Fully wrapable

Thus, inks and coatings are key drivers in printed electronics, with technologies
straddling from metals such as silver, copper and carbon nanotubes. By viewing
the potential of the market, large and small scale ink manufacturers are developing
products, with big multi-national companies such as Cabot [59], DuPont [67] and
Sun Chemical [60] to fast growing start-ups like Kovio [I08], Plextronics [I56] and
PolyIC [I02]. In this research antennas are fabricated on various ultra-low-cost
substrates (characterized & evaluated for the proposed antennas in Table [2.1)), in
distinct combinations of conductive inks with the state-of-the-art printing tech-
nologies (Screen Printing, Rotary Printing (Flexo), Inkjet printing & Dry Phase
Patterning) are mentioned in Table

The other major challenges for printed electronics applications are the choice of
the substrate material for integration with these revolutionary fabrication technolo-
gies [47]. The possibility of implementation of inorganic materials such as polyimide
(e.g., PET) and organic substrates such as paper can lead to manifold advantages.
It is proven that organic substrates have lower cost and property of easily being
biodegradable, which make them most promising materials for UHF & MWF RFID
applications. These features make organic substrates an outstanding candidate for
eco-friendly electronics and as a step towards the realization of “green” electronics.
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Table 2.2: Printing technology/ink/substrate/speed combinations [I3].

Inkjet Printing Rotary Printing Screen Printing DPP
Cabot Ink (CCI-300) Asahi Asahi Al Coated
Xerox Ink (AG-120I) Paste (LS-411AW) Paste (LS-411AW)

Harima Ink (NPS-JL)
Kodak Photopaper Kapton HN Kapton HN PET

HP Photopaper Teonex Q51 (2&4m/min) Paper (Korsnés)

Paper (p__e:smart) Paper (Korsnés)

2.1.2 Paper as an Economical Environmentally Friendly RF
Substrate

Paper is an ultra-low cost, widely available, environmentally friendly material [I16],
which is extremely flexible and can sustain high temperatures than plastic inlays.
In contrast to plastics, paper does not stretch in rough environments, which implies
that RFID-enabled paper tickets and labels can maintain their form for a prolonged
period. The selfsame roll-to-roll or screen printing processing previously employed
for paper cards, banners, tickets and labels can also be applied for mass production
of RFID tags for various applications. Accordingly, mass fabrication of RFID inlays
on paper is becoming more effective by the use of inkjet printing technology for
RFID tag antennas, which is followed by flip chip mounting of ICs and/or aboard
more microelectronic devices. The integration of paper with an additive printing
process signifies that the production cost is remarkably scaled down, whereas the
end product is robust as well as dedicated.

There are additional characteristics of paper that brands it an economical sub-
strate [28]. Its low surface profile is highly suitable for coating purposes such as a
different kind of coatings similar to photopaper. Thus, the fast and revolutionary
inkjet printing technology can be employed in conjunction with appropriate bonding
methods for producing multilayer electronic circuits e.g., by integrating antenna,
IC, and flexible battery along with addition circuitry to facilitate ubiquitous sensor
networks [34] [IT6]. Nevertheless, this prospect is in early research stage which may
appear in the near future with more useful printed components [I54]. Moreover,
the inclusion of certain textile to paper make it hydrophobic or fire-retardant, con-
sequently, for specific application it prevents the paper substrate for absorbing the
moisture [169].

Paper substrate due to its long history of evolution has a wide variety of types in
terms of different density, coating material, texture and dielectric properties [213].
These dielectric properties (dielectric constant and dielectric loss tangent) are the
foundation of RF parameters needed for the design engineer before proceeding to
develop an RF circuit ‘on-paper’ design. In this research, the characterization of
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electrical and dielectric properties of paper substrate (mentioned in Table are
performed by utilizing Acredﬂ AB, VT'IE| and in-house facilities.

2.2 Manufacturing Technologies Analysis

The manufacturing processes are analyzed primarily with a focus on low cost so-
lutions available for industrial applications at present. In general, the comparison
of the exact cost for each printing process depends upon the number of factors
which make such analysis out of scope of this research. However, relative compar-
ison of cost per tag is carried out while implementing each technology and on the
basis of this study (which is reflected from included Paper III), each fabrication
technology is given the scale value from (1) to (4), where (4) corresponds to the
cheapest solution. The succeeding analysis is simplified for the purpose of focusing
mainly on the performance and capabilities of the printing technologies by taking
into consideration the upshots demonstrated for one of our designed antennas.

2.2.1 Screen Printing — (2)

One of the recent areas, where screen has made itself welcome is in the printing
of RFID antennas. The technological advancements have made it possible to print
antennas through the process of screen printing, by using conventional substrates
or materials. The proposed antennas are screen printed with the semi-automatic
screen printer (Figure a)) in VI'T on Kapton HN and Korsnés paper, as showed
in Figure b) & (c), respectively. The 25um thick layer is printed using Asahi
paste in order to exploit its outstanding mechanical performance [93], while re-
markably stable ink distribution all over the printed patterns is achieved. Robust
proposed RFID tag antennas are achieved by this process, which can maintain their
performance even being bent several times, this is demonstrated with detail in Pa-
per I1]] The characterization and measurements of the printed traces are carried out
using Veeco profilometer, which are presented in Figures d)f(g). The samples
are post-annealed for 2 hours at 140°C to achieve improved conductivity.

2.2.2 Rotary Printing — (4)

Rotary printing, is a finer resolution printing (flexo) technology, it is rapidly gaining
importance by RFID antenna printing providers as a manufacturing choice that
offers higher throughput than screen printing.

The rotary screen printing of antennas is studied here using VIT’s ROKO
pilot line showed in Figure (a). PEN, polyimide and paper substrates are used
with two silver PTF - (Polymer Thick Film) inks and one silver nanoparticle ink.

LAcreo AB is part of Swedish ICT together with Interactive Institute, Santa Anna, SICS and
Viktoria Institute.
2Technical Research Centre of Finland.
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Figure 2.2: (a) Screen printing setup; screen printed antenna on: (b) Kapton
HN, (c) Korsnis paper; profilometer measurement of printed layer: (d) roughness,
(e) surface topography, (f) thickness X-Profile, (g) thickness Y-Profile. (Repro-
duced courtesy of The Electromagnetics Academy [13])
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Figure 2.3: (a) Rotary printing setup at VI'T; Rotary printed antenna on: (b) Kap-
ton HN; (¢) Q51, (d) Korsnés paper. (Reproduced courtesy of The Electromagnetics

Academy [13])

Additionally, the printing screen mesh size is varied in these test runs to study its
effects on e.g., layer thickness. A hot air drying oven having length of 4m is used.
The performance of rotary printed antennas showed in Figures [2.3(b)—(d) depend
on several parameters. The line thickness is typically 10-15xm, and sheet resistance
50m{2/square, which can be further decreased to 30mS2/square by additional oven
drying. The best print quality is obtained using a printing speed of 2m/min.

2.2.3 Dry Phase Patterning — (3)

The proposed antennas are also developed using Dry Phase Patterning (DPP) for
comparison and validation of the concept (in Acreo AB, Sweden), a method for
patterning metal layers on flexible substrates. The laminate of Aluminum/PET
is patterned for proposed antennas showed in Figure c). Process speed up to
150m/min and line pitch down to 250um has been demonstrated, which made DPP

a better choice for cost effective RFID tags.

Placed on wood board
PET (transparent)

(@) (b) (©)

Figure 2.4: (a) DPP setup at Acreo, (b) antenna patterning, (c) aluminum
patterned antenna on PET. (Reproduced courtesy of The Electromagnetics

Academy [13])

Laboratory production line showed in Figures a) & (b) is used for the test
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trials. One of the main benefits of employing DPP method for the fabrication of
proposed antennas is the reduced load on the environment which embraces the
concept of “green” tags. This is mainly because of reduced energy consumption; no
washing, brushing or drying is required. Since, no chemicals are used, the residual
product is in a dry and easily recyclable form.

2.2.4 Inkjet Printing — (1)

Inkjet printing is a direct-write mechanism by which the desired design outline is
transferred directly to the (flexible) substrate. This technology requires no masks
compared with the conventional etching technique, which has been commonly used
in industry. During inkjet printing, the single ink droplet is jetted from the nozzle
to the desired position, therefore, creating no waste, ensuing in an economical and
eco-friendly production choice [195].
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Cartridge e <§
Printhead’ 3
a Base Printed Paper
( ) Mechanical Arm Plate Conductive ink Substrate

(9) () (e) (d)
Figure 2.5: (a) Inkjet printing setup; inkjet printed antenna on: (b) Kodak pho-
topaper, (c¢) Felix Schoeller paper; (d) SEM sample holder, (¢) ULTRA-55 FESEM

Carl Zeiss setup; SEM images of three layers of printed silver nanoparticle ink, after
curing 2hr at: (f) 100°C (g) 150°C. (Reproduced courtesy of The Electromagnetics

Academy [13])

The inkjet printing setup used in the present research is showed in Figure a)
and is based on a Fujifilm Dimatix DMP2800 printer. It uses one user fillable
piezo-based inkjet print cartridge with 16 nozzles in a single row and 254pum noz-
zle spacing, to eject 1pl or 10pl drops (depending upon the choice of cartridge).
The printed structures in this particular demonstration on Kodak photopaper and
(p_esmart) from Felix Schoeller are showed in Figure 2.5(b) & (c), respectively.
These are printed using 10pl cartridge (DMC-11610) filled with Cabot conductive
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Ink (CCI-300 from Cabot Corp.), having viscosity of 11-15¢P, with silver solid load-
ing of 19-21wt% and density of 1.23-1.24g/ml is jetted with printing resolution of
1270dpi. The printing was carried out in a standard laboratory environment to
determine the extent to which useable devices could be fabricated on a commercial
scale printing method.

Two different sintering processes are evaluated as a whole in this research after
drying of ink on the substrate, first one is the prevalent method and the other is
“PulseForge Technology” [190]. In the first approach the sintering process is carried
out for 2 hr at 150°C for sufficiently curing, to remove the excess solvent and material
impurities from the depositions. The characterization of the printed structures is
carried out under ULTRA-55 Field Emission Scanning Electron Microscope from
Carl Zeiss NTS showed in Figures 2.5(d) & (e). Figures[2.5[f) & (g) show the SEMs
for elaborating the difference between the heating temperature after a 2hr curing
at 100°C and 150°C, respectively [12].

At high temperature, an almost solid metal conductor is formed so providing a
percolation channel for the conduction of electrons throughout the material without
obstruction. The printed samples of antennas with multi-functional capabilities are
also sintered through “PulseForge Technology” by Novacentrix USA, in order to
demonstrate sintering and annealing for high-speed roll-to-roll manufacturing often
in ambient air (and is capable of up to 1000 feet per minute). This approach
enables the use of ultra low temperature and flexible substrates such as paper
substrate, which cannot be annealed at high temperatures. The sintering process
also presents the derived benefit of increasing the bonding of the deposition with
the paper substrate [12].

2.3 Summary

Traditional RFID antennas, which are fabricated by the use of engraved copper
or copper wire, is only suitable for small scale production, and in scenarios where
higher cost is not a primary concern. In contrast to the subtractive process of etch-
ing into a copper layer, screen, rotary (flexo) and inkjet printing are additive pro-
cesses, thusly realizing more cost-effective and eco-friendly products because these
processes consume lower proportion of raw materials [I86], and limit the wastage
of material. Furthermore, it is well demonstrated that directly printed antennas
using silver ink with screen and rotary (flexo) printing technologies can withstand
twisting, bending and mechanical stresses in harsh environments. The direct print-
ing process is more appropriate in combination with ultra-low-cost paper substrate
because the conductive ink penetrates into the fibers of the paper structure and
enhances the flexibility. These market driven solutions for organic and printed elec-
tronics are more effective for rapid and stable fabrication which ensues into robust
and reliable products. Screen, Rotary (Flexo) printing and DPP, are well-tested
industrial processes, compatible with high speed reel-to-reel manufacturing, which
can easily be scaled to meet any production demands. The accuracy and repeata-
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bility of these processes along with existing mathematical models and extensive
knowledge of the electrical and mechanical characteristics of silver ink, newfangled
antennas can be reliably developed in much shorter time than ever before.



Chapter 3

RFID Antennas: Narrow-Band

Radio frequency identification (RFID) has been increasingly used in many applica-
tions such as supply chain management, inventory control, security management,
and logistics [225, [206]. This chapter which is profound reorganization of included
paper I and II, presents fully integrated printed RFID progressive meander line an-
tennas as a potential solution for small item-level labeling in these applications. In
order to accommodate the antenna during the package printing process, it is vastly
preferred that antenna structures are printed on paper substrates. However, the elec-
tromagnetic properties and thickness of paper substrates are susceptible to change
due to various environmental effects. Thus, adequately consistent in performance
and material insensitive printed quadrate bowtie RFID antennas are proposed. This
chapter also includes in-depth efficient optimization for small € high performance
tag antenna designs for operability in frequencies 866-868MHz & 902-928 M Hz.

(Selection of RFID application/s & substrate/s)
A . Y ¥
Tag design criteria & ASIC selection . —
| e Y ol W Build & measure prototype tags |
]
] Selection of printing technology & paste/ink ' r v
Y ! 2 Robustness criteria -
[ Antenna design & computation | 4 . oo
g (1 v Yes
Perform parametric study & optimization 7 - Inkjet printing |
“~

[ Flexo/screen printing of prototype antennas
<::5:f::CEéck for print errors
wwvé's"’——-r.";":: ............... '

( Design ready\/‘(—

Figure 3.1: Evolution process for robust & “green” RFID tags. (Reproduced cour-
tesy of Taylor & Francis [10])
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3.1 Progressive Meander Line Antennas

This section expounds the design process for evolution of progressive meander line
RFID tag antennas for FCC (North America) and ETSI (EU) bands. The design
and computations are performed using ANSYS HFSS™. These antennas are printed
on several substrates using state-of-the-art printing technologies (screen printing,
flexography and inkjet printing. The measurements are carried out in an anechoic
chamber owing to an experimental set up dedicated to antenna characterization.
The small size, low cost, convenient aspect ratio and exceptional read range of these
antennas make them an ideal choice for far-field case, carton and pallet applications.
The focus is extended to eco-friendly tags, which can be a milestone for the next
generation of printable “green” electronics.

3.1.1 Antennas Design Evolution & Geometry

The paramount design and print parameters that an RFID tag can accommodate
are investigated in design evolution process which is proposed in Figure [3.1] Each
antenna is designed for flexible and “green” electronics utilizing most commonly
available substrates (Table . Several conductive inks are used for trial printing
of these antenna structures which are summarized in Table 2.2l

The evolution process is applied to get robust tags which must show less sen-
sitivity to the variation of dielectric permittivity environment. The objective is to
stabilize the antenna on the entire frequency band of interest. The variations of
the environment inevitably impact the tag performance [87] e.g., usage on metallic
objects; however, even if it is not possible to eliminate it completely [52], it is made
possible in the proposed antennas to strongly limit this phenomenon. The NXP
ucode g2xm (TSSOPS, e.g., the target IC impedance at 915MHz is 22-j191Q2) is
selected in flip-chip package. The main goal of optimization at each stage is to
maximize the feeding power to the load (RFID IC) while at the same time the
antenna area is minimized in order to employ these tags on small objects.

In the first phase novel meander line antenna is developed which is a natural
choice when the size and tuning is considered [209]. Unique progressive meander-
ing technique is deployed to realize the antenna for 866-868MHz band showed in
Figure a). The whole structure measures only 9cm x 0.8cm and is smaller than
previously published results [46] 132}, [165].

In the second evolution phase the antennas with higher stability against envi-
ronmental effects are realized. The major challenge at this stage is to maintain the
gain and smaller size while improving the stability factor. The other ingredient
that governed the design modifications is the low ink usage to reduce the manufac-
turing cost. Thus an innovative technique of also meandering the matching stub is
introduced to rectify the issues of low gain, stability and matching. Furthermore,
rigorous optimization is performed which is resulted into two distinctive antenna
structures presented in Figures [3.2(b) & (c) cover EU and North American UHF
RFID band, respectively. These compact antennas are extremely suitable for tags
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Figure 3.2: (a) The smallest proposed antenna, (b) enhanced EU band antenna,
(¢) optimized NA band antenna, (d) antennas printed on flexible substrates,
(e) SEM of asahi printed antenna trace, (f) SEM after bending 50 times, (g) SEM
after scratch test. (Reproduced courtesy of Taylor & Francis [10])

attached to articles which are prone to be bent or folded several times during their
life cycle and are far more superior than formerly published results [46], [132] [165].
The final evolution stage comprises of realizing these antennas on different types of
paper substrate as showed in Figure [3.3|f).

3.1.2 Antennas Fabrication Parameters

During transportation it is likely that items get scratches. Therefore, for solving this
problem antennas are manufactured using flexo and screen printing with Asahi paste
in order to exploit its outstanding mechanical performance [93]. We have tested
the mechanical toughness after printing these antennas showing excellent scratch
resistance, i.e. no change in conductivity or antenna efficiency. Figures e) & (g)
show scanning electron microscope (SEM) photos of antenna traces before and after
getting scratches (by metal object of sharp edge 400um x 100um with an applied
force of one Newton), respectively. These proposed antennas are extremely flexible
and perform without retardation after being bent several times and results are
shown in Figures & along with bending test setup in Figure d).

The first step in the process of evolutional development of the “green” tags
involves inkjet printing utilizing DMP2800 inkjet printer which is a table-top printer
available from Dimatix Inc. and is shown in Figure f). To ensure good RF
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properties, an in-house recipe was developed. The print head is adjusted to achieve
high print resolution, which ensures good RF conductivity throughout the frequency
band of interest. The silver nanoparticle based ink mentioned in Table is then
jetted at a temperature of 40°C, while the paper substrate mentioned in Table
(p_e:smart from Felix Schoeller & 280g photopaper) is maintained at 60°C (cabot
ink) & at 30°C (harima ink). In order to achieve better conductivity each structure
is printed with multi-layers [I36] e.g. 3—4 layers to provide better analysis about
the printing technique. Each printed structure is then cured in a thermal oven for
two hours at 120°C (cabot ink) and for 1.5 hours at 90°C (harima ink).

In the final step, these “green” tags are realized with roll-to-roll printing arrange-
ment (using Korsnés flexo printing paper of 375um thickness) to add tremendous
scale of industrial usage for these antennas. The measurement analysis in Fig-
ures & illustrate surpassing performance of these environmentally friendly
tags.

3.1.3 Parametric Analysis

RFID Tags (based on far-field communication and the physical property of backscat-
tering or “reflected” power), with different sizes, presented in Figures (a)f(d)
with manufacturing combinations mentioned in Table are measured in a rigor-
ous measurement approach. Firstly for each antenna structure ten identical pro-
totypes are printed (with same combination of printing material & technology)
and are measured across the frequency band of interest using half mirror method.
Maximum deviated value at a particular point among ten samples is reported here
which provides in depth view for worst case analysis to project more realistic data.
This technique is adopted to thoroughly investigate the reliability criteria of each
designed structure.

One of the most important tag performance characteristics is read range. Read
range is also sensitive to the tag orientation, the material which the tag is placed
on, and to the propagation environment. The read range can be obtained from the
Friis equation as explained in [I65], but it gives the maximum distance at which
RFID reader can read the tag in free space. Thus this calculation of read range is
invalid at near-field distances. In most UHF RFID systems, this distance extends
well into the far-field zone. While some tag application scenarios involve near-field
tag scanning, it can be expected that in most cases the tag which can operate in the
far-field should receive more than adequate power to operate when brought closer
to RFID reader antenna into the near-field. Hence, the read range of most UHF
RFID tags is determined by the tag performance in far-field [I44]. The read range
of the proposed antenna of Figure a) is from 3.5m(paper/inkjet) — 4m(optimal).
However, the optimized antennas of Figures b) & (c) exhibits exceptional read
range from 5.5 — 6.5 meters with different manufacturing combinations, which is
better in comparison with reported results [46], [132] [165].

Moreover, the near-field performance testing is carried out inside the anechoic
chamber with Impinj’s UHF RFID reader Kit. The transition from near-field to
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far-field is not abrupt and the far-field distance is determined by (2D?/\). The
D (maximum dimension of the radiating structure) of reader antenna used is 0.3m
(1 foot), thus in one of the measurement cases the far-field distance at 915MHz
(A=0.33m) is estimated to be 0.56m. The proposed antennas exhibit flawless read-
ability with in reactive near-field region. It is worth noting in this region, that
the antenna pattern is taking shape but is not fully formed, and the antenna gain
measurements vary with distance.
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Figure 3.4: ETSI band antennas: (a) input resistance variation, (b) input reactance

variation, (c) 2D far-field radiation plots, (d) return loss analysis. (Reproduced
courtesy of Taylor & Francis [10])

Impedance measurements are taken using vector network analyzer (MS2026B,
Anritsu [58]). The standard calibration method short-open-load (SOL) is used. The
impedance variation of antenna in Figure a) is shown in Figures [3.3[c) & (d).
It is depicted from Figure c¢) that the antenna has maintained the resistance
around 35¢) in a linear manner with frequency. This design has the constrain of
higher resistance value which evolutes towards the design showed in Figure b),
so that the resistance can be maintained closer to the desired value of around
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23Q). Figures a) & (b) show the impedance analysis of the proposed antenna in
Figure (b) There is very small variation observed among the curves for different
antennas which is elaborated in Figure [3.4|a).

The reactance of antenna in Figure a) is shown in Figure [3.3[d) which
features a positive value but with disparities among different curves. If this de-
sign is realized with different combinations mentioned in Table instead of only
one combination then these disparities have adverse effects on reliability. Fig-
ures b) & (f) show more robust proposed structures which have linear and
stable reactance behavior despite the variation especially in the dielectric constant
of substrate material which is shown in Figure (b) This pertained to an in-
ductance that conjugately matched or, equivalently cancelled the effect of the IC
capacitance. Fairly good agreement is found between the computed and measured
results.

In order to verify the performance of the inkjet printed RFID antennas Fig-
ure f), measurements are also executed on standard copper clad antenna pro-
totypes. These have the same dimensions and fabricated using Ipkf ProtomatC30.
The return loss results of antennas in Figures B.2fa) & (b) are shown in Fig-
ures [3.3|(e) & [3.4(d) respectively. It is pragmatic that the return loss of the inkjet
printed antennas is vaguely larger than the return loss of copper antenna. However,
by analyzing the results in Figure d) the optimized antenna structure in Fig-
ure b) has better return loss agreement with computed values. Overall, good
agreement between the standard copper based and the inkjet printed antennas is
observed, regardless of the higher metal loss of the silver based conductive ink. The
distortion is possibly due to the effect of metal ground fixture used for half mirror
method [114].

The most challenging in measurement steps, the radiation pattern of antennas
is measured in an anechoic chamber setup [103] that replicate absolute free space
which is presented in Figure a). The antenna under test (AUT) is mounted
over the positioner assembly in the center of the chamber which is set to rotate the
antenna in small steps of 5 degrees to obtain a 360° radiation pattern. A continuous-
wave (CW) signal from the signal generator excites the AUT. The receiver antenna
is connected to the spectrum analyzer (Agilent HP 8562E [189]) and a PC running
the test automation software controls the measurement setup. The antennas with
paper substrate are attached to the test terminal with CW2400 silver conductive
epoxy, cured at 24°C for 4 hours to get maximum conductivity and adhesion. The
normalized computed radiation pattern and the microwave chamber measurement,
are plotted. As shown in Figures[3.3(b) & [3.4(c), the radiation patterns are almost
uniform (omnidirectional) at 866MHz, with directivity around 1.9dBi (for antenna
in Figure a)) — 2.1dBi (for antennas in Figures [3.2(b) & (c)). They show very
good agreement between computations and measurements, which also could be
verified for other frequencies within the antenna’s bandwidth. Similar parametric
behavior is depicted by antennas for North American band which are photographed

in Figures c) &[B:3(f).
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3.2 Quadrate Bowtie RFID Antennas

In this section, novel quadrate bowtie passive RFID tag antennas on paper/PET
substrates are presented with the introduction of impedance matching approach
to improve the reliability against environmental diversities as well as increase the
maximum reading distance. The quadrate bowtie antenna [I61] profile modification
and T-matching network are used to match the antenna input impedance to tag’s
chip impedance, and the effects of metal and water on the proposed antennas are
also categorically investigated. These antennas are printed on different substrates
(Table using Dry Phase Patterning and Inkjet Printing technologies.

3.2.1 Antenna Dimensions and Parametric Optimization

The proposed quadrate bowtie antennas are optimized on a methodical basis for
minimizing the effects of environmental adversities on RFID tags. The main pur-
pose of enhancement is to maximize the feeding power to the load and reduce the
antenna area, while realizing the highly efficient structures on paper substrate for
eco-friendly tags. Figure shows the Thevenin equivalent circuit of the IC tag,
from which the consumption power at the load is evaluated assuming the incident
plane waves. In Figure v, is received open voltage, Z, = R, + jX, the in-
put impedance of the tag antenna, Z. = R, + jX. the impedance of the load, I
the current flowing at the load. I and the consumption power of the load P. are

obtained from (3.1 & (3.2):
Vo

= ——— 3.1
Za+ZC ( )

P. = Re{Z 11"} (3.2)
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Figure 3.5: Far-field RFID mechanism & equivalent circuit of an IC tag. (Repro-
duced courtesy of The Electromagnetics Academy [I1])

It is worth mentioning here that throughout the text onwards whenever input
impedance of antenna is referred it will be meant that the real part R, of the
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antenna input impedance Z, consists of the radiation resistance and the antenna
losses or loss resistance. Hence, one of the optimization criteria is defined as (3.3]),

kP, + (1 - ) — max (3.3)

S
Smaz
where S is the antenna size and 5,4, the maximum size, and k in the first term
is the weighting constant to offset the first and second terms. If the effect of the
second term in the objective function is trivial, the impedance matching between
Z, and Z, will stand for the optimal antenna, that is, Z, of the optimized antenna
will be the complex conjugate of Z.. Note that the input voltage v, depends on
the antenna structure in this problem [128]. Thus, it requires a conjugate match-
ing technique such as series or parallel stubs. The matching network of the tag
has to ensure the maximum power delivered to the chip. To achieve these design
goals, a T-matched quadrate bowtie antenna (half wavelength dipole antenna) with
rounded corners, is designed and fabricated. This design is used for the matching
of the passive antenna terminals to the NXP ucode g2xm (TSSOPS, e.g. the tar-
get IC impedance at 915MHz is 22-j191€Q2). The prototype antenna structures for
UHF RFID European (EU) band and North American (NA) are shown along with
dimensions in Figures 3.6{a) & (b) respectively. The T-match arms are liable for
impedance matching of the antenna terminals to that of the RFID chip through
the fine tuning of the series and shunt stubs.

3.2.2 Antenna Effective Aperture

A commonly disregarded issue about an (RFID) antenna is how directivity and gain
are correlated to its physical dimensions. Since the field/current, on the antenna
aperture is not uniform, the concept of antenna effective aperture is established
to serve this purpose. The effective aperture A, is less than the physical aperture
A, [90]. The directivity D can also be articulated in expressions of the aperture
size and aperture efficiency 7y:

dm a7
D = FAe = F?’]apAp (34)

where A is the wavelength of the radio waves. By knowing the power density S at
the receiving antenna, we can approximate the received power P,.:
P.=S5A, (3.5)

Thus during optimization course of action, much effort is devoted to improving
the effective aperture to increase the gain while maintaining the low profile of the
proposed antennas showed in Figure [3.6]

3.2.3 Skin Depth Effect and Antenna Performance

The skin depth and ohmic losses of the printed conductive layer set the boundary
conditions for the manufacturing methods, and parameters such as the amount of
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Figure 3.6: The geometry of RFID quadrate bowtie antenna for: (a) EU band,
(b) NA band; DPP of antenna on PET for: (¢) EU band, (d) NA band; inkjet
printed antenna on: (e) HP photopaper for EU band, (f) Kodak photopaper for
NA band. (Reproduced courtesy of The Electromagnetics Academy [11])

silver ink and the thickness of the printed layers. Skin depth is one of the significant
factors that lead to achieve a certain thickness of the conductive layer/s [I80]. Due
to the skin effect at high frequencies, e.g., at UHF, the current density is crowded in
the region near the surface of a good conductor. More precisely the skin depth is the
depth below the surface of the conductor at which the amplitude of the incident
electric field decays to 0.37% of the amplitude at the surface of the conductor.
Mathematically, the skin depth ¢ in case of a good conductor is, therefore [90],

expressed as:
1
0~ 3.6
Vo= (3.6)

where f is the frequency, p is the permeability and o is the conductivity of the
conductor material. Thus from above we can deduce three key conclusions that
surround the manufacturing process of the proposed antennas:

1. The higher the frequency, (in this particular case, 860-960MHz), the smaller
the skin depth.

2. The higher the permeability (in case, it is not that high, which needs attention
while printing process), the smaller the skin depth. However, for a good
conductor, the permittivity has little effect on the skin depth.

3. The higher the conductivity (in case, the conductivity of the printed structure
is almost 5 times lower than that of bulk silver due to several parametric
constrains in manufacturing), the smaller the skin depth.
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3.2.4 Result Analysis and Discussion

Passive RFID tags for European and North American UHF RFID bands are manu-
factured with different substrates mentioned in Table are measured across the
frequency band of interest using half mirror method to investigate the reliability
aspects of the proposed antennas for commercial grade practices. Ten identical
prototypes of proposed structures are manufactured on an each paper substrate in
order to determine the worst case analysis ingredients. Thus, each curve in Fig-
ure represents the highest deviated values at a certain point among identical
samples.
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Figure 3.7: EU band’s quadrate bowtie antenna input: (a) (radiation & loss) resis-
tance variation, (b) reactance variation; NA band’s antenna input: (c) (radiation
& loss) resistance variation, (d) reactance variation. (Reproduced courtesy of The
Electromagnetics Academy [I1])

In order to verify the performance of the inkjet printed antennas of
Figures[3.6[e) & (f), measurements are also executed using standard antenna proto-
types fabricated on Aluminum coated PET substrate as showed in
Figures [3.6{c) & (d). These standard prototypes have the same dimensions as
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that of proposed antennas and are fabricated using DPP process at Acreo AB. The
impedance variation of antenna in Figure [3.6(a) is shown in Figures [3.7(a) & (b).
Whereas, input impedance plots of antenna in Figure b) are shown in Fig-
ures[3.7(c) & (d). The resistive parts of impedance as showed in Figures[3.7(a) & (c)
for EU and NA band antennas respectively, printed on different photopapers demon-
strate consistency to the DPP antennas & simulated results throughout frequency
band of interest which is a primary concern for antennas stable behavior. However,
slightly greater drift is observed in the resistive part of the antennas printed on pa-
per (p_e:smart) from Felix Schoeller as compared to the others but the difference
remains within the acceptable range. Similarly, fairly coherent trend of reactance
curves is depicted in Figures [3.7[(b) & (d) for both proposed structures. The for-
mation of round corners is used to obtain wider impedance band. Round corners
at the sharp vertexes decreases the reflection of incident current near the edges and
changes the current distribution on radiation surfaces. Thus, flatter impedance
within the frequency band of interest with much stable real and imaginary parts is
demonstrated in Figure [3.7}
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Figure 3.8: Return loss of quadrate bowtie antennas for: (a) EU band, (b) NA
band. (Reproduced courtesy of The Electromagnetics Academy [11])

Using the Friis equation, the read range can be estimated by Equation
defining forward-link-limited range and Equation defining reverse-link-limited
range. Read range is also susceptible to the tag orientation, the object which the
tag is placed on, path loss, spatial and temporal fading statistics of the propagation
environment [145].

Pmin,tag

A P, Grea erG a
Rforward = <47T) \/ = d tag (37)

and defining the minimum signal power for demodulation at the reader as P in rdr
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we obtain the reverse-link-limited range:

A P rea erT G2 Gza
Rreverse = ( ) il/ s d P reader Ttag (38)

4m Pmin,rdr

where the output power of the reader is Prx, the gain of the reader antenna is
Greader, and the gain of the tag antenna is Giqg. A is the wavelength in free space
at the operating frequency, Py, is the minimum power required to turn on the tag
chip and T} is backscatter transmission loss.

The read range from Equations & gives the maximum distance at
which RFID reader can interpret the tag in free space. The proposed antennas
have surpassed read range from 6.5m(HP) — 7.0m depending upon which substrate
is utilized. Furthermore, the detailed analysis of read range variation is presented
in Table 311 &

The return loss results of antennas in Figures [3.7(a) & (b) is shown in Fig-
ures a) & (b) respectively. It is pragmatic that the return loss of the inkjet
printed antennas is slightly higher than the return loss of standard PET substrate
antennas. Overall, good agreement between the standard PET-based, and the
inkjet printed antennas is observed, regardless of the higher metal loss of the silver
based conductive ink. The normalized computed radiation pattern and the mi-
crowave chamber measurements are plotted in Figure |3.9] The radiation patterns
are nearly uniform (omnidirectional) at 915MHz. They show remarkably satisfac-
tory agreement between computations and measurements. The same uniformity
in antenna radiation pattern could be demonstrated for other frequencies within
the antenna’s bandwidth. Similar parametric behavior is depicted by proposed
antennas for EU band, which are shown in Figures [3.6(a), (c) & (e).

(Phi=90 deg) measured ‘
— — — - (Phi=0 deg) computed
- (Phi=0 deg) measured

(a)
Figure 3.9: Measured & computed 2D far-field radiation plots of quadrate bowtie

antennas for: (a) EU band, (b) NA band. (Reproduced courtesy of The Electro-
magnetics Academy [I1])
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Table 3.1: Analysis of effect by metal on the proposed tag at 915MHz [I1].

Measured e Input Rad. Trans. Directivity  Gain Reading
Computed * impedance eff. coeff. (dBi)* (dBi)* range, R
(Q)e (%)x  (dB)x (m)e
Free space 24.42 + j194.92 83.64 -1.07 1.85 1.97 6.50
d=1mm 4.31 + j152.13 1.02 -13.57 7.96 -10.37 0.31
d =5mm 5.76 + j173.06 6.61  -9.97 8.26 -1.12 1.14
d=10mm 7.75 4 j186.55 18.02 —3.53 8.29 0.58 3.22
d=15mm 10.17 + j193.10 30.67 -0.67 8.28 2.92 8.10

3.2.5 Analysis for Industrial Applications
Effects of Metal on Tag Antenna Performance

The metal effect is limited in the tag antenna which has its own ground plane [175]
125]. However, the antenna which does not have a ground plane, such as quadrate
bowtie, the radiation characteristics and input impedance of the antenna, are dis-
torted when the tag is placed on or near a metal object. Whenever there is an
encounter with metal objects these variations certainly impact the tag perfor-
mance [87]; however, even if it is not possible to eliminate it completely [52]; it
is made possible in the proposed antennas to, strongly limit this phenomenon.

The comprehensive data on the metal effect on the proposed RFID tag antenna
placed close to a metal plate and reading distance at 915MHz is summarized in
Table The antenna is positioned parallel to and below a metal plate measuring
30cm x 30cm. The directivity, radiation efficiency, gain, and input impedance, are
examined for the different distances from the metal plate. Considering the worst
case, i.e., when the antenna is placed extremely close to the metal plate (d = lmm),
the directivity of the antenna enhances significantly to around 8dBi. However, the
radiation efficiency plunges drastically to 1.02%, which results in remarkably low
gain of —10.37dBi at 915MHz. Particularly, the real part of the input impedance
varies severely, as well. This variation in impedance outcome in deprived impedance
matching with the RFID tag chip (circuit showed in Figure , resulting in a
transmission loss of —13.57dB at 915MHz. The gain reduction and poor impedance
matching results in the reading distance reducing to 0.31m. However, the proposed
antenna still exhibited superior reading distance when placed so closer to the metal
object in coherence with previously published results [52] [125].

The directivity of the antenna remains virtually unchanged, by moving the
antenna further away from the metal plate. In the meantime, the radiation efficiency
shows an escalating drift, which domino result in increasing antenna gain. The real
part of the input impedance shows modest change, whereas the imaginary part
inclined to values close to those in free space. An increasing trend is observed in
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Table 3.2: Analysis of effect by water on the proposed tag at 915MHz [I1].

Measured e Input Rad. Trans. Directivity  Gain Reading

Computed * impedance eff. coefl. (dBi)* (dBi)* range, R
(2)e (%)x  (dB)x (m)e
Free space 24.42 +j194.92  83.64 -1.07 1.85 1.97 6.50
d=1mm 129.27 + j330.00 877 -9.51 4.12 -7.51 0.61
d =5mm 23.61 + j201.20 6.29 -1.32 2.67 -10.05 1.15
d=10mm  13.77 4+ j189.04 20.26 -0.33 2.81 -3.02 3.23
d=15mm  12.20 + j189.90 27.64 -0.15 3.73 -1.13 4.37
d=20mm  10.21 + j190.82 3831 -0.08 4.93 -0.12 5.26

the reading distance; when the tag is moved away from the metal plate. When the
tag is moved to d = 5mm, the reading distance exhibits higher value than that of
in free space because the metal plate acts as a reflector which ultimately boosts the
tag antenna gain. In conclusion, although the metal object degrades the reading
range of the tag significantly when it is directly attached or is placed real close to
it, but the proposed antennas are even capable of reasonably communicating under
these critical testing conditions.

Effects of Water on Tag Antenna Performance

Table shows the complete characteristic analysis of the proposed antenna which
is placed close to a water cuboid. The antenna is placed parallel to and above
a water cuboid which is measuring 30cmx8cmx8cm; whereas, ¢, = 77.3 and
tand = 0.048 [2T1] of water is adopted in this experimentation. The input impedance,
radiation efficiency, directivity, and gain are inspected at different distances away
from the water cuboid. When the proposed antenna is placed closer to water at a
distance of d = 1mm, the directivity of the antenna amplifies while the radiation
efficiency reduces considerably, which domino effect in a decrease, in the antenna
gain. In dissimilarity with the metal plate effect, it is pragmatic that the water
always causes a decrease in the gain regardless of the distance between the water
and the proposed antenna. When the antenna is moved further away at a distance
of d = 15—20mm, the antenna gain achieves the value roughly equal to that in free
space. The input impedance displays a smoother variant with the exception of the
situation once the antenna is extremely close to the water i.e.; d = Imm. If the
tag antenna is placed extremely close to water (that means almost touching the
cuboid), the reading distance reduces considerably to 0.61m but not that much as
observed in the case of metal plate. When the tag is moved further away, the effect
of the water is declined; resulting in read range enhancement. Therefore, exhibit-
ing the graceful degradation in functionality for suitability in high performance
industrial applications. The proposed antennas exhibit improved performance and
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are in accordance with commercially available RFID tags and previously published
results [35].

Furthermore, the metallic plate and water do not degrade the bandwidth of the
proposed antennas to such an extent that they become unreadable until the tag is
placed closer than d = 1mm. The bandwidth degradation behavior is constant, in
case the tag is brought nearer to the water containing objects, but in case of metallic
plate, the bandwidth degradation is more serious particularly within d = 5mm. The
proposed antennas are designed with reasonably wideband in order to demonstrate
readable bandwidth at the expense of read range (bandwidth vs read range trade-
off) which limits their usage to narrow bandwidth operations i.e. either for EU
band or NA band. The stabilization of bandwidth can further be achieved by
reducing the effect of matching network, but that will induce instability against
dielectric variation of paper substrate, so it is trade-off always among optimum
values depending upon the applications.

3.3 Summary

The development of extremely versatile eco-friendly antennas for a high robust-
ness level with respect to mechanical stresses and dielectric environment is demon-
strated. The novel quadrate bowtie antennas for UHF RFID industrial applications
have been proposed and fabricated on paper and PET substrates, using inkjet print-
ing and DPP technology, respectively. In addition to categorical optimization of
antenna profile, a T-matching network is introduced to develop a novel compact,
RFID tag, featuring outstanding overall performance. The quadrate bowtie anten-
nas exhibit exceptional operational characteristics when stumble upon metal and
water containing objects. The use of the inkjet printing process in the develop-
ment of these proficient RFID antennas on different types of paper has also been
demonstrated, verifying that paper-based inkjet printing topologies offer a remark-
ably low-cost, green solution [I52] to system-level packaging for UHF, wireless, and
microwave applications.



Chapter 4

RFID Antennas: Wideband

This chapter (which is reformation of included Papers III-VI) includes performance
optimized wideband RFID tag antennas which cover the entire UHF RFID ISM band
(860-960MHz). The innovative antenna structures can endure the variations which
emerge in electromagnetic properties of paper substrate due to varying environmen-
tal effects. New antenna design methodologies are developed in an attempt to reduce
the consumption of substrate material and conductive ink while achieving optimum
read range. This chapter also gives a unique insight into evaluating sustainabil-
ity that validates the potential for ultra-low cost mass production of RFID tags for
green electronics.

4.1 Bowtie Antenna: Rounded Corners with T-Matching

This section presents a thorough review of novel rounded-corner bowtie passive
RFID tag antennas, which are fabricated on different ultra-low-cost substrates
Table in combination with the printing technologies already mentioned in
section for these particularized antennas as a trial run. The implementation
of T-match arms for matching of the antenna to the integrated circuit (IC) is in-
troduced that improves the reliability against environmental diversities as well as
increase the maximum reading distance.

4.1.1 Antenna Dimensions and Parametric Optimization

The main purpose of optimization is to maximize the feeding power to the load
to achieve the maximum possible read range while preserving the multifaceted
nature of the proposed antenna. The NXP UCODE G2XM (Al strap) RFID IC
is preferred. The proposed antenna structure is shown in Figure along with
dimensions and IC terminals placed in the center of the T-match arms. The T-
match arms are also responsible for the matching of the antenna impedance to that
of the IC through the fine tuning of the length L4, height h, and width Wa.

43
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Figure 4.1: T-match folded rounded-corner bowtie RFID tag. (Reproduced cour-
tesy of The Electromagnetics Academy [I13])

In the proposed tag, antenna is directly connected to a source (IC or strap) thus,
the impedance matching will stand for the optimal antenna. This ultimate goal
defines the essence of antenna design in order to control the current distribution,
which in turn determines the radiation pattern and input impedance. Therefore,
to assess development process thoroughly all relevant parameters of antenna are
analysed, which are categorized from the manufacturing, circuit and field point of
views as summarized in Figure 4.2
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Figure 4.2: An outline of key antenna development parameters. (Reproduced cour-
tesy of The Electromagnetics Academy [13])

4.1.2 Field and Circuit Concepts Parametric Analysis

During the printing process of the proposed antennas, attention is given to fabricate
five identical structures with the same combination of printing material, ambient
conditions & technology. These prototypes are then measured across the UHF
frequency band using half mirror method. Half mirror method is adapted instead
of balun usage to eliminate the possibility of error [12I]. Furthermore, maximum
deviated data value at a frequency among five prototypes is reported here.
Figures|4.3|a) & (b) show the impedance plots. As showed in Figure[4.3(a), the
computed resistance for the antenna in the UHF RFID frequency range maintains
a value close to 1482 between the two successive peaks. There is extremely small
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Figure 4.3: Antenna input: (a) resistance variation, (b) reactance variation. (Re-
produced courtesy of The Electromagnetics Academy [13])

variation observed among the curves for different antennas, and it can be well
illustrated from the Figure a), that all the prototype antennas have maintained
the resistance around 14€) in a linear fashion with frequency. The reactance part
of the impedance, as showed in Figure b), follows a positive value with a linear
variation with frequency, pertaining to an inductance that conjugately matches or,
equivalently, cancels the effect of the 1.42pF input capacitance (parallel) of the IC.
It is observed that a relatively constant concurrence is found between the computed
and measured results.
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Figure 4.4: Measured read range. (Reproduced courtesy of The Electromagnetics
Academy [13])

The RFID IC/strap is attached to the IC terminals on printed structures with
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CW2400 silver conductive epoxy. It is observed that the read range can be influ-
enced by the reader antenna in use. The measured and computed results are in close
agreement, and the maximum read range achieved is 9 meters. The complete com-
parison of read range of different printed antennas is analysed in Figure [£.4] which
exhibits the improved performance than previously published results [169] 35].
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Figure 4.5: Measured and computed return loss. (Reproduced courtesy of The
Electromagnetics Academy [13])

The return loss of the antenna structure is calculated based on the power reflec-
tion coefficient. The computed return loss is showed along with measured values
of the rotary, screen, DPP & inkjet printed antennas in Figure On the whole,
a good agreement among the computed, and the manufactured antennas is prag-
matic despite the higher metal loss of the silver-based conductive ink. Moreover,
it is deduced from Figures [£.4] & [£.5] that the proposed antenna design can grace-
fully cater the variations in the properties of different substrates mentioned in
Table The characteristics of the bowtie profile of the half-wavelength dipole
antenna body allows for a broadband operation. The bandwidth of the proposed
antenna is 197MHz, corresponding to 23% around the center frequency 855MHz;
so it covers the worldwide UHF RFID bands and can cater greater degree of envi-
ronmental disparities. Another larger variant of the proposed antenna (Paper IV)
with semi-curled corners is developed which demonstrates greater stability against
environmental effects. Furthermore, each calculation at a frequency is carried out
by considering the variation of the IC reactance, which varies from 130-116f2 from
850-960MHz, respectively. In general, it is sufficient by conjugately matching the
antenna input impedance to those provided in the IC specifications by the manu-
facturer around the center frequency.

The normalized computed radiation pattern and the microwave chamber mea-
surements are plotted in Figure 4.6l The radiation patterns are nearly uniform
(omnidirectional) at 915MHz with directivity around 2.1dBi and show extreme
agreement between computations and measurements, which can also be verified for
other frequencies within the antenna bandwidth and are in coherence with previ-
ously published results [52], [169].
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Figure 4.6: Measured & computed 2D far-field radiation plots. (Reproduced cour-
tesy of The Electromagnetics Academy [13])

4.2 Bowtie Antenna: Rounded Corners with
Hole—Matching Technique

In this section, a UHF RFID tag antenna using an innovative technique of pattern
holes for conjugate impedance matching with the RFID strap, while at the same
time saving the expensive ink is discussed. The antenna is designed by eliminating
the matching network in order to achieve wideband characteristics and reliability
against environmental multifariousness. We have revisited the manufacturing tech-
nique in order to achieve extra degree of enhancement in electrical characteristics
while utilizing inkjet printing technology. The proposed antenna is directly printed
on different commercially available paper substrates which are characterized for
flexible printed electronics (Table . Furthermore, an in-depth sustainability
and life cycle analysis is provided, which reveals that the proposed tag provides
promising results for large items level tracking in supply chain (cardboard cartons
containing water & metal objects) and goods (wood or metal pallet) transportation.

4.2.1 Antenna Design and Optimization

The proposed antenna is optimized for maximizing the read range while minimizing
the ink consumption and effects of environmental harsh conditions on RFID tag.
One of the critical observations made while field testing (in supply chain industry) of
antennas having thinner traces used for matching network, is that the effect of even
minor scratches on those tracks can cause loss of RFID tags during transportation.
Therefore, it led towards the realization of a structure which can eliminate such
risk factors while exhibiting better performance.

The NXP UCODE G2XM (SOT1040AB2 (Al strap), for instance the goal IC
impedance at 915MHz is 13.3-j122€) is preferred. It is noteworthy here that the
proposed design and technique is not restricted to the above mention RFID IC and
it can be realized with any other commercially available RFID straps to produce
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Figure 4.7: (a) The geometry & dimensions of RFID antenna; inkjet printed RFID
tag on: (b) HP photopaper, (c) Kodak photopaper. [17]

optimum results accordingly. The proposed rounded corner bowtie antenna struc-
ture is shown in Figure (a), and the printed antenna integrated with RFID strap
forming an RFID tag in Figures b) & (c). The implementation of pattern holes
is responsible for matching of the antenna impedance to that of the IC through
the fine tuning of their location and size which is mentioned in Figure a). It is
observed that earlier efforts [I54] to reduce the ink usage led towards lower gain and
as a result, the scope of those tags is limited in supply chain industry. In the pro-
posed approach for achieving multidimensional performance benefits, the pattern
holes suite these requirements effectively. It is noticed that the inner holes positions
(B-D) are more persuasive towards antenna efficiency whereas, the outer hole po-
sitions (E-I) assist more towards fine tuning the impedance. The vertical positions
of holes (J-P) are critical towards current distribution. Moreover, it is observed
that the insertion of more pattern holes can cause the performance degradation. In
achieving extended read range while keeping minimum antenna size as possible, an
established concept that the effective aperture is less than the physical aperture is
accomplished [90], which resulted in predilection of rounded corner structure.

4.2.2 Effect of Annealing Temperature

In addition to manufacturing parameters discussed in section 2:2:4] in this study,
effect of annealing temperature is observed in order to achieve a greater degree of
conductivity while using the same set of printing parameters. Losses in a conductor
and substrate materials are particularly challenging to identify through measure-
ments. Even though, methods for such analysis have been proposed [I87], but
it is yet more difficult when the conductor under consideration is a radiating an-
tenna [27]. The effect of reduced conductivity is ab initio obtained by simulating
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the antenna in free space, which is also verified by mounting the printed antennas
on HF51 [I70], i.e. virtually with no substrate and then after with the substrate
to acquire a complete overview of parameters that need to be optimized for paper
printing. It is discovered that the antenna formed by a Perfect Electrical Conduc-
tor (PEC) has the widest smith chart impedance loop and is exceptionally tight
followed by antennas with sheet resistance of 50-150mf). The antennas made with
the highest sheet resistances, 1000-2000mS?2, featured narrower loops. A narrower
loop, caused by the higher ohmic losses, is an indication of the antenna receiving a
lower Q-value.

Thus, higher the sheet resistance; more antenna structure behaves similar to an
open end transmission line. From these observations, the annealing parameters are
investigated to achieve better curing while, at the same time due to green nature of
the proposed antennas, lowest possible energy should be consumed to accomplish
optimum manufacturing objectives. After rigorous iterations, it is concluded that
each type of paper substrate should be annealed at different temperature in order
to attain better conductivity, in spite of the fact that all antennas under test are
printed with same conductive ink.

4.2.3 Results Discussion and Parametric Analysis

The measurements are carried out in a multidimensional approach for not only
finding out the impedance, return loss, radiation pattern and read range but also
determine the reliability parameters, which are extracted by repeatability. Thus, for
worst case analysis five identical antennas with the selfsame combination of printing
material, ambient conditions and inkjet technology are fabricated. The purpose of
using several paper substrates is to verify the performance matrix on a rational
basis, because paper substrates from different manufacturers significantly differ in
properties exploited by printed electronics. In order to get a better understanding
of antenna behavior when printed on paper substrate, maximum deviated data
value at a frequency among five prototypes is reported hither.

It is observed from Figure a) the computed and measured resistance for the
antenna from 860-960MHz maintains a value around 142 all over the curves. It is
noteworthy, that the proposed structure and design technique are well suitable for
adequate tuning of the matching characteristics as depicted in Figure [£.14] The re-
actance part of the impedance, as showed in Figure b), exhibits a positive value
with a linear variation with frequency, and slight fluctuation within acceptable val-
ues is pragmatic. It is noticed that a reasonably good harmony exists between the
computed and measured results. The read range performance testing is conducted
with Impinj’s UHF RFID reader Kit and in order to make the measurement more
edifying, the proposed tag is bonded on a closed-cell rigid foam HF51 from ROHA-
CELL’s with 90mm thickness [I70, [8]. The foam is based on polymethacrylimide
(PMI) chemistry and has extremely low dielectric constant of 1.057@2.5GHz, re-
sembling that of the free space and is especially designed for antenna applications.
This setup facilitates to determine the tag read range variation when placed on
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Figure 4.8: Input: (a) resistance variation, (b) reactance variation. [17]

different objects, as analyzed in Figure a) for cardboard cartons exclusively
containing cola cans and plastic water bottles. The measured read range validates
the exceptional performance of the proposed RFID tag.
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Figure 4.9: (a) Measured read range, (b) measured and computed return loss. [17]

The return loss of the antenna is calculated based on the power reflection coeffi-
cient. Figure[4.9(b) shows the measured and computed return loss of the proposed
antenna. The distortion in the measured values is due to the ground plate fixture
used for half mirror method, which can be reduced or eliminated by using ground
plate with more curved edges. The 3D simulated and 2D measured normalized radi-
ation patterns of antenna printed on Kodak photopaper at characteristic frequency
of 915MHz are plotted in Figures a) & (b), respectively. The antenna exhibits
stable gain values throughout the frequency band of interest. The radiation pat-
terns are almost uniform (omnidirectional) at 915MHz and show tremendous match
between computations and measurements, which can also be demonstrated for other
frequencies (860-960MHz) within the antenna bandwidth, and are in consistency
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with earlier published results [169] 215].
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Figure 4.10: (a) 3D simulated, (b) 2D measured; far-field radiation plots. [17]

4.2.4 Sustainability and Environmental Impacts Analysis

This section emphasis on sustainability and environmental impacts analysis for the
proposed antenna to validate that it has the potential to be used in various RFID-
based eco-friendly applications. Figure [4.7] explicitly shows the dimension of the
antenna which leads to determine the area required to accommodate antenna on
the substrate that is 10cmx4.3cm. Inkjet printing is considered for tracing the
pattern on the substrate. The environmental impacts model is created as showed
in Figure by using life cycle assessment software “GaBi” [69].

Energy Consumed

Conductive Ink \J
Substrate (Kapton/

Teonex/ Paper/
Polymer)

(Silver nano,
Copper nano,

Aluminum)
\J

Printed

\Antenna

Figure 4.11: Parametric model required for sustainability analysis. [17]

Inkjet printing is accomplished by using Fujifilm Diamatix printer which is op-
erated at 230V AC, 50Hz with maximum power consumed at any moment is 375W.
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The estimated time required for printing a pattern is 15 minutes. If the printer op-
erates at its maximum power rating, the energy required to print 1 million patterns
is 337500 Mega Joules i.e. (375x15x60x10°%). The substrate under test is high
gloss inkjet photopaper with standard weight of 280g/m? and thus for 1 million
tags the required weight of paper substrate is 975.545kg (230x99.8x42.5x1073).
The capability of the printer to produce the antenna trace on paper substrate is
4000 structures with 1000ml (1kg) of conductive ink. Therefore, the estimated
amount of conductive ink consumed for production of 1 million tags is 250kg. The
mass of each component for manufacturing 1 million proposed RFID antennas is
summarized in Table .11

Table 4.1: Mass of each component specified in the model.

Material Mass
Substrate (Paper / Kapton/ Teonex) 976kg
Conductive Ink ( Silver nano / Copper nano / Aluminum) 250kg
Energy Consumed 337500MJ

Based on the modeling parameters, possible environmental impacts are explored
in terms of global warming potential (KGCO4 equivalent), acidification potential
(KGSO4 equivalent), ozone layer depletion potential and human toxicity potentials.
The Institute for Environment and Sustainability, European Commission Joint Re-
search Centre, has published the research report [56] that recommends a preferred
methodological approach which aims to calculate the environmental footprints of
the products and organizations. For product environmental footprint, “ISO 14044:
Environmental management - Life Cycle Assessment” is a recommended method.
This method is employed to analyze the environmental footprint sustainability anal-
ysis of the proposed printed antenna. Life cycle approach takes into consideration
the spectrum of resources flows and environmental interventions associated with
the product, service, or organization from a supply chain perspective, including
all phases from raw material acquisitions through processing, distribution, use and
end of life processes [82] 219]. There are different methods such as TRACT (Tools
for reduction and Assessment of Chemical and other Environmental Impacts) and
CML (Centre for Environmental Studies, University of Leiden) that are employed
to perform life cycle impact assessment. In this study, LCIA-CML methodology is
considered to achieve the projected research analysis.

Figure [£.12] shows the potential environmental impacts in the manufacturing
process of the proposed printed antenna. Four main environmental impacts are
demonstrated and in each emission profile, there are four columns that correspond
to the quantity of emissions caused by a specific component such as substrate,
conductive ink or the associated energy consumptions in manufacturing 1 million
printed antennas. KGCQOs and KGSOy are carbon dioxide and sulphur dioxide
equivalent emissions while ozone layer depletion and human toxicity potentials are
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computed by the release of trichlorofluoromethane (CFC-11, also known as R11)
and dichlorobenzene (DCB), respectively.
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Figure 4.12: Environmental emissions profiles. [17]

4.3 Bowtie Antenna: Square Hole—Matching Technique

The supply chain represents a holistic system and is an efficacious candidate for
widespread greening initiatives. In supply chain, RFID tags are used at differ-
ent levels. Pallet-level tagging illustrates the environment where RFID tags are
attached to individual pallets. Pallet-level tagging is characteristically used in full-
pallet storage and logistics & transportation applications. In Carton-level tagging,
RFID tags are attached to cartons. This level of tagging facilitates mixed-pallet
loads. Lastly, in item-level tagging, each manufactured commodity has its sole

RFID tag [77, 118].
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This section presents electromagnetic analysis of a flexible, planar UHF RFID
tag antenna which is optimized for long read range applications. The proposed
antenna is manufactured on three different commercially available paper substrates
(Table with inkjet printing technology. The proposed antenna uses innovative
technique of square pattern holes for conjugately impedance matching with the
RFID chip, thus eliminating the use of matching network and reduces the ink usage.
The antenna exhibits wideband characteristics for its entire coverage of UHF RFID
band (860-960MHz). The proposed tag is intended for large items-level tracking
in supply chain (cardboard cartons containing water & metal objects) and freight
(wood or metal pallet) transportation [16].

4.3.1 Antenna Design Numerical Analysis and Optimization

The proposed antenna is designed and optimized in a methodical approach, ex-
plained in Figure 3] The concept stage encompasses an antenna design, which
can exhibit better read range and smaller size in order to reduce the ink consump-
tion. It is also emphasized that the antenna can cater the environmental variations,
which may affect attributes of paper substrate in order to realize eco-friendly eco-
nomical RFID tags. Bowtie structure having square pattern holes is implemented
for conjugately matching the antenna impedance to that of NXP UCODE G2XM
(Al strap-SOT1040AB2). The primary aim of iterations and parametric optimiza-
tion is to maximize the feeding power to the load (RFID IC) which encapsulates
the concept of effective aperture. Hence during optimization strategy, much ef-
fort is devoted for improving the effective aperture in order to boost the antenna
gain which consequently increases the amount of power delivered to the chip of the
proposed RFID tag showed in Figure [£.13]

NXP RFID Strap

(b)

Inkjet Printed

ABICD|E|F|G|H| I |J |K|[LIM|NIO|P |QR|S|T
mm 2/10|2|6|1.8|2.1/2.1/2.1|3.53|7.02|3.9|3.9/3.9|3.9|2|13.1|5

(©)

Figure 4.13: (a) The geometry & dimensions of RFID antenna; inkjet printed RFID
tag on: (b) Felix paper, (c) Kodak photopaper. [16]

Now by achieving maximum effective aperture A._,q, of the tag antenna (by
using Equations & located in the field of the reader antenna with the
power density S as showed in Figure [4.14 The tag antenna receives the power
from the wave and delivers it to the RFID chip (strap) with load impedance Z..
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Fraction of the power received by the tag antenna is delivered to the chip whereas
the remaining portion of power is reflected and re-radiated by the antenna. Thus,
the power transmission coefficient, 7 is used to calculate the power delivered to the
RFID chip. Mathematically, it is expressed as:

Ptag—chip = TPtag—ant (41)

where Pyqg—ant is the power antenna received from the incident wave, and Prog—chip
is the power delivered to the chip. The power transmission coefficient, 7, is deter-
mined by the impedance matching between the tag antenna and the chip. Therefore,
good impedance matching between antenna and chip is of paramount importance.
It is worth mentioning here that both Z, and Z. are frequency-dependent.

Pagant
é Ptag-chip
s >
Power + data — ] o )
—> Za=R+jXa : Z:=R+jX,
— :
Reader antenna | P, AVAVAV > 1 - O——
P Rmax N yof § J_
RFID Reader |—| %T
--JUuL :
Greader M O ]
odulated backscatter G .
Antenna H Chip
{C T N — e —— J
Pragret © RFID Tag

Figure 4.14: Enriched tag equivalent circuit & far-field RFID mechanism. [16]

Power wave reflection coefficient I' is defined to evaluate the transmission of the
power waves as:

Z,—7*
r=2¢c"%« o<r<1 4.2
A << (4.2)

Thus, the power delivered to the chip is:
Ptag—chip = (1 - ‘F|2) Ptag—ant (43)
Therefore, the power transmission coeficient is calculated by:

4R, R
=1-1T% = are 0<r<1 44
| ‘ (Ra+RC)2+(Xa+XC)27 _T_ ( )

_ Ptag—chip

Ptagfant

From Equation (4.3)) maximum power is transferred when the antenna is con-
jugately matched to the chip, i.e. R, = R, and X, = —X,, then [I'| =0, 7 = 1.0.
The matching is tuned by size and number of square pattern holes in the proposed
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antenna as showed in Figure [{.13] therefore, after rigorously going through the nu-
merical analysis in recognition of optimum proposed antenna, Equation (3.5) takes
the form:

Ptagfchipfmaw = Ptagfant = SAefmaa: (45)

It is advantageous to relate the power transmission coefficient, 7, to another
widely used parameter, return loss (RL), for describing the impedance matching
characteristics. The return loss is defined as:

RL = 10log1o(|T)) (4.6)

The return loss is computed and measured for the proposed antenna which is ex-
plained in next section. Moreover, for further analysis, with the return loss, the
corresponding reflection coeflicient and the power transmission coefficient can be
easily calculated.

4.3.2 Results Discussion and Analysis
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Figure 4.15: Input: (a) resistance variation, (b) reactance variation. (Reproduced
courtesy of Taylor & Francis)

The operation frequency of the demonstrated printed UHF RFID tag is 860—
960MHz. However, the measurement analysis for read range and far-field radiation
patterns are punctuated for EU and North American bands to make the analysis
more comparative and elaborative. The characterization of reliability and repeata-
bility is conducted, employing worst case analysis, by manufacturing five selfsame
prototypes using the same combination of printing material and ambient conditions.

Figures a) & (b) show the impedance plots. It is observed from Fig-
ure [A.15a) the computed and measured resistance for the antenna from 860-
960MHz varies between two extremes, from 13-15(2 with mostly measured val-
ues maintain around 14€2. However, fairly constant conformity is obvious among
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Figure 4.16: (a) Measured and computed return loss, (b) tag attached to semi-rigid
foam for read range measurements. (Reproduced courtesy of Taylor & Francis)

the curves of antennas printed on different substrates. The reactance part of the
impedance, as showed in Figure |4.15(b), exhibits a positive value with a linear
variation against frequency. There are minor fluctuations among the curves with a
maximum 5% variation around the targeted value of 1312 from 860-960MHz. Over-
all good agreement is pragmatic between computed and measured values, which
supports the effectiveness of innovative design technique. Furthermore, by investi-
gating the consistently elevated behavior of the measured results over the computed
values reveals that the measurement fixture asserts certain amount of impedance
probably through the SMA configuration for the metal plate, which can be elim-
inated by considering its effect [I2I] or by utilizing S-parameter method merely
for impedance measurement [114}, [T60]. The return loss of the proposed antenna is
calculated based on the power reflection coefficient as mentioned in Equation .
Figure a) shows the measured and computed return loss of the proposed an-
tenna with the measured bandwidth of the antenna in the worst case is 260MHz,
corresponding to 28% around the center frequency 910MHz; so it covers the global
UHF RFID bands and can cater greater degree of environmental disparities.

The critical parameter, which determines the performance of an RFID tag an-
tenna, is the read range [I58]. The effective isotropic radiated power referenced
for both the RFID reader and reader antenna, or equivalent isotropically radi-
ated power (EIRP), is set to 3.2W and 4W according to ETSI and FCC RFID
standards, respectively. The read range performance testing is conducted outside
anechoic chamber with Impinj’s UHF RFID reader Kit to achieve information for
real environment scenario. In order to make the measurement more enlightening,
the proposed tag is attached as showed in Figure b), on a closed-cell rigid foam
HF51 from ROHACELL’s with 90mm thickness [I70]. Figures a) & (b) show
the comparative analysis of measured read range for EU & North American bands,
respectively, which are covered by the proposed RFID tag along with other UHF
RFID bands. In this analysis, proposed tags are attached to cardboard cartons ex-
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Figure 4.17: Measured read range for UHF RFID: (a) EU band, (b) North American
band. (Reproduced courtesy of Taylor & Francis)

clusively containing cola cans, and plastic water bottles. The measured read range
validates the outstanding performance of the proposed RFID tag, which can also
be demonstrated for other RFID bands within the antenna operational frequencies.
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(a) (b)
Figure 4.18: 3D simulated far-field radiation plots for UHF RFID: (a) EU band,
(b) North American band. (Reproduced courtesy of Taylor & Francis)

Figures a) & (b) show 3D simulated radiation pattern of the proposed an-
tenna at 866MHz and 915MHz, respectively. The gain of the realized antenna is
about 2.1dBi@866MHz and 2.2dBi@915MHz. Figures [£.19a) & (b) show the 2D
measured normalized radiation patterns of antenna printed on Kodak photopaper
at characteristic frequency of 866 MHz and 915MHz, respectively. It is observed that
radiation patterns are nearly uniform (omnidirectional) and show substantial con-
currence between computations and measurements, which can also be established
for other frequencies within the antenna bandwidth, and are in well coherence with
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earlier published results [169] 52].
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Figure 4.19: 2D measured & computed far-field radiation plots for UHF RFID:

(a) EU band [16], (b) North American band. (Reproduced courtesy of Taylor &
Francis)

4.4 Summary

In this chapter, we have investigated several key development parameters (from
manufacturing, circuit and field point of views) of innovative RFID tag antennas
proficient of significantly increasing RFID read range and printed on commercial
paper substrates. The measured impedance bandwidth of proposed antennas com-
pletely covers the UHF RFID band while exhibiting extraordinary read range of
up to 10.1m, thus expands to the global usage of these tags. The robustness, eco-
friendliness and flexibility of the proposed antennas make them an excellent choice
for far-field industrial applications. The proposed antennas have optimized effec-
tive aperture comprising of pattern holes, curled and uncurled corners along with
T-matching network, while concurrently reducing the ink consumption which plays
a vital role in roll-to-roll fabrication of ultra-low cost green tags. Furthermore, the
sustainability and environmental impacts reckoning for the printed antennas can
be applied as a manufacturing yield benchmark for future productions.






Chapter 5

RFID Antennas: Sensor-Enabled

In this chapter (which is the reflective restructuring of included Papers VII-X), the
novel idea of integrating RFID with sensors along with other wireless applications by
using single tag antenna is addressed. The explicit parametric analysis is presented
for wideband circularly polarized antennas for operational range from 0.8-3.0GHz,
in the realization of the emerging concept to integrate RFID along with several
applications. The final section includes development of innovative antenna as a
sensor and its calibration technique.

5.1 Introduction

RFID is considered an emerging leading technology in future telecommunications
[167, 107, [75]. The RFID market has grown in a two-dimensional trend one side
constitutes standalone RFID systems which are commonly found at present [193]
135, 124, 204]. On the other side, more ultramodern approach is paving its way,
in which RFID needs to be integrated with broad operational array of distinct
applications [5l 95] for performing different functions including navigation, broad-
casting, and personal communication [I55, [I81], to mention a few. Using different
antennas to include all communication bands is a straightforward approach, but at
the same time, it leads to increase cost, weight, more surface area for installation,
and above all electromagnetic compatibility issues [8I]. Thus, there is the need
for wide-bandwidth antennas [164], 48]. The espousal of a single, wideband an-
tenna is certainly more attractive because of the fact that RFID is replacing other
identification methods by whistling about cost-effective more efficient solutions.
Spirals are extensively used circularly polarized wideband antennas [71], 110
142] [162]. The wideband features of spiral antenna brought it to the limelight in
recent literature, particularly for miniaturization [I09]. The fundamental inspi-
ration for miniaturization is to slow down the wave traveling within the antenna
structure. Numerous approaches have been pursued to achieve it, which includes
dielectric [I12] or magneto-dielectric loading [IT1], artificial materials [201], spi-

61
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ral arm shaping [I41], distributed reactive loading [120] and arm orienting verti-
cally [81]. Conversely, when using the popular dielectric loading approach, the input
impedance is also lowered. On the other hand, when the wave velocity is reduced
by meandering of metalized arms, the axial ratio also deteriorates [71]. It has been
established that coiling of the spiral arms provides for impedance control [I10].

5.2 Archimedean Spiral Antenna

5.2.1 Synthesis of the Antenna Topology

Offset Angle ()

(o) snipey Jauuj

Place & pads for
multi-chip
module (MCM)
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X
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Figure 5.1: Dimensions & green theme of proposed antennas. (Reproduced courtesy
of The Electromagnetics Academy [12])

In order to achieve stable broadband [49] multimode feature in far and near-fields
planar Archimedean spiral antenna structure is realized. Three designs of a two-arm
Archimedean spiral antenna are assessed. The in-depth research proves that the
Archimedean spiral is not a frequency-independent antenna structure because the
spacing between the arms is specified by a constant, not an angle [99]. However, this
is a contentious point because fundamentally frequency-independent performance is
achieved over 10:1 bandwidths. The following numerical calculations are exploited
to construct the proposed antenna structure in Figure [5.1] The centerline of the
proposed Archimedean antenna is defined by:

r=a¢=ro+ (E)p1/ (5.1)
where,
1 dK

and C is the angle of rotation which depends on K. If the antenna is to be scaled
to a frequency that is K times lower than the original frequency, the antenna’s
physical surface must be made K times greater to maintain the same electrical
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dimensions [27]. The Expansion coefficient (E) and the Spiral coefficient (S) of the
proposed antenna are 1 whereas, r( is the inner radius which is 1.6cm. The pitch
angle 1 varies with radius as:

tany = 2 (5.3)

When r is large, then the pitch angle approaches 90°. An equivalent design ratio
Teq, Which varies with radius, may be defined for the Archimedean spiral that has
the same pitch angle 1 at radius . Therefore,

Teq(r) = e~ 2/ ltan¥l — o=2mla/r| (5.4)

It is worth noting here that 7., approaches 1 for large value of . The sides of a
strip may be defined in terms of the rotation angle ¢ of Figure[5.1] and the angle §
(offset angle is 90° of the proposed structure) to get:

r=a (¢ + g) (5.5)

The radial width of the antenna strip W, is a constant, which is independent of
radius and is obtained by:
W, =ad (5.6)

The actual width of the antenna strip varies to some extent with radius and is
calculated by:
W = ad sin (5.7)

The spacing S, between the centerlines of the adjacent turns for one arm is specified
by:
Sy = 2ma (5.8)

Furthermore, the actual spacing is given by:
S = S,siny = 2wasiny (5.9)

The two-arm spiral antenna proposed in Figure[5.1]for frequency band 0.8-3GHz
is self complementary when W/S = 1/4 or § = w/2 [27]. Given that the strip widths
and spacings are defined by constants rather than by angles, Archimedean spiral an-
tenna does not conform to either the frequency-independent or log-periodic princi-
ples [99]. Thus, this antenna gives autonomy to those ASIC manufacturers [125][87]
which have frequency dependent modules. In practice, it is observed that frequency
independent characteristics are obtained if 7 is large enough in the active region
(i.e., radiation region), wherein the circumference of the radiation ring is about one
length. Alas, diminutive information has been published [811 53] on the degradation
of gain and patterns versus 7. Some published results indicate the loosely wound
log-spiral performs as well as the tightly wound Archimedean spirals; however, this
analysis is out of scope of this research.
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Figure 5.2: Simulated 3D LHCP & RHCP gain radiation patterns of antennas with
6.5, 7 and 7.5-turns. (Reproduced courtesy of The Electromagnetics Academy [12])
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5.2.2 Manufacturing Parametric Analysis

The conductivity of the printed traces of silver nano-particle based inks used in
this research, after curing, is high enough (for Xerox ink ~ 0.7 x 107 S/m and
for Cabot ink ~ 0.9 x 107 S/m) to be considered as a good conductor, but not
as high as bulk silver. The skin depth for traces of the proposed antenna with
operational frequency at 800MHz is evaluated using Equation . The thickness
of the printed single layer of ink from the printer used is around 200nm (Nano-AG-
1201) — 600nm (CCI-300). It has been found after careful iterations that at least
three layers of printing by Cabot ink and four layers of printing by Xerox ink, are
sufficient to achieve better performance under the limits imposed by various design
factors.
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Figure 5.3: The current distribution of proposed antenna at 1.9GHz, (Reproduced
courtesy of The Electromagnetics Academy [12])

From Figures[5.2fe) & (f), it is obvious that the proposed antenna with 7.5-turns
has improved LHCP (Figure5.2{e)) and RHCP (Figure[5.2(f)) gain, than antennas
with 6.5-turns (Figures 5.2(a) & (b)), and 7-turns (Figures c) & (d)). This
performance criterion is achieved without enlarging the antenna’s physical aper-
ture. Specifically, the antenna with 7.5-turns at approximately 1.9GHz exhibits a
4.7-dB, 4.5-dB and 4.4-dB gain on Kodak, HP and Felix Schoeller paper(p__e:smart)
respectively, by printing with Cabot ink. Whereas, by printing with Xerox ink
the gain achieved at 1.9GHz is 4.7-dB, 4.6-dB and 4.6-dB on Kodak, HP and Fe-
lix Schoeller paper, respectively. It is depicted from Figure [5.2] that by further
increasing the number of spiral turns, the gain improves at lower frequencies. It is
observed that the antenna impedance also decreases with the increase in number
of turns.

On the other hand if the number of turns are reduced, the gain of the antenna
decreases to a value which violates the design requirements because these tags are
proposed for large items-level tacking and information gathering. So it is mandatory
for the antenna to exhibit better gain to achieve higher read range while at the
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same time providing readability in the near-field region. Moreover, due to the
consumption of expensive conductive ink, the size of the antenna has to be within
economical limits for its possible realization on industrial scale. Therefore, the
optimal design pattern is achieved while considering the size limits along with
other performance factors for attaching to large items in the working range from
0.8-3.0GHz is realized with 7.5-turns, and its current distribution plot is shown in
Figure [5.3]

Two different sintering processes are evaluated after drying of ink on the sub-
strate, first one is the prevalent method and the other is “PulseForge Technol-
ogy” [190]. In the first approach sintering is carried out in the oven with ventilation
system at different temperature and time (as mentioned in Table , depending
upon the combination of ink and substrate, for sufficiently curing, removing the
excess solvent and material impurities from the depositions. The printed samples
are also sintered through “PulseForge Technology” by Novacentrix USA, in order to
demonstrate sintering and annealing for high-speed roll-to-roll manufacturing often
in ambient air (and is capable of up to 1000 feet per minute). This approach enables
the use of ultra low temperature and flexible substrates such as paper substrate,
which cannot be annealed at high temperatures.

Table 5.1: Annealing parameters for printed antennas [12].

Substrate Xerox Ink Cabot Ink  Temperature Time
Nano-AG-120I  CCI-300 (°C) (Minutes)

Kodak U-P Photopaper N4 - 140 30
Kodak U-P Photopaper - Vv 150 120
HP Adv. Photopaper N4 — 120 45
HP Adv. Photopaper - 4 120 120
Felix Schoeller Paper Vv - 110 90
Felix Schoeller Paper - vV 110 90

5.2.3 Field & Circuit Concepts Parametric Analysis

A set of precise and thorough methods for evaluation of the reliability parame-
ters and characterization of the proposed fabricated antenna on different paper
substrates are implemented. Firstly, five identical structures are printed for each
arrangement of ink and paper substrate. Secondly, in this study, an experimental
methodology for the characterization of the impedance of the balanced tag antenna
is implemented along with the balun structure. The balanced tag antenna is con-
sidered as a two-port network and the impedance of the antenna is characterized
using network parameters. The antenna is connected to the two ports of a vector
network analyzer through a test fixture mentioned in detail in [II5]. The influ-
ence of the test fixture is deembedded by using a port-extension technique and
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the antenna impedance can be extracted directly from the measured parameters.
Whereas, the broadband balun transforms the unbalanced coaxial mode into bal-
anced two-wire transmission line mode that fed the spiral antenna. The accuracy
of the measurements is increased if all errors up to the measuring instrument tip
are eliminated [22I]. This includes internal VNA errors after the sampler, the
cables along with their tips used to connect to the test structure. The reference
plane is shifted to the tips by using the standard calibration methods SOLT (short-
open-load-through) for two-ports technique and short-open-load (SOL) for balun
structure.
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Figure 5.4: (a) Input resistance variation, (b) input reactance variation. (Repro-
duced courtesy of The Electromagnetics Academy [12])

The impedance graphs are presented in Figure [5.4] with the largest deviated
value at a certain frequency which provides information for worst case analysis, in
addition to exploration of performance parameters. This method helps in discov-
ering potential variations that can take place due to the use of paper substrate,
which is of critical significance. As showed in Figure a), the measured resis-
tance for the antenna between 1.1-1.4GHz, fluctuates between 158-144€) and from
1.41-3.0GHz, the variation of resistance is between 146—-154€) but with much steady
manner. However, exceptionally small deviation is pragmatic among the curves of
all antennas and this behavior is stable over a much larger frequency range in ac-
cordance with published results for spiral structures in [8I] 53]. The reactance
part of the impedance, as showed in Figure b), follows smaller positive values
around 15Q with really small variation with frequency. Moreover, relatively con-
stant harmony exists between the computed and measured results. This conforms
to both frequency dependent & independent antennas in some extent; however, this
behavior of impedance is deliberately achieved because most of the commercially
available ASIC till date have also frequency dependence. More importantly, the
impedance of the proposed antenna besides easier to match at lower frequencies.

The computed return loss is showed along with measured values of the Xerox
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ink & Cabot ink printed antennas in Figure a). From Figure a), it is clear
that the proposed antenna has better return loss and is less than —15dB through-
out the frequency band of interest (and in eloquence with [I77) 33]), which is the
paramount requirement of antennas for optimal performance. Furthermore, the
stable response of paper substrate at higher frequencies, (although with a certain
amount of variations but within acceptable values) make it a suitable candidate for
broadband antennas. Overall, a good agreement among the computed, Xerox ink
printed, and the Cabot ink printed antennas is observed.
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-35 — T L
0.7 1.3 1.9 25 3.1
freq (GHz)

(a) (b)
Figure 5.5: (a) Measured & computed return loss, (b) measured & computed 2D far-
field radiation plots. (Reproduced courtesy of The Electromagnetics Academy [12])

The measured normalized radiation patterns (of antenna printed on Kodak pho-
topaper using Cabot ink) at characteristic frequencies of (1.0, 1.5, 1.9, 2.5) &
3.0GHz are plotted in Figure (b) It is observed that all of the radiation pat-
terns have normal shape and show extreme similarity between computations and
measurements, which can also be verified for other frequencies within the antenna
bandwidth and are in coherence with previously published results [53]. Additionally,
the measured radiation patterns exhibit a slight offset due to the feed line connect-
ing to SMA. It can be depicted from Figure b) that the radiation pattern does
not deteriorate in the whole bandwidth from 0.8-3.0GHz.

5.3 Log-Spiral Antenna

This section presents electromagnetic analysis of a versatile, wideband planar log-
spiral antenna, which is one of the extensively, used circularly polarized wideband
antennas [I85], 123]. The thriving use of the proposed inkjet printed antenna from
0.8-3.0GHz is demonstrated.
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Figure 5.6: (a) Dimensions & (b) integration process of proposed antenna. (Repro-
duced courtesy of Taylor & Francis [14])

5.3.1 Synthesis of the Antenna Topology

Numerous design topologies of a two-arm log-spiral antenna, which is one of the
antenna configurations, that closely parallels the frequency independent concept are
assessed. It is worth mentioning here that, the entire shape of proposed antenna
cannot be entirely specified by angles it is not exactly frequency independent [27].
However, the construction of the proposed planar log-spiral structure is defined by
the angles 1 and § to obtain as much independence from frequency as possible
within limits imposed by different factors mentioned throughout the text. The
curve of the antenna in Figure [5.6(a) which has 1.25-turns is calculated by:

"= roet? (5.10)

Where 7y is the inner radius which is defined to be 1.36cm in Figure[5.6{a) according
to the area and space required for the multi-chip module/s package. The expansion
coefficient a (which is governed by Equation (5.11)) of the proposed antenna is 2.88
and is related with the pitch angle .

In(T)

o (5.11)

a =

Where expansion ratio (7) is defined to be less than 1. The second arm of the
proposed log-spiral antenna is obtained by rotating the first arm by 180° around
the starting point A. The constant r¢ in Equation can be resolute from the
initial value of ¢, which is arbitrary. The planar structure is self-complementary
when § = 90°, and Babinet’s principle [27] leads to the conclusion that the input
impedance is 607 for free space (with no dielectric loading), and independent
frequency [99].
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Figure 5.7: Simulated 3D gain: (a) LHCP, (b) RHCP; (c) current distribution at
1.9GHz; (d) inkjet printing setup & antenna printed on paper substrate. (Repro-
duced courtesy of Taylor & Francis [14])
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Figure b) explains the integration and development process encapsulating
the proposed wireless tag. The proposed structure is optimized without enlarging
the antenna’s physical aperture. Thus, it is evident from the LHCP (Figure (a))
and RHCP (Figure b)) gain of the proposed antenna that it exhibits improved
performance among several other configurations endeavored to achieve an optimal
design. Therefore, the optimal design pattern for working range from 0.8-3.0GHz is
realized with 1.25-turns and its current distribution plot is shown in Figure c).

5.3.2 Field & Circuit Concepts Parametric Analysis

Firstly, five identical structures are printed on each paper substrate. The impedance
is measured using S-parameter method (which is the most accurate method reported
till date), in which the antenna is connected to the two ports of a vector network
analyzer through a test fixture [160} [1T5].

The principle governing this method is shown in Figure a), which shows a
distinctive asymmetrical balanced dipole antenna, with two arms of different lengths
and excited differentially. The positive and negative ports of the source with a
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Figure 5.8: Asymmetrical balanced dipole antenna: (a) excitation, (b) virtual
ground, (c) ports definition; (d) network representation of the asymmetrical dipole
antenna; (e) configuration of measurement setup. (Reproduced courtesy of Taylor
& Francis [14])

voltage of V are connected to the input terminals of the radiators of the antenna,
respectively. As showed in Figure b)7 the driven voltage can be split as V; and
V5 with a virtual ground plane without any disturbance of the current distribution
on the antenna. Hence, each terminal of the antenna radiators and the ground plane
can be regarded as a “port”, which is showed in Figure [5.8(c). The antenna can
be equivalent to a “two-port” network, as showed in Figure d). The impedance
of the antenna is thusly associated to the network parameters of the corresponding
two-port network, and can be characterized by measuring the network parameters
such as S-parameters [I60]. From Figure [5.§|(d), the normalized impedance of the
antenna can be expressed as follows:

> Va Vi—T,

Zy = T (5.12)
Using the impedance matrix, the Equations of a linear two ports (relating voltages
and currents) are:

Vi=2Zuli + Z21s (5.13)

Vo = Zo1Ih + Zaz 1o (5.14)

If the two ports are driven by current source i.e., Iy = Iy and Iy = —I, the differ-
ential voltage Vj is given by:

Vag=V1 — Vo = (Z11 — Zo1 — L1 + Z22)I (515)

and the impedance is given by:

- V. =V

Zy= -4 -1

Iy Io

Now by transforming the Z-parameters as a function of S-parameters and taking

into account Zy = Zy-Zg4, we get:

7, = 2 Zo(1 — S11892 + 512591 — S12 — S21)
(1= 811)(1 — Sa2) — 521512

= (Z11 — Zo1 — Z12 + Za2) (5.16)

(5.17)




72 CHAPTER 5. RFID ANTENNAS: SENSOR-ENABLED

where Z is the reference impedance, which is mostly 50¢2 for measurement systems.

Thus, in case of the symmetrical balanced antenna, where S1; = S92, and S12 = Sa1.

By substituting these values in Equation , we get a simplified expression [160],

which is as follows,

2 Zp(1— 53 + 53, — 25412)
(1—51)" - 83,

The constellation of the measurement system is illustrated in Figure e).
The measurement is carried out by using a two-port VNA (MS2026B, Anritsu)
and a test fixture. The test fixture is constructed by using two semi-rigid coaxial
cables having a length of 100mm with an outer conductor diameter of 2.2mm. The
outer conductors of the coaxial cables are shorted by jointly soldering with the
corresponding gap between the tips to accommodate between the two terminals of
the antenna. One end of the fixture is with two SMA connectors, which is connected
to the VNA through the test cables. The other end of the fixture is opened with the
small extension (1.5mm) of inner conductors in order to form the tips for connecting
the antenna under test (AUT). Antenna is attached to the test fixture tips with
CW2400 silver conductive epoxy, cured at 24°C for 4 hours for achieving maximum
conductivity and adhesion.

Z4 (5.18)
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Figure 5.9: Input: (a) resistance variation, (b) reactance variation. (Reproduced
courtesy of Taylor & Francis [14])

The impedance graphs are presented in Figure [5.9) with the largest deviated
value at a certain frequency which provides information for worst case analysis.
As showed in Figure a), the measured resistance for the antenna between 1.1-
1.4GHz, fluctuates between 158-144€) and from 1.41-3.0GHz, the variation of re-
sistance is between 146-154€) but in much steady manner. However, exceptionally
small deviation is pragmatic among the curves of all antennas, and this behavior is
stable over a much larger frequency range in accordance with the published results
for spiral structures in [53]. The reactance part of the impedance, as showed in
Figure (b)7 follows smaller positive values around 152 with exceedingly small
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variation with frequency. This performance relates to both frequency dependent
& independent antennas to some extent. Moreover, relatively constant harmony
exists between the computed and measured results.

The actual transformation between the unbalanced and the balanced mode is
achieved by the balun which is exactly the same as well defined in [I91], composed
of the coplanar waveguide and the coplanar strip line which are only needed to
connect the sender /receiver and the antenna. The balanced output from the balun
is connected to the antenna using the balanced coplanar strip line. However, due
to the additional complexity introduced by attaching Balun using CW2400 and the
feed line connecting to SMA, a slight offset/error and distortion is observed in the
measured values. The measured return loss is showed along with computed values
in Figure|5.10[a). It is clear that the proposed antenna has better return loss and is
less than —15dB throughout the frequency band of interest, which is the paramount
necessity of antennas for optimal performance. Furthermore, the stable response of
paper substrate at higher frequencies, make it a suitable candidate for broadband
antennas.
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Figure 5.10: (a) Measured & computed return loss, (b) measured 2D far-field radi-
ation plots. (Reproduced courtesy of Taylor & Francis [14])

’//{50 (Phi=0 deg)

The measured normalized radiation patterns (of antenna printed on Kodak pho-
topaper) at characteristic frequencies of (1.0, 1.5, 1.9, 2.5) & 3.0GHz are plotted in
Figure b). The radiation patterns show extreme similarity between computa-
tions and measurements, and are in coherence with previously published results [53].

5.4 Two-Arm Sinuous Antenna

5.4.1 Antenna Structure and Design

Several design parameters of a two-arm sinuous-spiral antenna are optimized in a
sense that RFID tag needs to be read in any orientation. The integrated wireless
applications within the proposed multi-module tag require a wideband antenna
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Figure 5.11: Design, dimensions of proposed antenna. (Reproduced courtesy of
Taylor & Francis [15])

element that offers the orthogonal senses of polarization. Simultaneous polarization
ability such as vertical and horizontal or right and left circular from a same aperture
with coincident phase centers is of particular significance [99]. The proposed design
needs to be in accordance with the manufacturing constrains because only single
side of paper substrate is available for full integration of modules alongside the
antenna.

In designing a planar structure, the starting point for the evaluation process
is set to attain an optimal structure with a self-complementary geometry. As
explained in the past, self-complementary structures have better impedance and
pattern properties than non-self-complementary ones [99]. Interestingly, for this
particular type of indistinct phasing, self-complementary structure is not a good
option if low axial ratio is required. In this study, numerous self-complementary
two-arm sinuous structures are investigated by varying growth rate while main-
taining a fixed radiating aperture size. In order to do this, the number of sinuous
segments or cells of the antenna are varied. However, it is observed, there is no
improvement in the axial ratio at the circularly polarized bands regardless of the
geometry and growth rate. The axial ratio improvement is possible if one deviates
away from the self-complementary principle. Thus, this is done by changing the
variables a and § in Equation and the final optimized design is achieved
showed in Figure [5.1

In accordance with appropriate log-periodic practice, the sinuous curve is de-
fined solely by angles and the growth rate (expansion ratio 7). As mentioned in
Figure the curve is a set of cells starting with cell 1 at the outer radius R
(the proposed structure has eight cells). R, defines the outer radius of cell p, and
oy, with 7, determine the angular width and ratio of the inside-to-outside radius
for each cell. The Equation for the pth cell is provided by:

¢ = (—1)Pay,sin (W) Ryi1 <r <R, (5.19)

Inm,
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where r and ¢ are the polar coordinates of the curve. The radii R, are related by:
Rp = Tp_lRp_l (520)

The design parameters 7, and o), may possibly be independent of p and log-
periodic structure that is a periodic function of the logarithm of the radius r. The
proposed structure in Figure has « of 45° and angle ¢ is 22.5° with an outer
radius of 8.4cm. One sinuous arm of the proposed structure is formed by rotating
the curve of Equation[5.19]by plus and minus an angle ¢ around the origin as showed
in Figure 5.11] Thus, the complete aperture is developed by the angular rotation
of the single arm through 180 degree increment to create a two-arm structure. The
directly printable proposed antenna is intended for cardboard cartons-level tagging,
where size is not an issue but high performance with increased functionality at
low cost is desired so that valuable goods can be tracked in any orientation and
transported safely.
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Figure 5.12: Simulated 3D gain: (a) LHCP, (b) RHCP; (c) current distribution at
1.9GHz; (d) inkjet printing setup & antennas printed on paper substrates. (Repro-
duced courtesy of Taylor & Francis [15])

Figures a) & (b) show the LHCP and RHCP gain of the proposed antenna,
respectively. It is observed that the proposed structure exhibits better performance
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throughout the operational range from 0.8-3.0GHz, than other configurations expe-
rienced to achieve this optimal design. Figure (c) shows the current distribution
plot of the proposed antenna. Moreover, the projected structure is optimized with-
out enlarging the antenna’s physical aperture.

5.4.2 Results and Discussions

As a first step, five identical structures are printed on each paper substrate. For
measurements infinite balun (Dyson) feed [68] is used for excitation. A 1.2mm
flexible UTiFORM coaxial cable is fixed between the sinuous arms starting from
the outside. UTiFORM coaxial cable is bonded to the test terminal with CW2400
silver conductive epoxy, cured at 24°C for 4 hours to gain maximum conductivity
and adhesion. Furthermore, the bend radii of the coaxial turns are below the
maximum tolerable value of 2.54mm [137].

700 400
rrrrrrrrrrrrr Computed
4 | === Kodak measured
550 i ————— HP measured 250
“‘ Felix measured
fi ~ H!
g 400 /1 91004
4 ’1 x
il 4
250 A AR AR A b -50 Yy
R REC AR R e
|
100 T T T T T T -200 —T T T
0.7 1.3 1.9 25 3.1 0.7 1.3 1.9 25 3.1

freq (GHz) freq (GHz)

(@) (b)

Figure 5.13: Input: (a) resistance variation, (b) reactance variation. (Reproduced
courtesy of Taylor & Francis [15])

It is observed that by not having a self-complementary structure, the stability of
the input impedance is deteriorated, as showed in Figure[5.13] The resistance of the
proposed antenna showed in Figure (a) varies between 210-2509) throughout
the frequency band of interest and exhibits consistent behavior. However, the an-
tenna printed on Felix paper showed a higher degree of uncertainty between the two
extremes and the antenna printed on Kodak paper followed more steady behavior.
Nevertheless, exceptionally small variation is detected among the curves of all an-
tennas and this behavior is stable over a much larger frequency range in coherence
with the published results [42]. The reactance part of the impedance, as showed
in Figure b)7 follows positive values between 0-45{2 with exceedingly small
variation with frequency. Moreover, relatively constant agreement exists between
the computed and measured results.

In accordance with other log-periodic antennas, the center frequencies of the
bands are directly linked to the geometric growth rate observed in Equation [5.19]
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This states that ratio of the adjacent band frequencies is equal to the growth rate.
This observance is of greater importance when specific bands are targeted. It
ought to be noteworthy that bands toward the low and high operating limits of
the antenna will be affected due to the finite size of the aperture, and are slightly
different from the growth rate. Analogous to the planar structure, the linearly
polarized bands, are positioned between circularly polarized bands, and they have
orientations which wobble about two orthogonal directions aligned with opposite
tips of the sinuous segments. It is realistic to anticipate that the performance can
be further enhanced by optimisation [42]. The computed and measured return loss
of the proposed geometry are presented in Figure ). A good agreement is
achieved between measurements and computations which are fairly coherent with
published results [I30]. The measured return loss of the sinuous antenna is below
—15dB from 0.8-3GHz. The difference between computations and measurements is
due to the difficulty to realize a perfect alignment of Balun structure especially on
extremely flexible paper substrate.
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Figure 5.14: (a) Measured & computed return loss, (b) measured 2D far-field radi-
ation plots. (Reproduced courtesy of Taylor & Francis [15])

Moreover, the proposed antenna is capable of exhibiting extended read range
under conjugately impedance matching conditions which also depends upon the
ASIC used for RFID. The conjectural calculations after substituting measured val-
ues results into 15-16m read range. The antenna exhibits high gain values on
paper substrate (mentioned in Table , and above all in direct contrast to most
of the presently available RFID tags its superior performance in any orientation
makes it an ideal choice for transportation applications. The measured normalized
radiation patterns of antenna printed on Kodak photopaper at significant charac-
teristic frequencies are plotted in Figure b). The measured radiation patterns
have extreme coherence with computed values, and are in pursuant with previously
published results |42} [199] that validates the detection of proposed multifunctional
wireless tag in any orientation.
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5.5 RFID Antenna with Embedded Sensor & Calibration
Functions

RFID is an emerging and disruptive compact wireless technology for the identifi-
cation of physical objects and is reckoned as an eminent candidate, for the realiza-
tion of ubiquitous wireless sensor networks [34] [I16]. The prima challenges which
are presently hampering the effective RFID implementation are: cost, reliability,
and environmental-friendliness that could countenance for the implementation of
“green” and “robust” RFID solutions. The employment of additional RFID tags [34]
or sensing material [74] [I31] to develop a sensor module has extended the ambit of
RFID practice in assorted segments of industrial applications. This concept gets
“green” by integrating paper substrate with conductive ink [I8], and multiple set
of discrete components to accomplish RFID-enabled sensor tags [116]. These sen-
sor based solutions either involve additional tag, sensing material or components
in accession to RFID tag, which not only increases the overall size but also cost
effectiveness is an issue. Furthermore, the capability of customizable calibration is
a prime aspect for an efficient sensor-enabled solution [205].

In this section, an RFID tag antenna which has incorporated humidity sensor
functionality along with calibration mechanism due to distinctiveness of its struc-
tural behavior, is presented. The sensor-enabled antenna is directly printed on
paper substrate using inkjet printing technology for realizing the eco-friendly and
ultra-low cost wireless sensor network (WSN) module. The antenna has reduced
profile that paves the way for small item-level tagging and monitoring. The effect of
humidity on paper-based antenna characteristics along with other electromagnetic
parameters is investigated to evaluate the antenna performance under realistic op-
erating conditions. The proposed antenna exhibits wider operational bandwidth
and extended read range while at the same time provides an additional degree of
freedom for sensor calibration.

5.5.1 Antenna as a Sensor Design

The antenna has to counter the dielectric variations of the substrate in a precise,
controlled mode while demonstrating linear parametric change for realizing humid-
ity sensor and its calibration relative to specified humidity levels without being
undetected. Consequently, the antenna is composed of four classifiable elements
which provide stability as well as variability in order to exhibit sensory and radiat-
ing physiognomies. The substrate adopted is Kodak photopaper of 250um thickness
(280gm/m?) printed with Cabot ink (CCI-300), and NXP UCODE G2XM RFID
Al strap is selected (@915MHz is 13.3-j12292). However, the principle of operation
for the proposed antenna is not IC dependent.

The novel progressive ladder contours (Figure play the important role for
customizing the sensor calibration by varying the lengths of D-H segments. It
is observed that the coupling between electromagnetic characteristics of the pa-
per substrate and radiating elements is significantly aided by these contours. The
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Figure 5.15: Geometry & structural components of RFID sensor antenna.

coupling features and stabilized performance in the far-field region are likewise al-
leviated by quadrangular end-tip loading by adjusting the length and spacing of
segments from A4-A9 & I. Moreover, the length of segments (B-C') forming the
progressive & horizontal meandering structure is optimized to improve the input
impedance matching in collaboration with series and shunt stubs (A1-A48). The
dimensions of the proposed antenna are optimized (Table and calibrated for
measuring every 20% RH change.

Table 5.2: Dimensions of antenna for sensing every 20% RH change.

mm)| A | B c | D|E|F] G ]| H I

1 950 121|242 ] 040 [ 1.85 [ 28 [ 0.39 | 3.55 | 6.30
2 840070 222|046 | 1.85 | 3.0 | 0.46 | 3.55 | 5.25
3 [ 188|110 | 260 053] 185 [ 32053350315
4 | 701]700] 256060 1.80]34]060]350]| 175
5 | 490|940 | 260 [ 0.67 [ 1.80 | 3.6 | 0.67 | 3.10 | 2.10
6 |28 ] 070290 [074]180]38]074]355]4.20
7 | 175 | 770 ] 310 [ 0.81 | 1.80 | 4.0 | 0.81 | 3.55

8 | 385|380 324088180 ] 42088350

9 | 5095 3.50

5.5.2 Experimental Verification of Antenna Performance

Firstly, the antenna characteristics are measured standalone in an anechoic chamber
setup with Impinj’s UHF RFID reader kit in order to verify the standard commu-
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nication characteristics of the proposed RFID tag. The impedance is measured by
using S-parameter method [160] whereas the return loss, and radiation patterns are
measured by employing Half Mirror method to achieve ameliorated measurement
accuracy. The effect of humidity on antenna is foremost characterized using climate
chamber (Weiss Technik WK 11-180), and then for demonstrating results under
normal room conditions, measurements are carried out in the anechoic chamber by
deploying humidifier and hygrometer while maintaining the fixed distance between
the reader and the sensor tag. The computed and measured impedance variations
of the antenna against distinct humidity levels are shown in Figure (a). The
resistance and reactance exhibit controlled linear curves of overall 9% and 7% vari-
ation, respectively. The measurements are reiterated several times for extracting
reliability parameters and corroborating the sensor functionality.

Secondly, the calibration mechanism on the tag side alleviates in enforcing un-
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pretentious and more reliable modes to formulate the entire humidity sensing sys-
tem. The gain of the antenna varies with respect to ambient humidity levels as
showed in Figure a), and as a result, the received backscattered power (while
placed in boresight) to the reader varies, which is conveniently scaled to determine
the relative humidity (RH%) change. Figure [5.17|(b) shows the return loss which
is better than —15dB in the complete FCC RFID ISM band. The distortion is pos-
sibly due to the effect of metal ground fixture used for half mirror method. The
normalized computed and measured radiation pattern, which are almost uniform
(omnidirectional) at 915MHz, are plotted in Figure b). A good agreement
is observed between the computations and measurements, which can also be ver-
ified for other frequencies within the antenna’s bandwidth. The proposed sensor
tag exhibits extended portable read range of 11m and fixed 6.5m as a standalone
RFID tag and with full humidity sensing capability, respectively. Moreover, the
gain of sensor antenna can be improved by increasing the size depending upon the
particular application.

5.6 Summary

During the numerical and experimental analysis of planar, non-self-complementary,
wideband spiral antennas, it is observed that by adjusting the gap between the
adjacent tracks to create the spiral arms leads to a larger number of turns within
the same aperture size. All the previously published relevant work in contrast to
the proposed approaches are focused on complex techniques, to make such antennas
using nonflexible or contaminated substrates, which neither can be implemented
with roll-to-roll printing nor suitable for eco-friendly applications. Furthermore,
these antennas exhibit superior impedance matching capability, improved return
loss and wider bandwidths for all realized bands. Although the presented research
is specific to inkjet printed Archimedean spiral, Log-spiral and Sinuous antennas,
the same approach can be applied to other antennas made of printed strips, to form
modules for green electronics.

Lastly, an RFID tag antenna which has instinct characteristics of a humidity
sensor and potentiality of customizable calibration, is designed, fabricated and val-
idated. It is observed that the explicit incorporation of ink and paper substrate is
crucial for igniting the destabilisation effect, which is exploited in a regulated mech-
anism by the structural alignment of the proposed antenna. The design flexibility
of the antenna resourcefully provides the effective calibration of the humidity sensor
in accordance with defined requirements. In addition, this structure is eco-friendly,
flexible and ultra-low cost, thus making this antenna well suited for realizing ubig-
uitous wireless sensor networks.






Chapter 6

Conclusion and Future Work

6.1 Conclusions

In recent years, the recognition of radio frequency identification (RFID) technol-
ogy has greater than before and comprehensively integrated into modern society
applications, ranging from remote monitoring and sensing to more demanding op-
erational conditions in logistics, healthcare and access control. In this research
passive UHF RFID tags and emerging concept of integrating RFID with sensors
along with other wireless applications by using single tag antenna is implemented,
by fabricating proposed antennas using state-of-the-art printing technologies on
commercially available substrates as mentioned in Chapter 2l The design and
fabrication challenges mentioned in Chapter [I] are addressed categorically in the
presented antennas which are summarized in Figure [6.1] and concluded as follows:

Meander Line Antennas RFID tag antennas for EU and NA bands are achieved
by design evolution process. The evolution process is applied to get robust tags,
which must show less sensitivity to the variation of dielectric permittivity environ-
ment. In the first stage, novel meander line antennas are developed which are a
natural choice when the size and tuning is considered. Unique progressive meander-
ing technique is deployed to realize the antenna for 866-868MHz band as discussed
in Chapter[3] The proposed antenna exhibits read range of up to 4 meters whereas,
the whole structure measures only 9cmx0.8cm. In the second evolution stage,
narrow-band antennas for EU and NA bands are realized which exhibit higher sta-
bility against environmental effects. The foremost challenge resolved at this stage
is by achieving high gain and smaller size while improving the stability factor. The
other ingredient, that governed the design modifications is the low ink usage to
reduce the manufacturing cost. Thus, an innovative technique of also meander-
ing the matching stub is introduced to rectify the issues of low gain, stability and
matching. Furthermore, rigorous optimization is performed which is resulted into
two distinctive antenna structures which exhibit exceptional read range from 5.5—
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6.5 meters having directivity around 2.1dBi with different manufacturing combina-
tions as presented in Chapter[2] These compact antennas are extremely suitable for
tags attached to articles which are prone to be bent or folded several times during
their life cycle.

Narrow-band Bowtie Antennas Innovative quadrate bowtie passive RFID tag
antennas for EU and NA bands are presented with the introduction of impedance
matching approach to improve the reliability against environmental diversities as
well as increase the maximum reading distance. The quadrate bowtie antenna
profile modification by addressing the concept of antenna effective aperture and
T-matching network are used to match the antenna input impedance to tag’s chip
impedance. The proposed antennas have surpassed read range from 6.5-7.0 meters
depending upon which substrate is utilized. Moreover, the effects of metal and
water on the proposed antennas are also categorically investigated as discussed
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in Chapter [3] The antennas exhibit exceptional operational characteristics when
stumble upon metal and water containing objects. The use of the inkjet printing
process in the development of these proficient RFID antennas on different types
of paper has also been demonstrated, verifying that paper-based inkjet printing
topologies offer a remarkably low-cost, green solution to system-level packaging for
UHF, wireless, and microwave applications.

Wideband T-Matched Bowtie Antennas The second phase of the evolu-
tion process is discussed in Chapter [4 thorough analysis of novel rounded-corner
bowtie passive RFID tag antennas, which are fabricated on various ultra-low-cost
substrates in combination with the state-of-the-art printing technologies that are
mentioned in Chapter The implementation of T-match arms for matching of
these antennas to the integrated circuit (IC) is introduced that improves the reli-
ability against environmental diversities as well as increase the maximum reading
distance up to 9m from 860-960MHz. The bandwidth of the proposed antenna is
197MHz, corresponding to 23% around the center frequency 855MHz; so it covers
the common worldwide UHF RFID bands and can cater greater degree of environ-
mental disparities.

Wideband Hole-Matched Bowtie Antennas One of the critical observations
made while field testing (in supply chain industry) of antennas having thinner traces
used for matching network, is that the effect of even minor scratches on those tracks
can cause loss of RFID tags during transportation. Therefore, it led towards the
realization of a structure which can eliminate such risk factors while exhibiting
better performance. This motivated the evolution cycle towards rounded & straight
corner bowtie antenna structures as mentioned in Chapter @] The implementation
of pattern holes is responsible for matching of the antenna impedance to that of the
IC through the fine tuning of their location and size which is discussed in Chapter [4]
The experimental characterization of the proposed antennas validates extended
read range of up to 10.1 meter, while exhibiting return loss of better than —15dB
over a wide frequency range (860-960MHz) to cover any manufacturing disparities.
This work also gives a unique insight into evaluating sustainability of the specified
antenna, which validates the potential for ultra-low cost mass production of RFID
tags for green electronics.

Sensor-Enabled Wireless Tag Antennas Numerous design topologies of Log-
spiral, Archimedean spiral and two-arm Sinuous antennas along with comprehen-
sive numerical and experimental analysis are presented in Chapter [ to demon-
strate the emerging concept of integrating RFID functionalities along with sensors
and other wireless applications for green electronics. These are extensively, used
circularly polarized wideband antennas that brought them to focus in recent litera-
ture. In distinction to the previously reported antennas, the proposed antennas are
manufactured by effectively exploiting inkjet printing technology to manufacture
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ulta-low cost multi-module equipped wireless tags to operate from 0.8-3.0GHz, on
extremely biodegradable paper substrates. The conjectural calculations after sub-
stituting measured values results into stable read range of up to 15-16 meters,
which depends upon the ASIC used for RFID. These directly printable antennas
are intended for cardboard cartons or pallets-level tagging, where size is not an
issue but high performance with increased functionality at low cost is desired so
that valuable goods can be tracked in any orientation and transported safely. Fu-
ture development is intended to optimize the designs to provide additional modules
within the same antenna size.

RFID Tag Antenna as Humidity Sensor Ultimately, An RFID tag antenna
which has instinct characteristics of a humidity sensor and potentiality of cus-
tomizable calibration, is designed, fabricated and validated. It is observed that
the explicit incorporation of ink and paper substrate is essential for enkindling the
destabilisation effect, which is exploited in a systematized mechanism by the struc-
tural arrangement of the proposed antenna. The design flexibility of the antenna
resourcefully provides the effective calibration of the humidity sensor in accordance
with specified requisites. In addition, the structure is eco-friendly, flexible and
ultra-low cost, therefore, making this antenna well suited for realizing ubiquitous
wireless sensor networks.

6.2 Future Work

The new discoveries in RFID research promise to incorporate it in aggrandized
dynamic solutions, which will be part of anticipated seamless integration of elec-
tronics in everyday life. Multi-disciplinary research is responsible for advancements
in RFID eminently in flexible and organic tags. In persuasion of future work on
RFID antennas, there is a desideratum to cognize the market dynamics as the
prospect evolution of R&D Models is market driven [202].

6.2.1 Research Potential in RFID Tags

The world renowned research and consulting firm Gartner has formulated a phe-
nomenon designated as the hype cycle as showed in Figure which has become
the benchmark for all technology spectators in the information services business.
The logic of the ‘hype cycle’ is that every technology firstly ascends to the peak of
inflated expectations and then certainly slides into a trough of disillusionment. Af-
ter this survival cycle, only the transcendant technologies move gradually towards
maturity (slope of enlightenment) where adoption happens across a wide cross sec-
tion of customers. The internet of things (IoT) has the potential to overcome the
hype cycle phenomenon and truly get relevant-to governments, communities and
the IT industry without any slackening of pace [76].
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Logically the aboriginal application of IoT was in the logistics area and the
implementation of RFID tagging for promoting trustworthy inventory management,
route outlining and preclusion of losses in retail and distribution [97), 218]. Passive
RFID due to extensive research and market potential survived the hype cycle and
is now in maturity stages, thus paving the way for realizing IoT in the near future.
In this context, there is the need to appraise the potential of several key component
technologies for realization of future flexible, green and durable RFID tags that will
aggregate the building blocks of IoT.

6.2.2 Dynamics of Printed Electronics

The printing industry is increasingly interlocked with the electronics industry, and
this fusion of capabilities resulted into many applications of flexible and organic
electronics. It is observed that there are numerous printing mechanisms that will
print electronic circuitry, with gravure and flexography as the most persuasive
contenders [86] [105] and in the near future for medium scale industrial applications
inkjet printing will prevail with its distinct capabilities [19].

In the recent report, IDTechEx finds that the market for printed and thin film
electronics will be $9.46 billion in 2012; 42.5% of that will be predominately organic
electronics. At first photovoltaics, OLED and e-paper displays flourish swiftly,
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followed by thin film transistor circuits, sensors and batteries. By 2022, the market
will be worth $63.28 billion, with 45% printed and 33% on flexible substrates.
Thus in the near future, more efficient commercial substrates for RFID tags will be
available [62]. These substrates will constitute more flexible, durable tags that can
sustain in extreme, harsh environments. Moreover, better sensors will be realized
with high performance substrates.

6.2.3 Advancements in Conductive Inks

Conductive inks are a uncomplicated and unglamorous layer, but they will consti-
tute a substantial $2.86 billion market in 2012. This market is foreseen to rise to
$3.36 billion in 2018, with $735 million captured by new silver and copper nanos-
tructure inks [104].

The conductive inks find use in a great variety of RFID applications ranging
from flexible, green and robust RFID tags. The multiplicity of market requirements
has resulted in the availability of several types of inks, each offering their own set
of characteristics and unique segment of applications. Innovation in the domain of
nanotechnology has extensively enabled this high level of product differentiation.
Assuredly, the market today consist of graphene, carbon nanotubes, silver and
copper nanostructure (nanoparticle and nanowire) inks [41], [174], all of these have
one or two dimensions in the nanoscale [38].

Silver flake inks are presently serving the largest and maturest markets. The
emerging inks are leisurely perforating the market by either supplanting an exis-
tent product (e.g., indium tin oxide) and/or enabling brand-new markets based on
their characteristics of higher conductivity, inkjet printability, versatility, and/or en-
hanced surface smoothness [104]. Therefore, these inks will significantly contribute
in high performance RFID tags in future. The realization of extremely conductive
and flexible inks will provide much freedom for RFID tag antennas design that will
ultimately lead to more efficient tags.

6.3 Trends for RFID Future Tags

In recent VDC Research report, a leading market research and advisory services
firm providing market intelligence, prognosticated in 2012 RFID will overwhelm
on harsh environments and find its way into more user environments, actuating
vertical and application solutions. With an average CAGR of 65 percent, as showed
in Figure EPC UHF transponders look to outpace high frequency transponders
as RFID is utilized by plentiful industries as showed in Figure and executing
significant progress in deployment across markets as assorted as MRO, healthcare
and energy [7§].
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6.3.1 MRO Industry: Towards Drastic Changes

The advancements in RFID technology are propelling the research focus towards
realizing new generation of rugged metal tags, which are small enough to be at-
tached to individual assets such as working tools, and small machine parts that
will extend the possibilities of RFID implementation into more robust and extreme
environments.

Presently the technology has the capability for significantly improving the per-
formance of critical assets in hazardous, higher risk conditions which has paved
the way for adoption of RFID for MRO (maintenance, repair, and overhaul) in
rugged and harsh environments [203] [217] (more confident usage in military appli-
cations) [222]. The implementation of RFID is now moving beyond basic identi-
fication applications into the era of creating “smart” assets which can convey key
product specifications, maintenance, installation, supply chain, and other useful
data with them as they are transported from place to place, throughout the world.
These applications demand lightweight substrates along with the plausibility of be-
ing eco-friendly in the near future as repair and overhaul are norm for day to day
business applications. There is growing pursuit for RFID enabled sensors, which
can transmit information about the condition of the specific item so that it can be
fixed before its malfunctioning. RFID antennas, which can offer higher performance
against metal contacts will be more adoptive in this area of application.

6.3.2 Transportation Industry: Improving Efficiency

This covers product movement from the point of production through the store floor
that includes travel and logistics - not only, continues to account for the majority
of the reader and tags usage, but remains a leading adopter of hybrid (i.e. more
than one frequency or technology) solutions. Main applications of RFID within the
transportation in reference to tag type include:

« supply chain management [77, [I53]—(robust and higher read range tags),
o asset tracking [43]-(small-size and durable tags),

o ticketing [83]-(low-cost and green tags),

o baggage handling [I38]—(low-cost and green tags for low carbon emission),

« and security/access control [210] 4]—(reliable and robust tags).

6.3.3 Oil and Gas Industry: Towards Smooth Operations

More and more oil and gas companies are now adopting RFID because of its eco-
nomic, and security benefits as it has proven to meet the extreme applications
required by the industry [70, [127]. The tags that can be embedded in to custom
carrier and in the near future the embedded sensor tags into the assets themselves;
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the industry is choosing and implementing RFID at a large scale almost in every
product segment.

In the future, the industry will increasingly demand new ruggedized RFID so-
lutions that will open a new horizon for research and development in RFID tags.
These tags will be adopted for a full range of products and services in order to
provide real-time and errorless visibility to spare parts/components. The embed-
ded tags will be used to track crucial consignments of components and supplies to
off-shore oil platforms, improve visibility of supply chain in order to eliminate theft
and losses, elevate efficiencies in tracking processes by reducing paper work, better
manage and maintain their rental assets with automated inventory, and keep strict
and timely maintenance records on key components (including premises of oil rigs
and oil refinery) to make sure the whole process perpetuates to run smoothly.

6.3.4 Healthcare: Advanced Patient Monitoring and Asset
Tracking

The implementation of RFID, both active and especially passive technologies, have
seen a growing trend in the healthcare sector in the past several years. The RFID
applications realized in this domain are commonly classified in two segments, pa-
tient and hospital assets tracking within the hospital premises [44] [I79]. In case
of patient tracking it emphasis primarily on identification and for assets, it deals
with location of the particular item. Thus, currently, RFID is tagged differently to
patients and equipment and so on [I706, [I57], but the future vision of RFID is that
all of these will be linked in one way or another, hence increasing efficiency.

In the aftertime, the extensive research in RFID based embedded sensors rad-
ically develops this sector by not only providing the identification or location info
but also the condition of the equipment along with additional services as inferred
in Figure [6.5] Supplementary information about the equipment will be available
because of RFID ASIC improvements such as; when was it last inspected, cleaned,
date of last maintenance or calibration, number of used cycles, state of warranty or
service agreement, manufacturer, model number, etc.

Furthermore, in the futurity there is much research opening for passive UHF
RFID tags that are small and rugged enough to be attached or bonded to individual
surgical instruments. This implementation will not only improve the asset tracking
and asset management but also critical surgical instruments will be handled more
effectively and efficiently.

6.3.5 Aircraft Manufacturers Industry: Towards Safe
Environment

Aircraft manufacturers have created high memory RFID standards for flyable air-
craft parts which are mentioned in Aviation Transportation Association Spec2000,
Chapter 9 [183] that provides the standard formats for automatic identification
and data capture with RFID. Airbus’ new A350 XWB (extra-wide body) project is
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already implementing this standard in which Airbus has mandated that thousands
of pressurized and non-pressurized parts, and components use high memory RFID
tags [129]. In a similar fashion, Boeing is implementing a solution that can provide
customers with Fujitsu’s RFID tags, designed specifically for aerospace applications,
as well as integration and maintenance services from Fujitsu and Boeing [T40].

As these projects, as well as other new builds, get under way, it is expected to
offer wide scale adoption of high memory RFID in the industry. These opportuni-
ties require extensive research to achieve RFID tags that can demonstrate reliable
performance especially when attached to metallic objects. Furthermore, all of these
industries are proceeding towards low carbon emission ambitions there is much re-
search potential for tags that can have eco-friendly characteristics. These future
tags are supposed to provide inventory control, tracking assets without network ac-
cess, recording high value asset life histories, and sensor recording and monitoring.
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Abstract—The development of low cost directly printable RFID tag
antennas is essential for item level tracking. We present evolutionary
design approach to achieve robust extremely versatile RFID antennas
on paper/flexible substrates which allow a simple integration directly
on, e.g., paperboard in a roll-to-roll production line. Fully integrated
printed tags for “green” electronics are designed for operability in
frequencies 866-868 MHz & 902-928 MHz. We present benchmarking
results for various challenges of antennas in terms of ruggedness,
reliability and flexing performance.

1. INTRODUCTION
In recent years, the concepts “internet of things” [1] and “green”
electronics [2] have attracted tremendous attention. For the last
decade or so, predictions have stated an exponential increase in the
revenue of RFID. However, so far mainly cost insensitive niche areas
have utilized this new technology [3,4]. The requirement for RFID
tags to survive against harsh environments adds further complexity
to the implementation horizon [5]. The material of the objects on
which the tags are attached can influence the capacitive characteristics
and radiation pattern of the tag antenna [6,7]. Some experience has
suggested that we need to take precautionary measures to prevent
the likely negative results from the final disposal of RFID labels [8].
Currently, RFID tags are neither biodegradable [9] nor recyclable [10].
In this paper, we propose an evolution of novel RFID tag antennas.
The design and computations are performed using ANSYS HFSS™,
These antennas are printed on several substrates using state-of-the-art

Received 2 December 2011, Accepted 4 January 2012, Scheduled 11 January 2012
* Corresponding author: Yasar Amin (ysar@kth.se).
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printing technologies (screen printing, flexography and inkjet printing).
The measurements are carried out in an anechoic chamber owing to an
experimental set up dedicated to antenna characterization. The small
size, low cost, convenient aspect ratio and exceptional read range of
these proposed antennas make them an ideal choice for far-field case,
carton and pallet applications. The focus is extended to eco-friendly
tags which can be a milestone for the next generation of printable
“green” electronics.

2. ANTENNAS DESIGN EVOLUTION & GEOMETRY

The paramount design and print parameters that an RFID tag can
accommodate are investigated in design evolution process which is
proposed in Figure 1. Each antenna is designed for flexible and “green”
electronics utilizing most commonly available substrates (Table 1).
Several conductive inks are used for trial printing of these antenna
structures which are summarized in Table 2. The evolution process
is applied to get robust tags which must show less sensitivity to
the variation of dielectric permittivity environment. The objective

(Selection of RFID application/s & substrate/s)

Tag design criteria & ASIC selection f» A ] v
E g Build & measurgprototype tags

['Selection of printing technology & paste/ink

. - "2~ Robustness criteria e
Antenna design & computation . : ]
Y Eb‘ A (] ‘ Yes
Perform parametric study & optimization F—eteey Inkjet printing

=

]
L - . L] 5
[ Flexo/screen printing of prototype antennas - * . -
L / P g' E P L 4 . —_Design criteria satisfied ~———
. i o N : ' Yes
~=__ Check for print errors : e

:_/Design ready €—-——

Yo me i csssssscscesessnsss 1
Figure 1. Evolution process for robust & “green” RFID tags.

Table 1. Substrate parameters.

| Substrate | Permittivity (e,) | Loss Tangent
Paper (Korsnés) (375 pm) 3.3 (average) 0.077 1 GHz@25°C
Paper (p-e: smart)/(250 pm) 3.2 (average) 0.077 1 GHz@25°C
Teonex Q51 (25 pum) 2.9 0.005 1 GHz@25°C
Kapton HN (125 pm) 3.5 0.0026 1 KHz@25°C
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is to stabilize the antenna behavior on the entire frequency band of
interest. The variations of the environment inevitably impact the tag
performance [11], e.g., usage on metallic objects; however, even if it
is not possible to eliminate it completely [12], it is made possible
in the proposed antennas to strongly limit this phenomenon. The
NXP ucode g2xm (TSSOPS, e.g., the target IC impedance at 915 MHz
is 22 — j1919Q) is selected in flip-chip package. The main goal of
optimization at each stage is to maximize the feeding power to the
load (RFID IC) while at the same time the antenna area is minimized

Table 2. Printing technology/ink/substrate/speed combinations.

Screen Printing Flexo Printing Inkjet Printing
Asahi Asahi Cabot Ink CCI-300,
Paste (LS-411AW) Paste (LS-411AW) Harima Ink NPS-JL
Paper (375 pm) Paper (375 um) Paper (250 pm)

Teonex Q51 (25 pm) | Teonex Q51 (2m/min) Paper (p-e: smart)
Kapton HN (125 pm) | Teonex Q51 (4m/min) -

Progressive meanering Shunt\stub‘/ Series stub Tiploading  Screen printed, Asahi ink, Kapton HN
x E
(a) « £
o0
I 9cm ~

Flexo printed, Asahi ink, Teonex Q51

0.8mm-—sfle— _lle1.2mm i
IC

I~
X
ék, e 1 pp——— 51
Y 0.98mm —affe—1.2 mm exo printed, Asahi ink, Teonex Q
(© . i
L

9.7 cm

f15em-

o N

© ) @

Figure 2. (a) The smallest proposed antenna, (b) enhanced EU band
antenna, (c) optimized NA band antenna, (d) antennas printed on
flexible substrates, (e) SEM of asahi printed antenna trace, (f) SEM
after bending 50 times, (g) SEM after scratch test.
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in order to employ these tags on small objects.

In the first phase, novel meander line antenna is developed which
is a natural choice when the size and tuning is considered [13]. Unique
progressive meandering technique is deployed to realize the antenna
for 866-868 MHz band showed in Figure 2(a). The whole structure
measures only 9cm x 0.8 cm and is smaller than previously published
results [5, 14, 15].

In the second evolution phase, the antennas with higher stability
against environmental effects are realized. The major challenge at
this stage is to maintain the gain and smaller size while improving
the stability factor. The other ingredient that governed the design
modifications is the low ink usage to reduce the manufacturing cost.
Thus an innovative technique of also meandering the matching stub
is introduced to rectify the issues of low gain, stability and matching.
Furthermore, rigorous optimization is performed which is resulted into
two distinctive antenna structures presented in Figures 2(b) & (c) cover
EU and North American UHF RFID band respectively. These compact
antennas are extremely suitable for tags attached to articles which are
prone to be bent or folded several times during their life cycle and are
far more superior than formerly published results [5, 14, 15]. The final
evolution stage comprises of realizing these antennas on different types
of paper substrate as showed in Figure 3(f).

3. RESULTS AND DISCUSSION

3.1. Antenna Fabrication

During transportation, it is likely that items get scratches. Therefore,
for solving this problem antennas are manufactured using flexo and
screen printing with Asahi paste in order to exploit its outstanding
mechanical performance [16]. We have tested the mechanical toughness
after printing these antennas showing excellent scratch resistance, i.e.,
no change in conductivity or antenna efficiency. Figures 2(e) & (g)
show scanning electron microscope (SEM) photos of antenna traces
before and after getting scratches (by metal object of sharp edge
400 pm x 100 pm with an applied force of one Newton) respectively.
These proposed antennas are extremely flexible and perform without
retardation after being bent several times and results are shown in
Figures 3 & 4 along with bending test setup in Figure 3(d).

The first step in the process of evolutional development of the
“green” tags involves inkjet printing utilizing DMP2800 inkjet printer
which is a table-top printer available from Dimatix Inc and is shown
in Figure 3(f). To ensure good RF properties, an in-house recipe was
developed. The print head is adjusted to achieve high print resolution,
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Figure 3. (a) Experiment setup in the anechoic chamber, (b) 2D far-
field radiation plots, (c) input resistance variation, (d) input reactance
variation & bending test setup, (e) return loss analysis, (f) inkjet
printing setup & antennas printed on paper substrate.

which ensures good RF conductivity throughout the frequency band
of interest. The silver nanoparticle based ink mentioned in Table 2,
is then jetted at a temperature of 40°C, while the paper substrate
mentioned in Table 1 (p_e: smart from Felix Schoeller & 280gm
photopaper) is maintained at 60°C (cabot ink) & at 30°C (harima ink).
In order to achieve better conductivity each structure is printed with
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multi-layers [17], e.g., 3—4 layers to provide better analysis about the
printing technique. Each printed structure is then cured in a thermal
oven for two hours at 120°C (cabot ink) and for 1.5hours at 90°C
(harima ink).

In the final step, these “green” tags are realized with roll-to-roll
printing arrangement (using Korsnés flexo printing paper of 375 um
thickness) to add tremendous scale of industrial usage for these
antennas. The measurement analysis in Figures 3 & 4 illustrate
surpassing performance of these environmentally friendly tags.

3.2. Parametric Analysis

RFID Tags (based on far-field communication and the physical
property of backscattering or “reflected” power), with different
sizes, presented in Figures 2(a)—(d) with manufacturing combinations
mentioned in Table 2, are measured in a rigorous measurement
approach. Firstly for each antenna structure ten identical prototypes
are printed (with same combination of printing material & technology)
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Figure 4. (a) Input resistance variation, (b) input reactance variation,
(c) 2D far-field radiation plots, (d) return loss analysis.
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and are measured across the frequency band of interest using half
mirror method. Maximum deviated value at a particular point among
ten samples is reported here which provides in depth view for worst
case analysis to project more realistic data. This technique is adopted
to thoroughly investigate the reliability criteria of each designed
structure.

One of the most important tag performance characteristics is read
range. Read range is also sensitive to the tag orientation, the material
which the tag is placed on, and to the propagation environment. The
read range can be obtained from the Friis equation as explained in [15],
but it gives the maximum distance at which RFID reader can read
the tag in free space. Thus this calculation of read range is invalid
at near field distances. In most UHF RFID systems, this distance
extends well into the far field zone. While some tag application
scenarios involve near field tag scanning, it can be expected that in
most cases the tag which can operate in the far field should receive
more than adequate power to operate when brought closer to RFID
reader antenna into the near field. Hence, the read range of most
UHF RFID tags is determined by the tag performance in far field [18].
The read range of the proposed antenna of Figure 2(a) is from 3.5m
(paper/inkjet)-4m (optimal). However, the optimized antennas of
Figures 2(b) and (c) exhibits exceptional read range from 5.5m-—
6.5m with different manufacturing combinations which is better in
comparison with reported results [5, 14, 15].

Moreover, the near-field performance testing is carried out inside
the anechoic chamber with Impinj’'s UHF RFID reader kit. The
transition from near-field to far-field is not abrupt and the far-field
distance is determined by (2D2?/)). The D (maximum dimension
of the radiating structure) of reader antenna used is 0.3m (1 foot),
thus in one of the measurement cases the far-field distance at 915 MHz
(A =0.33m) is estimated to be 0.56 m. The proposed antennas exhibit
flawless readability with in reactive near-field region. It is worth noting
in this region, that the antenna pattern is taking shape but is not fully
formed, and the antenna gain measurements vary with distance.

Impedance measurements are taken using vector network analyzer
(MS2026B, Anritsu). The standard calibration method short-open-
load (SOL) is used. The impedance variation of antenna in Figure 2(a)
is shown in Figures 3(c) & (d). It is depicted from Figure 3(c) that the
antenna has maintained the resistance around 352 in a linear manner
with frequency. This design has the constrain of higher resistance
value which evolutes towards the design showed in Figure 2(b), so that
the resistance can be maintained closer to the desired value of around
23 ). Figures 4(a) & (b) show the impedance analysis of the proposed
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antenna in Figure 2(b). There is very small variation observed among
the curves for different antennas which is elaborated in Figure 4(a).

The reactance of antenna in Figure 2(a) is shown in Figure 3(d)
which features a positive value but with disparities among different
curves. If this design is realized with different combinations mentioned
in Table 1 instead of only one combination then these disparities
have adverse effects on reliability. Figures 2(b) & 3(f) show more
robust proposed structures which have linear and stable reactance
behavior despite the variation especially in the dielectric constant of
substrate material which is shown in Figure 4(b). This pertained to
an inductance that conjugately matched or, equivalently, canceled the
effect of the IC capacitance. Fairly good agreement is found between
the computed and measured results.

In order to verify the performance of the inkjet printed RFID
antennas of Figure 3(f), measurements are also executed on standard
copper clad antenna prototypes. These have the same dimensions and
fabricated using Ipkf ProtomatC30. The return loss results of antennas
in Figures 2(a) & (b) are shown in Figures 3(e) & 4(d) respectively.
It is pragmatic that the return loss of the inkjet printed antennas is
vaguely larger than the return loss of copper antenna. However, by
analyzing the results in Figure 4(d) the optimized antenna structure
in Figure 2(b) has better return loss agreement with computed values.
Overall, good agreement between the standard copper based and the
inkjet printed antennas is observed, regardless of the higher metal loss
of the silver based conductive ink. The distortion is possibly due to
the effect of metal ground fixture used for half mirror method [19].

Finally, the radiation pattern of antennas is measured in an
anechoic chamber setup [20] that simulates infinite free space which
is presented in Figure 3(a). The antenna under test (AUT) is placed
in the center of the chamber and a continuous-wave (CW) signal excites
the antenna, and the AUT is rotated by a positioner to obtain a 360°
radiation pattern. The antennas with paper substrate are attached
to the test terminal with CW2400 silver conductive epoxy, cured at
24°C for 4hours to get maximum conductivity and adhesion. The
normalized computed radiation pattern and the microwave chamber
measurement, are plotted. As shown in Figures 3(b) & 4(c), the
radiation patterns are almost uniform (omnidirectional) at 866 MHz,
with directivity around 1.9dBi (for antenna in Figure 2(a))-2.1 dBi
(for antennas in Figures 2(b) & (c)). They show very good agreement
between computations and measurements, which also could be verified
for other frequencies within the antenna’s bandwidth.  Similar
parametric behavior is depicted by antennas for North American band
which are photographed in Figures 2(c) & 3(f).



272 Amin et al.

4. CONCLUSION

The development of extremely versatile eco-friendly antennas for a
high robustness level with respect to mechanical stresses and dielectric
environment is demonstrated. The low-ink consumption in the
proposed antennas provides a significant step towards the dream to
achieve affordable multipurpose “green” tags. Future development
is aimed to optimize the design to allow additional read ranges,
bandwidth increase and design flexibility.
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Abstract—Fully integrated printed RFID antennas show potential
solution for item level labeling applications. In order to accommodate
the antenna during the package printing process, it is vastly preferred
that antenna structures are printed on paper substrates. However,
the electromagnetic properties and thickness of paper substrates are
susceptible to change due to various environmental effects. Thus,
adequately consistent in performance and material insensitive printed
Quadrate Bowtie RFID antennas are proposed. This paper presents
an in-depth efficient optimization for high performance tag antenna
designs for operability in frequencies 866-868 MHz & 902-928 MHz. It
is demonstrated that the proposed antennas can tolerate a considerable
variation in the permittivity on thin paper substrates, and present
benchmarking results when n across metal and water containing
objects.

1. INTRODUCTION

As an ingredient of rapidly emerging technologies in automatic
identification and data capture (AIDC) industries, radio frequency
identification (RFID) has been increasingly used in many applications
such as supply chain management, inventory control, security
management, and logistics [1]. To meet the requirements for these
applications, RFID tags need to be attached on various objects [2, 3]
with different shapes and material properties. Therefore, an RFID tag
antenna attached on a target object plays a crucial role in determining
the overall performance of an RFID system. Presently much effort
is dedicated to the development of RFID antennas by implementing
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Table 1. Substrate parameters evaluated for proposed antennas.

Substrate Thickness Permittivity Loss Tangent
(um) (er)
Kodak Photopaper 280 3.2 (average) 0.077 (1 GHz@25°C)
HP Photopaper 280 3.2 (average)  0.04 (1 GHz@25°C)
Paper (p-e:smart) 250 3.2 (average) 0.077 (1 GHz@25°C)

Metal coated PET 50 3.3 0.003 (0.9 GHz@25°C)

various technologies [4—6]; however, the development area appears
deserted while encountering the issues interconnected to the field of
economic and eco-friendly tags comprising of paper substrate.

It often overlooked while mentioning the paper printed RFID
tags that use of paper defines the entirely new era of electrical
performance, which encounters from, new set of issues [7,8]. The
polymer-covered paper substrates have been used to demonstrate
electrochemical displays. While these paper coatings compromise the
low cost and recyclability, this might still be acceptable for relatively
high-value electronic applications that require relatively expensive
materials, several processing steps, and encapsulation [9]. Paper
substrates offer many advantages for printing RFID antennas, not only
is paper widely available and affordable, it is lightweight, biodegradable
and can be rolled or folded into 3D configurations [10, 11].

In this paper, novel quadrate bowtie passive RFID tag antennas
on paper/PET substrates are presented with the introduction of
impedance matching approach to improve the reliability against
environmental diversities as well as increase the maximum reading
distance. The quadrate bowtie antenna [12] profile modification and
T-matching network are used to match the antenna input impedance
to tag’s chip impedance, and the effects of metal and water on
the proposed antennas are also categorically investigated. The
European and North American UHF RFID bands are preferred and
all simulations are performed using ANSYS HFSST™. These antennas
are printed on different substrates (Table 1) using state-of-the-art
printing technologies (Dry Phase Patterning & Inkjet Printing). The
measurements are carried out in an anechoic chamber along with the
reader setup dedicated to antenna characterization for metal, and
water containing objects and proposed antennas are also compared
with that of a commercial RFID tag. The ruggedness, eco-friendliness,
flexibility and exceptionally long read range of these proposed antennas
make them an ideal choice for far-field cases, carton (containing water
& metal objects) and (wood or metal) pallet industrial applications.
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2. ANTENNA DIMENSIONS AND PARAMETRIC
OPTIMIZATION

The proposed quadrate bowtie antennas are optimized on a methodical
basis for minimizing the effects of environmental adversities on RFID
tags. The main purpose of enhancement is to maximize the feeding
power to the load and reduce the antenna area, while realizing the
highly efficient structures on paper substrate for eco-friendly tags.
Figure 1 shows the Thevenin equivalent circuit of the IC tag, from
which the consumption power at the load is evaluated assuming the
incident plane waves. In Figure 1, v, is received open voltage, Z, =
R, + jX, the input impedance of the tag antenna, Z. = R, + jX.
the impedance of the load, I the current flowing at the load. I and

the consumption power of the load P, are obtained from (1) & (2):
Vo
I=—— 1
7+ 7. (1)

P. = Re{Z.II*} (2)

It is worth mentioning here that throughout the text onwards
whenever input impedance of antenna is referred it will be meant that
the real part R, of the antenna input impedance Z, consists of the
radiation resistance and the antenna losses or loss resistance. Hence,
one of the optimization criteria is defined as (3),

> — max (3)

where S is the antenna size and Spax the maximum size, and k in
the first term is the weighting constant to offset the first and second
terms. If the effect of the second term in the objective function is
trivial, the impedance matching between Z, and Z. will stand for
the optimal antenna, that is, Z, of the optimized antenna will be the
complex conjugate of Z.. Note that the input voltage v, depends on the

max

er+ (1

Reader antenna
Greader

Continuous wave
Reader _>

Modulated Slgna[

Figure 1. Far-field RFID mechanism & equivalent circuit of an IC
tag.
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Figure 2. The geometry of RFID antenna for: (a) EU band, (b)
NA band; DPP of antenna on PET for: (¢) EU band, (d) NA band,
inkjet printed antenna on: (e) HP photopaper for EU band, (f) Kodak
photopaper for NA band.

antenna structure in this problem [11]. Thus, it requires a conjugate
matching technique such as series or parallel stubs. The matching
network of the tag has to ensure the maximum power delivered to the
chip. To achieve these design goals, a T-matched quadrate bowtie
antenna (half wavelength dipole antenna) with rounded corners, is
designed and fabricated. This design is used for the matching of the
passive antenna terminals to the NXP ucode g2xm (TSSOPS, e.g., the
target IC impedance at 915 MHz is 22-j191Q2). The prototype antenna
structures for UHF RFID European (EU) band and North American
(NA) is shown along with dimensions in Figures 2(a) & (b) respectively.
The T-match arms are liable for impedance matching of the antenna
terminals to that of the RFID chip through the fine tuning of the series
and shunt stubs.

2.1. Antenna Effective Aperture

A commonly disregarded issue about an (RFID) antenna is how
directivity and gain are correlated to its physical dimensions. Since
the field/current, on the antenna aperture is not uniform, the concept
of antenna effective aperture is established to serve this purpose. The
effective aperture A, is less than the physical aperture A, [13]. The
directivity D can also be articulated in expressions of the aperture size
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and aperture efficiency 7):

47 47

D = FAe = F'I’]apAp (4)

where A is the wavelength of the radio waves. By knowing the power

density S at the receiving antenna, we can approximate the received
power P,:

P =5A, (5)

Thus during optimization course of action, much effort is devoted to
improving the effective aperture to increase the gain while maintaining
the low profile of the proposed antennas showed in Figure 2.

2.2. Skin Depth Effect and Antenna Performance

The skin depth and ohmic losses of the printed conductive layer set the
boundary conditions for the manufacturing methods, and parameters
such as the amount of silver ink and the thickness of the printed layers.
Skin depth is one of the significant factors that lead to achieve a certain
thickness of the conductive layer/s. Due to the skin effect at high
frequencies, e.g., at UHF, the current density is crowded in the region
near the surface of a good conductor. More precisely the skin depth is
the depth below the surface of the conductor at which the amplitude
of the incident electric field decays to 0.37% of the amplitude at the
surface of the conductor. Mathematically, the skin depth ¢ in case of
a good conductor is, therefore [13], expressed as:

1
O~
(e (6)

where f is the frequency, u is the permeability and o is the conductivity
of the conductor material. Thus from above we can deduce three key
conclusions that surround the manufacturing process of the proposed
antennas:

(i) The higher the frequency, (in this particular case, 860-960 MHz),
the smaller the skin depth.

(ii) The higher the permeability (in case, it is not that high, which
needs attention while printing process), the smaller the skin depth.
However for a good conductor, the permittivity has little effect on
the skin depth.

(iii) The higher the conductivity (in case, the conductivity of the
printed structure is almost 5 times lower than that of bulk
silver due to several parametric constrains in manufacturing), the
smaller the skin depth.
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3. DPP AND INKJET PRINTING: CONDUCTIVE
FEATURES

The standard antenna structures for comparison and validation of the
concept are fabricated using Dry Phase Patterning (DPP). It is a
single step method for patterning metal or polymer layers on most
flexible substrates. The laminate of Aluminum (10 pm layer)/PET is
patterned for proposed antennas showed in Figures 2(c) & (d) in one
single step, unlike in a wet etching process that involves 6-8 steps to
achieve the same pattern. Acreo AB has reported patterning resolution
of as small as 200 um and speed up to 150 m/min, which made it a
better choice for cost effective RFID tags.

In addition to cutting down on waste and providing an all-in-
one substitute to cleanroom deposition technologies, inkjet printing
characteristics with regards to accuracy and form make it an
exceptionally pleasant contestant for RF circuits. The practicability
of inkjet printing for applications at UHF frequencies has been well
covered under [9]. The Cabot conductive ink (CCI-300) by Cabot
Corp., is used to print these proposed antennas, which contains 19—
21% weight of nano-silver particles of less than 20 nm diameter. The
large ratio of the area to volume of these nano-silver particles exhibit
the significantly lower melting point even less than 100°C. The inkjet
printing is carried out utilizing DMP2800 inkjet printer, as showed
in Figure 3(a) which is a table-top printer available from Dimatix
Inc. To realize substantial RF properties, the printing resolution of
1000 dpi (Dimatix 10 pL cartridge) —2540 dpi (Dimatix 1 pL cartridge)
is achieved by adjusting the print head and it is figured out that
using this technique a printing resolution of 1000dpi is suitable for
frequencies in the UHF range. Figure 3(b) shows the surface profile of
an RFID antenna printed using cartridges jetting out ink droplets. The
ink is then jetted at a temperature of 40°C, while the paper substrate
mentioned in Table 1 is maintained at 60°C. In all print setups, the
substrate is kept at a distance of 0.5mm from the print head. To
ensure reliable RF conductivity, three layers of ink are printed which
results in a thickness of around 3 um while using a heat gun to anneal
in between each re-printing cycle.

After printing, the deposited ink also needs to be annealed to
ensure adjacent silver nanoparticles in the jetted ink to coagulate with
neighbors, allowing for a smoother path for electron flow particularly
at high frequencies. Each printed structure is cured in a thermal
oven for two hours at 120° resulting into a consistent, measured DC
conductivity in the range 9 x 10% [S/m] —1.1 x 107 [S/m]. The
conductivity of the printed structure can also be further increased
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Figure 3. (a) Inkjet printing setup, (b) drop watcher view (top)
showing ink printed out of nozzles & images by Fiducial camera of
DMP-2800 for inspection of printed ink layer.

by using a higher print resolution setting on the printer. Antenna
traces with exceptionally meritorious conductivity and the pitches are
accurately fabricated using this inkjet printing process, and is shown
by the close-up of a printed trace in Figure 3(b).

4. RESULT ANALYSIS AND DISCUSSION

Passive RFID tags for European and North American UHF RFID
bands are manufactured with different substrates mentioned in Table 1,
are measured across the frequency band of interest using half mirror
method to investigate the reliability aspects of the proposed antennas
for commercial grade practices. Ten identical prototypes of proposed
structures are manufactured on an each paper substrate in order to
determine the worst case analysis ingredients. Thus, each curve in
Figure 4 represents the highest deviated values at a certain point
among identical samples.

Impedance measurements are taken using vector network analyzer
(MS2026B, Anritsu). The standard calibration procedure short-
open-load (SOL) is adopted for accuracy of results. In order to
verify the performance of the inkjet printed antennas of Figures 2(e)
& (f), measurements are also executed using standard antenna
prototypes fabricated on Aluminum coated PET substrate as showed
in Figures 2(c) & (d). These standard prototypes have the same
dimensions as that of proposed antennas and are fabricated using
DPP (Dry Phase Patterning) process at Acreo AB. The impedance
variation of antenna in Figure 2(a) is shown in Figures 4(a) & (b).
Whereas, input impedance plots of antenna in Figure 2(b) are shown
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Figure 4. EU band’s antenna input: (a) (radiation & loss) resistance
variation, (b) reactance variation; NA band’s antenna input: (c)
(radiation & loss) resistance variation, (d) reactance variation.

in Figures 4(c) & (d). The resistive parts of impedance as showed in
Figures 4(a) & (c) for EU and NA band antennas respectively, printed
on different photopapers demonstrate consistency to the DPP antennas
& simulated results throughout frequency band of interest which is
a primary concern for antennas stable behavior. However, slightly
greater drift is observed in the resistive part of the antennas printed
on paper (p_e:smart) from Felix Schoeller as compared to the others
but the difference remains within the acceptable range. Similarly,
fairly coherent trend of reactance curves is depicted in Figures 4(b)
& (d) for both proposed structures. The formation of round corners
is used to obtain wider impedance band. Round corners at the sharp
vertexes decreases the reflection of incident current near the edges and
changes the current distribution on radiation surfaces. Thus, flatter
impedance within the frequency band of interest with much stable real
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and imaginary parts is demonstrated in Figure 4.

Using the Friis equation, the read range which is one of the
most dominant tag performance characteristics can be estimated by
Equation (7) defining forward-link-limited range and Equation (8)
defining reverse-link-limited range. Read range is also susceptible
to the tag orientation, the object which the tag is placed on,
path loss, spatial and temporal fading statistics of the propagation
environment [14].

A PTXGreade'rG a,
Rfm"ward = (471') \/ 1o (7)

Pmin,tag

and defining the minimum signal power for demodulation at the reader
as Prin,rdr We obtain the reverse-link-limited range:

)\) i/PTX,T@adeTTngeaderG%ag
47

Rreverse = < (8)

Pmin,rdr

where the output power of the reader is Prx, the gain of the reader
antenna is Giegger, and the gain of the tag antenna is Gieg. A is
the wavelength in free space at the operating frequency, Ppnin is the
minimum power required to turn on the tag chip and T} is backscatter
transmission loss.

The read range from Equations (7) & (8) gives the maximum
distance at which RFID reader can interpret the tag in free space.
Thus, this statement of read range is invalid at near-field distances. In
the near-field region, the E and H-fields are not orthogonal so anything
within this region couples with the antenna and distort the pattern;
thus, the antenna gain is not a valid parameter here. Therefore,
the near-field performance testing is carried out inside the anechoic
chamber with Impinj’s UHF RFID reader kit. The far-field distance
is calculated by (2D?/)), and it is observed as an estimate because
the transition from near-field to far-field is not instantaneous. The D
(maximum dimension of the radiating structure) of the reader antenna
used is 0.3 m (1foot), thus in measurements which are taken at 915 MHz
(A = 0.33m) the far-field distance is estimated to be 0.56 m. The
proposed antennas exhibit superior readability within reactive near-
field region. It is observed that, in the near-field region the antenna
pattern is taking shape but is not fully formed, and the antenna gain
measurements vary with distance.

In most UHF RFID systems, the reading distance obtained by
Equations (7) & (8) extends well into the far-field region. When there
is an implementation of tag which can operate in the far-field also
involves near-field tag scanning. It can be expected that, in almost all
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cases, the tag gets more than sufficient power to operate when brought
closer to RFID reader antenna. Hence, the read range of most UHF
RFID tags is determined by the tag working in the far-field [15]. The
proposed antennas have surpassed read range from 6.5m (HP) — 7.0m
depending upon which substrate is utilized. Furthermore, the detailed
analysis of read range variation is presented in Tables 2 & 3.

The return loss results of antennas in Figures 4(a) & (b) is shown
in Figures 5(a) & (b) respectively. It is pragmatic that the return loss
of the inkjet printed antennas is slightly higher than the return loss of
standard PET substrate antennas. Overall, good agreement between
the standard PET-based, and the inkjet printed antennas is observed,
regardless of the higher metal loss of the silver based conductive ink.
The distortion is possibly due to the effect of metal ground fixture used
for half mirror method [16].

The most challenging in measurement steps, the radiation pattern
of antennas is measured in an anechoic chamber setup that replicate
absolute free space which is presented in Figure 6. The antenna
under test (AUT) is mounted over the positioner assembly in the

Table 2. Analysis of effect by metal on the proposed tag at 915 MHz.

Measured — o Input Radiation Trans. Directivity Gain Reading

Computed — * impedance efficiency coeff. (dBi)*  (dBi) % range, R
(€2)e (%) (dB)x (m)e
Free space  24.42 4 j194.92 83.64 —-1.07 1.85 1.97 6.50
d=1mm 4.31 + j152.13 1.02 —13.57 7.96 —10.37  0.31
d=5mm 5.76 + j173.06 6.61 —-9.97 8.26 —1.12 1.14
d=10mm  7.75 + j186.55  18.02 —3.53 8.29 0.58 3.22
d=15mm 10.17 + j193.10 30.67 —0.67 8.28 2.92 8.10

Table 3. Analysis of effect by water on the proposed tag at 915 MHz.

Measured — e Input Radiation Trans. Directivity Gain Reading

Computed — %  impedance  efficiency coeff. (dBi)x  (dBi)* range, R
(Q)e (%)« (dB)x (m)e
Free space  24.42 4 j194.92 83.64 —1.07 1.85 1.97 6.50
d=1mm 129.27 4 j330.00 8.77 —9.51 4.12 —7.51 0.61
d=5mm 23.61 + j201.20 6.29 —1.32 2.67 —10.05 1.15
d=10mm  13.77 4+ j189.04 20.26  —0.33 2.81 —3.02 3.23
d=15mm  12.20 + j189.90 27.64 —0.15 3.73 —1.13 4.37

d=20mm 10.21 + j190.82  38.31 —0.08 4.93 —0.12 5.26
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center of the chamber which is set to rotate the antenna in small
steps of 5 degrees to obtain a 360° radiation pattern. A continuous-
wave (CW) signal from the signal generator excites the AUT. The
receiver antenna is connected to the spectrum analyzer (Agilent HP
8562E) and a PC running the test automation software controls the
measurement setup. Soft soldering is avoided to fix the AUT to the
test fixture since it requires heating the filler metal above 250°C to
achieve proper soldering, but this temperature severely damages the
printed traces on paper substrates. Thus, antennas are attached to the
test terminal with CW2400 silver conductive epoxy, cured at 24°C for
4 hours to reach maximum conductivity and adhesion. The normalized
computed radiation pattern and the microwave chamber measurements
are plotted in Figure 7. The radiation patterns are nearly uniform
(omnidirectional) at 915 MHz. They show remarkably satisfactory
agreement between computations and measurements. The same
uniformity in antenna radiation pattern could be demonstrated for
other frequencies within the antenna’s bandwidth. Similar parametric
behavior is depicted by proposed antennas for EU band, which are
shown in Figures 2(a), (c) & (e).

5. ANALYSIS FOR INDUSTRIAL APPLICATIONS

5.1. Effects of Metal on Tag Antenna Performance

The metal effect is limited in the tag antenna which has its own ground
plane [17,18]. However, the antenna which does not have a ground
plane, such as quadrate bowtie, the radiation characteristics and input
impedance of the antenna, are distorted when the tag is placed on or
near a metal object. Whenever there is an encounter with metal objects
these variations certainly impact the tag performance [5]; however,
even if it is not possible to eliminate it completely [3]; it is made
possible in the proposed antennas to, strongly limit this phenomenon.

The comprehensive data on the metal effect on the proposed RFID
tag antenna placed close to a metal plate and reading distance at
915 MHz is summarized in Table 2. The antenna is positioned parallel
to and below a metal plate measuring 30 cm x 30 cm. The directivity,
radiation efficiency, gain, and input impedance, are examined for the
different distances from the metal plate. Considering the worst case,
i.e., when the antenna is placed extremely close to the metal plate
(d = 1mm), the directivity of the antenna enhances significantly to
around 8 dBi. However, the radiation efficiency plunges drastically to
1.02%, which results in remarkably low gain of —10.37 dBi at 915 MHz.
Particularly, the real part of the input impedance varies severely, as
well. This variation in impedance outcome in deprived impedance
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matching with the RFID tag chip (circuit showed in Figure 1), resulting
in a transmission loss of —13.57 dB at 915 MHz. The gain reduction and
poor impedance matching results in the reading distance reducing to
0.31 m. However, the proposed antenna still exhibited superior reading
distance when placed so closer to the metal object in coherence with
previously published results [3, 18].

The directivity of the antenna remains virtually unchanged, by
moving the antenna further away from the metal plate. In the
meantime, the radiation efficiency shows an escalating drift, which
domino result in increasing antenna gain. The real part of the input
impedance shows modest change, whereas the imaginary part inclined
to values close to those in free space. An increasing trend is observed
in the reading distance; when the tag is moved away from the metal
plate. When the tag is moved to d = 5mm, the reading distance
exhibits higher value than that of in free space because the metal
plate acts as a reflector which ultimately boosts the tag antenna gain.
In conclusion, although the metal object degrades the reading range
of the tag significantly when it is directly attached or is placed real
close to it, but the proposed antennas are even capable of reasonably
communicating under these critical testing conditions.

5.2. Effects of Water on Tag Antenna Performance

Table 3 shows the complete characteristic analysis of the proposed
antenna which is placed close to a water cuboid. The antenna is
placed parallel to and above a water cuboid which is measuring
30 cm x 8 cm x 8 cm; whereas, £, = 77.3 and 0 tan = 0.048 [19] of water
is adopted in this experimentation. The input impedance, radiation
efficiency, directivity, and gain are inspected at different distances away
from the water cuboid. When the proposed antenna is placed closer to
water at a distance of d = 1 mm, the directivity of the antenna amplifies
while the radiation efficiency reduces considerably, which domino effect
in a decrease, in the antenna gain.

In dissimilarity with the metal plate effect, it is pragmatic that the
water always causes a decrease in the gain regardless of the distance
between the water and the proposed antenna. When the antenna
is moved further away at a distance of d = 1520 mm, the antenna
gain achieves the value roughly equal to that in free space. The
input impedance displays a smoother variant with the exception of
the situation once the antenna is extremely close to the water, i.e.;
d = 1mm. If the tag antenna is placed extremely close to water
(that means almost touching the cuboid), the reading distance reduces
considerably to 0.61m but not that much as observed in the case of
metal plate. When the tag is moved further away, the effect of the
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water is declined; resulting in read range enhancement. Therefore,
exhibiting the graceful degradation in functionality for suitability in
high performance industrial applications. The proposed antennas
exhibit improved performance and are in accordance with commercially
available RFID tags and previously published results [20].

Furthermore, the metallic plate and water do not degrade the
bandwidth of the proposed antennas to such an extent that they
become unreadable until the tag is placed closer than d = 1mm.
The bandwidth degradation behavior is constant, in case the tag is
brought nearer to the water containing objects, but in case of metallic
plate, the bandwidth degradation is more serious particularly within
d = dmm. The proposed antennas are designed with reasonably
wideband in order to demonstrate readable bandwidth at the expense
of read range (bandwidth vs. read range trade-off) which limits their
usage to narrow bandwidth operations, i.e., either for EU band or
NA band. The stabilization of bandwidth can further be achieved by
reducing the effect of matching network, but that will induce instability
against dielectric variation of paper substrate, so it is trade-off always
among optimum values depending upon the applications.

6. CONCLUSION

The novel quadrate bowtie antennas for UHF RFID industrial
applications have been proposed and fabricated on paper and PET
substrates, using inkjet printing and DPP technology respectively.
In addition to categorical optimization of antenna profile, a T-
matching network is introduced to develop a novel compact, RFID
tag, featuring outstanding overall performance. The antennas exhibit
exceptional operational characteristics when stumble upon metal and
water containing objects. The use of the inkjet printing process in the
development of these proficient RFID antennas on different types of
paper has also been demonstrated, verifying that paper-based inkjet
printing topologies offer a remarkably low-cost, “green” solution to
system-level packaging for UHF, wireless, and microwave applications.
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Abstract—In this paper, novel Bowtie antennas which cover complete
UHF RFID band (860-960 MHz), fabricated on various ultra-low-cost
substrates using state-of-the-art printing technologies are investigated
as an approach that aims to accommodate the antenna during the
package printing process whilst faster production on commercially
available paper. The proposed antenna structures are evaluated in
reference to circuit and field concepts, to exhibit extreme degree of
functional versatility. These antennas are developed to cater the
variations which appear in electromagnetic properties and thickness
of paper substrate due to various environmental effects. Computed
(simulated) and well-agreed measurement results confirm a superior
performance of the tag modules while stepping towards next generation
of “green” tags.

1. INTRODUCTION

In recent years, the recognition of radio frequency identification
(RFID) technology has greater than before and comprehensively
integrated into modern society applications, ranging from remote
monitoring sensing to more demanding operational conditions in
logistics, healthcare and access control [1-4]. Ultra-High frequency
(UHF) RF identification (RFID) systems employing modulated
backscatter communication links, such as those based on the
widely deployed ISO18000-6¢ or EPC Global Class 1 Generation 2
specification [5], have traditionally been analyzed using techniques
first developed to analyze radar systems. Compared to conventional
identification method or barcodes, RFID technology offers several
advantages, such as the ability for simultaneously reading a number
of tags, higher reading range, and faster data transfer [6].
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Passive RFID tags do not have any internal source of energy,
such as a battery, to support the functioning. Passive tags get all
the energy needed for functioning from the electromagnetic radiation
emitted by the reader. Communication between the reader and the
tag is based on backscattering principle in which reader transmits
energy to activate the tag, and then the tag responds by backscattering
its identification information to the reader. In general, an RFID
tag consists of an antenna and an application-specific integrated
circuit chip (strap or RFIC). For low-cost and reliable production
of RFID tags, the fabrication methods and materials for antennas
are considered to be challenges [7-9]. Moreover, the research area
appears deserted while addressing the new rising issues interrelated
to the field of economic and eco-friendly tags comprising of paper
substrate [10,11]. Paper substrates offer numerous advantages for
manufacturing RFID tags, not only is paper extensively available, and
inexpensive it is lightweight, recyclable and can be rolled or folded into
3D configurations [12, 13].

This paper presents a thorough analysis of novel rounded-corner
bowtie passive RFID tag antennas, which are fabricated on various
ultra-low-cost substrates (characterized & evaluated for the proposed
antenna in Table 1 in combination with the state-of-the-art printing
technologies (Screen Printing, Rotary Printing (Flexo), Inkjet printing
& (Dry Phase Patterning) mentioned in Table 2. The implementation
of T-match arms for matching of the antenna to the integrated circuit
(IC) is introduced that improves the reliability against environmental
diversities as well as increase the maximum reading distance. The
design and simulations are performed using ANSYS HFSS™ whereas;
the measurements are carried out in an anechoic chamber along
with the reader setup dedicated to antenna characterization. The
proposed antenna operates from 860-960 MHz, thus expands to the

Table 1. Characterized/evaluated substrate parameters.

Thickness (pm)/

Substrate o Applications
Permittivity (e,)/Loss Tangent

Kodak U-P Photopaper 250/3.3 (avg.)/0.077 (1 GHz@25°) Packaging

HP Adv. Photopaper  250/3.3 (avg.)/0.04 (1 GHz@25°) Packaging

Paper (p-e:smart) 250/3.2 (avg.)/0.077 (1 GHz@25°) Packaging

Paper (Korsnés) 375/3.3 (avg.)/0.077 (1 GHz@25°) Packaging
Teonex Q51 25/2.9/0.005 (1 GHz@25°) Harsh environment
Kapton HN 125/3.5/0.0026 (1kHz@25°) Harsh environment

Metal coated PET 50/3.3/0.003 (0.9 GHz@25°) Fully wrapable
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Table 2. Printing technology/ink/substrate/speed combinations.

Inkjet Printing Rotary Printing Screen Printing DPP
Cabot Ink Asahi Asahi Al Coated
CCI-300 Paste (LS-411AW) Paste (LS-411AW)

Kodak Photopaper Kapton HN Kapton HN PET

HP Photopaper Teonex Q51 (2 & 4m/min) Paper (Korsnés)

Paper (p_e:smart) Paper (Korsnés)

'|

RFID reader

— — — — li((!(

:_y L= 4mm L= 90mm >‘ (3.)
i L;=3.5mm ~
W= 45mm { ] Rounded Corner
Uncurl Corner I he 1Smm
- (b)
C Terminal§” 3 4~ L,=3mm

Figure 1. (a) Far-field RFID mechanism & equivalent circuit of an
IC tag, (b) T-match folded rounded-corner bowtie RFID tag module
configuration.

global usage of this tag. The robustness, eco-friendliness, flexibility
and outstandingly read range of the proposed antennas make them an
absolute choice for far-field industrial applications (a few mentioned in
Table 1).

2. ANTENNA DIMENSIONS AND PARAMETRIC
OPTIMIZATION

The main purpose of optimization is to maximize the feeding power to
the load to achieve the maximum possible read range while preserving
the multifaceted nature of the proposed antenna. The NXP ucode
g2xm (SOT1040AB2 (Al strap), e.g., the target IC impedance at
915 MHz is 13.3 — j122 Q) is selected. Figure 1(a) shows the Thevenin
equivalent circuit of the IC tag, from which we can calculate the
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Figure 2. An outline of key antenna development parameters.

key design criteria. Antenna input impedance Z, is expressed as the
impedance offered by an antenna at its terminals or the ratio of the
voltage to current at its terminals. Mathematically, it is calculated as:

(% .
ZaZTO:Ra+]Xa (1)

where v, is the input voltage and I the current at the antenna input.
The input impedance is a complex number, and the real part further
consists of two components. So, it is worth mentioning here that
throughout the text onwards whenever input impedance of antenna
is referred it will be meant that the real part R, of the antenna input
impedance Z, consists of the radiation resistance and the antenna
losses or loss resistance.

The proposed antenna structure is shown in Figure 1(b) along with
dimensions and IC terminals placed in the center of the T-match arms.
The T-match arms are also responsible for the matching of the antenna
impedance to that of the IC through the fine tuning of the length Ly,
height h, and width W5. In the proposed tag, antenna is directly
connected to a source (IC or strap) of impedance Z. = R, + j X, for
a matched load the following condition should be met:

Ze=27;=Rs—jXa (2)

Thus, the impedance matching between Z, and Z. will stand
for the optimal antenna. This ultimate goal defines the essence of
antenna design in order to control the current distribution, which
in turn determines the radiation pattern and input impedance.
Therefore, to assess development process thoroughly all relevant
parameters of antenna are analysed here, which are categorized from
the manufacturing, circuit and field point of views as summarized in
Figure 2.

2.1. Antenna Effective Aperture and Aperture Efficiency

In the proposed antenna, conscientious effort has been carried out to
optimize antenna dimensions. Since the field/current, on the antenna
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aperture is not uniform, the concept of antenna effective aperture is
established. In achieving high performance while keeping the minimum
antenna size, an established concept that the effective aperture A, is
less than the physical aperture A, is accomplished [14]. Thus, the
aperture efficiency is mathematically expressed as the ratio of these
two terms. For a good antenna structure, this parameter should be
in the range of 50-80%. The effective aperture is proportional to the
directivity of the antenna, and the directivity can also be expressed in
terms of the aperture size and aperture efficiency:

47 47

22 Ae = ﬁnapAp (3)

By knowing the power density S at the receiving antenna, we can
estimate the received power by using the following equation:
P.=5A, (4)

This optimization parameter enriched the key design criteria to save
every drop of the manufacturing ink and material in order to make
low-cost as well as environmental friendly tags.

D=

2.2. Skin Depth Effect and Antenna Performance

The skin depth and ohmic losses of the printed conductive layer set
the boundary conditions for the printing technologies, and parameters
such as the amount of silver ink depending upon its conductivity and
the thickness of the printed layers. Mathematically, the skin depth is,
therefore, expressed as:

1
FieldConcept ——-)G =~ > = Circu’itConcept ___)(]: J06—2/5) (5)
V 7 fuo

and from circuit concept it is defined as the depth below the surface
of the conductor at which the current density decays to 1/e (about
37%) of the current density at the surface [14]. Equation (5) leads to
the manufacturing parameters of the proposed antenna mentioned in
Figure 2. In a good conductor, skin depth varies as the inverse square
root of the conductivity. Thus, better conductors have a reduced skin
depth, and this factor plays a key role in investigating optimal printing
techniques for fabrication.

3. MANUFACTURING PARAMETRIC ANALYSIS

The manufacturing processes are analyzed primarily with a focus on
low cost solutions available for industrial applications at present. In
general, the comparison of the exact cost for each printing process



6 Amin et al.

depend upon the number of factors which make such analysis out of
scope of this article. However, relative comparison of cost per tag is
carried out while implementing each technology and on the basis of
this study each fabrication technology is given the scale value from (1)
to (4), where (4) corresponds to the cheapest solution.

3.1. Screen Printing — (2)

One of the recent areas, where screen has made itself welcome is
in the printing of RFID antennas. The technological advancements
have made it possible to print antennas through the process of screen
printing, by using conventional substrates or materials.

The proposed antennas are screen printed with the semiautomatic
screen printer (Figure 3(a)) in VI'T (Technical Research Centre of
Finland) on Kapton HN and Korsnés paper, as showed in Figures 3(b)
& (c), respectively. The 25um thick layer is printed using Asahi
paste in order to exploit its outstanding mechanical performance [15],
while remarkably stable ink distribution all over the printed patterns
is achieved. Robust proposed RFID tag antennas are achieved by this
process, which can maintain their performance even being bent several
times, this is demonstrated with detail in [16]. The characterization
and measurements of the printed traces are carried out using Veeco
profilometer, which are presented in Figures 3(d)—(f). The samples are
post-annealed for 2 hours at 140°C to achieve improved conductivity.

3.2. Rotary Printing — (4)

Rotary printing, is a finer resolution printing (flexo) technology, it
is rapidly gaining importance by RFID antenna printing providers
as a manufacturing choice that offers higher throughput than screen
printing.

The rotary screen printing of antennas is studied here using VI'T’s
ROKO pilot line showed in Figure 4(a). PEN, polyimide and paper
substrates are used with two silver PTF — (Polymer Thick Film) inks
and one silver nanoparticle ink. Additionally, the printing screen mesh
size is varied in these test runs to study its effects on, e.g., layer
thickness. A hot air drying oven having length of 4m is used. The
performance of rotary printed antennas showed in Figures 4(b)—(d)
depend on several parameters. The line thickness is typically 10-15 um,
and sheet resistance 50 m€)/square, which can be further decreased to
30 mf2/square by additional oven drying. The best print quality is
obtained using a printing speed of 2m/min.
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printed layer: (d) roughness, (e) surface topography, (f) thickness.

3.3. Dry Phase Patterning — (3)

The Proposed antennas are also developed using Dry Phase Patterning
(DPP) for comparison and validation of the concept (in Acreo AB,
Sweden), a method for patterning metal layers on flexible substrates.
The laminate of Aluminum/PET is patterned for proposed antennas
showed in Figure 5(c). Process speed up to 150 m/min and line pitch
down to 250 um has been demonstrated, which made DPP a better

choice for cost effective RFID tags.
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Figure 4. (a) Rotary printing setup; Rotary printed antenna on:
(b) Kapton HN, (c¢) Q51, (d) Korsnés paper.

PET (transparent)

(b) (©

Figure 5. (a) DPP setup at Acreo, (b) antenna patterning,
(¢) aluminum patterned antenna on PET.

Laboratory production line showed in Figures 5(a) & (b) is used
for the test trials. One of the main benefits of employing DPP method
for the fabrication of proposed antennas is the reduced load on the
environment which embraces the concept of “green” tags. This is
mainly because of reduced energy consumption; no washing, brushing
or drying is required. Since, no chemicals are used, the residual product
is in a dry and easily recyclable form.

3.4. Inkjet Printing — (1)

Inkjet printing is a direct-write mechanism by which the desired
design outline is transferred directly to the (flexible) substrate. This
technology requires no masks compared with the conventional etching
technique, which has been commonly used in industry. During inkjet
printing, the single ink droplet is jetted from the nozzle to the desired
position, therefore, creating no waste, ensuing in an economical and
eco-friendly production choice.



Progress In Electromagnetics Research, Vol. 130, 2012 9

The inkjet printing setup used in the present research is showed
in Figure 6(a) and is based on a Fujifilm Dimatix DMP2800 printer.
It uses one user fillable piezo-based inkjet print cartridge with 16
nozzles in a single row and 254 um nozzle spacing, to eject 1pl or
10pl drops (depending upon the choice of cartridge). The printed
structures on Kodak photopaper and (p_e:smart) from Felix Schoeller
are showed in Figures 6(b) & (c), respectively. These are printed
using 10 pL cartridge (DMC-11610) filled with Cabot conductive Ink
(CCI-300 from Cabot Corp.), having viscosity of 11-15cp, with silver
solid loading of 19-21 wt% and density of 1.23-1.24 g/ml is jetted with
printing resolution of 1270dpi. The printing was carried out in a
standard laboratory environment to determine the extent to which
useable devices could be fabricated on a commercial scale printing
method.

After the silver nanoparticle droplets are deposited to the
substrate, the sintering process is carried out for 2hr at 150°C
for sufficiently curing, to remove the excess solvent and material
impurities from the depositions. The characterization of the printed
structures is carried out under ULTRA-55 Field Emission Scanning
Electron Microscope from Carl Zeiss NTS showed in Figures 6(d)
& (e). Figures 6(f) & (g) show the SEMs for elaborating the

Cartridge g

Printhead"
Base Printed Paper

vei / © )
(a) Mechanical Arm Plate Conductive ink Substrate ‘?/{ II

©® o ® © @

Figure 6. (a) Inkjet printing setup; Inkjet printed antenna on:
(b) Kodak photopaper, (c) Felix Schoeller paper; (d) SEM sample
holder, (e) ULTRA-55 FESEM Carl Zeiss setup; SEM images of three
layers of printed silver nanoparticle ink, after curing 2 hr at: (f) 100°C,
(g) 150°C.
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difference between the heating temperature after a 2hr curing at
100°C and 150°C respectively. At high temperature, an almost solid
metal conductor is formed so providing a percolation channel for the
conduction of electrons throughout the material without obstruction.
The sintering process also presents the derived benefit of increasing the
bonding of the deposition with the paper substrate.

4. FIELD & CIRCUIT CONCEPTS PARAMETRIC
ANALYSIS

During the printing process of the proposed antennas, attention is
given to fabricate five identical structures with the same combination of
printing material, ambient conditions & technology. These prototypes
are then measured across the UHF frequency band using half mirror
method. Half mirror method is adapted instead of balun usage to
eliminate the possibility of error [17]. Furthermore, maximum deviated
data value at a frequency among five prototypes is reported here, which
provides an in-depth view for the worst case analysis. Moreover, this
technique provides the thorough investigation of reliability parameters
for each printing technology.

Figures 7(a) & (b) show the impedance plots. Impedance
measurements are taken using vector network analyzer (MS2026B,
Anritsu). The standard calibration method short-open-load (SOL)
is used. As showed in Figure 7(a), the computed resistance for the
antenna in the UHF RFID frequency range maintains a value close
to 14 between the two successive peaks. There is extremely small
variation observed among the curves for different antennas, and it
can be well illustrated from the Figure 7(a), that all the prototype
antennas have maintained the resistance around 14€) in a linear
fashion with frequency. The reactance part of the impedance, as
showed in Figure 7(b), follows a positive value with a linear variation
with frequency, pertaining to an inductance that conjugately matches
or, equivalently, cancels the effect of the 1.42pF input capacitance
(parallel) of the IC. It is observed that a relatively constant concurrence
is found between the computed and measured results.

The RFID IC/strap is attached to the IC terminals on printed
structures with CW2400 silver conductive epoxy, cured at 24°C for 4
hours or 70°C for 10 minutes to achieve maximum conductivity and
adhesion. The reading range of the proposed antenna is measured in
response to Impinj’s UHF RFID kit and reader antennas in an anechoic
chamber, to validate the feasibility for commercial RFID system. The
computations are carried out in accordance with the following Friis
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Figure 7. Antenna input: (a) resistance variation, (b) reactance
variation.

equation:

R 4 PtG?angeadeTPQ i 1 (6)
e Psystem 4m

where the output power of the reader is P, p the polarization efficiency,
Gag the realized gain of the tag antenna (including the mismatch
between the tag antenna and the tag chip), Gieqder the gain of the
reader antenna, A the wavelength in free space at the operating
frequency, and Pjystem the sensitivity of the reader system in detecting
the backscattered signal from the tag. It is observed that the read
range can be influenced by the reader antenna in use. The measured
and computed results are in close agreement, and the maximum read
range achieved is 9 meters. The complete comparison of read range
of different printed antennas is analysed in Figure 8(a), which exhibits
the improved performance than previously published results [6, 18].

However, the read range is also susceptible to the tag orientation,
the object which the tag is attached to, path loss, spatial and temporal
fading statistics of the propagation environment [19]. In most UHF
RFID systems, the reading distance obtained by Equation (6) extends
well into the far-field region. When there is realization of tag which
can operate in the far-field also involves near-field tag scanning. It can
be projected that, in almost all cases, the tag gets more than sufficient
power to operate when brought closer to RFID reader antenna. Hence,
the read range of most UHF RFID tags is determined by the tag
operational in the far-field [20].

The return loss of the antenna structure is calculated based on
the power reflection coefficient. The computed return loss is showed
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along with measured values of the rotary, screen, DPP & inkjet printed
antennas in Figure 8(b). On the whole, a good agreement among the
computed, and the manufactured antennas is pragmatic despite the
higher metal loss of the silver-based conductive ink. Moreover, it is
deduced from Figures 8(a) & (b) that the proposed antenna design can
gracefully cater the variations in the properties of different substrates
mentioned in Table 1. The characteristics of the bowtie profile of the
half-wavelength dipole antenna body allows for a broadband operation.
The bandwidth of the proposed antenna is 197 MHz, corresponding to
23% around the center frequency 855 MHz; so it covers the worldwide
UHF RFID bands and can cater greater degree of environmental
disparities. Furthermore, each calculation at a frequency is carried
out by considering the variation of the IC reactance, which varies
from 130-116€2 from 850-960 MHz, respectively. In general, it is
sufficient by conjugately matching the antenna input impedance to
those provided in the IC specifications by the manufacturer around
the center frequency.

The radiation pattern is measured inside an anechoic chamber
setup that replicates absolute free space, which is presented in
Figure 9(a). The antenna under test (AUT) is mounted over the
positioner assembly in the center of the chamber which is set to
rotate the antenna in small steps of 5 degrees to obtain a 360°
radiation pattern. A continuous-wave (CW) signal from the signal
generator excites the AUT. The receiver antenna is connected to the
spectrum analyzer (Agilent HP 8562E) and a PC running the test
automation software controls the measurement setup. The normalized
computed radiation pattern and the microwave chamber measurements
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Figure 8. (a) Measured read range, (b) measured and computed
return loss.
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Figure 9. (a) The anechoic chamber setup, (b) measured & computed
2D far-field radiation plots.

are plotted in Figure 9(b). The radiation patterns are nearly uniform
(omnidirectional) at 915 MHz with directivity around 2.1 dBi and show
extreme agreement between computations and measurements, which
can also be verified for other frequencies within the antenna bandwidth
and are in coherence with previously published results [3, 6]. However,
some distortion in the measurements is possibly due to the metal-plate
structure [21], used for half mirror method which can be reduced by
metal-plate fixture with curved edges [19].

5. CONCLUSION

In this paper, we introduced an innovative tag antenna capable of
significantly increasing RFID reading range while being used on several
substrates with different printing technologies. The proposed antenna
has optimized effective aperture consisting of curled and uncurled
corners along with T-matching network. The measured impedance
bandwidth wholly covers the UHF RFID band and is capable of
exhibiting long reading range of up to 9m from 860-960 MHz, which
is measured with a commercial RFID system. Numerous design
parameters are optimized using successive iterations to obtain a
single design which can be manufactured by various combinations of
fabrication technology, ink and substrate that are potential candidates
for “green” electronics solutions.
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Abstract: This paper presents a novel inkjet printed rounded corner bowtie antenna with T-matching
stubs on paper substrate which is the cheapest and widest available substrate. The antenna exhibits
compact size with outstanding read range and complete coverage of UHF RFID band (860-960 MHz).
The results show extreme immunity of proposed antenna against paper dielectric constant variation.
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1. Introduction

UHF systems generally use far-field coupling, when the antennas of the reader and tag operate in a
more conventional way: the forward and reverse link limited read range can be obtained by using Friis
equation as [1].UHF far-field systems typically have greater range than LF and HF systems. Thus they
are often used in systems where higher than normal levels of performance are required.
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where A is the wavelength, Prx is the reader transmitted power, Greader 1S the gain of the reader antenna,
Guag the gain of the tag antenna, Ppjn tag 1S the minimum threshold power required to turn on the tag chip
and Ty, is the backscatter transmission loss respectively. From equation (1) & (2) it is deduced that the
changeable parameter is only the gain of the tag antenna when the reader measurements and tag IC are
fixed.

Systems with carrier frequencies above 100 MHz generally operate by transferring power in the far
field. The most commonly used frequency bands are in the region of 900 MHz, although the ISM band
centered at 2.45 GHz is also used ( this band is sometimes termed microwave rather than UHF) [2].

The emerging trend towards low cost, flexible and high performance electronics for automated
identification of objects is leading to complex integration techniques. Three major challenges exist in
today’s RFID technologies. One is the design of small-size tag antennas with very high efficiency and
effective impedance matching for IC chips with typically high capacitive reactance. In RFID system it
is essential to optimize the antenna for power performance, especially for passive or semi-active
configurations, where the only energy source is the incoming reader energy. Another major challenge
is the existence of various different UHF frequency bands ranging from 860 to 960 MHz for Europe
(866-868 MHz), Asia (864-954 MHz) and US (902-928 MHz). The universal operation of the RFID
necessitates the use of wideband antennas covering all three bands. The third obstacle is the realization
of ultra-low-cost RFID tags, with a cost requirement for individual tags below one cent [3]. This is
only possible by using ultra low cost substrate and small sized antenna structures so that less amount
of ink is used for their inkjet printing.

Antenna as shown in Fig. 1 is Inkjet printed on paper substrate of 270 pm thickness using printer from
Fujifilm Dimatix, Inc. [4]. In this inkjet process the thickness of printed structures is less than 1-2 pm
and significant higher thickness cannot be possible even by printing multiple layers. The fine sized
inkjet nozzle cannot work with micrometer sized particle inks used in flexographic and screen printing
processes so nano particle based inks from Sun Chemicals and Cabot are used in this printing process,
conductivity of the ink-resultant film 12.5x10° S/m and 4-25x10° S/m respectively, which are lower
than that of bulk silver conductivity.

Fig. 1. UHF RFID tag antenna with T-matching stubs.
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2. Tag Design Challenges

A key consideration for RFID is the frequency of operation. RFID systems use different bands for
communication, the choice of frequency affects several characteristics of any RFID system, the
frequency band of interest for presented tag is 860-960 MHz and the choice criteria along with design
challenges is discussed below [5].

2.1. Read Range

In the lower frequency bands, the read ranges of passive tags are no more than a couple feet, due to
primarily poor antenna gain. (At low frequencies, electromagnetic wavelengths are very high, on the
order of several miles sometimes, and much longer than the dimensions of the antennas integrated into
RFID tags. Antenna gain is directly proportional to antenna size relative to wavelength. Hence,
antenna gain at these frequencies is very low.) At higher frequencies, the read range typically
increases. However, because the high frequency bands pose some health concerns to humans, most
regulating bodies, such as the FCC, have posed power limits on UHF and microwave systems and this
has reduced the read range of these high frequency systems to 10 to 30 feet on average in the case of
passive tag which is realized in this project while maintaining the minimum size.

—_— =0

=907

I 4.9 cm I

Fig. 2. Printed UHF RFID tag antenna with measurements. Fig. 3. 2D Radiation pattern.

2.2. Liquids and Metals

The performance of RFID systems will be adversely affected by water or wet surfaces. Signals in the
high frequency bands are more likely to be absorbed in liquid. Metal is an electromagnetic reflector
and radio signals cannot penetrate it. As a result, metal will not only obstruct communication if placed
between a tag and an interrogator, but just the near presence of metal can have adverse affects on the
operation of a system; when metal is placed near any antenna the characteristics of that antenna are
changed and a deleterious effect called de-tuning can occur. The high frequency bands are affected by
metal more so than the lower frequency bands. In order to tag objects made of metal, liquid bearing
containers, or materials with high dielectric permittivity, special precautions have to be taken, which
ultimately drives up costs. In the presented work the requirement is low cost with integrated
capabilities to with stand against these adverse effects to some extent.
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2.3. Data Rate

RFID systems operating in the LF band have relatively low data rates, on the order of Kbits/s. Data
rates increase with frequency of operation, reaching the Mbit/s range at microwave frequencies [5].
RFID tags in UHF band see the widest use due to their higher data transfer rate (currently 640 kbps for
Gen 2 RFID Standard).

2.4. Antenna Size and Type

Due to the long wavelengths of low frequency radio signals, the antennas of LF and HF systems have
to be made much larger than UHF and microwave antennas in order to achieve comparable signal gain.
This conflicts with the goal of making RFID tags small and cheap. Frequency of operation also
dictates the type of antenna used in an RF system. At LF and HF, inductive coupling and inductive
antennas are used, which are usually loop-type antennas. At UHF and microwave frequencies,
capacitive coupling is used and the antennas are of the dipole type which leads to the selection of
proposed rounded corner bowtie antenna (shown in Fig. 2) in our design.

2.5. Size and Price of Tags

Early RFID systems used primarily the LF band, due to the fact that LF tags are the easiest to
manufacture. They have many drawbacks, however, such as a large size, as mentioned previously,
which translates into a higher price at volume. The HF band is currently the most prevalent worldwide,
because HF tags are typically less expensive to produce than LF tags. The UHF band represents the
present state of the art. Recent advances in chip technology have brought prices for UHF tags down.
The largest barrier to RFID growth is tag cost. Production costs for RFID tags can be broken down as
follows

e Silicon die production (1/3)

¢ Die placement on printed circuit board (1/3)

o Antenna/adhesive packaging (1/3)

This indicates antenna cost plays vital role in production expenses. More complex RFID tags can cost
tens of dollars. By the selection of cheapest substrate and printing area reduction by implementing
innovative techniques in antenna design, low cost tag is realized here.

2.6. Reliability

RFID tag must be a reliable device that can sustain variations due to temperature, humidity, stress, and
survive such processes as label insertion, printing and lamination.

3. Design Process

RFID tag antenna performance strongly depends on the frequency dependent complex impedance
presented by the chip. Tag read range must be closely monitored in the design process in order to
satisfy design requirements. Since antenna size and frequency of operation impose limitations on
maximum attainable gain and bandwidth compromises have to be made to obtain optimum tag
performance to satisfy design requirements [6].
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RFID tag antenna design process is illustrated on a flow chart shown in Fig. 4. At first the RFID
application is selected then system requirements can be translated into tag/antenna design criteria.
After these requirements selection of ink for inkjet printing is carried out. The impedance value across
the frequency band of interest (860 - 960 MHz) of the selected ASIC (NXP UCODE G2XM) in a
chosen RF package (flip chip) to which antenna will be matched can be measured with a network
analyzer and verified with datasheet provided by the manufacturer. Antenna parametric study and
optimization is performed until design requirements are met in simulation. Like most antennas, RFID
tag antennas (derivatives of dipole antenna) tend to be too complicated for analytical solution as they
can be used in complex environment. Tag antennas are usually analyzed with electromagnetic
modeling and simulation tools, typically with method of moments (MoM) for planar designs (e.g. thin
flexible tags) and with finite-element method (FEM) or finite-difference time-domain method (FDTD)
for more complicated three-dimensional designs (e.g. thick metal mounted tags). Fast EM analysis
tools are crucial for efficient tag design, state of the art CAD tool Ansoft® HFSS is used in this design.

‘ Selection of RFID application and substrate ‘

| Taglantenna design criteria and ASIC selection |

\ Selection of ink for antenna Inkjet printing \

\ Determine/Verify RF Impedance of packaged ASIC \

‘ Make out the type of antenna and its parameters ‘

—>{ Perform parametric study and optimization ‘

Inkjet printing of prototype antennas ‘

Check for print errors

\ Build and measure prototype tags \

v
Design criteria satisfied Design ready

Fig. 4. Inkjet printed RFID tag antenna design process.

In a typical design process, modeling and simulation tools can be benchmarked against measurements.
Read range calculation can be implemented directly in EM software by the aid of equations. Tag
antenna is first modeled, simulated, and optimized on a computer by monitoring the tag range, antenna
gain, return loss and impedance which give to a designer a better understanding of the antenna
behavior. In the final two step of the design process, prototype antennas are first Inkjet printed and
checked for printing errors and after passing this stage prototype tags are built and their performance is
measured extensively. If design requirements are satisfied, the antenna design is ready. If not, the
design is further modified and optimized until requirements are met [6].

3. Results and Analysis
The matching with ASIC is achieved by T-matching using stubs as shown in Fig. 2. Good antennas

maintain -15 to -20 dB return loss across the entire band of interest [7]. The return loss variation due to
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change in paper dielectric constant of proposed antenna is shown in Fig. 5 which shows good
agreement with already published results. As required in RFID applications the proposed antenna
exhibits a uniform quasi-omnidirectional radiation pattern as shown in Fig. 3 which is mostly the
requirement in most of RFID applications. The radiation pattern is in good agreement with the
literature [8, 9, 10]. The designed antenna structure is well resistant to variation in paper dielectric
constant. Fig. 6 shows the stability of the antenna realized gain against variations, which validates an
absolute surpassing performance of this proposed structure cross over the band of interest.

The tag antenna gain is an important parameter for the reading distance. The range is largest in the
direction of maximum gain which is fundamentally limited by the size, radiation patterns of the
antenna, and the frequency of operation. For a small dipole-like omnidirectional antenna, the gain is
about 0-2 dBi [11]. The proposed antenna has demonstrated high gain across the complete UHF RFID
band even under critical constrains of size reduction and paper dielectric variations which is in close
relation with published results [8, 10]. Fig. 7 shows the simulated impedance variation plots of the
antenna, indicating good matching conditions across the frequency band of interest regardless of the
variation in paper dielectric constant.

Return Loss (dB)

Frequency (MHz)

Fig. 5. Return Loss variation (Cabot Ink).

Both lossy and metallic objects may considerably degrade the performance of far-field tag antennas.
These objects primarily lower the radiation efficiency of the antenna, and also distort the impedance
matching when the tag is placed very close to the objects. In the presented design this effect is also
minimized as much possible to a certain extent. The other way is to adopt antennas which have their
own ground plane. However, such antennas are usually bulky in size and their multilayer structures are
not cost-effective for mass production [11]. The proposed antenna is quite compact in size as well and
it occupies only 10 cm x 5 cm. This size is smaller than previously published results [9].

Note that for worldwide operation in the region of 900 MHz, a wide frequency range — approximately
860 to 960 MHz —is required. This means that the antenna must be relatively wideband, with a
fractional bandwidth of approximately 11 %. Because of this, the antenna Q is limited, leading to a
limited voltage at the tag IC. Importantly, this indicates that there is a trade-off between bandwidth of
operation and range [2].
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5. Conclusions

The development of low cost directly printable RFID tag antennas is essential in order to enable item
level RFID tracking. The proposed antenna readable across the world due to its coverage of complete
UHF RFID band (860-960 MHz) and has significant prospective to be used in small, extremely cheap
solutions where read range and/or high data transfer rate is essential. In this paper we have presented
extremely versatile antenna with outstanding reading distance of 3.8 meter. We discussed design
criteria, challenges outlined generic design process with focus on Inkjet printing and analyzed the
results due to variation in paper dielectric constant. The antenna has a wider bandwidth for catering the
fabrication disparity. The versatility of this design of the RFID tag is most useful for applications
where durability in read range is required, even in the presence of environment which can change the
dielectric constant of the substrate. The proposed antenna allows a simple integration directly on e.g.
paperboard in a roll-to-roll production line.
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Performance-Optimized Printed Wideband RFID
Antenna and Environmental Impact Analysis
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This paper presents performance optimized RFID tag
antenna, developed by using commercially accessible
paper substrates and advanced inkjet printing process to
guarantee mechanical flexibility and ultra-low production
costs. The proposed antenna structure can endure the
variations which emerge in electromagnetic properties of
paper substrate due to varying environmental effects.
Hole-matching technique is implemented to eliminate the
matching network for reducing the consumption of
conductive ink. The proposed structure is uniquely
evaluated by demonstrating, sustainability and
environmental impact analysis that validate the potential
for ultra-low cost mass production of RFID tags for future
generation of organic electronics. The antenna
performance is assessed for cardboard cartons exclusively
containing metal cans and water bottles. The experimental
characterization of the proposed antenna endorses the
wider bandwidth to cover UHF RFID ISM band (860-
960MHz), which empowers its usage throughout the globe
for supply chain applications. The improved design
effectuates return loss of better than -15dB over a wide
frequency range while exhibiting outstanding readability
from 10.1 meters.
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printing, organic electronics, sustainability analysis
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. Introduction

In the recent years, radio-frequency identification (RFID)
technology has been widely integrated into modern society
applications, ranging from barcode successor to retail supply
chain [1], remote monitoring [2], detection and healthcare [3],
for instance. Compared to traditional identification systems or
barcodes, RFID technology offers several advantages [4], such
as the capability of simultaneously reading a number of tags
and faster data transfer [5]. In general, an RFID tag or
transponder is composed of an antenna and an application-
specific integrated circuit chip [6]. In passive UHF RFID
systems, the communication between the transponder tag and
the reader is established by modulating the radar cross section
(RCS) of the transponder tag [7]. The modulation is set up by
changing the input impedance of the transponder IC related to
the data stream to be transmitted e.g. the EPC (electronic
product code) value [8]. The need for flexible RFID tags has
recently been increased enormously [9]; particularly the RFID
tags for the UHF band ensure the widest use but in the
meantime face considerable challenges of cost [10], reliability
and environmental friendliness. In a similar fashion, the
substrate material and the associated integration techniques are
becoming more than a basic research topic, due to the ever
growing demand for affordable and power-efficient broadband
wireless electronics virtually in a ubiquitous manner [11].

In this study, a UHF RFID tag antenna using an innovative
technique of pattern holes for conjugate impedance matching
with the RFID strap, while at the same time saving the
expensive ink is proposed. The antenna is designed by
eliminating the matching network in order to achieve wideband
characteristics and  reliability —against environmental
multifariousness. We have revisited the manufacturing
technique in order to achieve extra degree of enhancement in
electrical characteristics while utilizing the state-of-the-art
inkjet printing technology. The proposed antenna is directly
printed on different commercially available paper substrates
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which are characterized for flexible printed electronics (Table 1)
for an ultra-low cost, flexible and highly integrated tag module.
The ANSYS HFSS™ tool is used to design and predict the
performance of the proposed antenna in terms of radiation
pattern and input impedance, whereas the measurements are
performed in an anechoic chamber along with the reader setup
dedicated to antenna characterization. The proposed structure
exhibits benchmarking results all over the frequency band of
interest (860-960MHz). Furthermore, an in-depth sustainability
and life cycle analysis is provided, which reveals that the
proposed tag is an excellent choice for far-field industrial
applications due to its organic nature, flexibility and
outstanding read range, especially for large items level tracking
in supply chain (cardboard cartons containing water & metal
objects) and goods (wood or metal pallet) transportation.

Table 1. Characterized substrate parameters.

Thickness Permittivity | Loss Tangent
Substrate um e, @LGHZ25C
Kodak U-P Photopaper 250 3.3 (average) 0.077
HP Adv. Photopaper 250 3.3 (average) 0.04
Felix Schoeller Paper
250 3.2 (average) 0.077
(p_e:smart)

I1. Antenna Design and Optimization

The proposed antenna is optimized in an organized approach
for maximizing the read range while minimizing the ink
consumption and effects of environmental harsh conditions on
RFID tag. One of the critical observations made while field
testing (in supply chain industry) of antennas having thinner
traces used for matching network, is that the effect of even
minor scratches on those tracks can cause loss of RFID tags
during transportation. Therefore, it led towards the realization
of a structure which can eliminate such risk factors while
exhibiting better performance.

Power + data Pa
AVAVAVIRg. —
Reader [ p, —» | Za=Ra*jXa | Z=Re+jXe
md ! Lo
- Uof § 1
LN
Gresoer (. ML § U
Modulated backscatter G -
Antenna Chip
G(ag
P. € RFID Tag

Fig. 1. Far-field RFID mechanism & tag equivalent circuit.
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The main purpose of iterations and parametric enhancements
is to maximize the feeding power to the load (RFID IC) and
reduce the antenna area, in order to demonstrate highly efficient
antenna structure on paper substrate for eco-friendly tags. The
NXP UCODE G2XM (SOT1040AB2 (Al strap), for instance
the goal IC impedance at 915MHz is 13.3 - j122Q) is preferred.
It is noteworthy here that the proposed design and technique is
not restricted to the above mentioned RFID IC and it can be
realized with any other commercially available RFID straps to
produce optimum results accordingly. RFID radar cross section
is important for reflecting passive tags. In this case, the RFID
contains a resonating structure that reradiates when illuminated
by the reader. The detectability of the tag depends on the RCS
(or backscattered field) returned by the tag. The RFID reacts to
the incident power density generated by the reader:

PiGreader
5= 41r? @

Here S is the power density in Watts/m? P is the total
transmitted power by the reader, Gyeqer IS the reader's antenna
gain, and r is the distance between the reader and the RFID tag.
If the tag's antenna has an effective aperture, A, its received
power at the antenna terminals is then P, = SA,. This
becomes the input power to the circuit powering the tag's
circuit. Thus, one of the optimization factors is to achieve
optimal antenna effective aperture in contrast to previous
approaches in which one dimensional methodology is adapted
to simply improve the antenna gain. As we are impending
towards eco-friendly tags, every drop of ink saved in
manufacturing process plays a vital role. Referring to the tag's
equivalent circuit (Figure 1), the reradiated power P due to P,
can then computed as:

4R2

Be =KPyGrag = Z 7]
a c

r Gtag ()

Where, Gy is the tag's antenna gain and K is the ratio of
reradiated to incident energy with R, = R{Z,}, where Z, is
the complex antenna input impedance:

UD .
Zo=—7=Ra+jX,

©)

Here v, is the input voltage, and | is current at the antenna
input. The input impedance is a complex number, and in
addition its real part, is composed of two components. It is
observed that a short circuited tag (Z. = 0) reradiates 4
times more power than a conjugate matched one (Z, = Z;). It
is also noted that, in the case of conjugate matching, the tag
absorbs and reradiates equal amounts of power. In general, the
tag radar cross section, o, is used to measure the radiation
effectiveness.  Specifically, in evaluating the RFID's
effectiveness, the ratio of the returned to transmitted powver is
of interest. This is also the formal definition of the RCS, o:

P
o= % = KA,Gray @
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Here preqaer and Pyqg refer to the corresponding antenna
polarizations. Clearly, the tag antenna gain plays a major factor;
therefore, several iterations are carried out to address this
challenge for achieving an efficient tag antenna design as
showed in Figure 2.

The proposed rounded corner bowtie antenna structure is
shown in Figure 2(a), and the printed antenna integrated with
RFID strap forming an RFID tag in Figures 2(b) & (c). The
implementation of pattern holes is responsible for matching of
the antenna impedance to that of the IC through the fine tuning
of their location and size which is mentioned in Figure 2(a). It
is observed that earlier efforts to reduce the ink usage led
towards lower gain and as a result, the scope of those tags is
limited in supply chain industry. In the proposed approach for
achieving multidimensional performance benefits, the pattern
holes suite these requirements effectively. It is noticed that the
inner holes positions (B-D) are more persuasive towards
antenna efficiency whereas, the outer hole positions (E-1) assist
more towards fine tuning the impedance. The vertical holes
positions (J-P) are critical towards current distribution.
Moreover, it is observed that the insertion of more pattern holes
can cause the performance degradation.

A B C D E F G H

2 4.1 295 295 71 295 31 295

1 J K L M N o P Q R S
378 5.69 295 2095 289 177 183 153 425 13.6 99.8
@

IC attached
R
HP
() ©

Fig. 2. (a) The geometry & dimensions of RFID antenna;
inkjet printed RFID tag on: (b) HP, (c) Kodak;
photopaper.

Consequently, the impedance matching between Z, and Z,
will stand for the optimal antenna. This ultimate goal defines
the quintessence of antenna structure in order to control the

ETRI Journal,

current distribution, which in turn determines the radiation
pattern and input impedance. In the proposed antenna, diligent
attempt has been carried out to optimize antenna dimensions.
Because the field or current, on the antenna aperture is not
uniform, the concept of antenna effective aperture is recognized.
In achieving extended read range while keeping minimum
antenna size as possible, an established concept that the
effective aperture is less than the physical aperture is
accomplished [12], which resulted in predilection of rounded
corner structure.

The effect of annealing temperature is also analyzed to
achieve better curing while, at the same time due to green
nature of the proposed antenna, lowest possible energy should
be consumed to accomplish optimum manufacturing
objectives. After rigorous iterations, it is concluded that each
type of paper substrate should be annealed at different
temperature in order to attain better conductivity, in spite of the
fact that all antennas under test are printed with same
conductive ink (CCI-300 from Cabot Corp.). It is observed
under appropriate annealing conditions (150°C /120min,
120°C /120min, 110°C /90min for Kodak, HP and Felix papers,
respectively), an almost solid metal conductor with measured
RF conductivity in the range 9x10°-1.1x107 [S/m] is formed, so
providing a percolation channel for the conduction of electrons
throughout the material without obstacle.

111. Field and Circuit Concepts Parametric Analysis

The measurements are carried out in a multidimensional
approach for not only finding out the impedance, return loss,
radiation pattern and read range but also determine the
reliability parameters, which are extracted by repeatability.
Thus, for worst case analysis five identical antennas with the
selfsame combination of printing material, ambient conditions
and inkjet technology are fabricated. The purpose of using
several paper substrates is to verify the performance matrix on
a rational basis, because paper substrates from different
manufacturers significantly differ in properties exploited by
printed electronics. In order to get a better understanding of
antenna behavior when printed on paper substrate, maximum
deviated data value at a frequency among five prototypes is
reported hither.

The impedance is measured using S-parameter method
(which is the most accurate method reported till date), in which
the antenna is connected to the two ports of a vector network
analyzer through a test fixture [13]. The principle governing
this method is shown in Figure 3(a), which shows a distinctive
asymmetrical balanced dipole antenna, with two arms of
different lengths and excited differentially. The positive and
negative ports of the source with a voltage of V are connected
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to the input terminals of the radiators of the antenna,
respectively. As showed in Figure 3(b), the driven voltage can
be split as V; and V, with a virtual ground plane without any
disturbance of the current distribution on the antenna. Hence,
each terminal of the antenna radiators and the ground plane can
be regarded as a “port”, which is showed in Figure 3(c). The
antenna can be equivalent to a “two-port” network, as showed
in Figure 3(d). The impedance of the antenna is thusly
associated to the network parameters of the corresponding two-
port network, and can be characterized by measuring the
network parameters such as S-parameters [13]. From Figure
3(d), the normalized impedance of the antenna can be
expressed as follows:

—_—
@ o4
V=Vi-V,
e
o ! ¥ 1o
(b) 0Gto‘und
AR
Pl/"»?»h r“"'v\ P
(©
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VNA Test cable } ) - §§
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)

Fig. 3. Input: (a) resistance variation, (b) reactance variation.

. Vi V-V,
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Using the impedance matrix, the equations of a linear two ports
(relating voltages and currents) are:

Vi=21h + 270, )

@

If the two ports are driven by current source i.e,, I; = I, and
I, = —I,, the differential voltage Vy is given by:

Vo =Zy1 1y + Z500,

Va=Vy = Vo = (211 — Z31 — Z15 + Z32)]1 ®)
And the impedance is given by:
~ Vo Vi—V,
Zg = =71 =(Zu—Zan—Z12+Z) 9)
0 0

Now by transforming the Z-parameters as a function of
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S-parameters and taking into account Z, = Z, - Z,;, we get:
7 = 2 Zo(1 — 811822 + 812521 — S12 — S21)
¢ (1= $1)(1 = 522) = S21512

(10)

Where Z, is the reference impedance, which is mostly 50Q
for measurement systems. Thus, in case of the symmetrical
balanced antenna, where S;; = S,, and S;, = S,; By
substituting these values in (10), to get a simplified expression:

_ 2Zg(1 =S + 55 — 251,)
¢ (1-511)% -S4
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Fig. 4. Input: (a) resistance variation, (b) reactance variation.
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The constellation of the measurement system is illustrated in
Figure 3(e). The measurement is carried out by using a two-
port VNA (MS2026B, Anritsu) and a test fixture. The test
fixture is constructed by using two semi-rigid coaxial cables
having a length of 100 mm with an outer conductor diameter
of 2.2 mm. The outer conductors of the coaxial cables are
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shorted by jointly soldering with the corresponding gap
between the tips to accommodate between the two terminals of
the antenna. One end of the fixture is with two SMA
connectors, which is connected to the VNA through the test
cables. The other end of the fixture is opened with the small
extension (1.5mm) of inner conductors in order to form the tips
for connecting the antenna under test (AUT). Soft soldering is
avoided to fix the AUT to the test fixture since it requires
heating the filler metal above 250°C to acquire proper
soldering, but this temperature seriously damages the printed
traces on paper substrates. Therefore, antenna is attached to the
test fixture tips with CW2400 silver conductive epoxy, cured at
24°C for 4 hours for achieving maximum conductivity and
adhesion.

In order to increase the accuracy of the measurements, all
internal VVNA errors after the sampler and the cables must be
removed. This is exercised by shifting the reference plane to
the tips of the measuring cable by applying the standard
calibration method short-open-load-through (SOLT) and short-
open-load (SOL) for S-parameter method (Figure 3) and Half-
mirror method (Figure 6), respectively.

It is observed from Figure 4(a) the computed and measured
resistance for the antenna from 860-960MHz maintains a value
around 14Q all over the curves. It is noteworthy, that the
proposed structure and design technique are well suitable for
adequate tuning of the matching characteristics as depicted in
Figure 1. The reactance part of the impedance, as showed in
Figure 4(b), exhibits a positive value with a linear variation
with frequency, and slight fluctuation within acceptable values
is pragmatic, pertaining to an inductance that conjugately
matches or equivalently cancels the effect of the 1.42-pF
capacitance of the RFID strap. It is noticed that a reasonably
good harmony exists between the computed and measured
results. Moreover, in-depth analysis reveals that the
measurement fixture asserts certain amount of impedance,
which can be eliminated or minimized by exercising two probe
method [13].

The critical parameter, which determines the performance of
an RFID tag antenna, is the read range [14]. The effective
isotropic radiated power referenced for both the RFID reader
and reader antenna, or equivalent isotropically radiated power
(EIRP), is set to 3.2W and 4W according to ETSI and FCC
RFID standards, respectively. The maximum read range can be
obtained theoretically from Friis free-space formula [15]:

A
Tmax = (E)

Where (as showed in Figure 1) G, is the gain of the tag
antenna, t is the power transmission coefficient, A is the

(EIRP)G a7

12)

P, min,tag
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wavelength in free space at the operating frequency, Ppin tag
is the minimum power required to turn on the tag chip.
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Fig. 5. (@) Measured read range, (b) measured and computed

return loss.

The read range performance testing is conducted with
Impinj’s UHF RFID reader Kit and in order to make the
measurement more edifying, the proposed tag is bonded on a
closed-cell rigid foam HF51 from ROHACELL's with 90mm
thickness [16]. The foam is based on polymethacrylimide (PMI)
chemistry and has extremely low dielectric constant of
1.057@2.5GHz, resembling that of the free space and is
especially designed for antenna applications. This setup
facilitates to determine the tag read range variation when
placed on different objects, as analyzed in Figure 5(a) for
cardboard cartons exclusively containing cola cans and plastic
water bottles. The measured read range validates the
exceptional performance of the proposed RFID tag and is in
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coherence with the calculated values by (12).

Quiet zone

dEce antenna
RF Absorber
Material

GND

Positioner

PC running Test
Automation Software

Speetrum Analyzer
(Agilent HP 8562E)

Signal Generator

()

Fig. 6. (a) The anechoic chamber & instruments used, (b) 2D
measured and computed far-field radiation plots.

The return loss of the antenna is calculated based on the
powver reflection coefficient on the basis of the data acquired by
Half-Mirror method [17]. Figure 5(b) shows the measured and
computed return loss of the proposed antenna. The distortion in
the measured values is due to the ground plate fixture used for
half-mirror method, which can be reduced or eliminated by
using ground plate with more curved edges. It can be deduced
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that a fair agreement exists between the computed and
measured results, in spite of the higher metal loss of the silver-
based conductive ink.

The radiation patterns are measured inside an anechoic
chamber arrangement as showed in Figure 6(a), that replicates
absolute free space [13]. The antenna under test (AUT) is
placed in the center of the chamber, and a continuous-wave
(CW) signal excites the antenna, and the AUT is rotated by a
positioner to obtain a 360° radiation pattern. The 2D measured
and computed normalized radiation patterns of antenna printed
on Kodak photopaper at characteristic frequency of 915MHz
are plotted in Figures 6(b). The antenna exhibits stable gain
values throughout the frequency band of interest with
directivity of 2.3dBi. The radiation patterns are almost uniform
(omnidirectional) at 915MHz and show tremendous match
between computations and measurements, which can also be
demonstrated for other frequencies (860-960MHz) within the
antenna bandwidth, and are in consistency with earlier
published results [5], [12].

Table 2 provides the parametric comparison of proposed
RFID antenna along with best available previously reported
paper-based T-matched bowtie antennas for operational
frequency from 860MHz — 960MHz. It can be seen that the
proposed antenna has better return loss, 52% improvement in
bandwidth and 10% higher gain. As a result, higher read range
is obtained. The proposed antenna is also smaller in size than
the [5]. Moreover, hole-matching technique leads to less ink
consumption as compared to relatively smaller structure of [12].

Table 2. Comparison of antenna parameters.

Propose Antenna [5] [12]
Substrate X . .
Hole-Matching T-Matching | T-Matching
Return Loss 151026 150025 | -15t0-21
(dB)
BW
290 190 197
(MHz)
Size 100x 43 1222x50 90x45
Gain
23 21 21
(dBi)
Read Range
101 - 9
(m)

IV. Sustainability & Environmental Impacts Analysis

Nanotechnology (nano-particle based ink) offers a variety of
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benefits over traditional materials and enables the development
of innovative applications and products. However, there are
often concerns about the safety aspects and to what extent these
have been investigated. High-quality measurements are the
basis for reliable safety assessments, process improvement,
quality control and the development of new nanotechnology
applications. Thus, at present it is unreasonable to use silver
nano-particle based ink products directly on food items [18].
This section emphasis on sustainability and environmental
impacts analysis for the proposed antenna to validate that it has
the potential to be used in various RFID-based eco-friendly
applications. Figure 2 explicitly shows the dimension of the
antenna which leads to determine the area required to
accommodate antenna on the substrate that is 20cm x 4.3cm.
Inkjet printing is considered for tracing the pattern on the
substrate. The environmental impacts model is created a
(Figure 7) by using life cycle assessment software “GaBi” [19].

Conductive Ink

Substrate (Kapton/
Teonex/ Paper/
Polymer)

(Silver nano, Copper
nano, Aluminum)

—

Printed Antenna

\

Fig. 7. Parametric model required for sustainability analysis.

Inkjet printing is accomplished by using Fujifilm Diamatix
printer which is operated at 230V AC, 50Hz with maximum
power consumed at any moment is 375Watt. The estimated

time required for printing a pattern is approximately 15 minutes.

If the printer operates at its maximum power rating, the energy
required to print 1 million patterns is 337500 Mega Joules
i.e. (375 x 15 x 60 x 10°). The substrate under test is high
gloss inkjet photo paper with standard weight of 280g/m? and
thus for 1 million tags the required weight of paper substrate is
975.545kg (230 X 99.8 x 42.5 x 10~3). The capability of
the printer to produce the antenna trace on paper substrate is
4000 structures with 1000ml (1kg) of conductive ink.
Therefore, the estimated amount of conductive ink consumed
for production of 1 million tags is 250kg. The mass of each
component for manufacturing 1 million proposed RFID
antennas is summarized in Table 3.

ETRI Journal,

The Institute for Environment and Sustainability, European
Commission Joint Research Centre, has published the research
report [20] that recommends a preferred methodological
approach which aims to calculate the environmental footprints
of the products and organizations. For product environmental
footprint, "ISO 14044: Environmental management- Life
Cycle Assessment” is a recommended method. This method is
employed to analyze the environmental footprint sustainability
analysis of the proposed printed antenna. Life cycle approach
takes into consideration the spectrum of resources flows and
environmental interventions associated with the product,
service, or organization from a supply chain perspective,
including all phases from raw material acquisitions through
processing, distribution, use and end of life processes. There
are different methods such as TRACI (Tools for reduction and
Assessment of Chemical and other Environmental Impacts)
and CML (Centre for Environmental Studies, University of
Leiden) that are employed to perform life cycle impact
assessment. In this study, LCIA-CML methodology is
considered to achieve the projected research analysis.Based on
the modeling parameters possible environmental impacts are
explored in terms of global warming potential (KGCO,
equivalent), acidification potential (KGSO, equivalent), ozone
layer depletion potential and human toxicity potentials.

Table 3. Mass of each component specified in the model and
quantitative comparison for producing 1 million tags.

Ink Substrate Energy
Substrate Consumed Consumed Consumed
(kg) (kg) (M)
Proposed Antenna 250 976 337500
[5] 270 982 495000
[12] 260 975 405000

Figure 8 shows the potential environmental impacts in the
manufacturing process of the proposed printed antenna. Four
main environmental impacts are demonstrated and in each
emission profile, there are four columns that correspond to the
quantity of emissions caused by a specific component such as
substrate, conductive ink or the associated energy
consumptions in manufacturing 1 million printed antennas.
KGCO, and KGSO, are carbon dioxide and sulphur dioxide
equivalent emissions while ozone layer depletion and human
toxicity potentials are computed by the release of
trichlorofluoromethane (CFC-11, also known as R11) and
dichlorobenzene (DCB), respectively.

The proposed antenna is compared with standard already
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Fig. 8. Environmental Emissions Profiles.

published antennas which have exhibited superior performance
than any other topology, in terms of read range and reliability to
some extent when stumble upon metal or water containing
objects. Table 3 provides the quantitative analysis for
manufacturing 1 million structures of standard antennas in
comparison with the proposed structure. It is obvious that the
proposed antenna is rather more eco-friendly than previously
realized structures as it consumes fewer quantities while
exhibiting more exalted performance, which substantiates
widespread acceptability of hole-matching technique in fusion
with rounded corner structures in imminent circuits of organic
electronics.

V. Conclusion

In this paper, several key deign parameters of bowtie antenna
are reconsidered for their optimization in order to realize on

8 Yasar Amin etal.

commercial paper substrates while significantly increasing
RFID read range up to 10.1 meters. The rigorous optimization
criteria resulted into implementation of all the new hole-
matching technique for improving the reliability against
mechanical scratches by eliminating the extra matching pattern.
This technique in combination with rounded corners resulted
into wider bandwidth of operation and smaller structural
dimensions, which paves the way for saving manufacturing
ingredients. The proposed antenna is a perfect choice for roll-
to-roll fabrication of ultra-low cost, flexible organic tags. The
sustainability and environmental impacts reckoning for the
printed antennas can be applied as a manufacturing yield
benchmark for future productions.

References

[1] J H. Bae, W. K Choi, C. W. Park, C. S. Pyo, and K. T. Kim,
“Design of Reader Baseband Receiver Structure for Demodulating

ETRI Journal,



Backscattered Tag Signal in a Passive RFID Environment,” ETRI
Joumal, vol. 34, no. 2, 2012, pp. 147-158.

[2] R. Bhattacharyya, C. Floerkemeier, and S. Sarma, “Low-Cost,
Ubiquitous RFID-Tag-Antenna-Based Sensing,” Proceedings of the
IEEE, vol. 98, no. 9, 2010, pp. 1593-1600.

[3] S.J.Hwang, Y. Han, S. W. Kim, and J. O. Kim, “Streaming RFID:
Robust Stream Transmission over Passive RFID,” ETRI Joumal,
vol. 33,n0.3, 2011, pp. 382-392.

[4] T W.Koo,D.Kim,J-I. Ryu,H-M. Seo,J.-G. Yook, and J-C. Kim,
“Design of a Label-Typed UHF RFID Tag Antenna for Metallic
Objects,” IEEE Antennas and Wireless Propagation Letters, vol. 10,
2011, pp. 1010-1014.

[B] A Rida, L. Yang, R. Viyas,and M. M. Tentzeris, “Conductive Inkjet-
Printed Antennas on Flexible Low-Cost Paper-Based Substrates for
RFID and WSN Applications,” IEEE Antennas and Propagation
Magazine, vol. 51, no. 3, 2009, pp. 13-23.

[6] D. M. Dobkin, The RF in RFID: passive UHF RFID in practice.
Newnes, 2007.

[71 Y.-S. Chen, S-Y. Chen, and H-J. Li, “A Nowvel Dual-Antenna
Structure for UHF RFID Tags,” IEEE Transactions on Antennas
and Propagation, vol. 59, no. 11, 2011, pp. 3950-3960.

[8] H. B. Kang, S. K. Hong, Y. W. Song, M. Y. Sung, B. Choai, J.
Chung, and J. W. Lee, “High Security FeRAM-Based EPCC1G 2
UHR(860 MHZz-960 MHz) Passive RFID Tag Chip,” ETRI joumnal,
vol. 30, no. 6, 2008, pp. 826-832.

[9] H-W. Son, H-G. Jeon, and J-H. Cho, “Flexible wideband UHF

RFID tag antenna for curved metal surfaces,” Electronics Letters, vol.

48, n0. 13,2012, pp. 749-750.

S. Myong, S. Mo, H. Yang, J. Cha, H. Lee, and D. Seo, “Location

Error Analysis of an Active RFID-Based RTLS in Multipath and

AWGN Environments,” ETRI Joumal, vol. 33, no. 4, 2011, pp. 528

536.

G. Orecchini, F. Alimenti, V. Palazzari, A. Rida, M. M. Tentzeris,

and L. Roselli, “Design and fabrication of ultra-low cost radio

frequency identification antennas and tags exploiting paper substrates
and inkjet printing technology,” IET Microwaves, Antennas &

Propagation, vol. 5,n0. 8, 2011, pp. 993-1001.

Y. Amin, Q. Chen, L. R. Zheng, and H. Tenhuren, “Development

and Analysis of Flexible UHF RFID Antennes for ‘Green’

Electronics,” Progress In Electromagnetics Research, vol. 130, 2012,

pp. 1-15.

X.Qing, C. K Goh,and Z N. Chen, “Impedance Characterization of

RFID Tag Antennas and Application in Tag Co-Design,” IEEE

Transactions on Microwave Theory and Techniques, vol. 57, no. 5,

2009, pp. 1268-1274.

S. Pranonsatit, D. Worasawate, and P. Sritanavut, “/Affordable Ink-Jet

Printed Antennas for RFID Applications,” IEEE Transactions on

Components, Packaging and Manufacturing Technology, vol. 2, no.

5,2012, pp. 878-883.

[10]

[

(1]

[13]

(4]

ETRI Journal,

[16]
(17]
(18]

(9]

(0]

K.V.S.Rao, P. V. Nikitin,and S. F. Lam, “Antenna design for UHF
RFID tags: a review and a practical application,” IEEE Transactions
on Antennas and Propagation, vol. 53, no. 12, 2005, pp. 3870-3876.
ROHACELL, “ROHACELL HF51. 2012.

C. A Balanis, Antenna theory: analysis and design. Wiley-
Interscience, New York, 2005.

FrogHeart, “Figuring out our knowledge gaps (European Agency for
Safety and Health at Work) and fillng them ,”” Online:

www frogheart.ca/tag=nanomaterials.

G. B. Education, “Handbook for Life Cycle Assessment (LCA),”
Using the GaBi Education Software Package, PE Intemational,
2011

Chomkhamsri K. and P. N,, “Analysis of Existing Environmental
Footprint  Methodologies  for  Products and  Organizations:
Recommendations, Rationale and Alignment,” 2011.

Yasar Aminetal. 9






185

Paper VI-Green Wideband RFID Tag Antenna for Supply
Chain Applications
Y. Amin, R. K. Kanth, P. Liljeberg, Q. Chen, L.-R. Zheng, and H. Tenhunen,

IEICE Electronics Ezpress, vol. 9, no. 24, pp. 1861-1866, 2012
©2012 TEICE






LE | l ER IEICE Electronics Express, Vol.9, No.24, 1861-1866

Green wideband RFID tag
antenna for supply chain
applications

Yasar Amin'®, Rajeev Kumar Kanth?, Pasi Liljeberg?,
Qiang Chen', Li-Rong Zheng', and Hannu Tenhunen'-?
Y iPack VINN Excellence Center, Royal Institute of Technology (KTH)
Isafjordsgatn 39, Stockholm, SE-16440, Sweden

2 TUCS, Department of Information Technology, University of Turku
Turku-20520, Finland

a) ysar@kth.se

Abstract: In this paper, we demonstrate for the first time an RFID
tag antenna manufactured by advanced inkjet printing technology on
paper substrate using novel hole-matching technique for reducing the
consumption of substrate material and conductive ink while attain-
ing green RFID tags. In-depth electromagnetic analysis is performed
methodologically for optimizing the parameters that effectuate the an-
tenna dimensions. The antenna design is optimized for consistent wide-
band performance and extended read range throughout the complete
UHF RFID band (860-960 MHz), while exhibiting benchmarking re-
sults when n across cardboard cartons filled with metal or water con-
taining objects.

Keywords: RFID tag, wideband antenna, inkjet printing, paper sub-
strate, green electronics

Classification: Microwave and millimeter wave devices, circuits, and
systems
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1 Introduction

Passive radio frequency identification (RFID) has recently engrossed much
attention from retailers and manufacturers in all areas of the supply chain [1,
2]. Tt is a contactless identification technique that transmits data from an
identification tag to a reader device via electromagnetic waves by obeying
backscattering principle [3]. Presently majority of the RFID circuits are
fabricated on nonbiodegradable substances i.e., FR-4 or PET. In order for
businesses to minimize their impact on the environment, there is a need to
limit this adversely challenging factor [4].

This paper presents eco-friendly wideband (860-960 MHz) RFID tag an-
tenna inkjet printed on commercially available paper substrate. We have ad-
dressed the newfangled set of parameters emerging in RFID antennas while
entering the era of green RFID revolution by evaluating and optimizing the
key design parameters which are affected by the utilization of paper sub-
strate. The proposed antenna uses innovative technique of square pattern
holes for conjugately impedance matching with the RFID chip, thus elimi-
nating the use of matching network and reduces the ink usage. The proposed
tag is a perfect choice for far-field industrial applications especially for large
items-level tracking in supply chain (cardboard cartons containing water &
metal objects) and freight (wood or metal pallet) transportation.

2 Antenna design analysis and optimization

The proposed antenna is optimized in an organized approach for maximizing
the read range while minimizing the ink consumption. One of the critical
observations made while field testing (in supply chain industry) of antennas
having thinner traces used for matching network, is that the effect of even
minor scratches on those tracks can cause loss of RFID tags during trans-
portation. Therefore, it led us towards the realization of a structure which
can eliminate such risk factors while exhibiting better performance. Design
computations and optimizations are performed using ANSYS HFSS™ for
the target IC NXP UCODE G2XM (13.3-j122 Q@915 MHz). The substrate
adopted is Kodak photopaper of 250 ym thickness (280 gm/m?) with dielec-
tric permittivity of €, = 3.2, and loss tangent tan § = 0.077, characterized
at 1 GHz@25°C. The primary aim of parametric optimization is to maximize
the feeding power to the load (IC). An often neglected issue during designing
an (RFID) antenna is how directivity and gain are related to its physical di-
mensions. In view of the fact that the field/current, on the antenna aperture
is not uniform, the parametric optimization of antenna effective aperture is
carried out, as the effective aperture A is less than the physical aperture Ay,.
The directivity in terms of the aperture size and aperture efficiency is:
D=4 = Gnpd, (1)
It is observed that 7, is generally 50 to 80%. By knowing the power density
S at the receiving antenna, we have estimated the received power at the tag:

P = SA, (2)
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Hence during optimization strategy, much effort is devoted for improving
the effective aperture in order to boost the antenna gain which consequently
increases the amount of power delivered to the chip.
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Fig. 1. (a) Far-field RFID mechanism & tag equivalent
circuit; (b) geometry & dimensions of proposed
antenna; (c) printed tag on paper.

Now by achieving maximum effective aperture A._ 4, of the tag antenna
located in the field of the reader antenna with the power density S as showed
in Fig. 1(a). The tag antenna receives the power from the wave and delivers
it to the RFID chip (strap) with load impedance Z.. Fraction of the power
received by the tag antenna is delivered to the chip whereas the remaining
portion of power is reflected and re-radiated by the antenna. Thus, the
power transmission coefficient, 7 is used to calculate the power delivered to
the RFID chip. Mathematically, it is expressed as:

R&ag—chip = 7_-Ptag—ant (3)

where Pjug—ant is the power antenna received from the incident wave, and
Piag—chip is the power delivered to the chip. The power transmission coeffi-
cient, 7, is determined by the impedance matching between the tag antenna
and the chip. Therefore, good impedance matching between antenna and
chip is of paramount importance. In the Thevenin equivalent circuit of the
tag showed in Fig. 1(a), Z. = R, + jX. is the complex chip impedance and
Z4, = Ryq + jX, is the complex antenna impedance. The Z. takes in the
effects of strap and chip package parasitics. It is worth mentioning here that
both Z, and Z, are frequency-dependent. Power wave reflection coefficient
T" is defined to evaluate the transmission of the power waves as:

Z.— 7%
=—"2 0<II<1 4
s 0=l @
Thus, the power delivered to the chip is:
Piag-chip = (1= [T1?) Piag—ant )
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Therefore, the power transmission coefficient is calculated by:

_ -Ptag—chip —1- |F|2 4RaRc

= <7<
(Ra T R+ (X, + X2 0=T7=l1 (©6)

-Ptag—ant

From Eq. (5) maximum power is transferred when the antenna is conju-

gately matched to the chip, i.e. R, = R, and X, = -X,, then |I'| =0, 7 = 1.0.

After rigorously going through iterations based on this numerical analysis,

we have achieved 20% compact structure than its counterpart T-matched
design, and Eq. (2) takes the form:

Ptag—chip—max = Bag—ant = SAe—maz (7)
The skin depth is evaluated through:

b=\ [— (8)

wfuo

Thus, at UHF in accordance with Eq. (8), the conductive traces are made
to obtain a thickness of the same order of magnitude as the skin depth.
However, it is observed that in case the thickness is equal to or thinner
than the skin depth, the total resistance of a printed conductive trace with
fixed trace width is proportional to the overall trace length and inversely
proportional to the conductor thickness.

Ink drop

Drop watcher

(a) Cartridge

Fig. 2. (a) Inkjet printing setup; (b) SEM sample holder;
(¢) SEM setup; SEM images of three layers of
printed silver nanoparticle ink, after curing 2hr
at: (d) 100°C, (e) 150°C

In previously reported results cavities were used in the antenna arms for
either brand identification or ink saving, but in both cases this practice ter-
minates into inferior current distribution in the antenna arms. However in
the proposed antenna, the induction of pattern holes is effective for matching
of the antenna impedance to that of the IC through the fine tuning of their
location and size which is mentioned in Fig. 1(b) without deteriorating the
current distribution. It is observed that earlier efforts to reduce the ink usage
also led towards lower gain and as a result, the scope of those tags is limited
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in supply chain industry. In the proposed procedure for achieving multidi-
mensional performance benefits, the pattern holes suite these requirements
effectively. It is noticed that the inner holes positions (B-D) are more persua-
sive towards antenna efficiency whereas, the outer hole positions (E-I) assist
more towards fine tuning the impedance. The vertical holes positions (J-P)
are critical towards current distribution. Therefore, this efficient technique
in combination with above mentioned optimizing method not only fulfilled
the matching criteria, but also reduced the conductive ink consumption by
35% without performance degradation.

The proposed structure is inkjet printed on paper substrate with print
resolution of 1270 dpi by using silver nano-particle based ink (CCI-300 from
Cabot Corp.) with Fujifilm Dimatix DMP 2800 printer as showed in Fig. 2(a).
The resultant thickness of single layer of the printed trace is around 600 nm,
which goaded to print three layers of the proposed antenna pattern (showed
in Fig. 1(c)) in reference to limit the skin depth effect. After annealing,
the characterization of the printed antenna structures is carried out under
ULTRA-55 FESEM from Carl Zeiss NTS showed in Figures 2(b) & (c). Fig-
ures 2(d) & (e) show the SEMs for elaborating the difference between the
heating temperatures. It is pragmatic under suitable annealing conditions
150°C/120 min, an almost solid metal conductor with measured conductivity
of 9x10%-1.1x107 [S/m] is formed.

3 Field and circuit concepts parametric analysis

The characterization of reliability and repeatability is conducted by em-
ploying worst case analysis. Thus, for this reason maximum deviated val-
ues at a certain frequency are reported in impedance graphs. Impedance
measurements are carried out with handheld (VNA) vector network ana-
lyzer (MS2026B, Anritsu) by using S-parameter measurement method. Fig-
ures 3(a) & (b) show the impedance plots. It is observed from Fig. 3(a) the
computed and measured resistance for the antenna from 860-960 MHz varies
between two extremes, from 13-15€2 with mostly measured values maintain
around 14 Q. The reactance part of the impedance, as showed in Fig. 3(b),
exhibits a positive value with a linear variation against frequency. The re-
turn loss of the proposed antenna is calculated based on the power reflection
coefficient by using Eq. (4). Fig. 3(c) shows the measured and computed
return loss of the proposed antenna with the measured bandwidth of the an-
tenna in the worst case is 260 MHz, corresponding to 28% around the center
frequency 910 MHz; so it covers the global UHF RFID bands and can cater
greater degree of environmental disparities.

The read range measured by using Impinj’s UHF RFID reader Kit val-
idated that proposed tags exhibit consistent reading distance 7.5 meters
and 9.3 meters while attached to cardboard cartons exclusively containing
cola cans, and plastic water bottles, respectively. The radiation patterns
are measured inside an anechoic chamber setup that replicates absolute free
space. The antenna gain measurements are carried out by employing rigorous
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Fig. 3. (a) Resistance variation; (b) reactance variation;
(¢) measured & computed return loss; (d) 2D mea-
sured & computed far-field radiation plots.

three antennas measurement method, which proves surpassing directivity of
2.2dBi despite the reduction in size and ink consumption. Fig. 3(d) shows
the 2D measured normalized radiation patterns of antenna at characteris-
tic frequency of 866 MHz. It is observed that radiation patterns are nearly
uniform (omnidirectional) and show substantial concurrence between compu-
tations and measurements, which can also be established for other frequencies
within the antenna bandwidth.

4 Conclusion

To the best of our knowledge, this is the first time novel hole-matching tech-
nique is realized in combination with antenna effective aperture optimization
method for enhancing the RFID tag performance on paper substrate. The
intended meticulous optimization approach resulted into extended read range
of up to 9.3 meters, 20% compact antenna size while cutting down the ink
consumption by 35%. Thus, this approach will be a milestone for future
development of green RFID tags. The proposed antenna is a perfect choice
for roll-to-roll printing of ultra-low cost flexible tags for supply chain appli-
cations.
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DESIGN AND FABRICATION OF WIDEBAND
ARCHIMEDEAN SPIRAL ANTENNA BASED ULTRA-
LOW COST “GREEN” MODULES FOR RFID SENSING
AND WIRELESS APPLICATIONS

Y. Amin®, Q. Chen, L. R. Zheng, and H. Tenhunen

iPack VINN Excellence Center, Royal Institute of Technology (KTH),
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Abstract—A parametric analysis is performed for a wideband
Archimedean spiral antenna in recognition of an emerging concept
to integrate RFID along with several applications by using a single
antenna. The antenna is fabricated using state-of-the-art inkjet
printing technology on various commercially available paper substrates
to provide the low-cost, flexible RF modules for the next generation
of “green” electronics. The effects on electromagnetic characteristics
of the planar Archimedean spiral antenna, due to the use of paper
are investigated besides other parameters. The proposed antenna is
evaluated and optimized for operational range from 0.8-3.0 GHz. It
exhibits exceptional coverage throughout numerous RFID ISM bands
so do for other wireless applications.

1. INTRODUCTION

RFID (Radio Frequency Identification) is considered an emerging
leading technology in future telecommunications [1,2], automatic
identification and data capture (AIDC) industries [3]. The RFID
market has grown in a two-dimensional trend one side constitutes
standalone RFID systems which are commonly found at present [4—
6]. On the other hand, more ultramodern approach is paving its way,
in which RFID needs to be integrated with broad operational array of
distinct applications [7, 8] for performing different functions including
navigation, broadcasting, and personal communication [9-11], to
mention a few. Using different antennas to include all communication
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bands is a straightforward approach, but at the same time, it leads to
increasing cost, weight, more surface area for installation, and above
all electromagnetic compatibility issues [12]. Thus, there is the need
for wide-bandwidth antennas [13,14]. The espousal of a single, small-
sized wideband antenna is certainly more attractive because RFID is
replacing other identification methods by whistling about cost-effective
more efficient solutions [15, 16].

Spirals are extensively used circularly polarized wideband
antennas [17]. The wideband features of spiral antenna brought it
to the limelight in recent literature, particularly for miniaturization.
The fundamental inspiration for miniaturization is to slow down the
wave traveling within the antenna structure. Numerous approaches
have been pursued to achieve it, which includes dielectric or magneto-
dielectric loading, artificial materials, spiral arm shaping, distributed
reactive loading and arm orienting vertically [12]. Conversely, when
using the popular dielectric loading approach, the input impedance is
also lowered. On the other hand, when the wave velocity is reduced
by meandering of metalized arms, the axial ratio also deteriorates [17].
It has been established that coiling of the spiral arms provides for
impedance control [12,18]. The vast majority of circuits fabricated on
PCB use FR~4 [19-22]; thus this volumetric design or miniaturization
is weighty, whereas PET is commonly found in RFID inlays and tags.
Furthermore, both FR~4, which is a ceramic-based material [23], and
polyethylene terepthalate (PET) are nonbiodegradable substances that
may take decades to decompose in landfills largely contributing to the
bulk of annually generated electronic waste.

This paper presents parametric analysis of a flexible, wideband
Archimedean antenna, which is fabricated by utilizing an exceptionally
efficient and low-cost inkjet printing technique to print “green”
conformal electronic circuits on paper substrate. Paper is extremely
eco-friendly requiring a few months to decompose organically in
landfills.  Organic materials do tend to be more lossy at higher
frequencies, due to their affinity to water. However, by using the
correct paper type and printing process, adequate radio frequency
performance is achieved on paper-based RF circuit designs. We
demonstrate the successful use of the proposed inkjet printed
antenna for operational range from 0.8-3.0 GHz. The design and
simulations are performed using ANSYS HFSS™  whereas; the
measurements are performed in an anechoic chamber dedicated to
antenna characterization. The proposed antenna successfully operates
throughout the operational range of interest, thus expanding the scope
of simultaneously integrating several wireless modules while developing
eco-friendly industrial solutions.
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2. “GREEN” ANTENNAS EVOLUTION

The innovative concept of “green” broadband antennas perpetuated
new set of parameters that constitute the proposed design stages
mentioned in Figure 1. In contrast to traditional design flow, each
stage of “green” evolution is loaded with a unique matrix of factors
which need to be evaluated for integration with electronic devices.
It is evident from the proposed evolution stages that the degree of
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Figure 1. Evolution process of “Green” antennas for multi-module
applications.

Table 1. Characterized/evaluated substrate parameters.

Thick Permittivit
Substrate 1eness CHHIUVILY Loss Tangent
(um) (er)
Kodak U-P Photopaper 250 3.3 (average)  0.077 (1 GHz@25°C)
HP Adv. Photopaper 250 3.3 (average) 0.04 (1 GHz@25°C)
Felix Schoell
e Sehoctier 250 3.2 (average)  0.077 (1 GHz@25°C)

Paper (p-e:smart)
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freedom at the concept level, limits the choices at the implementation
phase than development. Therefore, much effort is devoted to
the implementation stage and design parameters are investigated
and optimized categorically. Two types of conductive inks, CCI-
300 from Cabot Corp. and Nano-AG-120I from Xerox Corp. are
evaluated by trial printing in combination with three different types
of commercially available paper substrates mentioned in Table 1. The
key concept encapsulating the entire adaptation process is to achieve
robust broadband antennas, which must show less sensitivity to the
environmental variations that affect the paper dielectric constant.

3. SYNTHESIS OF THE ANTENNA TOPOLOGY

In order to achieve stable broadband multimode feature [24] multimode
feature in far and near fields planar Archimedean spiral antenna
structure is realized. Three designs of a two-arm Archimedean
spiral antenna are assessed. The in-depth research proves that the
Archimedean spiral is not a frequency-independent antenna structure
because the spacing between the arms is specified by a constant, not an
angle [25]. However, this is a contentious point because fundamentally
frequency-independent performance is achieved over 10 : 1 bandwidths.
The following numerical calculations are exploited to construct the
proposed antenna structure in Figure 2. The centerline of the proposed
Archimedean antenna is defined by:

r=a¢=ry+ (E)p1/9) (1)
where,
1 dK
=~ KdC 2)

and C is the angle of rotation which depends on K. If the antenna is
to be scaled to a frequency that is K times lower than the original

Offset Angle (9)

Place & pads for
multichip
module (MCM)

Figure 2. Dimensions & “green” theme of proposed antennas.
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frequency, the antenna’s physical surface must be made K times
greater to maintain the same electrical dimensions [26]. The Expansion
coefficient (E) and the Spiral coefficient (S) of the proposed antenna
are 1 whereas, rg is the inner radius which is 1.6 cm. The pitch angle
1) varies with radius as:

tan 1) = 2 (3)

When r is large, then the pitch angle approaches 90°. An equivalent
design ratio 7.4, which varies with radius, may be defined for the
Archimedean spiral that has the same pitch angle ¢ at radius r.
Therefore,

Teq(r) _ 6—2#/\tanw| _ 6—27r|a/r\ (4)

It is worth noting here that 7., approaches 1 for large value of r. The
sides of a strip may be defined in terms of the rotation angle ¢ of
Figure 2 and the angle § (offset angle is 90° of the proposed structure)

to get:
r=a <d> + g) (5)

The radial width of the antenna strip W, is a constant, which is
independent of radius and is obtained by:

W, = aé (6)

The actual width of the antenna strip varies to some extent with radius
and is calculated by:
W = adsin (7)

The spacing S, between the centerlines of the adjacent turns for one
arm is specified by:

S, = 2ma (8)
Furthermore, the actual spacing is given by:
S = S,siny = 2wasiny 9)

The two-arm spiral antenna proposed in Figure 2 for frequency
band 0.8-3GHz is self complementary when W/S = 1/4 or 6 =
/2 [26]. Given that the strip widths and spacings are defined
by constants rather than by angles, Archimedean spiral antenna
does not conform to either the frequency-independent or log-periodic
principles [25]. Thus, this antenna gives autonomy to those ASIC
manufacturers [27,28] which have frequency dependent modules. In
practice, it is observed that frequency independent characteristics
are obtained if 7 is large enough in the active region (i.e., radiation
region), wherein the circumference of the radiation ring is about one
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length. Alas, diminutive information has been published [12,29] on
the degradation of gain and patterns versus 7. Some published results
indicate the loosely wound log-spiral performs as well as the tightly
wound Archimedean spirals; however, this analysis is out of scope of
this article.

4. MANUFACTURING PARAMETRIC ANALYSIS

4.1. Skin Depth Effect and Antenna Performance

It is well established that the thickness of the printed design needs
to be larger or closer to the value of skin depth in order to achieve
optimal performance [3,30]. For a normal conductor, the skin depth

can be computed as [31]:
1
§= 1
(e (10)

where f is the frequency, o the conductivity, and p the permeability
of the conducting material. The conductivity of the printed traces
of silver nano-particle based inks used in this research, after curing,
is high enough (for Xerox ink =~ 0.7 x 107S/m and for Cabot ink
~ 0.9x 10" S/m) to be considered as a good conductor, but not as high
as bulk silver. The skin depth for traces of the proposed antenna with
operational frequency at 800 MHz is evaluated using Equation (10).
The thickness of the printed single layer of ink from the printer used is
around 200 nm (Nano-AG-120I)-600 nm (CCI-300). It has been found
after careful iterations that at least three layers of printing by Cabot
ink and four layers of printing by Xerox ink, are sufficient to achieve
better performance under the limits imposed by various design factors.

From Figures 3(e) & (f), it is obvious that the proposed
antenna with 7.5-turns has improved LHCP (Figure 3(e)) and RHCP
(Figure 3(f)) gain, than antennas with 6.5-turns (Figures 3(a)
& (b)), and 7-turns (Figures 3(c) & (d)). This performance
criterion is achieved without enlarging the antenna’s physical aperture.
Specifically, the antenna with 7.5-turns at approximately 1.9 GHz
exhibits a 4.7-dB, 4.5-dB and 4.4-dB gain on Kodak, HP and Felix
Schoeller paper(p_e:smart) respectively, by printing with Cabot ink.
Whereas, by printing with Xerox ink the gain achieved at 1.9 GHz
is 4.7-dB, 4.6-dB and 4.6-dB on Kodak, HP and Felix Schoeller paper
respectively. It is depicted from Figure 3 that by further increasing the
number of spiral turns, the gain improves at lower frequencies. It is
observed that the antenna impedance also decreases with the increase
in number of turns.
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Figure 3. Simulated 3D LHCP & RHCP gain radiation patterns of
antennas with 6.5, 7 and 7.5-turns.

On the other hand if the number of turns are reduced, the
gain of the antenna decreases to a value which violates the design
requirements because these tags are proposed for large items level
tacking and information gathering. So it is mandatory for the antenna
to exhibit better gain to achieve higher read range while at the same
time providing readability in the near field region. Moreover, due to
the consumption of expensive conductive ink, the size of the antenna
has to be within economical limits for its possible realization on
industrial scale. Therefore, the optimal design pattern is achieved
while considering the size limits along with other performance factors
for attaching to large items in the working range from 0.8-3.0 GHz is
realized with 7.5-turns, and its current distribution plot is shown in
Figure 4.
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Figure 5. (a) Inkjet printing setup, (b) inkjet printed antenna on Felix
Schoeller paper, (¢) SEM sample holder, (d) ULTRA-55 FESEM Carl
Zeiss setup; SEM images of three layers of printed silver nanoparticle
ink, after curing 2 hr at: (e) 100°C, (f) 150°C.

4.2. Inkjet Printing

Inkjet printing is based on the drop-on-demand (DOD) mechanism
by which the desired design is transferred directly to the (flexible)
substrate. This technology requires no masks compared with the
conventional etching technique, which has been commonly used in
production, therefore, creating no waste, ensuing in an economical and
eco-friendly manufacturing choice. Whereas, the proposed structure,
utilizes more ink than [3,15], but this cost is fully justified for
exceptional degree of functionalities offered by the structure. The
inkjet printer used in this research is Fujifilm Dimatix DMP2800 which
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is a tabletop printer as showed in Figure 5(a). It employs one user
fillable piezo-based inkjet print cartridge that has 16 nozzles in a single
row with the spacing between two consecutive nozzles is 254 pm, and
the substrate is held by vacuum plate. Figure 5(a) also shows the
drop watcher view of ink drops of 10pl in volume are ejecting out of
DMC-11610 print cartridge which can be filled upto 1.5 ml.

The antenna structure on Felix Schoeller paper is showed in
Figure 5(b) by using Cabot conductive ink having silver solid loading
of 19-21 wt%. Furthermore, printing parameters are optimized for all
the three paper substrate types using Xerox conductive ink having
silver loading of 40 wt%. The optimized jetting voltage realized for
both inks is 16-20V with the velocity of around 5m/s. The nozzle
temperature is kept at room temperature, and the substrate vacuum
plate, which is temperature controllable, is maintained at 40°C while
printing with either ink. In order to keep the consistency for performing
in-depth analysis, each combination is printed with 20 micron drop
spacing and print resolution of 1270 dpi. The printer is equipped with
Fiducial Camera, which provided the ease of substrate alignment using
reference marks, and positioning a print origin or reference point to
match substrate placement. Furthermore, it is used for evaluation
of features and locations along with inspection and image capture of
printed pattern or drops.

Two different sintering processes are evaluated after drying of ink
on the substrate, first one is the prevalent method and the other is

Table 2. Annealing parameters for printed antennas.

Xerox Ink Cabot Ink  Temperature Time
Substrate )
Nano-AG-120I  CCI-300 (°C) (Minutes)
Kodak U-P
oo v - 140 30
Photopaper
Kodak U-P
odak U - v 150 120
Photopaper
HP Adv.
v v - 120 45
Photopaper
HP Adv.
v - v 120 120
Photopaper
Feli
. Vi - 110 90
Schoeller Paper
Feli
o - v 110 90

Schoeller Paper
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“PulseForge Technology” [32]. In the first approach sintering is carried
out in the oven with ventilation system at different temperature and
time (as mentioned in Table 2), depending upon the combination of
ink and substrate, for sufficiently curing, removing the excess solvent
and material impurities from the depositions.

The printed samples are also sintered through “PulseForge
Technology” by Novacentrix USA, in order to demonstrate sintering
and annealing for high-speed roll-to-roll manufacturing often in
ambient air (and is capable of up to 1000 feet per minute). This
approach enables the use of ultra low temperature and flexible
substrates such as paper substrate, which cannot be annealed at high
temperatures.

The characterization of the printed structures is carried out under
ULTRA-55 Field Emission Scanning Electron Microscope from Carl
Zeiss NTS showed in Figures 5(c) & (d). Figures 5(e) & (f) show the
SEMs for elaborating the difference between the heating temperatures.
At high temperature or by “PulseForge Technology”, an almost solid
metal conductor is formed so providing a percolation channel for the
conduction of electrons throughout the material without obstruction.
The sintering process also provides the derived benefit of increasing
the bonding of the deposition with the paper substrate.

5. FIELD & CIRCUIT CONCEPTS PARAMETRIC
ANALYSIS

A set of precise and thorough methods for evaluation of the reliability
parameters and characterization of the proposed fabricated antenna
on different paper substrates are implemented. Firstly, five identical
structures are printed for each arrangement of ink and paper
substrate. Secondly, in this study, an experimental methodology for
the characterization of the impedance of the balanced tag antenna
is implemented along with the balun structure. The balanced tag
antenna is considered as a two-port network and the impedance of
the antenna is characterized using network parameters. The antenna
is connected to the two ports of a vector network analyzer through a
test fixture mentioned in detail in [33]. The influence of the test fixture
is deembedded by using a port-extension technique and the antenna
impedance can be extracted directly from the measured parameters.
Whereas, the broadband balun transforms the unbalanced coaxial
mode into balanced two-wire transmission line mode that fed the spiral
antenna. The accuracy of the measurements is increased if all errors
up to the measuring instrument tip are eliminated [34]. This includes
internal VNA errors after the sampler, the cables along with their tips
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Figure 6. (a) Input resistance variation, (b) input reactance variation.

used to connect to the test structure. The reference plane is shifted to
the tips by using the standard calibration methods SOLT (short-open-
load-through) for two-ports technique and short-open-load (SOL) for
balun structure.

Impedance measurements are carried out using handheld (VNA)
vector network analyzer (MS2026B, Anritsu). The impedance graphs
are presented in Figure 6 with the largest deviated value at a certain
frequency which provides information for worst case analysis, in
addition to exploration of performance parameters. This method helps
in discovering potential variations that can take place due to the use
of paper substrate, which is of critical significance. As showed in
Figure 6(a), the measured resistance for the antenna between 1.1-
1.4 GHz, fluctuates between 158-144() and from 1.41-3.0 GHz, the
variation of resistance is between 146-154 ) but with much steady
manner. However, exceptionally small deviation is pragmatic among
the curves of all antennas and this behavior is stable over a much
larger frequency range in accordance with published results for spiral
structures in [12,29]. The reactance part of the impedance, as
showed in Figure 6(b), follows smaller positive values around 15 Q with
really small variation with frequency. Moreover, relatively constant
harmony exists between the computed and measured results. This
conforms to both frequency dependent & independent antennas in
some extent; however, this behavior of impedance is deliberately
achieved because most of the commercially available ASIC till date
have also frequency dependence. More importantly, the impedance of
the proposed antenna besides easier to match at lower frequencies.

The return loss of the antenna structure is calculated based
on the power reflection coefficient. The computed return loss is
showed along with measured values of the Xerox ink & Cabot ink
printed antennas in Figure 7(a). From Figure 7(a), it is clear
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Figure 7. (a) Measured & computed return loss, (b) measured &
computed 2D far-field radiation plots.

that the proposed antenna has better return loss and is less than
—15dB throughout the frequency band of interest (and in eloquence
with [35,36]), which is the paramount requirement of antennas for
optimal performance. Furthermore, the stable response of paper
substrate at higher frequencies, (although with a certain amount of
variations but within acceptable values) make it a suitable candidate
for broadband antennas. Overall, a good agreement among the
computed, Xerox ink printed, and the Cabot ink printed antennas
is observed despite the higher metal loss of the silver-based conductive
inks.

The radiation pattern is measured inside an anechoic chamber
setup that replicates absolute free space [3] (however, half mirror
method setup is used in [3]). The spiral antenna under test (AUT)
is placed on a positioner assembly, which is set to rotate the antenna
in small steps of 5 degrees to obtain a 360° radiation pattern. A
continuous-wave (CW) signal from the signal generator excites the
AUT. The receiver antenna is connected to the spectrum analyzer
(Agilent HP 8562E) and a PC running the test automation software
controls the measurement setup. The measured normalized radiation
patterns (of antenna printed on Kodak photopaper using Cabot ink) at
characteristic frequencies of (1.0, 1.5, 1.9, 2.5) & 3.0 GHz are plotted
in Figure 7(b). It is observed that all of the radiation patterns have
normal shape and show extreme similarity between computations and
measurements, which can also be verified for other frequencies within
the antenna bandwidth and are in coherence with previously published
results [29]. Additionally, the measured radiation patterns exhibit a
slight offset due to the feed line connecting to SMA. It can be depicted
from Figure 7(b) that the radiation pattern does not deteriorate in the
whole bandwidth from 0.8-3.0 GHz.
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6. CONCLUSION

In this paper, it is the first time to propose wideband spiral antennas
fabricated on paper substrate for simultaneously implementing a wide
range of different modules in addition to, RFID tag. It is noted that
adjusting the gap between the adjacent tracks to create the spiral
arms leads to a larger number of turns within the same aperture
size. All the previously published relevant work in contrast to the
proposed approach, is focused on complex techniques, to make such
antennas using nonflexible or contaminated substrates, which neither
can be implemented with roll-to-roll printing nor suitable for eco-
friendly applications. Although the presented research is specific to
inkjet printed Archimedean spiral antennas, the same approach can be
applied to other antennas made of printed strips, to form modules for
“green” electronics.
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The novel idea of integrating Radio Frequency Identification (RFID) with sensors along
with other wireless applications by using single tag antenna is implemented, by fabricating
proposed antenna using state-of-the-art inkjet printing technology on commercially avail-
able paper substrates. For the first time, a parametric analysis is performed for realization
of the planar log-spiral antenna on paper for operational range from 0.8 to 3.0 GHz, which
also exhibits excellent coverage throughout numerous RFID Industrial, Scientific and Medi-
cal (ISM) bands, and for other wireless applications. The ANSYS HFSS™ tool is used to
design and predict the performance of the proposed antenna in terms of radiation pattern
and input impedance.

1. Introduction

As the modern society extends with the need for more information, many technologies for
automatic identification materialized swiftly [1,2]. For several advantages over others [3],
Radio Frequency Identification (RFID) is the most potential candidate [4] to be integrated in
future communication systems but at the same time RFID is stepping into the sphere of influ-
ence where, there is much need of several integrated solutions [5]. In contrast to standalone
solutions at present [6] for RFID tags, the future of RFID can constitute a brighter side of this
technology by integrating tag with other wireless modules for broad operational range of dif-
ferent applications including, navigation, broadcasting, and personal communication [7,8], to
mention a few. Thus, using separate antennas for each application module to cover the
required communication band is a natural approach [9,10], but this approach not only
increases the manufacturing cost, weight of the module, and the area for installation but also
generate a complex set of electromagnetic compatibility issues. On the other side, the use of
a single antenna for multiple applications will not only decrease the overall cost of the RF
module but also more compact solutions can shift the paradigm of RFID industrial
applications.

This paper presents electromagnetic analysis of a versatile, wideband planar log-spiral
antenna, which is one of the extensively, used circularly polarized wideband antennas [11,12]
that brought it to focus in the recent literature. In distinction to the previously reported
antennas, the proposed antenna is manufactured by exploiting a remarkably effective and
ultra-low-cost inkjet printing technology to print on extremely biodegradable paper substrates
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Table 1. Characterized/evaluated paper substrate parameters.

Substrate Thickness (pum) Permittivity (&) Loss tangent
Kodak U-P photopaper 250 3.3 (average) 0.077 (1 GHz@?25 °C)
HP Adv. photopaper Felix Schoeller 250 3.3 (average) 0.04 (1 GHz@25 °C)
Paper (p_e:smart) 250 3.2 (average) 0.077 (1 GHz@?25 °C)

mentioned in Table 1. We demonstrate the thriving use of the proposed inkjet-printed antenna
from 0.8 to 3.0 GHz. The measurements are performed in an anechoic chamber devoted to
antenna characterization. The proposed antenna exhibits exceptional performance throughout
the operational range of significance, thus paving the way for developing eco-friendly multi-
module RF industrial solutions.

2. Synthesis of the antenna topology

Numerous design topologies of a two-arm log-spiral antenna, which is one of the antenna con-
figurations, that closely parallels the frequency independent concept are assessed. It is worth
mentioning here that, the entire shape of proposed antenna cannot be entirely specified by angles
it is not exactly frequency independent [13]. However, the construction of the proposed planar
log-spiral structure is defined by the angles ¥ and J to obtain as much independence from fre-
quency as possible within limits imposed by different factors mentioned throughout the text.
The curve of the antenna in Figure 1(a) which has 1.25-turns is calculated by:

r = roe’® (1)

where 7y is the inner radius which is defined to be 1.36.cm in Figure 1(a) according to the
area and space required for the multi-chip module/s package. The expansion coefficient a
(which is governed by Equation (2)) of the proposed antenna is 2.88 and is related with the
pitch angle .
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Figure 1. (a) Dimensions and (b) integration process of proposed antenna.
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where expansion ratio (t) is defined to be less than 1. The second arm of the proposed log-
spiral antenna is obtained by rotating the first arm by 180° around the starting point 4. The
constant ry in Equation (1) can be resolute from the initial value of ¢, which is arbitrary. The
planar structure is self-complementary when 6 = 90°, and Babinet’s principle [13] leads to
the conclusion that the input impedance is 607 Q for free space (with no dielectric loading),
and independent frequency [14].

3. Manufacturing parametric analysis

The conductivity of the printed traces achieved after annealing by silver nano-particle based
ink (CCI-300 from Cabot Corp.) is ~ 0.9 x 107 S/m. This parameter is also considered during
the design stage of the proposed antenna in order to eliminate the impact of skin depth effect,
which can limit the RF performance [15]. In order to optimize the manufactured structure
with respect to skin depth effect, three layers of ink are printed each of which is approxi-
mately 600 nm thick. Figure 1(b) explains the integration and development process encapsu-
lating the proposed wireless tag. The proposed structure is optimized without enlarging the
antenna’s physical aperture. Thus, it is evident from the Left Hand Circular Polarization
(LHCP) (Figure 2(a)) and Right Hand Circular Polarization (RHCP) (Figure 2(b)) gain of the
proposed antenna that it exhibits improved performance among several other configurations
endeavored to achieve an optimal design. Therefore, the optimal design pattern for working
range from 0.8 to 3.0 GHz is realized with 1.25-turns and its current distribution plot is
shown in Figure 2(c).
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Figure 2. Simulated 3D gain: (a) LHCP, (b) RHCP, (c) current distribution at 1.9 GHz, and (d) inkjet
printing setup and antenna printed on paper substrate.



2046 Y. Amin et al.

In the small-scale electronics manufacturing industry, inkjet printing has proven to be
more flexible, low-cost and more environmental friendly, than current manufacturing
processes [16]. In this research, the inkjet printing showed in Figure 2(d) is carried out by uti-
lizing the tabletop inkjet printer (DMP-2800) from Fujifilm Dimatix. Figure 2(d) also shows
the drop watcher view of ink drops of 10 pl in volume that are ejecting out of the user fillable
piezo-based DMC-11610 print cartridge. It is observed under appropriate curing conditions
(150°C/120 min, 120°C/120 min, 110°C/90min for Kodak, HP and Felix paper, respec-
tively), an almost solid metal conductor is formed.

4. Field and circuit concepts parametric analysis

A set of precise and thorough methods for analysis of the reliability parameters and character-
ization of the proposed fabricated antenna on different paper substrates is implemented.
Firstly, five identical structures are printed on each paper substrate. The impedance is mea-
sured using S-parameter method (which is the most accurate method reported till data), in
which the antenna is connected to the two ports of a vector network analyzer (VNA) through
a test fixture [17,18].

The principle governing this method is shown in Figure 3(a), which shows a distinctive
asymmetrical balanced dipole antenna, with two arms of different lengths and excited differ-
entially. The positive and negative ports of the source with a voltage of } are connected to
the input terminals of the radiators of the antenna, respectively. As showed in Figure 3(b), the
driven voltage can be split as V; and 7, with a virtual ground plane without any disturbance
of the current distribution on the antenna. Hence, each terminal of the antenna radiators and
the ground plane can be regarded as a “port,” which is showed in Figure 3(c). The antenna
can be equivalent to a “two-port” network, as showed in Figure 3(d). The impedance of the
antenna is thusly associated to the network parameters of the corresponding two-port network,
and can be characterized by measuring the network parameters such as S-parameters [17].
From Figure 3(d), the normalized impedance of the antenna can be expressed as follows:

I 7 7
s _Ya_n V>
1y 1y

3)

4=

Using the impedance matrix, the equations of a linear two ports (relating voltages and cur-
rents) are:

(a) SMA connector
H I I = - |
P Port1 LS m
IS8 =
H =
(b) PV o |
i |Port2 | VNA o
1 =~
H %L o
- _Q— =
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Antenna Calibration plane  calibration plane

(e)

Figure 3. Asymmetrical balanced dipole antenna: (a) excitation, (b) virtual ground, (c) ports definition,
(d) network representation of the asymmetrical dipole antenna, and (e) configuration of measurement
setup.
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Vi =Znh + Zx1, (4)

Vo = Zndy + Z1, (5)

If the two ports are driven by current source, i.e. I} = [y and I, = —I, the differential voltage
V4 is given by:

Va=Vi—=Vo=(Zn =2 —Zin +Zn)I (6)

and the impedance is given by:

-V, V=V
7 _dzl 2

LA A

=(Zv —Zn — Ziy + Zn) (7)
Now by transforming the Z-parameters as a function of S-parameters and taking into account
Zq =72y -Zd, we get:

Z, - 2 Zo(1 — 81185 + S12821 — Sia — Sa1)
(1 - Sll)(l - S22) - SZISIZ

(8)

where Z; is the reference impedance, which is mostly 50 Q for measurement systems. Thus,
in case of the symmetrical balanced antenna, where S;; = S>; and S1, = S,;. By substituting
these values in Equation (8), we get a simplified expression [17], which is as follows:

_ 22(1 - S} + 83 — 28n)

Zy
(1-8n)" -85

©)

The constellation of the measurement system is illustrated in Figure 3(e). The measure-
ment is carried out by using a two-port VNA (MS2026B, Anritsu) and a test fixture. The test
fixture is constructed by using two semi-rigid coaxial cables having a length of 100 mm with
an outer conductor diameter of 2.2mm. The outer conductors of the coaxial cables are
shorted by jointly soldering with the corresponding gap between the tips to accommodate
between the two terminals of the antenna. One end of the fixture is with two SubMiniature
version A (SMA) connectors, which is connected to the VNA through the test cables. The
other end of the fixture is opened with the small extension (1.5 mm) of inner conductors in
order to form the tips for connecting the antenna under test (AUT). Soft soldering is avoided
to fix the AUT to the test fixture since it requires heating the filler metal above 250 °C to
acquire proper soldering, but this temperature seriously damages the printed traces on paper
substrates. Therefore, antenna is attached to the test fixture tips with CW2400 silver conduc-
tive epoxy, cured at 24 °C for 4 h for achieving maximum conductivity and adhesion.

The impedance graphs are presented in Figure 4 with the largest deviated value at a cer-
tain frequency which provides information for worst case analysis. As showed in Figure 4(a),
the measured resistance for the antenna between 1.1 and 1.4 GHz fluctuates between 158 and
144 Q and from 1.41 to 3.0 GHz, the variation of resistance is between 146 and 154 Q but in
much steady manner. However, exceptionally small deviation is pragmatic among the curves
of all antennas and this behavior is stable over a much larger frequency range in accordance
with the published results for spiral structures in [19]. The reactance part of the impedance,
as showed in Figure 4(b), follows smaller positive values around 15 Q with exceedingly
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Figure 4. Input: (a) resistance variation and (b) reactance variation.

small variation with frequency. This performance relates to both frequency dependent and
independent antennas to some extent. Moreover, relatively constant harmony exists between
the computed and measured results.

The actual transformation between the unbalanced and the balanced mode is achieved by
the balun which is exactly the same as well defined in [20], composed of the coplanar wave-
guide and the coplanar strip line which are only needed to connect the sender/receiver and
the antenna. The balanced output from the balun is connected to the antenna using the bal-
anced coplanar strip line. However, due to the additional complexity introduced by attaching
the Balun using CW2400 and the feed line connecting to SMA, a slight offset/error and dis-
tortion is observed in the measured values. The measured return loss is showed along with
computed values in Figure 5(a). It is clear that the proposed antenna has better return loss
and is less than —15dB throughout the frequency band of interest, which is the paramount
necessity of antennas for optimal performance. Furthermore, the stable response of paper sub-
strate at higher frequencies makes it a suitable candidate for broadband antennas. Overall, a
good agreement among the computed and measured results is observed even though the
silver-based conductive inks have higher metal loss.

The radiation pattern is measured inside an anechoic chamber setup that replicates abso-
lute free space [16]. The measured normalized radiation patterns (of antenna printed on
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Figure 5. (a) Measured and computed return loss and (b) measured 2D far-field radiation plots.
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Kodak photopaper) at characteristic frequencies of 1.0, 1.5, 1.9, 2.5, and 3.0 GHz are plotted
in Figure 5(b). It is observed that all of the radiation patterns have normal shape and show
extreme similarity between computations and measurements, which can also be verified for
other frequencies within the antenna bandwidth and are in coherence with previously
published results [19].

5. Conclusion

It is the first time the development and electromagnetic analysis of a log-spiral antenna
printed on paper substrate are demonstrated to obtain affordable “green” tags. The wideband
nature of the proposed antenna is exploited to accommodate several modules for sensing and
wireless applications, in addition to an RFID tag. Future development is intended to optimize
the design to provide additional modules within the same antenna size.
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For the first time, two-arm planar sinuous antenna is demonstrated to realize the emerging
concept of integrating RFID functionalities along with sensors and other wireless applica-
tions for “green” electronics. In-depth, parametric analysis is performed for the proposed
antenna which is fabricated on a paper substrate using revolutionary inkjet printing technol-
ogy to develop a system-level solution for ultra-low-cost mass production of multipurpose
wireless tags in an approach that could be easily expanded to other microwave and wireless
“cognition” applications. The proposed antenna exhibits excellent performance throughout
several RFID ISM bands and for other wireless applications in its operational range from
0.8 to 3.0 GHz.

1. Introduction

Radio-frequency identification (RFID) is gaining a lot of influence as an effective method due
to the growing demand [1] for reliable electronic identification systems [2,3], in view of the
fact that it offers several advantages over conventional optical technologies such as barcodes
in terms of range and non-line-of-sight operations [4]. There has been much research address-
ing the challenges to RFID adoption such as reducing transponder cost, standardizing RFID
communication protocols, and implementing security measures [5,6]. In general, RFID can
create a very low-cost integration platform of multifunctional capabilities [7]; thus an attrac-
tive research objective is to expand this well-developed infrastructure for wireless applica-
tions, which have an appetite for low-cost, robust, flexible, and reliable modules, for instance
ubiquitous wireless sensing, navigation, broadcasting, and personal communication [8—10]. In
order to accomplish these applications, separate antenna for each module to cover the corre-
sponding frequency band is a common approach [11,12]. However, adaptation of this
approach leads to higher manufacturing cost, weight, and the space required for installing
such modules, and worst of all, it causes numerous electromagnetic compatibility issues
which need to be addressed prior to deploying such solutions. Moreover, Flame Retardant 4
(FR-4) or Polyethylene Terepthalate (PET) is usually utilized in fabrication of prevailing
RFID tags or wireless modules [13], which not only are nonbiodegradable but also have an
adverse effect on economic factors involved in disposing off nonrecyclable waste.

In this paper, we propose a single wideband sinuous spiral antenna for simultaneously
using in various applications, which not only reduces the cost and weight, but also decreases
the electromagnetic intricacies. The ANSYS HFSS™ tool is used to design and simulate the
proposed antenna, whereas the measurements are performed in an anechoic chamber
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Table 1. Substrates parameters used for design and fabrication.

Substrate Thickness (um) Permittivity () Loss tangent
Kodak U-P Photopaper 250 3.3 (average) 0.077 (1 GHz @ 25°C)
HP Adv. Photopaper 250 3.3 (average) 0.04 (1GHz @ 25°C)
Felix Schoeller Paper (p_e: smart) 250 3.2 (average) 0.077 (1 GHz @ 25°C)

dedicated to antenna characterization. Comprehensive numerical and experimental analysis is
presented from 0.8 to 3.0 GHz, for the proposed antenna, which exhibits exceptional perfor-
mance. Paper material is one of the potential candidates that could make a breakthrough in
the electronics world for its ultra-low cost and environmental friendly distinctiveness. The cir-
cular polarization of the proposed antenna, which is fabricated by utilizing an outstandingly
efficient and extremely economical inkjet printing technology to print on commercially
available paper substrates (Table 1), provides an optimal preference for future multimodule
wireless tags with integrated RFID.

2. Antenna structure and design

Several design parameters of a two-arm sinuous-spiral antenna are optimized in a sense that
RFID tag needs to be read in any orientation. The integrated wireless applications within the
proposed multimodule tag require a wideband antenna element that offers the orthogonal
senses of polarization. Simultaneous polarization ability such as vertical and horizontal or
right and left circular from the same aperture with coincident phase centers is of particular
significance [14]. The proposed design needs to be in accordance with the manufacturing
constrains, because only a single side of paper substrate is available for full integration of
modules alongside the antenna.

In designing a planar structure, the starting point for the evaluation process is set to attain
an optimal structure with a self-complementary geometry. As explained in the past, self-com-
plementary structures have better impedance and pattern properties than non-self-complemen-
tary ones [14]. Interestingly, for this particular type of indistinct phasing, self-complementary
structure is not a good option if low axial ratio is required. In this study, numerous self-
complementary two-arm sinuous structures are investigated by varying growth rate while
maintaining a fixed radiating aperture size. In order to do this, the number of sinuous
segments or cells of the antenna are varied. However, it is observed, there is no improvement
in the axial ratio at the circularly polarized bands regardless of the geometry and growth rate.
The axial ratio improvement is possible if one deviates away from the self-complementary
principle. Thus, this is done by changing the variables o and  in Equation (1) and the final
optimized design achieved is shown in Figure 1.

In accordance with appropriate log-periodic practice, the sinuous curve is defined solely
by angles and the growth rate (expansion ratio 7). As mentioned in Figure 1, the curve is a
set of cells starting with cell 1 at the outer radius R; (the proposed structure has eight
cells). R, defines the outer radius of cell p, and o, with 7, determine the angular width
and ratio of the inside-to-outside radius for each cell. The equation for the pth cell is pro-
vided by:

(b:(—l)pocpsin(M) Ry <r <R, (1)

Int,
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Figure 1. Design, dimensions and “green” theme of proposed antenna.

where r and ¢ are the polar coordinates of the curve. The radii R, are related by:

Rp = ‘C],,|Rp,| (2)

The design parameters 7, and «, may possibly be independent of p and log-periodic
structure that is a periodic function of the logarithm of the radius ». The proposed structure in
Figure 1 has o of 45° and angle ¢ is 22.5° with an outer radius of 8.4 cm. One sinuous arm
of the proposed structure is formed by rotating the curve of Equation (1) by plus and minus
an angle J around the origin as shown in Figure 1. Thus, the complete aperture is developed
by the angular rotation of the single arm through 180° increment to create a two-arm struc-
ture. The directly printable antenna proposed is intended for cardboard cartons level tagging,
where size is not an issue but high performance with increased functionality at low cost is
desired, so that valuable goods can be tracked in any orientation and transported safely.

3. Fabrication process

Figure 2(a) and (b) show the left hand circular polarization (LHCP) and right hand circular
polarization (RHCP) gains of the proposed antenna, respectively. It is observed that the pro-
posed structure exhibits better performance throughout the operational range from 0.8 to
3.0 GHz, than other configurations experienced to achieve this optimal design. Figure 2(c)
shows the current distribution plot of the proposed antenna. Moreover, the projected structure
is optimized without enlarging the antenna’s physical aperture.

In contrast with etching, which is a subtractive process by removing undesirable metal
from the surface of the substrate, inkjet printing jets the single ink droplet from the nozzle to
the desired location, consequently, no waste is formed, ensuring an economical production
solution. The ink used to fabricate the proposed antenna is sliver nano particle based CCI-
300 manufactured by Cabot Corp. (USA), with a solid loading of about 19-21 wt.%, a viscos-
ity of about 11-15cP and a curing temperature of 100-350 °C according to the manufacturer.
Prior to printing, the ink is degassed by placing in Bransonic 2510 ultrasonic cleaner for
Smin. Afterwards, the ink is injected into the fluid module of a user fillable DMC-11610,
10 pl piezoelectric drop-on-demand print-head cartridge with 16 nozzles. Droplet ejection and
flight are optimized using the integrated stroboscopic drop-watching camera of the Fujifilm
Dimatix DMP 2800 printer as shown in Figure 2(d).
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Figure 2. Simulated 3D gain: (a) LHCP, (b) RHCP; (c) current distribution at 1.9 GHz; and (d) inkjet
printing setup and antennas printed on paper substrates.

The best printing parameters are achieved with a jetting frequency of 5kHz and a meniscus
set to 4 in. of H,O. The voltages (18-21V) is applied to the piezoelements of the print-head and
are tuned to attain a velocity of Sm/s. The print-head temperature is set to 40 °C and the sub-
strate vacuum plate at 3040°C to avoid coffee ring effect [15]. The drop spacing is set to
20 um to execute the print resolution of 1270 dpi, which resulted in smooth, printed edges. Con-
sidering the limits imposed by skin depth effect [16,17] for the frequency bands of interest, three
layers of ink are printed, each of which is approximately 600 nm thick. The sintering/curing is
carried out using high-tech (“PulseForge Technology” by Novacentrix USA) [18] in roll-to-roll
sintering for mass-scale manufacturing, and the traditional method (oven with ventilation system)
to estimate small-scale production. The optimal temperature/time observed for annealing are
150°C/120 min, 120 °C/120 min, 110°C/90 min for Kodak, HP, and Felix papers, respectively.
The DC conductivity of =~ 0.9 x 107 S/m of the printed pattern is attained after annealing which
is measured by employing four-probe method and measurements carried out by profilometer.
Hence, reasonably good conductivity is achieved by optimizing the printing procedure.

4. Results and discussion

An accurate and systematic approach is adopted for analysis of the reliability parameters and
characterization of the proposed antenna manufactured on different paper substrates. As a first
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step, five identical structures are printed on each paper substrate. For measurements, infinite
balun (Dyson) feed [19] is used for excitation. A 1.2 mm flexible UTiFORM coaxial cable is
fixed between the sinuous arms starting from the outside. Soft soldering is avoided to fix the
UTiFORM coaxial cable since it needs heating the filler metal above 250 °C to attain proper
soldering, but this temperature relentlessly damages the printed traces on paper substrates
[20]. Consequently, cable is bonded to the test terminal with CW2400 silver conductive
epoxy, cured at 24 °C for 4h to gain maximum conductivity and adhesion. Furthermore, the
bend radii of the coaxial turns are below the maximum tolerable value of 2.54 mm [21].

In order to execute worst-case analysis, impedance graphs in Figure 3 are plotted with the
largest deviated values at a certain frequency. Therefore, rigorous information is looked into
to achieve true understanding of reliability parameters, which have potential of variance due
to the use of paper substrate. It is observed that by not having a self-complementary structure,
the stability of the input impedance is deteriorated, as shown in Figure 3. The resistance of
the proposed antenna shown in Figure 3(a) varies between 210 and 250 Q throughout the
frequency band of interest and exhibits consistent behavior. However, the antenna printed on
Felix paper showed a higher degree of uncertainty between the two extremes and the antenna
printed on Kodak paper followed more steady behavior. Nevertheless, exceptionally small
variation is detected among the curves of all antennas and this behavior is stable over a much
larger frequency range in coherence with the published results [22]. The reactance part of the
impedance, as shown in Figure 3(b), follows positive values between 0 and 45Q with
exceedingly small variation with frequency. Moreover, relatively constant agreement exists
between the computed and measured results. Thus, such behavior of impedance corresponds
to both frequency dependent and independent antennas to some degree, which is suitable for
modern application-specific integrated circuit (ASIC) demands, where in most instances, chip
impedance is frequency dependent.

In accordance with other log-periodic antennas, the center frequencies of the bands are
directly linked to the geometric growth rate observed in Equation (1). This states that ratio of
the adjacent band frequencies is equal to the growth rate. This observance is of greater
importance when specific bands are targeted. It ought to be noteworthy that bands toward the
low and high operating limits of the antenna will be affected due to the finite size of the
aperture, and are slightly different from the growth rate. Analogous to the planar structure,
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Figure 3. Input: (a) resistance variation and (b) reactance variation.
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Figure 4. (a) Measured and computed return loss and (b) measured 2D far-field radiation plots.

the linearly polarized bands, are positioned between circularly polarized bands, and they have
orientations which wobble about two orthogonal directions aligned with opposite tips of the
sinuous segments. It is realistic to anticipate that the performance can be further enhanced by
optimization [22]. The computed and measured return loss of the proposed geometry are pre-
sented in Figure 4(a). A good agreement is achieved between measurements and computa-
tions which are fairly coherent with published results [23]. The measured return loss of the
sinuous antenna is below —15dB from 0.8 to 3 GHz. The difference between computations
and measurements is due to the difficulty to realize a perfect alignment of balun structure
especially on extremely flexible paper substrate.

Moreover, the proposed antenna is capable of exhibiting extended read range under conju-
gately impedance matching conditions which also depend upon the ASIC used for RFID. The
conjectural calculations after substituting measured values results into 15—-16 m read range.
The antenna exhibits high gain values on paper substrate (mentioned in Table 1) and above all,
in direct contrast to most of the presently available RFID tags, its superior performance in any
orientation makes it an ideal choice for transportation applications. The radiation patterns are
measured inside an anechoic chamber, whose arrangement is mentioned in [17,20]. The mea-
sured normalized radiation patterns of antenna printed on Kodak photopaper at significant
characteristic frequencies are plotted in Figure 4(b). The measured radiation patterns have
extreme coherence with computed values and are in pursuant with previously published results
[22] that validate the detection of proposed multifunctional wireless tag in any orientation.

5. Conclusion

The numerical analysis of a planar, non-self-complementary, two-arm sinuous antenna is pre-
sented. The antenna is manufactured on paper substrates utilizing inkjet printing technology
to demonstrate the emergence of next generation of eco-friendly RFID tags, for ubiquitous
sensing and wireless applications. Furthermore, the antenna exhibits superior impedance-
matching capability, improved return loss, and wider bandwidths for all realized bands.
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Abstract: We demonstrate for the first time an RFID tag antenna
which itself is humidity sensor and also provides calibration functional-
ity. The antenna is comprised of T-matching network and horizontally
meandered lines for impedance matching and reliable near-field com-
munication. The novel contour design provides humidity sensing, and
calibration functions whilst concurrently acts as a radiating element
along with quadrangular capacitive tip-loading with covered middle
portion for far-field communication. The inkjet printed prototypes of
the antenna provide effective ambient humidity sensing while demon-
strating stable RFID communication. The antenna has a compact size
of 1.1 x 10.2cm for 902-928MHz band.
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1 Introduction

In the Internet-of-Things paradigm (IoT), selective information from any
item of a certain value is on the network in one form or another. Radio fre-
quency IDentification (RFID) and sensor network technologies are giving fuel
to this evolving standard. RFID faces several critical challenges of cost, re-
liability and eco-friendliness when evaluating, planning and implementing it
for most exciting unfolding era of Ubiquitous Sensor Networks (USN). How-
ever, the present sensor-enabled RFID solutions downgrade their effectiveness
on account of extra cost [1] by employing additional components or materi-
als [2, 3, 4] to achieve sensor module. Likewise, the vast fated implementation
of sensor nodes demands a design with the capability of customizable cali-
bration function in order to replicate it without additional costs.

This paper presents an RFID tag antenna with embedded functionality
as a humidity sensor along with calibration options realized through distinc-
tive structural properties. The proposed compact antenna is directly printed
on commercially available paper substrate for realizing the eco-friendly and
ultra-low cost USN module. The accumulative effect of humidity on electro-
magnetic properties of paper substrate and conductive pattern, which consti-
tute the RFID tag is explored to determine the antenna performance under
various operating humidity levels. The proposed antenna has extended read
range, and wider operational bandwidth for catering the manufacturing dis-
parities while at the same time provides an extra level of liberty for sensor
calibration.

2 Antenna design and optimization

The preeminent step in paper substrate usage is to characterize its properties,
which varies considerably among commercially available papers. The sub-
strate adopted is HP advanced photopaper of 250um thickness (250gm/m?)
with dielectric constant and loss tangent of 3.2 and 0.077 respectively, ex-
tracted by using ring resonators method. NXP UCODE G2XM RFID Al-
strap is selected, for instance the goal IC impedance at 915MHz is 13.3-j122Q
is preferred. However, the principle of operation for the proposed antenna
is not IC dependent. RFID radar cross section is important for reflecting
passive tags. In this case, the RFID contains a resonating structure that
reradiates when illuminated by the reader. The detectability of the tag de-
pends on the RCS (or backscattered field) returned by the tag. The RFID
reacts to the incident power density generated by the reader:

_ PtGreader
4rr?

S (1)

Here S is the power density in Watts/m?, P is the total transmitted
power by the reader, G eqder is the reader’s antenna gain, and r is the dis-
tance between the reader and the RFID tag. If the tag’s antenna has an
effective aperture, A., its received power at the antenna terminals is then
P, = SA.. This becomes the input power to the circuit powering the tag’s

circuit. Thus, one of the optimization factors is to achieve optimal antenna
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effective aperture in contrast to previous approaches in which one dimen-
sional methodology is adapted to simply improve the antenna gain. As we
are impending towards eco-friendly tags, every drop of ink saved in manu-
facturing process plays a vital role. The reradiated power P,. due to P, can
then computed as:
2
Pre = KPaGtag = % . PaGtag (2)

Where, Gi,4 is the tag’s antenna gain and K is the ratio of reradiated to
incident energy with R, = R (Z,), where Z, is the complex antenna input
impedance.

It is observed that a short circuited tag (Z. = 0) reradiates 4 times more
power than a conjugate matched one (Z, = Z). It is also noted that, in the
case of conjugate matching, the tag absorbs and reradiates equal amounts
of power. In general, the tag radar cross section, o, is used to measure the
radiation effectiveness. Specifically, in evaluating the RFID’s effectiveness,
the ratio of the returned to transmitted power is of interest.

P A2GtaoGreader Ra . .

S

Here preader and Piag refer to the corresponding antenna polarizations. Clearly,
the tag antenna gain plays a major factor; therefore, several iterations are
carried out to address this challenge for achieving an efficient tag antenna
design as showed in Fig. (1).

3 Antenna as a sensor design
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Fig. 1. Geometry of RFID sensor antenna.

loading

In order to achieve humidity sensor, the proposed antenna has to demon-
strate linear parametric changes in response to paper dielectric variations
which in-turn corresponds to calibrated relative humidity levels. The main
challenge at this stage is to realize an antenna structure which remains de-
tectable in-spite of its parametric changes, which are eventually transformed
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into sensor data. These limits motivated towards an antenna design, which
has complex combination of five classifiable elements for providing stability
as well as changeability in order to manifest sensory, and radiating charac-
teristics simultaneously.

Table I. Antenna structural dimensions

(mm) A B C D E F G H I
1 9.69 123 247 044 189 3.1 043 3.62 6.93

2 9.24 0.77 244 046 189 3.3 051 3.62 5.77
3 19.18 11.2 265 0.51 1.89 3.5 0.58 3.57 3.46
4 715 770 282 066 1.84 3.7 0.66 3.57 1.92
5 500 7.8 265 074 184 39 074 3.16 231
6 2.86 4.18 219 081 184 4.2 081 3.62 4.62
7 1.78 3.16 089 1.84 44 0.89 3.62
8 3.93 3.56 097 1.84 4.6 097 3.57
9 6.10 3.57

The computer-aided design of the antenna is accomplished by using the
commercial full-wave simulator ANSYS HFSS™. As showed in Fig. (1), the
inner loop (composed of the series and shunt stubs) formed by T-matching
network (A1-A3) is effective for stable near-field operation. It mainly op-
timizes and contributes to the input impedance matching in collaboration
with progressive and horizontal meandering structures constituted by seg-
ments B-C. The novel progressive ladder contours formed by varying lengths
of D-H segments, play the indispensable function of fine-tuning the slope of
impedance curve in customizing the sensor calibration. It is discerned that
the coupling between electromagnetic characteristics of the paper substrate
and radiating elements is considerably aided by these contours. The cou-
pling features and stabilized performance in the far-field region are likewise
enhanced by quadrangular capacitive-tip loading, and the area of the middle
plate structure by adjusting the length and spacing of segments from A4-A9
& I. Tt is pragmatic, this added capacitance is approximately proportional to

the perimeter of the loading shape rather than its area.

4 Fabrication process

The prototype antenna is directly printed on paper (Fig. 1) by using Fujifilm
Dimatix DMP2800 tabletop printer by depositing silver nano particles based
ink (CCI-300) by Cabot Corp., which has alcohol-based vehicle and contains
19-21% weight of nano-silver particles of less than 20nm diameter. This ink
is selected due to the large ratio of the area to volume of its nano parti-
cles, which exhibit significantly lower melting point and provides stability
against humidity effects. Each layer of printing at standard room conditions
resulted in 600nm thickness; therefore, three layers are printed by consider-
ing skin depth effect and sheet resistance. After inkjet printing, a ventilated
thermal oven sintering for two hours at 120°C provides a continuous metal
conductor of around 9x10% S/m conductivity, which is measured by deploying
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Four Probe Method along with Profilometer measurements, thus providing a
percolation channel for the conduction of electrons throughout the material
without obstacles. The optimized dimensions of calibrated proposed antenna
for measuring every 20% RH change are specified in Table I.

5 Experimental verification of antenna performance
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Fig. 2. (a) Resistance and reactance variation; (b) gain
variation due to change in humidity level; (¢) mea-
sured and computed return loss; (d) radiation pat-
terns of RFID sensor antenna at 915MHz.

Firstly, the antenna’s electromagnetic characteristics are measured stan-
dalone in an anechoic chamber setup in which impedance is measured by using
S-parameter method (with SOLT calibration procedure), whereas the return
loss and radiation patterns are measured by employing Half-Mirror method
in combination with SOL calibration procedure for achieving elevated mea-
surement accuracy. The near and far-field operational characteristics of the
proposed RFID tag are verified using Impinj’s UHF RFID reader kit. The
effect of humidity variations on antenna parameters is characterized using cli-
mate chamber (Weiss Technik WK 11-180), and for validating results under
normal room conditions, measurements are also carried out in the anechoic
chamber by using humidifier and hygrometer while keeping the fixed distance
between the RFID reader and the proposed sensor tag. The computed and
measured impedance variations of the antenna in response to varying hu-
midity levels are plotted in Fig. 2(a). The resistance and reactance show
controlled linear behavior with overall 8% and 9% variation, respectively
between two extremes. The measurements are repeated several times for
extracting reliability parameters and validating the sensor functionality.

Furthermore, the calibration capability on the tag side in accordance with
substrate for implementing self-effacing and more reliable procedures to for-
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mulate the absolute humidity sensing system. The impedance variation with
respect to relative humidity levels in-turn causes the variation in antenna
gain, which is revealed in Fig. 2(b), and consequently, the backscattered
power received while tag is placed in boresight of the RFID reader varies
which is appropriately calibrated to ascertain the relative humidity (RH%)
change. The antenna exhibits better return loss, which is larger than 15dB as
showed in Fig. 2(c). The distortion is maybe due to the effect of metal ground
fixture used for half-mirror method, and can be eliminated or significantly
minimized by employing a metal plate with more rounded edges. Fig. 2(d)
shows the normalized computed and measured 2D radiation patterns which
are nearly uniform (omnidirectional) at 915MHz. Thus, a good agreement is
pragmatic between the computations and measurements, which can similarly
be substantiated for other frequencies within the antenna’s bandwidth. The
proposed sensor tag demonstrates extended portable read range of 11.1m and
fixed 6.7m as a standalone RFID tag and with full humidity sensing func-
tionality, respectively. Additionally, the gain and sensitivity against relative
humidity level of the proposed antenna can be ameliorated by increasing the
size depending upon particular industrial application.

6 Conclusion

An RFID tag antenna with incorporated humidity sensor characteristics, and
has potential of customizable calibration, is designed, manufactured and val-
idated. It is observed that paper type plays a pivotal role for response time
in accordance with relative humidity level change. The integration of ink
and paper substrate is critical for igniting the destabilization effect, which is
utilized in a controlled mechanism by the structural configuration of the pro-
posed antenna, and also inventively provides the effective calibration of the
humidity sensor in accordance with defined desiderata. Likewise, the same
phenomenon is achieved by using Kapton-HN as substrate which broadens
the applicability of the proposed design. Furthermore, the proposed sensor-
based RFID tag is eco-friendly, versatile and economical, thus making it well

suited for realizing ubiquitous sensor networks.
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