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SUMMARY

The objective of the proposed research is to integrate nanotechnology, applied
electromagnetics, and inkjet printing fabrication methods to develop a series of novel
inkjet-printed RF modules for sensing and communication applications: wireless gas
sensor, wearable RFID tag, and RF inductor.

Passive, wireless sensors have various applications in a wide range of fields
including military, industry, and medicine. However, there are issues such as cost,
sensitivity of sensors, manufacturing complexities, and feasibility of further
miniaturization of these RF modules. One aspect of this research investigates the feasibility
of addressing these issues by integrating nanotechnology and applied electromagnetics.
The underlying common theme for the three designs is inkjet-printing silver nanoparticles
on organic paper substrate.

The research will investigate the characterization of thin film carbon nanotubes and
the optimization of inkjet-printing the CNT material on paper substrate followed by the
design of a patch antenna based gas sensor. Measurement results from a closed
measurement system will be shown. Secondly, an inkjet-printed, conformal, wearable
RFID tag on an artificial magnetic conductor is designed and tested using an RFID Reader.
Lastly an inkjet-printed high Q RF inductor is designed and integrated with magnetic
nanomaterial to evaluate the feasibility of increasing inductance using high permeability
nanomaterial. Through the design and testing of the aforementioned three designs, it will
be shown that through a multidisciplinary design process, novel, low-cost RF modules can

be designed for sensing and communication applications.
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CHAPTER I

INTRODUCTION

Today, there is a high demand for novel wireless sensors and RF modules for sensing
and communication applications. For example, in the health care industry, there is a need
for miniaturized, wireless, flexible bio-monitoring sensors to accurately and conveniently
monitor the vitals of patients in the hospital or at home at a very low-cost. There is also a
high demand for wireless gas sensors in both the industry and defense. For example, in
factories where chemicals are used, toxic gas are present, and for large scale data systems
such as Google and IBM, large warehouses of computers need to be cooled in a large
scale, for which ammonia is used. In these cases, it is important to be able to detect
leakage of toxic gases remotely in a large scale. In defense or homeland security, it is
important to be able to detect toxic gases remotely from a safe distance. It is also
important to be able to cover a large area, which requires a large network of sensors.
Lastly, printed electronics is becoming more and more important as flexible displays are
being researched and developed for the mobile telecommunication industry, as well as
flexible sensors for robotics and healthcare industry. Samsung has shown prototypes of
flexible displays using printed flexible LEDs at the Consumer Electronics Symposium.*
Beyond the mobile telecommunication industry, flexible electronic paper? and curved
OLED TVs?2 are other fields that has become technologically feasible.

The commonalities for the above-mentioned demands are as follows:

o Wireless
e Flexible
e Low cost

e Scalable for wireless sensor networks



BCC Research estimated that the sensors industry will be worth $91.5 billion in
2016. According to the research firm's report, "Sensors: Technologies and global
markets," the sensors rise will translate to a five-year compound annual growth rate
(CAGR) of 7.8%.* Biosensors and chemical sensors are at $13.3 billion in 2011, and
should hit $21 billion if the segment follows its projected 9.6% CAGR.
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Figure 1. Global sensors market, 2009-2016 in $ millions. (Source: BCC Research
May 2011) °

To address these needs, a new and different approach is needed to create the
hardware devices that meet these specifications. To that end, nanotechnology has been a
popular field to help engineer new material that has various sensing capabilities such as
gas, strain, humidity, and temperature. However, in all of these cases, the sensed data is
converted to a range of DC voltage, current, or impedance values. To create wireless
sensors, these DC sensors have to be integrated with a separate wireless module with an

antenna that has the capability of transmitting the sensed data wirelessly. This would

2
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increase the size, number of components, number of manufacturing steps, and cost. To
create a wireless sensor directly from the nanomaterial, it is necessary to characterize the
nanomaterial at high frequencies and understand the properties at the operational
frequency bandwidth.

Another important factor is the process of fabrication of these devices for low cost
per unit. Printed electronics, and in particular inkjet printing process is used as a low cost
fabrication method. In chapter 2, this factor will be addressed in more detail. Ultimately,
the systematic process of creating novel wireless sensors and RF modules is illustrated in

Figure 2 below.
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Figure 2. Conceptual overview of designing novel RF modules.

1.1 Wireless bio-monitoring

The global healthcare sector is one of the fastest growing sectors across the globe,
accounting for over 10% of the GDP of most of the developed economies. One of the
fastest growing segments in this sector is healthcare electronics (including electronics for

both, medical and pharmaceutical fields), with rapid developments in various types of



sophisticated electronic devices, equipments and systems fueled by increasing use of new
technologies and continuous R&D in this arena.

Bio-monitoring methods have developed substantially since 1965, and wireless
technologies of the last few years promise major advances in efficiency by simplifying
hospital and home health care. Among various types of sensors, bio sensors can be
termed as the biggest game-changers for sensors market in healthcare applications in the
past two decades, as it can be undoubtedly said that the current huge market size worth
approximately USD 9.9 billion in 2011, and it is expected to grow at a CAGR of 9.6%
from 2012 to 2018 to reach a market of USD 18.9 billion by 2018.°

$8 billion in 2012 is attained through bio sensors. Bio sensors alone contribute more
than 60% of the total revenue and medical sector owing to their phenomenal success in-
vitro diagnostics, implantable medical devices, non-invasive surgical tools & equipment,
cardiac pacemakers and pharmaceutical drug monitoring systems. But what about
communication between the patient and caregiver and between the patient and the

environment, as illustrated in Figure 3 below.
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Figure 3. Diagram of wireless bio-monitoring system. ’



The dawn of IT and multimedia in healthcare revolutionized the field of medical
electronics, in turn, affecting the medical sensors market. This has affected the sensors
market for smartphone-monitoring in healthcare involving the use of communication
technologies for transmission of data acquired through patient monitoring. The field of
wireless sensor networking is one of the major focus areas among novel and upcoming
fields of research and the latest hot-topic in the field of sensors, the developments of
which will drive the sensors market in healthcare applications by a significant extent. The
challenge of Bio Signal monitoring is obtaining accurate measurements from
simultaneous reference points throughout the body while eliminating interference
(power line, baseline drift, muscle movement, IV-Drip) and also reducing patient

discomfort.

Figure 4. Wired bio signal monitoring.?°



The pictures in Figure 4 illustrate wireless bio signal monitoring where the antenna is
mounted directly onto electrodes would eliminate many of these interferences and

facilitate real-time wireless updates to a portable patient unit.

1.2 Wireless Gas Monitoring

Recently, gas sensing, as a typical application in intelligent systems, is receiving
increasing attention in both industry and academia. Gas sensing technology has become
more significant because of its widespread and common applications in the following
areas: (1) industrial production (e.g., methane detection in mines); automotive industry
(e.q., detection of polluting gases from vehicles); (3) medical applications (e.g.,
electronic noses simulating the human olfactory system); (4) indoor air quality
supervision (e.g., detection of carbon monoxide); (5) environmental studies (e.qg.,
greenhouse gas monitoring) (6) homeland security (e.g. detection of IEDs). Globally, the
gas sensor market is $250 M/yr, with sensor systems totaling >$1.5 B.#

Toxic gas must be sensed in a safe manner from a remote distance. Therefore the
sensors need to have wireless capabilities. The sensors must also be small and low-cost
so that a network of sensors can be deployed in a target area. However, most
conventional gas sensors are bulky and are handheld detection devices, as shown in
Figure 5 below. Even for wireless sensors, the size is large, and requires a constant power
supply.

Most chemical gas sensors in the market are handheld devices that are expensive and
require the sensor element which are also costly and need to be replaced due to the
accumulation of chemical residue over time. The chemical residue lowers the sensitivity
of these sensors. Furthermore, these sensors are not inherently wireless and would require
integration with a wireless module for remote sensing capabilities. Some examples of

these sensors are shown in Figure 6 below.
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Figure 6. Conventional gas detectors.'?

BW Technologies provide handheld gas detectors and ammonia sensors, shown in Figure



For low-power, remote gas sensors, it is important to have passive or semi-passive
sensors, that operate on a platform such as RFID systems. To create such sensors,
conventional sensing materials like metal oxide semiconductors have to deal with the
problem of poor sensitivity at room temperature, while carbon nanotubes (CNTSs) attract
more attention because of their unique properties and have become the most promising
materials for high-sensitive gas sensors. As a kind of promising sensing material, CNTSs,
have been found to possess electrical properties and are highly sensitive to extremely
small quantities of gases, such as alcohol, ammonia (NHs3), carbon dioxide (CO2) and
nitrogen oxide (NOx) at room temperature, while other materials like metal oxides have
to be heated by an additional heater in order to operate normally. This high sensitivity
eliminates the need of assisting technologies like pre-concentration, and thus contributes
to the advantages of low cost, low weight and simple configuration. Besides, CNTs also
outperform conventional sensing materials in term of great adsorptive capacity, large
surface-area-to-volume ratio and quick response time, resulting in significant changes in
electrical properties, such as capacitance and resistance.*®* Moreover, compared with
metal oxide semiconductors that require microfabrication techniques, power supply and
ad-hoc electronics when utilized as sensing material, CNTs possess good corrosion
resistance and better bandwidth.'* Lastly, with small size and wireless capabilities, the
sensors can be integrated with RFID or Zigbee protocols battery-less or low-power
sensors. These sensors can be used to create a large scale gas sensor network as shown in

Figure 7 below.
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Figure 7. Network of wireless gas sensors.*®

1.3 Printed Flexible Electronics

Printed electronics is a growing field in both the industry and academia. Various
printing processes such as offset printing to gravure up to flexo, screen and inkjet printing
are used for applications such as RFID chips, which can be read without contact, and
solar cells and displays. The mass production of OLED displays is now already a multi-
billion dollar market. There are many different applications for printed electronics. For
example, children’s books with light switches, wafer-thin illuminated tiles, rolls of solar
cells or a handbag with a built-in charging station for the mobile phone. Other areas of
application lie in intelligent packaging, medical technology and the pharmaceuticals
industry or in the field of consumer electronics. Even classic print products can be
upgraded with the new process. For ex-ample, so-called electroluminescent displays are
possible, which can be liv-ened up with light and colour effects or animations. For these,
several layers of zinc sulphide and copper elements are applied onto the panel film in
(screen) printing. The luminescent material lies between these conductor paths, electricity

is fed over a programmable circuit board. The different sur-faces can thus be illuminated.



If printed electronics are then combined with 3D printing, three-dimensional objects can
even be manufactured in one work step — already fully equipped with electronics.

The new report from IDTechEXx titled Printed, Organic & Flexible Electronics:
Forecasts, Players & Opportunities 2013-2023 finds that the total market for these
technologies will grow from about $16 billion in 2013 to more than $75 billion in 2023.
The sector includes profitable large sectors, the majority being OLEDs (organic but not
printed) and conductive ink used for a wide range of applications. On the other hand,
stretchable electronics, logic and memory, thin film sensors and other components are
much smaller segments today, just emerging from R&D.

Organic electronics is a market with major future potential and can take a firm place
in our daily lives, for example in intelligent labels on food packaging and solar cells on
window panes. Organic and printed electronics is finding a very current application in E-
book readers and touch-screens. The continual improvement in printing and production
processes combined with cheap materials creates almost unlimited possibilities for

applications. Examples of some of these applications are shown in Figure 8 below.

Figure 8. Use of printed electronics in daily life. 16171819
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Above all else, logistics will benefit from RFID chips which save information and
pass this on to a central system via a contact-free reading device. This allows a goods
chain, for example, to be monitored in the fight against product piracy. Things will
become even more exciting if printed electronics can be sensibly used not only on the
surrounding packaging but also on the individual product. There are already examples in
the medical industry, and in the near future there will possibly be electronic books with
roll-up displays..

To enable this technology, the systematic process of approaching the design of novel
wireless sensors and RF modules involves a multi-disciplinary effort of combining RF
and antenna engineering with nanotechnology and printed electronics. An example of
designing novel gas sensors based on this process is shown in Figure 9 below.
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Figure 9. Overview of designing novel gas sensors utilizing nanotechnology and
inkjet printing.
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CHAPTER Il

PLATFORM FOR FLEXIBLE RF MODULES

There are two different platforms that will be introduced, one is the wireless platform
and the other is the fabrication platform. For both cases, the key factor is low-cost and

scalability for wide area sensor networks.

2.1 Wireless Platforms

Radio frequency identification (RFID) is an emerging compact wireless technology
for the identification of objects, and is considered an eminent candidate for the realization
of completely ubiquitous ad hoc wireless networks. RFID utilizes electromagnetic waves
for transmitting and receiving information stored in a tag or transponder to/from a reader.
This technology has several benefits over the conventional ways of identification. Some
advantages are higher read range, faster data transfer, the ability of RFID tags to be
embedded within objects, no requirement of line-of-sight, and the ability to read a
massive amount of tags simultaneously. A listing of applications that currently use RFID
are: transportation and logistics, product tracking and inventory systems, access control,
library book tracking and management, passports, parcel and document tracking,
automatic payment solutions, real time location systems (RTLS), automatic vehicle
identification, and livestock or pet tracking. An example of the RFID system with reader
and tag is shown in Figure 10.

Whereas a barcode appears printed externally on the object to be scanned, an RFID
tag can be embedded within the object itself, or even within a living body — as in the
injectable tags which are used for pet identification. The setup for an RFID configuration
consists of a scanning antenna which emits radio-frequency radiation, and the tag which
is essentially a transponder programmed with the item’s information. The use of the radio

frequency radiation not only allows the communication between the devices but can also

12



supply the RFID transponder with a source of energy, meaning that RFID tags do not
necessarily need to contain a battery. These tags are called ‘passive’ RFID tags, and as a

result have a long life expectancy. On average an RFID tag can carry up to 2000 bytes of

(({{=

TRANSPONDER

data.

ANTENNA

READER

s

Figure 10. RFID system including reader and tag (transponder).?°

Because of the technology used the cost of implementing an RFID system is
naturally greater than traditional barcoding systems, although the rate of scanning is
much higher — typically around less than 100 milliseconds. Additionally, one of the
greatest benefits of RFID tagging technology is that an entire bag of groceries; or even
your entire shopping cart - could potentially be scanned in moments. The scanning
antennas could be incorporated into a door frame or similar channel to scan the persons
or objects passing through the field. When a tagged object comes into contact with this
field the scanning antenna’s activation signal triggers the RFID tag to transmit the data
contained in its microchip back to the antenna.

‘Active’ RFID tags contain their own power source or batteries, meaning that these
tags can be scanned at a larger distance, even at several meters away, and still generally
have a lifespan of around a decade. High frequency devices are capable of reading tags as
far as 20 feet from the scanner. Currently RFID tags are widely used in the automobile
production and pharmaceutical industries, as well as for livestock tracking. The

technology actually dates back over 50 years. It is only recently however that the costs of

13



producing the various electronic components has fallen low enough for RFID to pose a
viable alternative to ‘disposable’ barcodes. Because of this there has been no real
motivation for industry standards to be implemented on a broader scale and for the
system to become more widely adopted. Most companies using RFID tags do so
internally only, to track their own inventory.

Because RFID technology is designed for very high scanning speeds, issues of “tag
collision” and “reader collision” can occur. This happens when signals from multiple
readers overlap and the tag is unable to respond to the simultaneous reader queries. Tag
collision likewise occurs when many tags are present in a small area and the reader is
unable to separate the various return signals.

RFID tags have a few key advantages over traditional barcode systems — mainly the
read rates of multiple items, and the fact that no direct line of sight needs to exist between
the object and the tag — the tag can be embedded within the product itself. This also
means that the durability of the tag is increased because it does not need to be exposed on
the outside of packaging.

In addition, data in an RFID tag can be rewriteable if the tag has been designed for
this. The new technology means that whereas each item in a shop has been assigned a
product barcode, a unique identifier for that type of merchandise — it may now be
possible for each separate item of stock to have a unique identifier, which could be linked
to the bank card with which the purchase was made. This could be an invaluable tool in

police investigations and forensics.

14



2.2 Low-Cost Fabrication Platform

Low Cost Solutions

There are several different types of fabrication processes for electronics and
nanomaterial. For example, chemical vapor deposition (CVD), photolithography, etching,
photoengraving, PCB milling, PCB plating, lamination, silkscreen, etc. However, most of
these methods do not have the capability of depositing nanomaterials in a controlled
manner. CVD method have some control but is complex, costly and cost increases greatly
with scale. Printed electronics have become an increasingly popular field for the
deposition of nanomaterial, and was chosen as the method of fabrication for the RF

module designs in this work.

Inkjet Printing

Inkjet Printing consists of silver nano-particles melting and sintering at low
temperatures (100°C). It is economic and convenient compared to wet etching. After
melting a good percolation channel is created for electrons flow. This method also
provides a better result than traditional polymer thick film material approach. For this
research, a Fujifilm Dimatix Materials 2800 Printer was used to fabricate the prototypes.
The size of the metal platen onto which the substrate is placed is approximately the size
of an A4 piece of paper. The printer requires a cartridge into which the target ink is
deposited. Cabot silver nanoink was used as the conductive metal. The cartridge is also
used to print carbon nanotubes and magnetic nanoparticles as well. The cartridges have
nozzle sizes capable of printing 10 picoliter droplets or 1 picoliter droplets depending on
the resolution required and the application. Pictures of the printer and some prototypes

are shown in the figures below.
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Figure 11. Dimatix materials printer and fabricated prototypes. 2122

Figure 11 shows the Dimatix materials printer by Fujifilm Inc. Silver nanoink is

printed on paper substrate. The characteristics of the printer are as follows:

Piezo-driven jetting device to preserve polymeric properties of ink
10 pL drops give ~ 21 um

Drop placement accuracy +10 um gives a resolution of 5080 dpi
Drop repeatability about 0.5%

Printability on organic substrates (LCP, paper)

Figure 12. High resolution inkjet printed copper (50 pm).?
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The printer has high resolution as shown in Figure 12. The jetting profile can be seen
in the left picture of Figure 12. The jetting process of the ink in the Dimatix process is
outlined in Figure 13. A piezoelectric transducer converts voltage to a decrease in
pressure, which draws ink from the fluid supply into an orifice. As the pressure
increases again, the ink jets out of the orifice and the ink is deposited onto the
substrate. Depending on the surface tension of the substrate, and how hydrophobic or
hydrophilic the surface is, the ink has to be formulated so that it deposits onto the

surface well.

Continuous Ink-Jet Technology

Deflection Plates

Transducer Charge High Voltage
Electrode e ———1

i
\.| Substrate

Fluid |
- Supply Character Data ~ Catcher

Figure 13. System level overview of ink-jetting process.

Material Considerations

There are many different types of thin flexible substrates available for inkjet printing.
Some of the mostly widely used ones are plastics such as polytetrafluoroethylene
(PTFE)?, polyimide (Kapton)?, and thermoplastic polyetherimide?®, and other substrates
such as paper®. In considering which substrate material was to be used, it was important
to look at what types of applications the RF modules for sensing and communication

were to be used for.
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Mass deployment of small wireless sensors was an important consideration in this
work, in order to detect certain gases in a target location. Therefore it was important to
have very low-cost sensors that were biodegradable. Figure 14 illustrates these

requirements and the key factors that were considered in selecting the target substrate.

Mass deployable, bio-degradable, low cost RF modules
for sensing & communications

Low Cost Organic

Figure 14. Substrate material requirements and key factors.

The three key factors that were considered were cost, sustainability, and process
complexity. The above-mentioned plastics and paper both meet the low cost criteria,
however, only paper is organic, and can be recycled. Also, in terms of process
complexity, the plastic substrates have higher surface energy and need to undergo surface
treatment for high quality printing. The surface energy of the substrate must be matched
to the ink for optimal printing, and there are few ways to conduct this surface treatment.
One way is to coat the surface with monomers, oligomers, pigments, and photoinitiaters
followed by UV curing.?” This process decrease surface roughness and improves ink-
substrate interaction for high quality printing. Another method is oxygen plasma surface
treatment which has been found to increase the surface energy of ITO coated substrates
used in OLEDs. 28 These extra steps involved in matching the surface energy to the ink

adds to the process complexity and ultimately the cost of the fabrication cost.
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Taking these key factors into account, paper was selected as the substrate for
designing the RF modules.

Figure 15 illustrates the various characteristics of paper substrate including the SEM
images of printed silver nano-particle ink, after 15 minutes of curing at 100°C and 150°C.
To test the feasibility of silver nano-ink on paper substrate, the paper was characterized
by NIST as shown in Figure 16. The properties of paper is as follows:

e Biodegradable

e Low cost

e Large Reel-to-Reel processing possible

e Compatible for printing circuitry by direct write methodologies

e Can be made hydrophobic and can host nano-scale additives (e.g. fire retardant
textiles)

e Usable at least up to 20 GHz.

Figure 15. Paper and silver ink used as substrate and conductive ink for designing
inkjet-printed RF modules. 2°3°
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Figure 16. Measurements performed by NIST.%®

From the characterization process, the permittivity of the paper was measured to range
from 3 to 3.3 for RF frequencies. A UWB antenna was measured and compared with
simulation based on the characterization results from NIST, and shows good match in

Figure 17. Furthermore, the efficiency of the UWB antenna was above 92% up to 10

GHz in

Figure 18.

--- Simulated
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Figure 17. Measurement and simulation results for UWB antenna.!
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Figure 18. Measured efficiency of UWB antenna. 3

To test conformability of paper-based antenna designs several tests were conducted, as
shown in Figure 19. Several UWB antenna designs were designed and fabricated onto

paper substrate then wrapped around a foam cylinder of permittivity close to 1.

R=25 y R=15 mm

Figure 19. Fabricated antennas on foam cylinder.%?
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Figure 20. Antenna design with measurements comparing conformal to flattened
prototype.
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Figure 21. Antenna design with measurements comparing conformal to flattened
prototype. *
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As can be seen from the conformability measurements in the figures above, even when
the paper based antenna is flexed, there is little deviation in the gain versus frequency
from 3 to 10 GHz. Based on these characterization results, flexible, wearable wireless
modules are designed, simulated, and measured in the following chapters. Other benefits
for paper is that the material is biodegradable, and therefore for ultra low-cost, temporary,
wide area wireless sensor networks, having sensors that is “green” and can be
decomposed is another significant benefit compared to other alternatives such as silicon,

plastic, or PCBs.
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CHAPTER I

HIGH SENSITIVITY ANTENNA-BASED GAS SENSOR UTILIZING
CARBON NANOTUBES

3.1 Motivation

CARBON nanotubes (CNTSs) have been researched extensively for gas sensing
applications due to their unique electrical, chemical, and structural properties. Single-
walled carbon nanotubes (SWNTSs) have been predominantly used due to their superior
electrical conductivity and higher sensitivity relative to multi-walled carbon nanotubes.
This work presents the design and characterization of a novel planar sensor fabricated on
paper substrate to detect small concentrations of ammonia gas, using the shift in
resonance frequency of a patch antenna as the discriminator. Three main design issues
have been investigated in depth. First, functionalization of the SWNT’s with a polymer is
studied in order to enhance the gas detection sensitivity. Second, a thin film of the
functionalized SWNT is characterized to create a surface impedance model for the
explanation and prediction of the resonance shift due to different gas concentrations.
Finally, as a proof of concept, functionalized SWNT’s are integrated into a patch antenna
design and the return loss is measured in a closed system environment to show high
sensitivity for low concentrations of ammonia gas. The proposed antenna-based wireless
gas sensor can be utilized in several applications, given its small form factor, light
weight, and little to no power requirements.

Carbon nanotubes are long, thin cylinders of carbon (typical diameter ranging from 1
to 100 nm) that are unique for their size, shape, and physical properties. Due to their large

tubular surface area comprising a hollow inner core and thin outside cylindrical walls,
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CNT’s exhibit moderately high surface adsorption and produce appreciable changes in
electrical conductivity at room temperature in the presence of various gases .3334.35.36

This research pertains to the development of a low-cost CNT-based sensor for
ammonia detection. Ammonia is found in household cleaning agents, traces of
explosives, fertilizers, and as an environmental contaminant in water runoff from streams,
estuaries, etc. For the sensor element, we employ a thin film comprising commercially
available SWNT’s coated with a conductive polymer (at the molecular level) to enhance
its chemical reaction with ammonia. In comparison with multi-walled CNT’s (MWNT’s),
SWNT’s offer higher sensitivity and produce larger variation in electrical conductivity.
For example, by measuring the resonance frequency shift upon exposure to ammonia of a
microstrip resonator coated separately with SWNT’s and MWNT’s, the authors in [*®]
demonstrated larger shift for the former, and argued that SWNT’s provide better surface
adsorption of ammonia. SWNT’s also depict smaller DC resistances (of the order of 20 to
200Q) than MWNT’s, characterized by high resistances, of the order of kQ for the same
thicknesses.3” Therefore, in RF applications, where we would like to match the sensor
impedance to a transmission line or an antenna with typical impedance values below
100Q, it is preferable to use SWNT-based sensors. We have also observed that MWNT’s
require significantly thicker films than SWNT’s of comparable resistance, thereby adding
to the sensor cost and complexity. Also, SWNT’s can be coated with a polymer that can
enhance the adsorption of ammonia molecules onto the SWNT.*® For these reasons, we
have chosen functionalized SWNT’s as the sensing medium, applied as a film of few
microns thickness between electrodes fabricated on paper substrate. Functionalized CNT
has been studied to increase the change in DC resistance with adsorption of ammonia
molecules.®® *° By coating the CNT with Poly (m-aminobenzene sulfonic acid), the CNT
has a higher affinity towards H20 and the CNT does not aggregate together. The polymer
also has a higher affinity with NHx and increases the adsorption rate when compared to
CNT that is not functionalized. 4%4!
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Chemical gas sensors use the property of binding the gas to some form of electrodes,
and detecting the change in both the DC and RF impedance of the electrodes. For
example, using SWNTSs, [*?] introduced a sensitive electronic detector for sensing deadly
gases such as the nerve agent sarin, mustard gas, etc. utilizing an array of carbon
nanotubes epitaxially grown over a substrate across inter-digitated gold electrodes. Each
tube consists of a single-layer lattice of carbon atoms, rolled into a long cylinder with a
diameter about 1/50,000 of the width of a human hair, which acts as a molecular wire.
When a particular gas molecule binds to this SWNT, the tube's electrical conductivity
changes. Each gas affects conductivity differently, so gases can be identified by
measuring the conductivity change after binding. The authors in [*/] grow CNT film on a
silicon substrate between the drain and source electrodes of an FET and observe the
change in drain current when the sensor is exposed to alcohol vapor. In the work reported
in [*], MWNT’s are vertically grown out of a polymer surface at a very high density
(about 3 x 10° nanofibers per cm?) to form a CNT sheet with high flexural strength.
Semiconductor growth requires expensive fabrication processes and precludes the
development of printable sensors in the form of thin films for low-cost applications.

All these sensors based on growth of CNT’s [*]-[*°] are designed for stand-alone
operation, and need to be integrated with a device which communicates the detection
information remotely upon interrogation. Thus, although the gas detector itself is very
small and quite sensitive, integration of antenna and sensor electronics with the detector
poses serious challenges: (a) impedance mismatch between the antenna and the
electrodes, (b) difficulty in interfacing the microelectrodes inside the IC with the antenna
terminals, and (c) limiting the power consumption with active devices present. For rapid
deployment in buildings, highways, bridges and other infrastructure, it is desirable to
have low-cost sensors that can be powered from thin-film batteries or by power
scavenging, and incorporate integration of the sensor and the RF communication device

on the same substrate.
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There has been significant work done in wireless CNT-based gas sensors that rely on
detecting either change in the resonant frequency or change in the amplitude upon
exposure to the analyte of interest. As an example in the first class of sensors, Chopra et
al. [*]] discuss the design of a resonator, designed at 3.9GHz, fully coated with a mixture
of SWNT (in powder form) and a conductive epoxy, for ammonia detection. When the
CNT coating is exposed to ammonia, it changes the effective permittivity of the antenna
and shifts its resonant frequency. Only 5 MHz shift has been detected even with a high
ammonia concentration (1000 ppm). A similar sensor tracking the change in the resonant
frequency of a CNT-coated patch resonator is discussed in [*%], reporting a shift of 7 MHz
when the resonator is immersed in methanol. In references [*], [**], the sensor is used in a
laboratory setting to describe phenomenology, and communication of detection
information is not addressed. In a remote sensing mode, however, such a small shift can
lead to false alarms (in fact, small detuning due to antenna manufacturing tolerances may
cause such small changes). In [*], a sensor element comprising of a composite of
MWNT’s and SiOz2 (which simply acts to bind the MWNT’s) is placed over a planar LC-
resonator, fabricated by photolithography on a printed circuit board substrate. This
sensor detects the change in effective dielectric constant caused by surface interaction
with the gas. Due to very small variation observed in the dielectric constant upon
exposure to gas, this sensor suffers from low sensitivity too, thus being limited in its
practical utility.

Another class of CNT-based gas sensors relies on the change in amplitude of the return
loss or transmitted signal for detection. The authors in [*°] reported experimental results
to demonstrate change in the modulus and phase of transmitted signal when a micro-
machined coplanar waveguide (CPW), filled with a mixture of SWNT, is exposed to
nitrogen gas. The attenuation constant of the CPW line changes by only a few dB/cm —
too small to be of any utility as a wireless sensor node due to potential for multipath

interference. Yang et al. [*’] loaded a bow-tie antenna at its feeding-gap location with a
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SWNT film and utilized the change in the amplitude of the return loss/scattered power as
a measure of gas detection. This design requires a very high concentration of gas to get a
large variation in the loading resistance, and thus suffers from limited sensitivity and
slow detection response detection due to sampling over a wide bandwidth.

Among these different detection mechanisms, the method relying on the shift of the
resonant frequency is the most effective for remote sensing, because the amplitude is
susceptible to interference and noise, leading to false positives (ammonia detection),
while the frequency shift is relatively insensitive to these detrimental factors.

This work focuses on an ammonia gas sensor integrated with a microstrip patch
antenna on a thin paper substrate, and utilizes the shift in the resonant frequency as a
means of gas detection. The salient novel features of the proposed wireless gas sensor
design include (a) incorporation of functionalized SWNT to improve sensitivity, (b) a
novel characterization methodology, (c) integration of sensor and communication device
(antenna) on the same platform to facilitate wireless detection, and (d) inkjet printing
fabrication on paper substrate for low-cost, light-weight wireless sensor nodes.

The work is organized as follows. First, the fabrication of CNT in liquid form from
commercially procured functionalized SWNT powder will be introduced. A description
of the setup required to print the antennas on paper follows. Next, the characterization of
a thin film of functionalized CNT at microwave frequencies using transmission line
standards is presented. Then, based on the surface impedance model created through the
characterization, a CNT-loaded patch antenna is designed. Finally, the gas detection

measurement results are discussed and the sensor performance is evaluated.

3.2 Prior Art

Chemical gas sensors use the property of binding the gas to some form of electrodes, and

detecting the change in both the DC and RF impedance of the electrodes. Previous work
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shows various different methods of detection such as the change in current in transistors,
shift in resonance frequency of circular resonators, LC tanks, and the change in
capacitance in inter-digitated capacitors. Table 1 shows the different designs and sensing
mechanisms of the prior art.

The authors in [*4] grow CNT film on a silicon substrate between the drain and
source electrodes of an FET and observe the change in drain current when the sensor is
exposed to alcohol vapor. Sensors based on growth of CNT’s [#44°] are designed for
stand-alone operation, and need to be integrated with a device which communicates the
detection information remotely upon interrogation. Chopra et al. [*®] discuss the design of
a patch antenna, designed at 3.9GHz, fully coated with a mixture of SWNT (in powder
form) and a conductive epoxy, for ammonia detection. When the CNT coating is exposed
to ammonia, it changes the effective permittivity of the antenna and shifts its resonant
frequency. Only 5 MHz shift has been detected even with a high ammonia concentration
(1000 ppm). The sensitivity is 0.13% at 1000ppm, which can be extrapolated down to
0.0065% at 50ppm.

Table 1. Prior art of CNT-based gas sensors.

Detection Deposition Functionalized Detection

Gas R Radiate  Ref
Method Method CNT %A @ 50ppm
. Ethanol,
1 Transistor Al CVD No 0.3% No 47
Methanol

Circular Conductive
2 Afres No NH3 0.0065% No 48

resonator epoxy
3 LC tank Ae’ Pipette No NH3 2% No 49

IDC, Spin coating,

4 ] AZ No NH3 24% No 50

Resistor Grown

Amodulus, Tweezer 2~3dB
5 CPW No No gas ] No 51
Aphase attenuation
Dipole . .

6 ARCS Inkjet printed No NH3 1% Yes 52

Antenna

This Patch . .
Afres Inkjet printed Yes NH3 5% Yes &
work | Antenna
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A similar sensor tracking the change in the resonant frequency of a CNT-coated
patch resonator [**], reports a shift of 7 MHz when the resonator is immersed in
methanol. In references [*°], [*!], the sensor is used in a laboratory setting to describe
phenomenology, and communication of detection information is not addressed. In a
remote sensing mode, however, such a small shift can lead to false alarms (in fact, small
detuning due to antenna manufacturing tolerances may cause such small changes).

A sensor element comprising of a composite of MWNT’s and SiO2 (which simply
acts to bind the MWNT’s) is placed over a planar LC-resonator®®, fabricated by
photolithography on a printed circuit board substrate. This sensor detects the change in
effective dielectric constant caused by surface interaction with the gas. Due to very small
variation observed in the dielectric constant upon exposure to gas, this sensor suffers
from low sensitivity too, thus being limited in its practical utility.

The authors in [*®] reported experimental results to demonstrate change in the
modulus and phase of transmitted signal when a micro-machined coplanar waveguide
(CPW), filled with a mixture of SWNT, is exposed to nitrogen gas. The attenuation
constant of the CPW line changes by only a few dB/cm — too small to be of any utility as
a wireless sensor node due to potential for multipath interference.

Yang et al. [>’] loaded a bow-tie antenna at its feeding-gap location with a SWNT
film and utilized the change in the amplitude of the return loss/scattered power as a
measure of gas detection. This design requires a 5% concentration of ammonia gas,
which is 50,000 ppm, to get a large variation in the loading resistance, and thus suffers
from limited sensitivity and slow detection response detection due to sampling over a
wide bandwidth. Among these different detection mechanisms, the method relying on the
shift of the resonant frequency is the most effective for remote sensing, because the
amplitude is susceptible to interference and noise, leading to false positives (ammonia

detection), while the frequency shift is relatively insensitive to these detrimental factors.
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3.3 Material Development

In this work, poly (m-aminobenzene sulfonic acid) (PABS) -SWNT is utilized for the
gas detection surface. PABS-SWNT is a water-soluble nanotube—polymer compound,
formed by covalently bonding the polymer (PABS) to SWNT’s via amide
functionalization []. The utilized functionalized PABS-SWNT’s are 1.1nm in diameter
and 0.5-1um in length.

Chemical functionalization is a method to enhance both processibility and sensing
performance of SWNT’s. First, it allows the unique properties of SWNT’s to be coupled
to other materials, such as conducting polymers, metals and metal oxides, to create hybrid
sensing materials with enhanced sensitivity, selectivity and faster response time. Second,
it can improve dissolution and dispersion of SWNT’s in various solvents, including
water, which enables cost-effective methods to fabricate sensors by simple dispensing or
printing techniques.

Chemical surface modification of nanotubes by attaching functional groups has been
utilized as an important step for preparing suspensions and stable solutions.** However,
the original electrical properties of the nanotubes are not left intact, which should be
taken into account when designing a new device.“ It is recognized that covalent sidewall
functionalization is one of the promising methods of modifying electric properties of
SWNT for many applications.>® Sidewall chemical functionalization disrupts the 7 -
bonding system and breaks the translational symmetry of SWNT’s by introducing
saturated sp3 carbon atoms. As a result, electronic and transport properties of SWNT’s
are significantly altered.*® By introducing different chemical groups to the nanotube wall,
it is possible to change the interaction between nanotubes and the surrounding
environment. This reactivity could enhance the sensitivity and selectivity of CNT-based

gas sensor devices.3%®
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The preparation of well-defined materials through covalent bond formation constitutes
the only controlled route for the introduction of chemical receptors into SWNT’s that
allows for the isolation and characterization of specific compounds of known electrical
conductivity.>® The well-defined composition and properties of covalently functionalized
SWNT’s provide an opportunity to dynamically characterize the nanotube electronic
structure and electrical conductivity in the presence of analyte molecules [*].

For this study, PABS-SWNT in powder form was purchased from Carbon Solutions Inc.
(www.carbonsolution.com) to prepare our ammonia (NHs) gas sensing film. The molecular
structure and the interaction mechanism of PABS-SWNT with NHs, proposed by Haddon
et al. [*], is shown in Figure 22. Aqueous dispersions of PABS-SWNT with a
concentration of ~ 5 mg/mL in water were prepared by ultra-sonication for 2 hours,
followed by deposition onto a paper substrate using a paint brush technique. About 20
layers of PABS-SWNT were applied for each fabrication to assure the reproducibility of

the gas sensor.
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Figure 22. Mechanism of interaction of PABS-SWNT with NH3. The arrows
indicate charge transfer between SWNT and PABS [“].
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The PABS functional group that is attached to the SWNT is chemically sensitive to
NHs. NHs sensing occurs by removing a proton (H *) from the side-chain oligomers (the
PABS functional group) as shown in the yellow box in Figure 22, that in turn induces
electron transfer between the side-chain and the SWNT’s. In effect, conductivity of the
PABS-SWNT molecule is decreased, because addition of electrons to the semiconducting
SWNT’s refills the valence band. Our results have shown that the PABS-SWNT sensing

film offers great promise for NHs sensing.

A. Printing Setup

To realize low-cost environment-friendly sensors using PABS-SWNT’s, we propose
the utilization of inkjet printing technologies of conductive inks on paper sheets. Paper
possesses a number of intriguing attributes that makes it amenable for low-cost “green”
electronics. It is cellulose in nature, thus considered as a renewable resource.
Additionally, it can be easily processed in a reel-to-reel fashion enabling low-cost
manufacturing solutions. Driven by the fact that it is process- and environmentally-
challenging and cost-inefficient to apply photolithography techniques to paper, inkjet
printing of conductive particles provides a promising solution.®®% It is widely known that
one of the most common methods of digital printing is through inkjet printers, almost
ubiquitous in home or office applications. Notably, inkjet printing has been recently
enhanced with the capability of printing new functional materials, such as conductive and
CNT-based inks, leading to an increased deployment in printed electronics, such as
flexible displays, RFIDs, sensors, solar panels, fuel cells, batteries, and most recently in
antennas.®283 Inkjet printing for RF applications is a challenging endeavour, where
precise control of the achieved conductivity and surface roughness is required. In general,
there are two critical factors that affect the print quality: the ink properties, and the
settings of the printing system itself. The most notable ink properties to observe are

viscosity, surface tension, and dispersion stability (printing with an ink of high viscosity
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and high surface tension at a high contact angle produces smaller sized dot patterns). The
most crucial settings of the printing system include the volume of the jetted ink, the
travelling velocity of the ejected droplet, the gap distance between each droplet, the
printing frequency, the temperature of the jetted ink, the temperature of the substrate, and
the sintering/curing mechanism performed on the printed structures. In this work, we
utilized a DMP-2800 ink-jet printer shown in Figure 23, a table-top printer available from

Dimatix Inc. (www.dimatix.com). To ensure good RF properties of the printed device, an

in-house recipe has been developed considering all of the aforementioned parameters. For
all devices, the utilized Dimatix 1pL silver nano-ink cartridges (DMC-11601) are kept at
a distance of 0.5 mm from the surface of the paper. The printer head is first adjusted to
achieve a print resolution of 2540 dpi, which ensures good RF conductivity of above
9x108 S/m, up to several GHz. Cabot conductive ink CCI-300 (www.cabot-corp.com) is
then jetted through the cartridges at a temperature of 40°C, with the paper substrate
maintained at 60°C. Each printed device is then cured in a thermal oven for two hours at

120°C.

Figure 23. Table-top ink-jet printer used in this work.
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B. Paper Characterization

An important contribution of this effort is the introduction of a measurement-based RF
surface impedance model for a thin film of SWNT printed on paper. There has been some
research in the RF characterization of CNT, but mostly on a model of a single strand of
CNT [%], or SWNT’s grown on a wafer through chemical-vapor deposition.®® It is
possible to incorporate this model as a lumped circuit element in a commercial EM solver
to design planar antennas or sensors on paper substrate, which involve CNT loading of
some kind.

The dielectric properties of the benchmarking paper substrates are studied through the
use of split-post dielectric resonator technique. 566768 Each blank paper sample was
cured first in a thermal oven for 2 hours at 120°C to mimic the curing process of the
printed ink. The results for the extracted relative permittivity of the 10-mil thick cured
paper are shown in Figure 24. The measured dielectric loss tangent values were bounded

between 0.06 and 0.07 up to 10GHz.
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Figure 24. Characterization of the paper material through the split ring resonator
method.
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C. Silver Ink Characterization

The conductivity of the printed conductive ink was studied through the use of a
Signatone Four Point Probe (www.signatone.com). To ensure good RF conductivity,
three layers of ink were printed, and then treated in a thermal oven for two hours at
120°C. The resulting ink thickness was measured using the Wyko Profilometer
(www.veeco.com). The thickness was around 3 um with a consistent measured DC

conductivity in the range 9x10° S/m — 1.1x107 S/m.

D. CNT Characterization

The RF characterization of the deposited CNT layers was performed using a two-tier
calibration process: First, a Short-Open-Load-Thru (SOLT) calibration process was
applied up to the coaxial feed of the SMA connector. Next, a custom-designed Multi-
Line Thru-Reflect-Line (TRL) calibration set using silver coplanar strip lines was
deployed. Figure 25 depicts a schematic of such a custom set, where W1 denotes the strip
width, L1 denotes the length up to the calibration reference plane, LL denotes the
physical lengths of the line short, and of the load termination. L2 and L3 are different line
lengths used in the calibration procedure. A sample of the CNT film deposited between
two electrodes on the paper substrate is shown in Figure 26. TRL is utilized to extract the
bulk RF behavior of the CNT thin film. The mathematical procedure behind TRL
calibration is described in [°]. The silver printed lines form a set of coupled lines, with
the CNT layer deposited as a thin film at the TRL reference plane. Using the TRL
calibration set, it is possible to de-embed the silver lines up to the reference plane and

extract the input admittance at that plane.

L1 L1 LL 2*L1
i . . 2*L1+L27> . 2*L1+L3 N (Ll%i.l;
. I I o s s Y s s o |
w1 - —T— s s s N ) E— — =
Open Short Thru Line #1 Line #2 Load

Figure 25. Schematic for the TRL calibration set used in this work.
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Figure 26. CNT film placed at the edge of printed silver lines.

The fabrication process consists of printing silver nano-ink to form a transmission line
coupon of coplanar strip lines on photo paper, followed by the application of SWNT at its
edges, as outlined in Figure 25. Multiple layers of paper were stacked to ensure good
contact of the transmission line to the connector center pin as well as ground. Note that
the dashed red line in Figure 26 defines the reference plane used in the TRL extraction
algorithm.

The extraction for various samples with different thicknesses of the SWNT film
revealed that the RF behavior of CNT layers can be adequately modeled through a
parallel RC tank. Such R and C values are functions of the frequency, the geometrical
configuration, as well as the concentration and material properties of the deposited CNT
film. Figure 27 and Figure 28 demonstrate sample results for the extracted resistance and
capacitance of a CNT film of dimensions 1 mm x 4 mm deposited at the gap shown in
Figure 26. The total thickness of the CNT film (10 layers) is ~11 um. At higher
frequencies, the losses in the SWNT increase as shown in Figure 27. Also, the
capacitance decreases as frequency increases. It is important to note that the resulting
equivalent resistance and capacitance can be designed to a desired value by altering the

dimensions of CNT thin film (width and length), and its concentration (or thickness).
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Figure 27. Equivalent resistance of the CNT thin film (before and after gas
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Figure 28. Equivalent capacitance of the CNT thin film (before and after gas

exposure).

The increase in the resistance and capacitance can be attributed to two phenomena
occurring at the CNT thin film. When the PABS-SWNT is exposed to ammonia, there is
electron transfer from the PABS polymer towards the SWNT. When this electron transfer
occurs, the electrons fill the valence band of the SWNTSs. This in turn decreases the

amount of free electrons in the SWNT to flow freely through the SWNT, which increases
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the resistance across the nanotube. Therefore, with increased amount of ammonia gas
molecules that adhere onto the PABS-SWNT, the higher the resistance across the PABS-
SWNT thin film. This mechanism of ammonia detection by chemically functionalized

SWNT is explained clearly in Bekyarova [*].

Another phenomena that occurs is the change in capacitance as shown in Figure 28.
This is due to the change in the dielectric constant in the thin film. As the ammonia
molecules adhere onto the thin film, the dielectric constant increases due to the addition
of new material. Since capacitance is proportional to the dielectric constant, the increase
in relative permittivity increases the capacitance across the frequencies, as can be seen in
Figure 28.

The test fixture shown in Figure 26 was subjected to ammonia of concentration 50 ppm
in a closed cell system. Figure 29 shows the reflection coefficient at the coaxial feed of
the SMA connector for three distinct cases: without CNT (open-ended transmission line),
with CNT before gas exposure, and with CNT after the exposure. It is clear that the RF
properties of the CNT thin film are changed upon exposure, resulting in noticeable
change in the input reflection coefficient.

The equivalent admittance of the exposed CNT thin-film was extracted using the
outlined TRL scheme. The extracted resistance and capacitance values are overlaid in
Figure 27 andFigure 28, respectively, and compared to the corresponding parameters
without ammonia exposure. Both the resistance and the capacitance of the exposed film
increase due to the adsorption of ammonia molecules on the PABS-SWNT thin-film. The
losses in the CNT film due to ammonia exposure are higher but not significantly
dependent on frequency. The trend in capacitance variation with frequency is similar with

and without ammonia exposure.
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E. Fabrication Challenges

The main fabrication challenge was the length of the PABS-SWNT, which was
approximately 1-2um. The diameter of the cartridge nozzles were 0.2um, and therefore
the length of the nanotube needed to be broken down for the CNT to be deposited onto
the paper. The CNT was ultra-sonicated using a probe sonicator to break down the
lengths, while a bath sonicator was used to uniformly disperse the particles in the solvent.
The dispersion was left overnight to observe suspension stability and sediment at the

bottom of the vial, and the top two-thirds of the material was extracted for printing.
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3.4 Antenna Design

Given the impedance model of the SWNT film, the sensor was designed with two main
objectives: to obtain high RF sensitivity through a high Q/narrow bandwidth design, and
moderate gain using a patch antenna. This is achieved by separating the sensing and
radiation functions as will be described shortly. Sensitivity from the RF design context
means narrow-band sampling of the detection phenomena and does not refer to the
chemical sensitivity of the CNT film to ammonia exposure. In contrast to previous efforts
where resonators were utilized without incorporating remote sensing, this design focuses
on integrating both high sensitivity and remote sensing capabilities within the same
structure.

Previously, patch resonators have been designed to sense ammonia by covering the
entire patch surface with CNT.* However, SWNT retains high conductivity only in
single tubular form, and the conductivity decreases significantly when mass-deposited in
a random configuration. Therefore, the key to attain high RF detection sensitivity and
simultaneously maintain moderate antenna gain, which is required for remote
communication, is to minimize the losses in the antenna structure.

Here, we propose using silver ink for the patch antenna realization, with only a small
area needed for the CNT film at the tip of the stub (see Figure 30). Thus, silver covers a
large part of the antenna surface (namely, the patch), ensuring moderate efficiency and
good radiation pattern, while the high Q of the sensor element results from minimum
losses occurring due to a small CNT film. The idea is that when the CNT impedance
changes due to chemical reaction with ammonia, the matching conditions using the

loading stub will change, thereby altering the input reflection coefficient at the feed.
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Figure 30. Schematic for the proposed sensor design.

To elaborate on the principle of operation in a simplified manner, let us consider the
sensor design case where the equivalent capacitance of the CNT thin film before
exposure is 1 pF and resistance R is fixed at 1 Q. Using this lumped element combination
to load a parallel stub as shown in Figure 30, a patch antenna was designed (using
SPEAG’s SEMCAD and Ansoft’s HFSS software) to resonate around 4.5 GHz. Based on
Figure 27 andFigure 28, we know that the equivalent circuit of the thin film will change
upon exposure to ammonia gas. So, we numerically investigate the cases where the
equivalent resistance is fixed at 1Q, and the capacitance changes from 1 pF to 1.1, 1.5,
and 2pF. The resulting reflection coefficient at the antenna feed terminal is shown in
Figure 31. It is clear that a significant frequency shift is observed, even for a 10% change

in the nominal capacitance.
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Figure 31. Numerical predictions of the shift in response due to changes in the
equivalent capacitance of the CNT layers.

Now, let us consider the case where the nominal (before exposure) equivalent circuit
model is a parallel combination of R = 10 Q and C = 1 pF. Assuming an exposure level
that changes R to 20 Q and C to 2 pF, we get the resonance shift shown in Figure 32. It
should be noted that the antenna efficiency in the nominal case will be degraded due to
the CNT losses represented by the equivalent resistance. A theoretical calculation shows

that the typical antenna efficiency of such design is around 30%.
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Figure 32. Numerical predictions of the shift in response due to changes in the
equivalent admittance of the CNT layers.

4.5

Based on the outlined principle of operation, a loaded patch antenna was designed and
printed on 10-mil thick paper as shown in Figure 33. The ground plane is made of a thin
copper sheet. Conductive epoxy is used to solder the connectors onto silver traces on the

paper substrate. The ground pins of an edge-mount connector are connected with the stub

end to create the RF short-circuit.

Figure 33. Fabricated patch antenna with loaded PABS- SWNT.
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To evaluate the sensor performance, initially we used household ammonia (10%
ammonium hydroxide) in a small plastic container, with the antenna placed nearby
(Figure 34). The input reflection coefficient was recorded before and after filling the
container with ammonia, and the resulting response for these two cases is shown in Fig.

14. Resonance frequency shift of about 120 MHz is observed. Notably, the response time

was quick (less than 30 seconds).

Figure 34. Sensor measurements using household ammonia.
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Figure 35. Frequency shift in response after exposure to household ammonia.
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Flexibility Analysis

To investigate the effect of bending the sensor for wearable gas sensors, the sensor
was simulated in CST with curvatures of 100mm and 60mm radii. The return loss
showed a 29MHz upward frequency shift at 3.214GHz, which is less than 3% change for
60mm radii. The results are shown in Figure 36. These changes in resonance frequency
for curved sensors can be calibrated to a reference frequency to obtain an accurate
measurement for the gas concentrations. The gain simulations were also conducted and
showed near constant gain and similar radiation pattern for the different radii, as shown
in Figure 37. There was a change of less than 1dB from a flat sensor to a sensor curved

with a radius of 40mm.
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Figure 36. Simulated frequency shift with varying radii of the curved sensor.
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Figure 37. Simulated change in realized gain of sensor curved for varying radii.

3.5 Fabrication & Measurement

The measurements using the setup shown in Figure 34 agree qualitatively with the
model presented in Section I11-D, which predicts a resonance shift to lower frequencies
caused by increase in resistance/capacitance (due to NHs interaction with CNT — see Fig.
11). Such measurements verify the principle of operation of the sensor. However, to
evaluate the sensitivity, it is desired to determine the gas concentration needed to trigger
a noticeable shift in the resonant frequency. To this end, a controlled measurement
system is deployed.

Our controlled measurement system consists of five major components: gas generator,
NHs permeation tube, closed-system sensor cell, Agilent PNA-L N5230A programmable

network analyzer (PNA), and data acquisition system. We used the 491M gas generator
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and the NHs permeation tube, shown in Figure 38, from Kin-Tek Company (La Marque,
TX). At all times, this system was used under a chemical fume hood.

The NH3s permeation tube has a calibrated emission rate under controlled temperature.
Dry nitrogen was delivered from an Ultra-High Purity (Grade 5) compressed nitrogen gas
cylinder from Airgas. By controlling the ammonia emission rate and the nitrogen flow
rate, desired concentrations (in ppm range) of ammonia were generated from the gas
generator. Before each ammonia exposure test, the NHs permeation tube was installed in
the gas generator and heated to a predetermined temperature for around 4 hours in order
to obtain a stabilized ammonia concentration. The accuracy of gas concentration output is

+ 4% according to the calibration results from Kin-Tek.

Figure 38. (left) 491M gas generator (right) ammonia permeation tube.

The sensor was installed inside a closed test cell, depicted in Figure 39. The
concentrated NHs stream was delivered into the test cell via a Teflon tube. The CNT film
was placed near the gas inlet port, so that the ammonia stream was allowed to interact
with the sensor surface first. For the RF measurement, expendable connectors and a
precision phase-steady cable assembly was used to interface between the PNA and the

antenna under test. An SOL 1-port calibration was conducted with coaxial standards.
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Figure 39. Closed test cell onnect to gas generator and PNA.

Measurements were made at three different concentrations: 50ppm, 75ppm, and
100ppm. For each measurement, the data was saved automatically every 10 seconds.
Also, each measurement consisted of several minutes of baseline recording (exposure to
pure nitrogen), followed by exposure to ammonia, after which the system was purged
with nitrogen gas to bring the sensor back to the baseline.

Based on the measured data for the three concentrations, we conclude that the
resonance frequency shift increases with ammonia concentration until the sensor
eventually saturates. The resonant frequency shift is summarized in Table 2 along with
the nitrogen flow rate required to maintain appropriate ammonia concentration from the
491M Gas Generator during the exposure and reversion (back to ambient) phases. In

Figure 40, the frequency shift as a function of time is plotted during these two phases.
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Figure 40. Measurement of frequency shift versus time for three different
concentrations.

From Figure 40, it can be observed that the gas concentration affects two things: the
time it takes to reach saturation, and the saturation level itself (or the maximum
frequency shift). The 100ppm concentration showed the steepest slope to saturation as
well as highest shift at 48.75 MHz, while the 50ppm showed the slowest response as well

as the lowest shift at 43.125 MHz.

Table 2. Measurement results for ammonia gas sensor.

. Exposure Reversion
Conctrgmr;woma Flow Rate Flow Rate Afr(el\s/lngll
(L/min) (L/min)
50 0.46 0.5 43.125
75 0.31 0.5 46.875
100 0.23 0.5 48.750
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After exposing the sensor to ammonia for approximately 18 minutes, the closed system
was purged of ammonia using nitrogen gas. In the third column of Table 2, reversion
flow rate indicates the flow rate of nitrogen gas to flush out the closed cell system so that

the input reflection coefficient of the antenna returns to its baseline.

In Figure 41, the maximum shift in frequency is plotted against ammonia
concentration, showing that higher concentration yields larger resonant frequency shift.
Also, the plot shows a decreasing amount of shift for incrementally higher concentrations
past 80 ppm level, indicating a trend towards saturation of the sensor with ammonia.
Repeatability measurements showed there was approximately 1 to 2MHz deviation in the
frequency shifts. The lower concentration required higher flow rate compared to the
higher concentrations, which created more turbulence in the measurement cell, leading to

higher deviation in the repeatability measurements.
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Figure 41. Measurement plot of resonant frequency shift versus concentration of
NH3 gas.
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3.6 Chapter Summary

This is the first reported design and characterization of a highly sensitive antenna-based
CNT sensor which responds to interaction with ammonia by shift in resonant frequency.
We have conducted RF characterization experimentally on a patch of thin-film PABS-
SWNT and derived a surface impedance model for the SWNT. The impedance model for
SWNT is equivalent to a parallel RC circuit, of which both the R and C values changed
with exposure to ammonia. Utilizing the derived impedance model, we have designed a
sensor using a loaded patch antenna topology. Measurements showed a frequency shift of
43-49 MHz shift for ammonia concentrations ranging from 50 ppm to 100 ppm. The
change in the resonant frequency with ammonia exposure qualitatively validated the
characterization model, and the sensor demonstrated both high sensitivity at low
concentrations and fast return to baseline. The proposed design can be used for remote
sensing and can be integrated with RFID or WISP tags for low-cost, wireless gas sensing
applications.

e Dual functionality of sensing and communicating with one device

e Lower cost and fabrication complexity with inkjet printing

e Integrate nanomaterial directly with RF module for high frequency sensing

capabilities
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CHAPTER 4

WEARABLE RFID TAG

4.1 Motivation

RFID tags have evolved from Mario Cardullo’s passive radio transponder with
memory’®, which is considered to be the first true ancestor of modern RFID?, to
modulated backscatter RFID tags’? (both passive and semi-passive), to the first patent to
be associated with the abbreviation RFID"3, RFID tags have been used in many different
applications such as commerce, transportation and logistics, passports, animal and human
identification, institutions (hospitals, libraries, museums, and schools), sports,
complement to barcode, and telemetry.’

However, RFIDs have a major limitation when placed in close proximity to metal or
the human body. Since the human body can be modeled as a lossy conductor, the
following references pertain to RFID tags on both metal ground planes and lossy
dielectric material. For example, Durgin et al. have shown effects of a metal ground plane
on RFID tags with folded dipoles as the tags move towards the metal ground plane.”
This work shows that the real and imaginary impedance decrease as the tag moves closer
to the ground plane, causing mismatch and degradation in antenna performance. Lingfei
et al. deduced the optimal distance of the tag from a metal ground plane through
simulation using finite element method as well as experimental verification.”® Ruyle et al.
have investigated the placement sensitivity of meandered dipoles for RFID systems’’ and
have also introduced a slot antenna design that mitigates the effect of the ground plane.”®

RFID tags that can be mounted on any surface has significant potential for a number
of different applications such as wearable tags for wireless bio-monitoring”®#° and metal

mount tags for mass shipping of container cargos.?"-8? The two main challenges for
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wearable RFID tags are overcoming the loss of gain when placed on the human body or
metal surfaces and conformability to the curved surfaces of the body. The subsection
3.1.2 Wearable RFID Tag in Chapter 111 addresses these two challenges by using inkjet-
printing as the fabrication method and artificial magnetic conductors (AMC) for
increased gain. The following section introduces the AMC, how it operates and its
benefits for wearable RFID tags.

An inkjet-printed AMC-backed RFID tag has been designed and tested for wearable
and metal mount applications. An array of dual split-ring resonators backed by a ground
was used as the AMC structure. A dipole antenna matched to an RFID chip at 915 MHz
was designed and inkjet printed on paper substrate. Measurements were conducted in
both a controlled environment and a realistic environment outside the antenna chamber.
Measurements show that the required reader’s minimum transmit power for successful
tag reading decreases by 6 dB compared to the case without AMC. Also, for on-body and
on-metal measurements, the read range increases by approximately a factor of 2. The
proposed RFID tag is flexible since it is easily fabricated by inkjet printing nano-silver
particles on paper or plastic substrates. There are numerous applications ranging from
wearable antennas for bio-monitoring or military applications to metal-mount tags for
transportation and container cargos for mass shipping. One main challenge for
universally mountable tags is overcoming the loss of gain when placed on the human
body or metal surfaces. Another important challenge is the conformability of tags to
various non-flat surfaces.

To resolve the issue of gain degradation due to the antenna proximity to metal or lossy
material, patch antennas have been reported in the past [*]-[?!] as a solution for wearable
RFID tags. Since the gain for a patch antenna is highly directive away from the body, it is
a natural choice for wearable RFID tags. Dipole or monopole antennas, on the other

hand, has a wider bandwidth compared to a patch antenna and can be matched more
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easily. However, they have not been an ideal choice for wearable applications due to the
effect of the radiation toward the body, and also the loss of gain due to body effect.

As a solution to shield the effect of a surface from a dipole antenna, an AMC structure
can be used. An example of an AMC cell is shown in Figure 42. There has been previous
work utilizing AMC or high impedance surfaces. AMC designs are considered in [**],
however they require the use of vias which limit the flexibility, reduce the ease of
fabrication and limit the ruggedness of the derived wearable RFID tag. Different designs
are proposed to mitigate the effect of metal but they lack in flexibility for a truly wearable
RFID tag [**]. Previously, a dipole integrated with a commercially available RFID chip
placed over an AMC structure has been proposed [*°] for metal-mounted applications. In
this work, a conformal RFID tag over AMC is investigated with measurements conducted
with a Tagformance Reader in free space, on metal, and on body. A comparison is made

with and without the AMC-backing to see the effect of the AMC.
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Figure 42. Phase reflection of a split-ring resonator cell.

In order to design a conformal wearable tag, inkjet-printing is a desirable solution due
to the ability to print metal on flexible substrates. There has been previous work on

inkjet-printed antennas for wearable applications [*¢] as well as inkjet-printed AMC
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structures [*7]. In [*7], the AMC structure is a split ring resonator array inkjet-printed on
paper substrate with a dipole antenna placed on top, designed at 400MHz. In this design,
the dipole antenna was fed with a coax cable through the AMC and measured results
showed 1dB increase in gain due to the effect of the AMC.

Presented herein is a design for an inkjet-printed dipole, matched to a commercially
available RFID chip and printed on photo paper substrate, which is placed above a dual
split-ring resonator AMC structure, printed on photo paper substrate. Photo paper was
chosen as the substrate due to its conformability and characterized electrical properties
[#%]. Also, inkjet-printed silver traces on photo paper substrate allows for the tag to be
mounted on non-flat, rugged surfaces, due to its flexible nature. Furthermore, it is a low-
cost, low fabrication complexity solution for roll-to-roll mass production of tags.

The contribution of this work 1s twofold: first to present an alternate solution to patch
antenna-based wearable tags. By using AMC structures, there is no longer a limitation to
the type of antenna that can be used for wearable tags, and opens the door to dipoles or
monopoles which can be miniaturized even further. The second contribution is the
introduction of a completely inkjet-printed AMC-backed dipole tag for conformal,
flexible tags. This fabrication process allows for mass production of printed wearable
tags, especially because there are no vias in the design, which reduces the fabrication
complexity.

The organization of the paper is as follows. In section I, the design of the prototype is
explained starting with the design and optimization of the AMC unit cell. Then an
optimal array size was determined and the finalized design is presented matched to a
commercially available RFID chip. In section III, the inkjet-printing fabrication on photo
paper substrate is described. Presented in section IV are the measurement results for three
different cases to demonstrate feasibility. First, a controlled measurement was taken in an
anechoic chamber comparing the performance of the tag with and without the AMC

backing. Second, a real environment measurement was conducted outside the chamber
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demonstrating read range over various different distances, for both body mount and metal
mount scenarios. Third, conformability of the tag was investigated by measuring in free
space on curved on the body and the superior performance of the AMC-backed tag was
confirmed.

Applications can range from wearable antennas for factory workers in industry and
patients in the hospital to plastic water bottles and metal containers. In the following
sections, the AMC design and fabrication is introduced followed by measurement results
and conclusion.

The proposed research is to investigate the feasibility of using an RFID tag over an
AMC surface to target four different goals:

e Low fabrication complexity and cost

e Disposable (“Green”) tags

e Readable when mounted on body

e Flexible tags
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4.2 Prior Art

Various different methods for creating wearable RFID tags such as using embroidered

conductive thread, patch antennas, and adhesive metal sheets, are detailed in Table 3.

Table 3. Prior art of wearable RFID tags.

Design Freq Ré’;lh_zed Material Dimensions Conformal On body Ref \
ain (mm) measurement
1 Folded 870 -1.5dB | Copperon 6x9 cm No Yes 8
patch MHz FR4
2 Folded 868 -7dB Al adhesive 45x35 cm Yes (no Phantom %0
patch MHz sheet analysis)
3 Loop 2.45 N/A Embroidered o
Antenna GHz electro-thread
4 Dipole 870 -6 dBi Embroidered | 19x12mm | Yes (no No 92
MHz conductive analysis)
thread
5 Meandered | 866 -6 dBi Printed or 68x22mm Yes (no Yes 9
dipole MHz -7 dBi embroidered analysis)
(body) on textile (er
1~1.5)
6 Folded 866, 915, | Not Printed or 100x10mm | Yes (no No %
dipole 955MHz | reported | embroidered analysis)
on fabric
7 Folded 910 Not Embroidered | 78mm x Yes (no Yes %
dipole MHz reported | conductive 39mm analysis)
thread
8 Dipoleon | 915 RCS Copper on 152x152mm | No No %
EBG MHz 0.09 sm | FR4, foam
This | Dipoleon | 915MHz | 3.8 dB Inkjet printed | 157x125mm | Yes Yes H
work | AMC on paper

In works 3-7, the fabrication method was embroidery, and the realized gain was low. The

folded patch on FR4 [%9], had the highest realized gain among the prior work, however

the tag is no flexible due to the rigid substrate. The folded patch using adhesive

aluminum sheet showed flexibility but had a low realized gain of -7dB. The dipole on

AMC had an RCS of 0.09 m?, but the fabrication was on FR4 substrate and thus is not

flexible. This work showed the highest gain with a cost and time effective fabrication

method for flexible tags, by using inkjet-printed silver nanoink on paper substrate.
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4.3 Artificial Magnetic Conductor

Acrtificial magnetic conductors, also known as high impedance surfaces, are
structures that are capable of reflected the incident waves at zero reflection phase, unlike
metals or any electric conductor that enforces phase reversal for reflected waves. This
feature has been studied in the literature thoroughly for its potentials in realizing low-
profile antennas. On the other hand, split ring resonators (SRRs) have been considered as
means for producing metamaterial surfaces when integrated with a wire medium for
applications in the microwave frequencies.0-82

An artificial magnetic conductor (AMC) is a type of metallic electromagnetic
structure that is characterized by having high surface impedance at a certain frequency
band, and capable of reflecting the incident waves at zero phase reflection phase, unlike
metals or any electric conductor that enforces phase reversal for reflected waves.® This
feature has been studied in literature thoroughly for its potentials in realizing low-profile
antennas. AMC surfaces are made of continuous metal, and conducts dc currents, but it
does not conduct ac currents within a forbidden frequency band. Unlike normal
conductors, this new surface does not support propagating surface waves, and its image
currents are not phase reversed. The geometry is analogous to a corrugated metal surface
in which the corrugations have been folded up into lumped-circuit elements, and
distributed in a two-dimensional lattice. This unique material is applicable to a variety of
electromagnetic problems, including new kinds of low-profile antennas.

Figure 43 helps illustrate the significance of using an AMC surface for on metal or
on body applications through image theory. Unlike a PEC surface, for which a point source
above the PEC surface creates an image of itself on the other side of the surface with a 180

degrees phase shift, the PMC surface creates an image with a 0 degree phase shift.
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Figure 43. Image Theory

According to the gain equation (Equation 1), the phase shift of 0 degrees increases the
gain by two fold, whereas a phase shift of 180 degrees reduces the gain to nearly zero,

depending on the height of the point source away from the surface.

G, = ZCOSZ(% cosd. . — gj Equation 1

0 : phase shift

A : wavelength
h : height
Omax : angle of maximum gain
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Furthermore, in Figure 44 it is illustrated why an AMC surface is needed especially if the
RFIDs are mounted on the human body. Since, the radiation from the source needs to be
away from the boy, a dipole antenna for example, will radiate towards the body, and

therefore needs to be mounted on an AMC surface.

(A) Power Radiated (B) Power Radiated
from Point Source in from Point Source in a
Half Space

Free Space

No energy into body

Figure 44. Comparison of radiation from point source.

Several different designs for AMC surfaces have been investigated in the past,
[199101] including a mushroom-like (electromagnetic band gap) AMC, uni-planar compact
AMC (UC-AMC), Peano curve, and Hilbert curve, as a ground plane for a low-profile
antenna. Depending on the design, the gain and bandwidth of the operating region can
vary. The measured data show that all the AMC surfaces act as good ground planes for a
low- profile antenna, yet the bandwidth and gain of the mushroom-like AMC structure
are broader and larger, respectively, than those of the other structures.

Among these different designs, split ring resonators (SRRs) have been considered as
means for producing metamaterial surfaces when integrated with a wire medium for
applications in the microwave frequencies.'® Unlike square patches, or loops, SRRs have
the advantage of half the length in perimeter due to the resonance at A/2 instead of A,
effectively reducing the size by half. SRR behave as an LC resonant tank that can be
excited by an external time-varying magnetic field applied parallel to the particle axis,

thus producing a quasi-static resonant effect. By utilizing the advantage of increased gain
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of an antenna over an AMC surface, this work investigates the feasibility of integrating a
flexible, inkjet printed RFID tag with a SRR-based AMC surface to create a wearable
RFID tag.

AMC Based Antenna

To illustrate the effect of an AMC based antenna, we utilize split ring resonators
backed by a conductive metal plane to form a high impedance surface. The overall
structure is relatively compact. In addition, it has the potential of extending the
functionality to multi-band through the addition of multiple SRRs in the middle of the
unit cell. Fig. 1 shows the SRR unit cell modeled and optimized for operation at in the
low UHF band (300-400MHz) using a finite element solver (Ansoft HFSS). The
numerical model accounted for the actual silver ink conductivity 1*107 S*m™. As in [1%9],
the dielectric constant (3.1) and loss tangent (0.06) of a 254micron sheet of paper were
used. The unit cell has a size of 150mmX150mm. The SRR structure on paper was
backed by a 25mm thick foam layer on top of a metallic ground plane. The resulting
reflection phase is also shown in Figure 45. Split ring resonator unit cell printed on paper,

simulated in CST..

\

Figure 45. Split ring resonator unit cell printed on paper, simulated in CST.

63



500
R s S R 7

Reflected Phase [deg]
— = | 1 |

)] [\~ o] &) =
S O &

S & & & &

-1980
0 02 04 06 038 1 1.2 14 16 1.8 2

Freq [GHz|

Figure 46. Split ring resonator unit cell printed on paper, and the resulting
reflection phase.

Figure 46 shows the resulting reflection phase of a unit cell split ring resonator printed on
paper. The extra gap in the loop aids in miniaturization of the unit cell. For demonstration
purposes, and to realize a low profile antenna, a 300 mm dipole is placed horizontally 10
mm from a grid of 4X4 SRR unit cells (See Figure 47). A technique similar to that
presented in [%9] is used in the design and optimization process. Simulated reflection
coefficient and gain values are presented in Figure 47Figure 48Figure 49. In Figure 47, a
dipole is placed on the structure (feeding not shown) and the resulting antenna reflection
coefficient is plotted. In Figure 48, a 4x4 split ring resonator array with a dipole placed
on the surface (feeding now shown) and the resulting simulated antenna reflection
coefficient. Optimal dimensions of the antenna and relative distance from the surface are
found through optimization. Figure 49 shows the simulated antenna gain in two vertical
cuts (®=0, 90°). Note that the traditional placement of a horizontal dipole on metallic
plane requires a quarter wavelength separation (187.5mm at 400MHz). This is much
larger than the presented structure which has a combined height of 30mm. A gain of

about 3.5dBi is observed at 400MHz.
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Figure 47. Split ring resonators (4X4) unit cells forming a high impedance surface.
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Figure 48. Simulated Electric Field of AMC in Ansoft HFSS.

65



-180

Figure 49. The resulting gain of the antenna in the two vertical cuts to the HIS
surface.

To fabricate the prototype, 16 dual split ring resonators were printed on paper substrate

using the Dimatix printer. Then, they were assembled together to form the AMC surface
using small amount of tape. Two pieces of foam, 81cm x 81cm x Scm, were used, where
one piece of foam was placed between the dipole and the AMC and the other was placed
between the AMC and copper plane. Adhesive glue was used to keep the structure intact.

Figure 50 shows a picture of the fabricated prototype, minus the dipole antenna.

Figure 50. Fabricated prototype of AMC surface.
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The antenna (Dipole + AMC) was measured at Satimo with the dipole fed by a coaxial
cable that went vertically from the bottom copper plane through the center of the AMC to

the dipole. Figure 51 shows a picture of the measurement setup with the antenna.

Figure 51. Measurement conducted at Satimo with dipole antenna on top of AMC
separated by foam.

The return loss measurements in Figure 52 show that although the magnitude of the
return loss decreases, the loss is only 12% when the AMC is added. More importantly,
the resonant frequency shifts by 40MHz (10%). The gain measurements in Figure 52 and
53 show a clear 3dB increase in gain when the AMC surface is added. However, the
efficiency in Figure 54 show that the efficiency decreases by 40% when the AMC is
added. This can be attributed to the loss tangent of the paper, for which there is a large

square area due to operational frequency of 400MHz.
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Figure 52. Measured return loss of Dipole with AMC and without AMC.
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Figure 53. Measured radiation pattern and E Total. dB Phi=0 deg for (top) dipole
without AMC (bottom) dipole with AMC.
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Figure 54. Measured radiation pattern and E Total. dB Phi=90 deg for (top) dipole
without AMC (bottom) dipole with AMC.
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A low-profile antenna on AMC surface was developed for UHF applications. The
surface is inkjet-printed on paper which produces a low-cost, light-weight, and
environment-friendly solution. More compact unit cells (and thus smaller overall size)
and/or wider antenna bandwidth can be realized using alternative unit cells/antenna

configurations as discussed in [89%],

e A low-profile antenna on AMC surface was developed for UHF applications.

e The surface is inkjet-printed on paper which produces a low-cost, light-weight,
and environment-friendly solution.

e More compact unit cells (and thus smaller overall size) and/or wider antenna

bandwidth can be realized using alternative unit cells/antenna configurations

4.4 Antenna Design

Unit Cell

The design process started with the simple concept of figuring out what type of surface
is needed beneath the dipole antenna to shield the body from radiation effects and to have
sufficient antenna gain. Based on the well-known image theory gain (Equation 1) of a
point source above a surface, two different extreme cases can be considered. One is when
the surface is a perfect electric conductor (PEC) and the other when it is a perfect
magnetic conductor (PMC) surface. If the surface is a PEC, there is a phase shift of ©

between the source and image, and for a PMC surface, the phase shift is zero.
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Therefore, assuming the height of the antenna from the surface, h, is very small, the
gain of the antenna is zero for an infinite PEC surface and 2 for an infinite PMC surface.
There have been past studies done [*°+1%] on how to make PMC surfaces or artificial
magnetic conductors (AMC) using high impedance frequency selective surfaces. Split
ring resonators (SRR) were first proposed by Pendry et al. [1], and have been applied in
the synthesis of AMC surfaces with negative effective permeability based on periodic
arrangements of these resonators. A dual split ring resonators have been chosen due to
the relatively large value of the edge capacitance achievable, which helps reduce the
electrical size of the overall circumference at resonance.'®” Also, in terms of fabrication,
compared to patch-based designs for high impedance surfaces, the split ring resonators
require less metal for the inkjet printing process.

In the design of the SRR cell, the reflection phase needs to be investigated as shown in
Figure 56 [1€], to optimize the AMC cell to operate at the desired frequency operation. In
the proposed design, the operating frequency is 915MHz for RFID bands in the U.S. For
a single split ring resonator, the theoretical circumference of the ring would be
approximately 23.2cm assuming a dielectric constant of 3 for the paper substrate.
However, with the dual SRR, there is an added edge capacitance between the inner and
outer rings, which decreases the electrical length at the resonance frequency, which
reduces the circumference to 17.8cm.

The advantage of this dual split ring resonator compared to a ring resonator is
miniaturization based on two key points. First, by placing a gap in the ring, each split ring
acts like a meandered dipole, with electrical length of A/2. This is as oppose to the ring
resonator which acts like a folded dipole with electrical length of A. Second, having two
split rings, there is an added capacitance between the two rings, which reduces the
circumference even further.1% However, the tradeoff in the miniaturization is the
introduction of linear polarization to the split ring, compared to the previous non-

polarized loop.
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The unit cell shown in Figure 56 has been simulated in CST Microwave Studio, and
tuned to 915MHz with paper used as the substrate. The design of this particular SRR was
different from the past work in that the shape was elongated to reduce the number of cells
to cover the dipole antenna to be placed on top. If a square SRR array was used, more

cells would be needed to cover the length of the dipole.

30 mm

59 mm

\4 EBGs /,Ground I3 i

Figure 56. Optimized AMC unit cell (top) and the resulting simulated reflection
phase (bottom).

An air gap was placed between the unit cell and ground and the height of the gap was
tuned to 3mm so that the bandwidth of the reflection phase shift was wide enough for
impedance matching. The phase shift shows an operating region of 20MHz from 900 to
920MHz. Although the thickness can be reduced even further, due to the increase in Q of
the resonant cavity, the bandwidth becomes smaller, and the AMC becomes even more
sensitive to de-tuning. So, to take into account possible margin of error in fabrication, a
sufficient gap was placed between the SRR and ground.

The gap between AMC and ground plane is kept by inserting flexible microwave foam
with dielectric constant 1.03 and loss tangent 0.0001.11° This provides more flexibility,
low losses and reduced difference between paper substrate and air dielectric constants.
The reflection coefficient at the paper-foam interface is 0.5, a small value because the

dielectric constants of paper and foam are 3 and 1, respectively. In other words, 75% of
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power can be transmitted to AMCs to make in-phase reflection. Different materials can
be considered to fill the AMC-ground-plane gap. For example, with high dielectric
materials like ceramics the tag loses its benefits in terms of flexibility and weight. With
paper substrates, maximum power transfer is achieved but the AMC loses its property of
increased gain due to high loss tangent and the overall flexibility is degraded by the
structure thickness. The rectangular shape was used instead of a square shape in order to
decrease grating issues when a broad read angle was used and to reduce the size of the
array by minimizing the capacitance between the AMC cells and the dipole antenna on
top. Figure 57 shows the phase of reflection coefficient on the AMC structure. The
reflection phase has a value between -90° and +90° in the RFID frequency band. The
AMC is designed by means of reflection phase characterization. 11112 A plane wave is
illuminated onto the infinite AMC surface and the phase of reflection coefficient on the
surface of the AMC is observed. The AMC surface can be considered as an AMC
reflector if the reflection phase is within range of [-90°, +90°] since the reflected waves

will be constructively added to radiated waves.
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Figure 57. Broad read angle versus the number of AMC cells.
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Optimal AMC Array

For the final design, an optimal array size for the AMC needed to be determined, taking
into account minimal size for wearable applications, gain, and operating frequency.
Although a small array, such as a 1x2, would be generally desired, the coupling between
the SRRs is not enough to create a high impedance surface that induces the desired phase
shift of 0 degrees between the source and image, according to Equation 1. Since there is
no radiation at the ends of the dipole antenna, there is no added gain due to an AMC
surface at the ends, and therefore, two rows are sufficient for an optimal array size.
However, in order to determine the optimal number of cells for the width, the change in
Omax, from Equation 1, was analyzed for each added cell starting with one, as shown in

Figure 58.

Observation points Point O
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Point 2
Source

Point 3
o, 93 EBG cells

Figure 58. Broad read angle versus the number of AMC cells.
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Figure 59. Three unit cells (in the half plane) and the corresponding gain versus
observation angle.

Depending on the position of the observation point, the angle at which the gain is
maximum changes. At observation Point 0 in Figure 58, the angle from the image to
Point 0, do is zero degrees. However, as the observation point moves away from the
center to point 1, 2, and 3, the angle do increases. Given the dimensions of the unit cell of
our design, the observation angle versus the number of cells can be analyzed. In Figure
59, three unit cells are placed, with each cell at 30mm in width, and the dipole antenna
placed 3mm away from the surface. Using Equation 1, the gain for each angle was
calculated in Matlab software. With one unit cell, the observation angle is from 78 to -78
degrees, which is a total angle of 156 degrees. With two unit cells, the observation angle
increases by 16 degrees to 172 degrees. However, with a third unit cell, the incremental

increase in observation angle is less than 3 degrees, for a total of 175 degrees. Therefore
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the added benefit of a third column of cells (in the half plane, meaning five columns
overall) compared to the added total size of the tag is not enough to justify making the
overall tag larger, especially for wearable RFID tag applications. It can also be seen that
when the observation point is directly above the dipole, then the theoretical max gain of 2
can be achieved, and this gain decreases with observation angle.

Next, a dipole antenna was designed and matched to a commercially available NXP
RFID SL3ICS1002 chip with a T-matching network. The impedance of the chip with an
aluminum strap packaging was 13.3-j122 Q and Figure 60 shows the finalized design

with the dipole antenna matched to the RFID chip over an AMC surface.

Figure 60. Dipole antenna matched to the RFID chip on top of the designed SRR-
based AMC surface, with the bottom layer as the ground plane.
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Simulation

The simulation is largely divided into two different categories. One is the analysis of
the effect of the AMC surface when placed on the body or a metal surface. The other
analyzes the effect of conformability of the AMC-backed tag. To analyze the effect of the
AMC surface on the body and on a metal surface, four different cases were simulated.
The simulated 3D radiation pattern of the AMC-backed shows that there is higher gain
with the AMC compared to a dipole tag without the AMC. Two scenarios were
simulated, as shown in Figure 61, one with the tags on a body and one with the tags on

the metal. In both cases, there was a higher gain with the AMC structure.
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Figure 61. Simulated 3D radiation patterns of the AMC-backed and dipole Tags on
both metal and body.

Next, to analyze the effects of conformability, the tag was wrapped around a foam
cylinder with permeability of 1 and simulated in CST, as shown in Figure 62.
Measurements were conducted to demonstrate the effect of a conformal AMC-backed

tag, and is shown in the Measurements section below.
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Figure 62. Simulation of prototype curved on foam in CST.
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Figure 63. Simulated return loss of curved tag compared to a flat tag in CST.
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The simulation results in Figure 63 shows that the return loss shifts downward slightly
by 5MHz when the tag was curved, which is only a 0.54% change. This can be attributed
to a slight increase in capacitance at the center of the AMC where the cells meet. A
curved structure effectively gives a 3D structure in which the cells have more capacitance
between them.

To analyze the change in gain, first the return loss was taken into account to get the
realized gain. The curved tag has a return loss of -6.272dB at the resonance frequency,
which introduces a corresponding mismatch loss -1.17dB, which lowers the realized gain.
Second, in the curved case, the gain was -7dB. This can be attributed to the fact that as
the tag is curved there is a phase difference of the incident wave hitting the center of the
tag compared to hitting the curved edges. If the angle of observation is 90 degrees at the
center, then a curved surface will have a lower angle at the edge compared to that of a flat
surface at the edge. According to Equation 1 and Figure 59, this lowers total gain for the

curved tag.

45 Fabrication

For the fabrication, inkjet printing was chosen as the method due to several reasons.
One reason is that the feasibility of printing lends itself to the possibility of roll-to-roll
printing which helps lower the cost per unit tag. The second reason is that a truly flexible
and bendable tag was desired, and conventional copper etching would not suffice for this
wearable tag. Inkjet printing would allow fabrication on flexible substrates, which is the
main reason behind choosing inkjet printing as the desired fabrication method.

For the printing process a Fujifilm Dimatix 2800 printer was used. Commercially
available silver nano-ink was used as the conductive ink. The conductivity of the ink is
4.7x10° [S/m]. Photo paper was selected as the substrate due to several reasons. First,

much work has been done to optimize the inkjet printing process of silver nano-ink on
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photo paper. Second, the dielectric properties of the photo paper have been characterized
[2%]. Third, it can be easily bent and flexed to measure the effect of a bendable AMC

antenna on the body. The inkjet printed prototype of the SRR array on paper substrate is
shown in Figure 64. The paper is also commercially available photo paper. The finalized

prototype consisting of the dipole on top of the AMC is shown in Figure 65.

Figure 64. Inkjet-printed AMC array on paper substrate with Dimatix material
printer.

[—

Figure 65. Finalized prototype fabricated with foam and flexible copper ground.
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For the 3mm air gaps, flexible foam was used that were highly porous to closely match
the properties of air, and also to be bendable for wearable applications. The ground plane
was made using copper tape on photo paper, also for maximum flexibility. However, due
to the de-tuning effect of the AMC, another dipole antenna was designed and printed to
take into account this de-tuning effect. For the dipole antenna to be measured in free
space, the length of the dipole was 13.75cm, whereas the dipole tuned to be placed on the

AMC was 12.5cm.

4.6 Measurements

The AMC-based RFID Tag was extensively tested in order to assess its capability to
work regardless of the surface where it is mounted. Three different measurements were
performed. First, a controlled measurement was conducted within an anechoic chamber
to see the effect of the AMC-backed dipole to without. Second, a real environment
scenario was investigated outside the chamber and detecting the RFID tag as it was
placed further and further away from the reader. Both on-body and on-metal cases were
considered. Lastly, conformal measurements were conducted in which both free space
measurements and conformal on-shoulder measurements were taken inside an anechoic

chamber.

Controlled Measurements

In the first experiment, a sensitivity analysis in anechoic chamber was performed when
varying the interrogation frequency. The AMC-based Tag was mounted on a polystyrene
sheet and placed 1 meter away from a circularly polarized antenna (8 dBi gain) connected
to the Voyantic Tagformance Reader. The minimum power required to communicate

with the Tag was recorded at different frequencies in the 840-1000 MHz band with 1
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MHz step. Figure 66 shows the comparison between an AMC-based Tag and an inkjet-
printed dipole Tag in terms of minimum transmit power from the Reader. Both Tags
exhibit a broadband behavior with best performance achieved in the U.S. UHF RFID
band (902-928 MHz). Here, the AMC-based tag outperforms significantly the dipole
which requires about 6 dB more power to communicate with the Reader. Since current
RFID systems are forward-link limited [*'*] and therefore the maximum read range
exclusively depends on the Reader EIRP, a sensitivity gain of 6 dB in free space allows

to double the read distance of the AMC-based Tag over the dipole.
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Figure 66. Measurement comparison of dipole tag with and without AMC backing in
an anechoic chamber.
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Real Environment Measurements (Body, Metal)

In the second experiment, the reliability of the Tag-Reader communication in real
application scenarios was evaluated. The AMC-based Tag was attached both to a metal
surface and to a human body for future applications like container tagging and bio-
monitoring. The Impinj Speedway Reader (operating frequencies 902-928 MHz) was
used to interrogate the Tag in a standard office room.

Error! Reference source not found. shows the measured packet loss, i.e. the ratio
between the numbers of lost Tag replies to the total number of performed interrogations,
at the Reader. The AMC-based Tag can be reliably read up to 4.5 meters and 2.5 meters
when attached to metal and human body, respectively. The difference in range between
metal and body is due to the lossy dielectric properties of the human body close to 0.3 for
the loss tangent.!** There is less constructive reflection off of the body which contributes
less to the gain compared to metal. The dipole Tag instead exhibits extremely poor
performance on both surfaces: it is never read on metal and can communicate with the
Reader up to 1 meter away when attached to human body. The measurement results are in
perfect agreement with simulations performed by HFSS: the maximum gain of dipole
Tag is extremely poor both on-metal and on-body while the AMC-based Tag exhibits
excellent performance on both surfaces (see Figure 61). This clearly demonstrates the
inappropriateness of commonly adopted RFID Tags in harsh application environments. In
such situations, ad-hoc Tags like the AMC-based one here presented are required in order

to ensure a reliable communication with the Reader.

Conformal Measurements

In the third experiment, the tag response in a conformal setting was measured. The tag
was placed on a foam cylinder 30cm in diameter, and measured in an anechoic chamber.

This measurement is compared to the flat tag in free space shown in Figure 67. The
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measurement results show a downward shift in the resonance frequency of 5MHz, which
matches the simulated results in Figure 62. Furthermore, the minimum transmitted power
from the reader increases, due to the loss in realized gain when curved. Lastly, for a
conformal, on-body measurement, and the tag was measured while wrapped around the
shoulder of a person. Two different measurements were taken; one with the AMC
backing and the other without. In the latter case, the Tagformance reader was not able to
read the tag at all, because there is no magnetic surface, and thus no added gain without

the AMC backing. The measurement results are shown in Figure 68.
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Figure 67. Measurement results of AMC-backed tag curved on cylindrical foam
versus a flat foam in free space.
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RFID Tag on Shoulder
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Figure 68. Measurement of conformal, wearable tag. Two measurements were
taken, one with AMC-backed tag and the other without the AMC.

Due to the relatively small ground, there are some added effects of the body at the
edges of the plane. With a larger ground plane, the body effect would be less. With the
added lossy conductor effect, due to the body at the edges of the plane, the loss reduces
the Q of the resonator, and increases the bandwidth. As can be seen in Figure 68, only
one curve is shown, since the reader was not able to read the tag that did not have the
AMC backing. This clearly demonstrates that the proposed AMC-backed tag has superior

gain performance over the tag without the AMC.
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4.7 Chapter Summary

This is the first reported design and development of an inkjet-printed RFID tag on
an AMC surface printed on paper substrate. Compared to patch antennas which have
limited, narrow bandwidth, AMC surfaces have various shapes, bandwidths, and
miniaturization techniques which can open up the possibility of new wearable RFID tag
designs for varying design specifications. Furthermore, as tags need to be low-cost, the
feasibility of inkjet-printed tags on paper demonstrate the possibility of low-cost,
environmentally friendly, flexible RFID tags.

A flexible, fully inkjet-printed, AMC-backed RFID tag has been introduced as a
solution for wearable and metal-mount applications. An analysis on AMC array size
optimization was conducted and simulations for various scenarios such as body mount,
metal mount, and conformal tags show viability in gain performance of the AMC-backed
tag. Extensive measurements in a controlled chamber, in a real environment with data
packet transfer, and conformal tag measurements in free space and on the body show that
the AMC-backed tags perform better than tags without the AMC. On body can be read at
approximately twice the distance compared to a tag without AMC on body. Both in
chamber and real environment measurements demonstrate the increase in gain and range
due to the AMC structure. Furthermore, a curved measurement on the shoulder showed
that the AMC-backed tag can be read easily whereas a tag without AMC could not be
read at all. With more precise manufacturing and fabrication, the thickness can be
reduced even further, and with a lower loss flexible substrate such as LCP, the range can
also be improved. This demonstrates that an inkjet-printed AMC-backed RFID tag on
photo paper substrate shows higher gain and thus greater read range compared to a tag
without the AMC backing, and can be used for wireless bio-monitoring applications or

metal mount applications.
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Chapter V

INKJET PRINTED RF INDUCTOR WITH MAGNETIC
NANOMATERIAL

5.1 Motivation

Printed electronics have shown tremendous growth in recent years, and the demand
for faster, smaller, cheaper, and more efficient printed devices is ever increasing. Inkjet
printing is a technology which has demonstrated the ability to fabricate electronic
components in a rapid, additive manner which can be scaled to mass production in roll-
to-roll processing to meet these needs.

Recently, there has been a push for inkjet-printed RF passive components such as
multi-layer capacitors and inductors to remove the requirement for mounted discrete
components in printed systems.?? Currently, only low-frequency and low Q inductors
have been demonstrated in the literature. Inkjet printing allows for the deposition of a
wide variety of materials including magnetic material which can be integrated with

printed inductors increase the inductance.

Figure 69. Examples of printed electronics.
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Current techniques to deposit magnetic nanomaterial on printed inductors include dc
magnetron sputtering [1*°], epoxy paste application [*16], or substrate impregnation of
magnetic particles [*!']. These techniques result in rigid and brittle components which
cannot be used in flexible or wearable applications. However, the ability to print
magnetic nanoparticles allows for thin, conformal layers of material to be deposited
rapidly and at low-cost.

This work demonstrates an improvement in the performance compared to previous
works with inductances of up to 8 nH while maintaining a high quality factor of 25, and
an SRF of 8 GHz. The inductors are integrated with printed magnetic nanoparticles to
investigate the high frequency performance of printed nanoparticle-based magnetic
material for the first time.

In this work, the RF characterization of the magnetic nanomaterial for complex
permittivity and permeability is first performed. The meander RF inductors are then
designed and fabricated for high inductance, Q, and SRF. Measurements for the printed
inductors with and without printed magnetic nanomaterial are then compared with
simulation.

For the first time, high quality factor (Q), meander inductors are demonstrated
utilizing inkjet-printing on organic paper substrates. Quality factors of up to 25, which is
an order of magnitude greater than previous works, and inductance values of up to 8 nH
are achieved. The high self-resonance frequency (SRF) of 8 GHz makes it possible for
the inductors to be used in the 900 MHz and 2.4 GHz RFID bands, and in 5 GHz Wifi
band. Furthermore, a study into the performance and miniaturization effects of inkjet-
printing magnetic nanomaterial onto the inductors shows increases in inductance of up to
5%. Applications for inkjet printed inductors include all-printed flexible and wearable
filters, resonators, and microwave matching networks.

In this work there are two main goals behind inkjet-printed RF inductors with

magnetic nanomaterial. The first goal is to demonstrate high Q inductors that can be
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inkjet-printed on paper substrate. The second goal is to investigate the feasibility of
inkjet-printed magnetic nanomaterial and observe increase in inductance. The main
challenges for this work are as follows:

e Optimize the inkjet printing of the magnetic nanoparticles

e RF characterization of the magnetic nanoparticles

e Fabrication of the RF inductors with and without the magnetic nanoparticles

5.2 Prior Art

Printed electronics have shown tremendous growth in recent years, and the demand for
faster, smaller, cheaper, and more efficient printed devices is ever increasing. Inkjet
printing is a technology which has demonstrated the ability to fabricate electronic
components in a rapid, additive manner which can be scaled to mass production in roll-

to-roll processing to meet these needs.

Table 4. Prior art of printed inductors.

Fabrication substrate Magnetic
material
220nH . . I 4.5% increase | 118
1 1MHz 230nH n/a 11x11mm Inkjet Printing Polyimide (thickness n/a)
2 |18GHz | 2nH | 35 1.8x2mm Inkjet Printing Kapton No 119
3 | 10GHz | 14nH | 10 |013x0.13mm | DPEMagnetron | g o, | 7obincrease |y
Sputtering (0.2um)
Electroplating / Ferrite Ferrite plate 121
4 1MHz | 16.2nH | 10.5 0.1x0.1um Photolithography plate (0.5mm)
- o
L 8GHz | 7.8nH | 25 3.3X7mm Inkjet Printing Paper 5% Increase
work (5um)

Kang et al. demonstrates an inkjet-printed spiral inductor, which is characterized up to
1 MHz.118 Menicanin et al. introduces an inkjet-printed meander inductor on Kapton with
inductances of up to 2 nH, and quality factors of up to 3.5 with a SRF of 6.865 GHz for a

single loop meander inductor.!'® Viala et al. demonstrated inductors fabricated on silicon
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substrate with SRF at 10GHz, and has also demonstrated increase in inductance using
magnetic material.*?® However, the inductance value is low and the fabrication method is
DC magnetron sputtering which is more costly than the proposed inkjet printing method.
Furthermore, preliminary simulations have shown higher Q of close to 30 using silver
nanoparticles on paper substrate compared to the Q of 10 as the author has demonstrated.
Zhang et al. has shown an inductor directly fabricated on ferrite substrate.'?* The inductor
showed improvement of inductance from 16nH to 80nH at 1MHz compared with coreless
inductors, and the increment of inductance is larger than the magnetic thin-film inductor.

However, the frequency of operation is at 1IMHz and is not applicable for RF inductors.

5.3 Magnetic Nanomaterial

RF magnetic material has many useful applications in high frequency devices such
as RF inductors and antennas due to the permeability value of the magnetic material. The
higher permeability value helps to increase the inductance of inductors and lower the
resonance frequency of antennas, effectively reducing the size of antennas. However,
magnetic material has a fundamental limitation called Snoek’s limit'??, which states that
higher permeable magnetic material have a lower cutoff frequency than lower permeable
magnetic material. However, recent studies have shown new magnetic material that has
been developed for high frequency applications.'?3124125126.127 Eor example, cobalt
magnetic nanocomposites'?®12° have shown permeability value of 2 and permittivity
value of 7 up to 1GHz. The studies indicate that the increased inductance is due to the
interparticle exchange coupling effect. The exchange interaction, which leads to magnetic
ordering within a grain, extends out to the neighboring environments within a
characteristic distance, lex. For Fe or Co, lex is 30 nm.23 The exchange interaction in
nanocomposites also leads to the cancellation of magnetic anisotropy of individual

particles and the demagnetizing effect, leading to reduced remanent fields.13
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Remanence or remanent magnetization is the magnetization left behind in
a magnetic material (such as iron) after an external magnetic field is removed.

Magnetic nanoparticles commonly consist of magnetic elements such as iron, nickel,
and cobalt and their chemical compounds. While nanoparticles are smaller than 1
micrometer in diameter (typically 5-500 nanometers). Of the different kinds of magnetic
nanoparticles that are being produced and used, ferrite nanoparticles are the most
explored up to date. Once the magnetic particles become smaller than 128 nm?*3? they
become superparamagnetic which prevents self-agglomeration since they exhibit their
magnetic behavior only when an external magnetic field is applied. With the external
magnetic field switched off, the remanence falls back to zero. Just like non-magnetic
oxide nanoparticles, the surface of ferrite nanoparticles is often modified by
surfactants, silicones or phosphoric acid derivatives to increase their stability in

solution. 133134

Table 5. Different types of magnetic material and their susceptibility.

Structure on atomic scale Magnitude of
Diamagnetic Atoms have no permanent dipole moments ~-10%t0-10°
Atoms have permanent dipole moments. Neighboring | ~ 10°to 10®

Paramagnetic
moments do not interact.

Atoms have permanent dipole moments. Interaction Large
Ferromagnetic
produces 11 alignment.

Atoms have permanent dipole moments. Interaction ~10°t0 103
Antiferromagnetic
produces 1/ alignment.

Atoms have permanent dipole moments. Interaction Large
Ferrimagnetic
produces 1| alignment, but moments are unequal.

Adapted from 135

As shown in Table 5, ferromagnetism (including ferrimagnetism) is the strongest type. A

substance is said to be ferromagnetic when it possesses a spontaneous magnetic moment
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in the absence of any applied magnetic field.**® The benefits and potential applications of
ferrites for microwave devices have been known for decades, but their application in thin-
film form has been hampered due to complicated problems in processing them. 37
Defects in ferrite films, such as dislocations, cracks, voids, compositional inhomogeneity,
impurities, strain, and vacancies will increase losses and degrade performance.

The magnetic nanomaterial used in this work is based on a commercially available fine
oxide-passivated cobalt nanocluster synthesized via laser evaporation. The magnetic
nanoparticles which are ~30 nm in diameter are first coated with a surfactant in a solvent
medium and milled for 24 hrs in order to form a stable particulate suspension. Suitable
amount of epoxy polymer was then added to maintain a metal-polymer ratio of 40:60 and
milled for another 4 hours to form the nanoparticle ink. The polymer matrix AOT
(Sodium Dioctylsulfosuccinate), in conjunction with the thin native oxide formed on the
particles, prevents further oxidation during handling and is also demonstrated to make the
printed magnetic material composite less brittle and of lower loss.*%®

The nanoparticle ink is formulated for the Dimatix DMP 2800 series of materials
printers which requires that the viscosity be near 10-12 cP and the surface tension near 30
dynes/cm?. Figure 70 shows a scanning electron microscope image of the polymer coated

cobalt nano-clusters dispersed in an aqueous solution.

EHT = 4.00 kv Signal A = InLens Date :12 Dec 2012
WD = 7.8 mm Photo No. = 6032 Time :13:32:14

Figure 70. SEM picture of polymer coated cobalt nanomaterial in solution.
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The material is characterized using an HP4291A impedance analyzer to obtain the
complex permeability and permittivity over 200 MHz to 1 GHz. A mu sample holder is
used to hold a bulk toroid shape of the magnetic nanomaterial to extract the permeability.
An epsilon test head is used to hold a bulk slab of magnetic nanomaterial to extract the
permittivity. The pictures of the equipment are shown in Figure 71Figure 72, and Figure

73.

Mu Sample Holder

Mu test head connected to system

Figure 71. Sample holder for characterization of permeability.
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Sample placement here

Eps test head close-up of
connection area

Figure 72. Sample holder for characterization of permittivity.

Epsilon test head

g ==
= o= Sa

Figure 73. Network analyzer used for characterization.

97



5.4 Inductor Design

Several designs for realizing printed inductors can be used such as meanders or spirals.
Spiral inductors, while able to achieve a higher inductance than meander inductors,
require the use of vias to connect to the inside of the spiral. Currently, inkjet-printed vias
have high resistance and will drastically lower the Q of the inductors. For this reason, a

CPW-based meander inductor is chosen for this work as shown in Figure 74.

- 35mm -

L 0.25 mm

75 mm

- 13.25 mm -
Figure 74. Layout of fabricated inductor.

A single turn was used to increase the SRF for RF applications and the width and
spacing of the inductor was chosen to maximize the inductance within the limitation of
the printing resolution. The inductors are designed for a commercially available photo
paper substrate with thickness 220 um. The paper substrate has a permittivity of

approximately 2.9 and a loss tangent of 0.06 below 10 GHz.??
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Figure 75. Magnetic field distribution seen from cross section simulated in CST.
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Figure 76. Magnetic field distribution when spacing is narrow in meandered
inductor simulated in CST.
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Figure 77. Magnetic field distribution when spacing is wider in meandered inductor
simulated in CST.
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Figure 78. Inductance as spacing in inductor is varied.
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Figure 79. Quality factor as spacing in inductor is varied. Negative regions pertain to
the inductor becoming capacitive as the frequency is greater than the self-resonance
frequency.
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Figure 80. Magnetic field distribution when inductor height is lengthened in
meandered inductor simulated in CST.
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Figure 81. Magnetic field distribution when inductor height is shortened in
meandered inductor simulated in CST.
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Figure 82. Inductance as height of inductor is varied.

Coil Q factor
20

Coil Q factor

Coi Q factor long
Coil @ factor short
15

10 1

Frequency / GHz

Figure 83. Quality factor as height of inductor is varied.
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Figure 84. Optimized inductance of meandered inductor in CST.
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Figure 85. Optimized quality factor of meandered inductor in CST
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5.5 Fabrication & Measurement

To fabricate the inductors, four layers of Cabot CCI-300 silver nanoparticle ink are
printed onto the paper substrate and then cured in an oven at 150°C for one hour to sinter
the nanoparticles. The magnetic nano-ink, sonicated for 1 hour before printing, is then
printed on top of the inductor with 1, 3, 5, and 10 layers. Unlike the case with the carbon
nanotubes, the cobalt nanoparticles are spherical in shape and were approximately 5um in
diameter, which lead to a good jetting profile. The main fabrication challenge was
preventing the magnetic nanoparticles from being oxidated during the curing process,
despite the protection of the polymers. To prevent this oxidation during curing, the
inductors were placed in a nitrogen oven at 150°C for one hour to cure the magnetic
nanoparticles. Figure 86 shows a picture of the fabricated inductors. The area of the thin

film over the inductor was maximized to maximize the increase of inductance.

Figure 86. Fabricated inductor with and without the ferromagnetic material.

In the fabrication process, one important phenomena that can affect the uniformity of
the surface of the printed thin film is the coffee stain effect.!3® When a drop of liquid
dries on a solid surface, the composites are pushed to the edge of the drop circumference,

creating a coffee stain-like shape, which would make the surface thicker at the edges. The
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Dimatix Materials Printer has 16 nozzles and a subset of these nozzles is used to jet the
drops of liquid simultaneously onto the substrate with a pre-defined spacing between the
droplets. For high uniformity it is important to have an optimized overlap between the
drops. There were some important factors that help reduce the coffee stain effect. First,
the surface tension of the material and the substrate plays an important role of how easily
the solute particles can be transported to the periphery of the drop. By optimizing these
factors, the spread of the ink could be minimized, and the solute particles could be
directly deposited onto the surface of the substrate. Secondly, the platen onto which the
paper substrate is placed can be heated up to 60°C. By heating up the substrate prior to
deposition, the solvent in each picoliter droplet could be evaporated quickly upon contact,
thus affecting the thermal and concentration gradients, that can interfere with the outward
flow of the particles, thus mitigating the coffee stain effect. Thirdly, the acceleration of
the droplets can be programmed in the Dimatix printer. Unlike a droplets that drops
naturally onto the surface, an accelerated droplet makes contact with the surface with a
higher force, which also helps to mitigate the natural outward flow of the particles to the
periphery. Lastly, increasing the number of layers printed also increased surface
roughness which also helps to decrease the spread of the particles.

Measurements are performed on a Cascade probe station, shown in Figure 87. To
mitigate effects from the metal ground, the inductor was placed on top of a hard foam
chuck. The measured S-Parameters are de-embedded using a printed TRL calibration kit
which was subjected to the same processing conditions as the printed inductors. The de-
embedded S-parameters are then used to extract the differential inductance and Q using
the following equations.® The measured inductance and quality factor are shown in

Figure 88,Figure 89Figure 90.
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Equation 3

Figure 87. Measurement of inductor on cascade probe station.
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Measurement Results
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Figure 88. Measured inductance (top) magnification of inductance (bottom).
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Figure 89. Measured inductance (magnified).

The measured inductance of the inductor topology without the magnetic nanomaterial

has a value of 7.5nH and SRF of 8 GHz, which matches closely with the simulated
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inductor shown in Figure 84. For measurements that included the magnetic thin film, the
high permittivity of 7.3 and the permeability of 2.6 shifted the self resonance frequency
down from 8GHz to 6.44GHz depending on the number of layers used. This downward
shift in the SRF is due to the added capacitance from the high permittivity as well as the
added inductance from the permeability. The effect of the permeability on the inductance
value can be seen in Figure 89, in which added layers of magnetic thin film increased the
inductance incrementally. The baseline is OL which corresponds to no layers of magnetic

thin film on the inductor.
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Frequency (GHz)
Figure 90. Measured quality factor.

The measured quality factor of the inductors shown in Figure 90 shows high Q values
up to 25 without the printed magnetic nanomaterial. This is approximately 10 times
higher than previous works for inkjet printed passives.!'® It can be noticed that as more
layers of magnetic material are printed, the quality factor decreases. This is found to be
caused by cracking of the silver traces when the solvent for the magnetic ink is absorbed
by the paper, which causes the paper to expand. Conducting DC measurements across the
inductor showed resistance of 2.9 to 3.1 ohms for 0, 1, and 3 layers respectively, and
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from 10 ohms to 15 ohms for 5 and 10 layers. This effect can be mitigated in future work

by printing a dielectric layer over the metallization as demonstrated in [*4°] to hinder

solvent absorption into the paper substrate.

4 |

|— Flat — 10mm
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Frequency (GHz)

Figure 91. Simulated inductance for inductors flexed with varying radii.

To investigate the feasibility for flexible and wearable applications, further simulations

were conducted, shown in

Figure 91, with the inductor curved around a cylinder of radii 10mm and 20mm. The

inductance changed by 0.01nH and 0.03nH, the quality factor decreased by 1 and 2, and

the SRF shifted by 3MHz and 25MHz for radii 20mm and 10mm, respectively. Since the

change to inductance, Q, or SRF is minimal, this makes it possible for the inductor to be

used in conformal applications such as inkjet-printed LC tanks for wearable biosensors.
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5.6 Chapter Summary

High Q inkjet printed inductors utilizing magnetic nanomaterial are demonstrated for the
first time. Maximum quality factors of 25 are obtained from measurement, which is the
highest quality factor to date for inkjet printed passives. Increased inductance by 3-4%
with increased number of layers of magnetic nanomaterial is observed which opens a
path to future work in inkjet printed component miniaturization. Further steps to increase
the quality factor by insulating the metallization from the magnetic ink solvent can be
implemented to mitigate metallization cracking due to paper expansion. The promising
results create new possibilities for inkjet-printed high-Q miniaturized flexible and
wearable components operating above 5 GHz.

The impact of this work is to hopefully open the door to inkjet-printed integration of

magnetic nanomaterial with RF modules for the following applications:

e Enable a cost-effective, vertical integration of controlled magnetic thin film
deposition as another design parameter to control inductance value for printed
electronics in the future.

e Create low-cost, flexible, inkjet-printed LC tanks for wearable bio-sensors

utilizing the resonance shift of LC tanks.
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CHAPTER VI

CONTRIBUTIONS AND PUBLICATIONS TO DATE

This work has explored the systematic design and development of novel RF modules
integrating nano-material that exhibit good performance characteristics on flexible
substrates for conformal applications. There have been many contributions both to the
academic and industry communities, mostly in helping better understand advantages and
challenges brought by this technology. Perhaps the most substantial of these contributions

are the following:

* The first inkjet-printed carbon nanotube-based wireless gas sensor on paper-based
substrate
- Acknowledged by International Symposium on Antennas and Propagation

2011 “Honorable Mention Award”

» First inkjet-printed AMC-backed flexible RFID
- Acknowledged by IEEE International Microwave Symposium 2012

“Finalist for Best Student Paper Award”

This work and other related research in my PhD has led to the following publications:
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[2] Hoseon Lee, Sangkil Kim, Danilo de Donno, “A Novel “Universal” Inkjet-Printed
EBG-Backed Flexible RFID for Rugged On-Body and Metal Mounted
Applications,” IEEE International Microwave Symposium 2012, Finalist for Student
Paper Competition

[3] A. Georgiadis, A. Collado, S. Kim, Hoseon Lee, M. M. Tentzeris, “UHF Solar
Powered Active Oscillator Antenna on Low Cost Flexible Substrate for Wireless
Identification Applications,” IEEE International Microwave Symposium 2012
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