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Abstract

Potassium ion (K+), one of the most common and abundant minerals, exists widely in

plants, tissue of animals, extracellular spaces, and biological fluids. It is of great importance

for the control and regulation of body functions in living organisms. Abnormal levels of

potassium ions may result in a variety of pathological disorders. As the out of range potas-

sium ions are seriously harmful, people need to control daily potassium intake. Therefore,

an adequate amount of potassium needs to be present in foods and drinking water. A simple

and cost-effective K+ detection technique is preferred for monitoring levels of K+ in food

and drinking water packages/samples.

This thesis presents a flexible wireless passive printed RFID sensor based on a printed

inductive-capacitive (LC) resonator circuit and a potassium ion-sensitive electrode (ISE) for

remote potassium ion sensing. The potassium ion concentration of the contact solution could

be wirelessly monitored by measuring the change of the RFID sensor’s resonant frequency.

The RFID sensor’s resonant frequency can be directly detected by measuring the induced

change in reflection coefficient (S11) of an external interrogator coil that is inductively cou-

pled to the inductor of the RFID sensor. Results obtained for the RFID tag exhibit a

second-order exponential relationship between the resonant frequency of the sensor and the

K+ concentration of the solution over 0.001-2 mole/L dynamic range values. Effects of vary-

ing separation distance and long-term monitoring on the sensor’s performance are shown.

The response time of the RFID tag is less than 1 second. The prototype RFID sensor has

great market potential for low cost remote K+ monitoring applications.
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Abrégé

L’ion potassium (K+), l’un des minéraux les plus communs et les plus abondants, existe

largement dans les plantes, les tissus des animaux, les espaces extracellulaires et les fluides

biologiques. Il est d’une grande importance pour le contrôle et la régulation des fonctions

corporelles dans les organismes vivants. Des niveaux anormaux d’ions potassium peuvent

entrâıner une variété de troubles pathologiques. Comme les ions potassium hors de portée

sont gravement nocifs, les gens doivent contrôler leur apport quotidien en potassium. Par

conséquent, une quantité adéquate de potassium doit être présente dans les aliments et

l’eau potable. Une technique de détection de K+ simple et économique est préférable pour

surveiller les niveaux de K+ dans les emballages/échantillons d’aliments et d’eau potable.

Cette thèse présente un capteur RFID imprimé passif sans fil flexible basé sur un circuit

résonateur inductif-capacitif (LC) imprimé et une électrode sélective d’ions potassium (ISE)

pour la détection à distance d’ions potassium. La concentration en ions potassium de la so-

lution de contact pourrait être surveillée sans fil en mesurant le changement de la fréquence

de résonance du capteur RFID. La fréquence de résonance du capteur RFID peut être di-

rectement détectée en mesurant le changement induit du coefficient de réflexion (S11) d’une

bobine interrogatrice externe qui est couplée par induction à l’inducteur du capteur RFID.

Les résultats obtenus pour l’étiquette RFID présentent une relation exponentielle de second

ordre entre la fréquence de résonance du capteur et la concentration K+ de la solution sur

des valeurs de plage dynamique de 0,001-2 mole/L. Les effets de la distance de séparation

variable et de la surveillance à long terme sur les performances du capteur sont indiqués.

Le temps de réponse de l’étiquette RFID est inférieur à 1 seconde. Le prototype de capteur

RFID a un grand potentiel de marché pour les applications de surveillance à distance K+ à

faible coût.
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Chapter 1

Introduction and Literature Review

1.1 Potassium Ion Sensing

Potassium ion (K+), one of the most common and abundant minerals, exists widely in

plants, tissue of animals, extracellular spaces, and biological fluids [1]. It is of great impor-

tance for the control and regulation of body functions in living organisms. It takes part

in many vital biological processes, such as heartbeat regulation, nerve signal transmission,

smooth muscle contraction, and kidney function [2, 3, 4]. It is important to maintain a

consistent level of potassium in the blood and cells for normal bodily function. The normal

plasma levels for potassium in adults range from 3.5 to 5.0 mEq/L. Abnormal levels of potas-

sium ions may result in a variety of pathological disorders [5]. Too much potassium, called

hyperkalemia, would lead to irritability, nausea, decreased urine production, and cardiac

arrest [6]. On the other hand, with severe potassium deficiency, serious muscle weakness,

bone fragility, central nervous system changes, decreased heart rate, and even death would

happen [6].

One of the most essential roles for potassium ions in the human body is to control blood

pressure (BP). High blood pressure, also known as hypertension, is one of the leading causes

of cardiovascular disease (CVD) which affects approximately 1 billion individuals worldwide
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[7]. More than 72 million Americans, nearly 1 in 3 adults, are estimated to have hypertension

and nearly 70 million more adults are at risk of developing prehypertension [8, 9, 10, 11].

More than 90% of adults in the United States will probably develop hypertension, especially

systolic elevations, by age 65 [9]. If no proper BP control is applied, hypertension significantly

increases the risk of mortality and morbidity from CVD diseases such as stroke, coronary

heart disease, congestive heart failure, and end-stage renal disease [7]. It not only harms

the quality of patients’ life but also puts a heavy financial burden on the social health care

system. Hypertension remains the most common reason for patient visits to physician’s

offices. It is the primary reason for the use of prescription antihypertensive drugs, leading

to an annual cost of almost $20 billion worldwide [12].

Figure 1.1 Schematic illustration of the key events involved in the vascular
smooth muscle response to K+ channel activation (left) or inhibition (right).
Reprinted with permission from [13] © 2001, Wolters Kluwer Health

Hypertension cannot be easily cured since no vaccine is developed to prevent the devel-

opment of high BP, but, its incidence can be decreased by reducing the risk factors for its

development. Recent studies produced by Mark [12] suggested that dietary potassium intake

could significantly lower BP in a dose-responsive manner. A diet rich in potassium promotes

vasodilatation due to the potassium ion (K+) channel opens in the vascular smooth mus-

cle cell membrane while potassium depletion inhibits vasodilatation in contrast as shown in

Figure 1.1 [13]. Other mechanisms by which potassium can influence BP include natriure-
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sis, alterations in intracellular sodium and tonicity, modulation of baroreceptor sensitivity,

reduced vasoconstrictive sensitivity to norepinephrine and angiotensin II, increased serum

and urinary kallikrein, increased sodium/potassium ATPase activity and alteration in DNA

synthesis and proliferation in vascular smooth muscle and sympathetic nervous system cells,

improved insulin sensitivity, reduction in cardiac diastolic dysfunction, decrease in vascular

neointimal formation, reduction in transforming growth factor (TGF)-β, and decreases in

NADPH oxidase, oxidative stress, and inflammation [14, 15, 16, 17]. As a result, Mark [13]

found that a high intake of potassium is important for the prevention of hypertension and

major public health problems like CVA. As long as increasing the potassium intake to 4.7

g/day, the population systolic blood pressure (SBP) distributions would shift down by 1.7 to

3.2 mm Hg [12]. As predicted by Van Mierlo et. al [18], this small reduction in BP through

increased dietary potassium intake on a population level would have a substantial impact in

reducing CVD mortality with an estimated rate of 8% to 15%.

As the out-of-range potassium ions are seriously harmful, people need to control daily

potassium intake. Therefore, an adequate but not excessive amount of potassium needs to be

present in foods and drinking water. It is recommended to take 2000–4000 mg of potassium

in the daily diet for healthy adults. The patients who suffer from hypertension are suggested

to have a potassium intake of 4700 mg per day as mentioned above. Many processed food

contains a lower level of potassium. Moreover, it is important to maintain a normal level

of potassium in drinking water. Therefore, monitoring levels of potassium ions in food and

drinking water packages/samples is of great importance for people’s health and it has great

market potential in the future.

1.2 Overview of RFID technology

The idea of Radio Frequency Identification (RFID) was first introduced in the early 20th

century thanks to the development of radio broadcast technology during the Second World
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War. The Identification Friend or Foe (IFF) system based on the same principle of RFID

was created to identify allied planes [19]. Later in 1948, Harry Stockman [20] published a

landmark paper “Communication by Means of Reflected Power” for the exploration of RFID.

He foresaw the great potential of RFID based on reflected-power communication for its out-

standing characteristics like high directivity, elimination of interference fading, and increased

security [20]. Considerable research and development work in RFID has been done in the

next couple of years after Stockman’s publishment. Almost thirty years later Stockman’s vi-

sion would reach fruition. The invention of the integrated circuit and microprocessors made

possible the manufacturing of RFID with small size and affordable prices [19]. Nowadays,

RFID is used for many applications such as animal tracking, goods dispensation, traffic

management, etc.

An RFID system is usually composed of three main components: tag, reader, and server.

The tag contains a built-in antenna to send and receive wireless signals and a chipset to

save data. Each tag has a unique identifier code for distinguishability. The reader, also

known as the interrogator, uses electromagnetic waves to collect information from the tags

and transfer the signal to the processing unit. The server analyzes the information collected

by the reader and provides the result. The basic working principle of an RFID system is:

the reader gives out a certain frequency modulation signal containing information through

the antenna; when the tag enters the active zone of the reader, its antenna will generate

induction current through coupling, thereby giving corresponding energy to the electronic

tag [21]. The induction current will activate the chipset circuit and the tag shall respond to

reader according to the information received. Before transmitting the information stored in

the chipset, the tag normally modulates the signal using phase or amplitude modulation on

a predefined frequency carrier [19]. After the reader receives the signl sent by the RFID tag,

it can identify the data inside the tag through demodulation and decoding and then redirect

the data to the server for further processing.
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The RFID systems can be classified into different types based on different criteria. Ac-

cording to tag’s readable and rewritable nature, it can be divided to read-only tag and

read-write tag; According to the talking order of tag and reader, it can be divided into RTF

(Reader Talk First) and TTF (Tag Talk First); According to the different wavebands, it can

be divided into low-frequency, high-frequency, ultrahigh-frequency and microwave tag [21].

Depending on the power source, the tag can be divided into passive, active, and semi-active

tags. In general, operating frequency and power source are the main criteria for commercial

RFID tags.

Figure 1.2 RFID frequency allocation. Reprinted with permission from [19]
© 2011, IEEE

As mentioned, operating frequency is one of main factors in RFID. The performance

of RFID systems working at different frequency bands differs from each other massively.

Thus, the applications of RFID technology are related to the choice of operating frequency

straightly. Figure 1.2 shows the frequency allocation of the RFID system.

1.2.1 Low Frequency RFID

Working bands for low frequency (LF) RFID systems are 30kHz - 300 kHz. The most

common carriers used by the LF RFID system are 125 kHz and 134.2 kHz [19]. LF RFID

tag is normally passive and has a short read range, usually within a few centimeters. LF

waves can penetrate RF lucent material like water and thin metals [22]. They can also
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operate in environments with high water content. Therefore, LF RFID systems are useful

for applications requiring close range reading through high water content like animal iden-

tification and metal equipment such as vehicle immobilizers. The main drawback of the LF

RFID is its low data transfer rate and poor anti-noise ability. For example, it is sensitive

to electrical noise from the engines. This limits its application for simultaneous reading of

multiple transponders in the industry [22].

1.2.2 High Frequency RFID

High frequency (HF) RFID tags operate at the frequency band of 3 MHz - 30 MHz.

13.56 MHz is the working frequency commonly used for HF RFID around the world. HF

waves operate more like light waves, greatly reducing their effects near metals and liquids,

and limiting their ability to penetrate materials [22]. Similar to the LF RFID tag, the HF

RFID tag is usually passive and its effective operating range is within 50 cm. The activation

energy is also obtained from the near field of the reader coupling inductor through inductive

coupling. Compared to the LF RFID, the HF RFID has the advantage of lower costs due to

the smaller antenna and better communication speed. It has been widely used in e-ticket,

credit cards, electronic article surveillance (EAS), etc [21]. Due to the relatively low carrier

frequency, both LF and HF RFID tags belong to near-field coupling tags that require an

antenna coil. Figure 1.3 shows different types of near-field (LF and HF) tags such as nail

tag, glass tag, disk tag, etc. One common problem for both LF and RF RFID tags is the

limitation of operating distance. Since the power of the magnetic field of a magnetic dipole

loop drops as 1
r6

in the near-field region, where r is the distance between a reader and a tag

[23].
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Figure 1.3 Sample near-field RFID tags (LF and HF). Reprinted with per-
mission from [23] © 2007, IEEE

1.2.3 Ultrahigh Frequency RFID

The ultrahigh frequency (UHF) systems operate in the 300 MHz - 3 GHz range. The

current RFID standard allows for multiple UHF spectrums worldwide. For example, the

UHF range in the US is 902 MHz - 928 MHz while in Europe it is 866 MHz – 868 MHz

[22]. UHF RFID tag operates at such an ultra-high frequency band that demands a small

antenna, and it belongs to the far-field system. Differ from near-field tags, UHF RFID tags

can be either passive or active. Figure 1.4 shows various form factors and antenna shapes

used for UHF RFID tags to meet application requirements. Noted that reader antennas

used for UHF RFID systems are usually directional antennas; the UHF RFID tags within

the range of directional beams of the reader antenna can be read/written [22]. During work,

UHF RFID tag will reflect the incoming signal from the reader after modulating it. This

technique is called backscattering and adopted instead of induction [19].

The reading distance of UHF RFID system is limited by many factors as tag character-

istics, propagation environment, and RFID reader parameters [24]. It is generally greater

than 1m, usually 4 m - 6 m. The UHF system also allows identifying a bigger number of
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Figure 1.4 Various shapes of UHF tags. Reprinted with permission from [23]
© 2007, IEEE

tags simultaneously thanks to its bit broadcasting protocol used for the anti-collision pur-

pose. It is normally used in the retail chain and supply chain in the industry. However, the

performance of UHF RFID tag degrades noticeably when it is near metal since the UHF

waves can be easily reflected by metals [25].

The following table outlines the characteristics of LF, HF, and UHF systems.

Table 1.1 Characteristics of LF, HF, and UHF RFID systems.
Type LF HF UHF

Reading range A few centimeters ≤ 50cm ≤ 50cm

Pros
Not affected by

high water content
and thin metals

Low cost,
Fast communication Speed

Long reading range,
Multiple tags reading

simultaneously

Cons
Low data rate,

Noise
Less efficient for water

and metals
Poor near metal performance

Application
Animal identification,
Vehicle immobilizer

E-ticket,
credit card

Retail chain,
Supply chain

Apart from operating frequency, the power source is another main factor in RFID. Since

the power source affects the manufacturing cost of the RFID tag as well as the long-term

monitoring expense. Depending on the type of power source, the RFID tags could be divided

into passive, active, and semi-active tags as follows.
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1.2.4 Passive RFID

A passive RFID tag has no internal power source but it uses the electromagnetic (EM)

field transmitted by a reader to power its internal circuit and send the response back [23].

Since it does not require an internal power source, the passive RFID tag is the least complex

and usually the cheapest. It is suitable for mass production and long-term monitoring. But,

the energy received from the reader is constrained and thus limits both the reading range

and computing capacity of the chipset circuit. Without an onboard battery, it cannot store

much information either.

1.2.5 Active RFID

The active RFID tag uses an inbuilt battery to activate the internal circuit and transmit

the signal response. Due to the stable and strong internal power source, it can communicate

over a much longer distance. The communication range of the active RFID is from several

meters to tens of meters, i.e., up to 1000 m [26]. With the advancement of large-scale RF

integrated circuits, the reading range of the active RFID will continue growing in the coming

years. More sensors and memory could be installed on the tag’s circuit and the active tag

could provide more advanced features. However, due to usage of the internal battery, the

fabrication cost of an active tag is much more expensive and the replacement of the dead

battery costs more in the long term.

1.2.6 Semi-Active RFID

A semi-active tag uses an inbuilt battery to power up the internal circuit to realize the

signal processing but it does not have an active transmitter. It still draws energy from

the reader signal through inductive or radiative coupling to communicate with the reader.

Compared with the passive RFID tag, its reading range is not limited by the short power

range but the long communication range defined by operating frequency. It can support
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more sensors and memory than a passive counterpart because of its onboard battery and is

certainly cheaper than active tags. Similar to the active RFID tag, the major drawback of

semi-active RFID tags is their limited lifespan issues due to the need for batteries to power

up the tag circuitry. Once the batteries died, the tags cannot be used and the information

stored in the memory of the tag chip could not be read [27]. As a consequence, ongoing

maintenance is needed as the batteries have to be replaced.

In short, an overview of RFID technology is demonstrated. The RFID systems are

classified with two main factors: operating frequency and power source. The advantages,

drawbacks, and applications for each type of RFID are mentioned.

1.3 Ion sensitive electrode

Ion sensitive electrodes (ISEs) are common and cost-effective electrochemical sensors

utilizing the principle of potentiometry for specific ion sensing. ISEs have great commercial

potential due to their small size and portability, and low cost. They have been used in

various areas, including clinical diagnostics, environmental monitoring, industrial process

analysis, and agriculture [28, 29]. Figure 1.5 demonstrates a typical ISE for pH measurement

consisting of a pH-sensitive measurement glass electrode and a separate reference electrode

in a potassium chloride (KCl) gel-conducting solution. When the electrode is placed in

an aqueous solution of unknown pH, the activity of the H+ ions in the test solution is

likely to be different from the activity of the H+ ions in the hydrated layer, which sets

up a potential difference between the solution and the surface of the membrane [30]. The

law of electrochemical thermodynamics, also known as the Nernst equation, determines the

potential difference between the membrane surface and the reference electrode. Based on the

change of potential difference, the pH in the test solution can be calculated as the potential

difference is linearly dependent on the logarithm of the activity of the H+ ions.

In recent years, coated-wire electrodes (CWEs), one of the branches in ISEs, have drawn
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Figure 1.5 Typical glass electrode for pH measurement. Reprinted with
permission from [30] © 2011 Elsevier B.V.

great attention from researchers. In the typical CWE design, a conductor is directly coated

with an appropriate ion-selective polymer membrane to form an electrode system that is

sensitive to electrolyte concentrations rather than using inner buffer solution and reference

electrode internal solution as conventional ISE. Its response and detectability are similar to

that of classical ISE. The great advantage is that the CWE design eliminates the need for

an internal reference electrode, resulting in benefits during miniaturization [31]. It is widely

used for the in vitro and in vivo biomedical and clinical monitoring of different kinds of

analytes thanks to its simple structure and small size [32].

The ion-sensitive membranes used for ISEs are usually composed of three or four com-

ponents: (1) polymeric matrix, (2) plasticizer, (3) lipophilic salt, and (4) ionophore, all

matched in adequate proportions [33]. The composition of the ion-sensitive membrane dom-

inates the sensitivity of the ISE. According to the membrane structure type, ISEs can be

divided into five main classifications: (1) homogeneous crystalline membrane electrodes
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(e.g., AgCl/Ag2S for Cl−); (2) heterogeneous crystalline membrane electrodes (e.g., sil-

icone rubbers comprising crystalline powders such as LaF3); (3) rigid noncrystalline mem-

brane electrodes embodying silicate and chalcogenide glasses; (4) nonrigid noncrystalline

electrodes employing plasticized polymer membranes incorporating neutral ionophores as

receptor molecules; (5) sensitized electrodes such as carbon dioxide or ammonia ISEs sepa-

rating a filling solution housing an immersed pH indicator electrode from the sample solu-

tion by a gas diffusion membrane [34]. Despite of the different crystalline structures, most

ion-sensitive membranes are ionophore-based, containing ionophore and lipophilic salt (ion

exchangers). Noted that it is the ion exchange process or ion transport process rather than

the redox process that causes the analytical potential at the interface of the electrode coated

with membrane. As the ion exchangers could be ionized into anions and cations, the mem-

brane uses the ionized anions provided by ion exchangers to capture interest ions in the

sample solution. The ionized cations move freely in the sample solution. Ionophores are

lipophilic complexing agents that work as neutral carriers that cannot diffuse out of the

membrane but can selectively bind ions with the formation of ion-to-ionophore complexes

[33]. For instance, valinomycin is highly selective for potassium over sodium ions, it is the

most frequently used natural ionophore. In nature, valinomycin is employed as a potas-

sium ion-specific transporter through the cellular membrane, by binding and carrying the

ions, resulting in reducing an electrochemical potential gradient across the membrane [35].

Therefore, as soon as the sample solution contacts the membrane, only the interest ions are

permeable and will be caught by the ionophore. Then ions together with the anions group

within the membrane will form complexes.

Apart from the ion exchange process contributed by the ion exchangers and ionophore,

the diffusion of the interest ion also affects the potential at the membrane and reference

electrode. As the interest ion diffuses from the high concentration to low concentration, ex-

cess cations tend to accumulate above the solution/membrane boundary while excess anions
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gather underneath the solution/membrane boundary. Thus, a diffusion potential is developed

across the membrane and solution. The electric force produced by anions in the membrane

will oppose the diffusion force and eventually reaches a dynamic equilibrium between them.

So, the potential difference will remain constant in the long term.

The ISE provides an electrochemical potential at the membrane that can be expressed

by Nernst Equation as

ø = ø0 +
RT

z1F
ln(a1) (1.1)

where ø is the ISE potential, ø0 is the constant reference potential, R is the gas constant, T is

the absolute temperature in Kelvin, F is the Faraday constant, z1 is the valence of interest ion,

and a1 is the activity. The reference electrode is intended to build up a potential that does

not depend on the composition of the ion to be measured. The difference of these potentials,

electromotive force (EMF) between the indicator electrode and reference electrode, can be

described by the Nikolsky equation as

E = E0 + Slog (a1) (1.2)

where E is the desired EMF, E0 is a fixed EMF value from the reference electrode, and S

equals to dE/dlog(a) which defines how much the measurement signal is changed when the

ion concentration changes. Ionophores, ion exchangers, complexes stoichiometry, and the

solvation of ions in plasticizers are major factors to the coefficients in Nikolsky equation [28].

1.4 Printed Electronics

Printed Electronics (PE), as the name implies, is one type of electronics manufactured

by printing technology. This technology merges the fabrication process of electronic devices
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with simplified printing steps. It aims to produce electronic devices and systems using simple

printing methods instead of complex and expensive integrated circuit (IC) manufacturing

technology. Especially PE is attractive for cost-effective manufacturing thanks to its features

like simplified processing steps, reduced material wastage, low fabrication costs, and simple

patterning techniques [36]. So far, PE on polymer substrates has opened new avenues for

low-cost fabrication of electronics on areas larger than the standard wafers available com-

mercially. On the other hand, researchers found that PE is compatible with a wide variety of

flexible substrates for its lightweight and flexibility. This enables them to develop sensors for

substrates with non-planner surfaces, which are difficult to realize with conventional wafer-

based fabrication techniques. In recent decades, the development of electronic devices such

as large-area printed pressure sensors [37], radio frequency identification tags (RFID) [38],

and light emitting diodes (LED) [39] based on PE has illustrated its advancement in this

field. Therefore, PE is more advantageous than the electronics fabricated with conventional

IC techniques for its cost-effectiveness, lightweight, and flexibility.

A wide range of printing methods has already been applied to the manufacture of PE,

including inkjet printing, screen printing, gravure printing, etc. They can be divided into

two main categories depending on whether a template is employed or not; inkjet printing

does not require any template while a template is necessary for screen printing and gravure

printing. Different applications of PE have various demands on printing parameters such as

ink preparation, printing resolution and accuracy, throughout and cost, wetting control and

interface formation. This in turn limits the choice of printing method. In the subsections

that follow, we will present a brief overview in the understanding of inkjet printing, screen

printing, and gravure printing, including the working mechanism, pros, and cons for each

printing method.
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1.4.1 Inkjet Printing

Inkjet printing is a fast material-conserving deposition technique used for applications

with a high accuracy requirement. An inkjet printer will first translate the circuit design

layout file into a supported monochrome bitmap file. The printer control program then

converts the monochrome image into a string of electrical pulses which drives the printer

head and propel ink droplets. Afterward, the inkjet printer controls individual ink droplets

precisely to come out of an ink nozzle, forming a pattern by the bitmap. There are two

main modes of operations for droplet generators in inkjet printers; they can be classified as

continuous inkjet (CIJ) and drop on demand inkjet (DOD). Each mode has its particular

requirements for the physical properties of the ink and a characteristic drop size range.

Figure 1.6 Schematic illustration of the operating principles of a continuous
inkjet printer (CIJ). Reprinted with permission from [40] © 2015 Elsevier

Figure 1.6 shows the schematic illustration of the operating principle of the CIJ printer.

A CIJ printer produces a continuous stream of drops under pressurized flow; unwanted

droplets will be deflected into a gutter through charged deflectors and then be recycled to

prevent waste. The diameter of the droplet is slightly larger than the diameter of the nozzle.

CIJ produces a greater volume of ink per unit time among two modes of operation and
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has a faster printing speed. The main drawback of this mode is that the continuous fluid

jetting leads to significant ink wastage and, if recirculation is used, the potential for ink

contamination [40].

Figure 1.7 Schematic illustration of the operating principles of a drop-on-
demand inkjet printer (DOD) with (a) thermal and (b) piezoelectric actuation.
Reprinted with permission from [40] © 2015 Elsevier

Figure 1.7(a) and Figure 1.7(b) illustrate the working principle of a DOD printer with

thermal and piezoelectric actuation respectively. DOD printer only drops ink droplets on

the substrate when required. This printing process essentially involves the ejection of a fixed

quantity of ink in a reservoir from the nozzle through a sudden pressure pulse. This pressure

pulse must overcome the surface tension forces that hold the liquid drops in place; the

resulting ejected column of liquid is pinched off to form a drop by a combination of surface

tension forces and return flow of the liquid in the reservoir [40]. The pressure pulse can be

formed either mechanically by a piezoelectric actuator or by the formation and collapse of

a vapor pocket in the ink through local heating. The ejected drop will fall under action

of gravity and air resistance until it impinges on the substrate, spreads under momentum

acquired in the motion, and surface tension aided flow along the surface [41]. Compared
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with the CIJ printer, the DOD printer has a much simpler inkjet structure and a lower

cost. The main concern of the DOD printer is the lower durability of the printer head and

a limited choice of ink. For instance, a low boiling-point ink is mandatory for the thermal

DOD printer to ensure the formation of the vapor pocket.

1.4.2 Screen Printing

Screen printing is one of the commonly used replicate printing methods in the industry.

It requires a template (screen mask) instead of a bitmap file controlled by a program to

determine the size and pattern of the proposed circuit design. The screen printer allows for

thick film patterns to be manufactured. The ink for screen printing is usually of high viscosity

to ensure it will not leak onto the substrate without a squeeze press. It is normally composed

of graphite, carbon, gold, silver, platinum, binders, polymers, plasticizers, solvents, additives

such as metals, metal oxides, enzymes, and ion exchangers [42]. When the fluid comes in

contact with the substrate, it returns to its original viscosity, forming the desired pattern.

Figure 1.8 Schematic diagram of the screen printing basic process. Reprinted
with permission from [42] © 2016 Elsevier B.V.

A Schematic diagram of the screen printing basic process is illustrated in Figure 1.8. The
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screen mask is composed of a frame, a fabric mesh, and a light-sensitive stencil on the mesh.

The pattern of the screen mask is realized via the patterned stencil by optical lithography.

After making the screen mask, the printing process can initiate by covering the ink paste

above the screen mask and placing the substrate underneath it. Then, a squeegee will move

across the screen and forces the paste to penetrate through the patterned area to deposit

on the substrate. Therefore, the printed paste on the substrate can replicate exactly the

pattern of the screen. The overall cost of screen printing is low for its replicability, and

the printing operation can be easily controlled via squeegee movement as the ink has high

viscosity. However, it is constrained to the ink with high viscosity, and it usually supports

layout with low resolution due to the rough pattern surface.

1.4.3 Gravure Printing

Gravure printing is a widely used industrial printing technique that is capable of pro-

ducing prints of outstanding quality consistently. A gravure printer consists of a gravure

cylinder, an ink fountain, a doctor blade, and an impression cylinder. The working princi-

ple of gravure printing is shown in Figure 1.9. Before printing, the surface of the gravure

cylinder is immersed in the ink fountain. A doctor blade will remove the excess ink from the

area of nonimage elements. Then, the ink remained in the engraved area will be transferred

onto the surface of the substrate by the impression cylinder in contact with the gravure as a

consequence of high pressure and the adhesive force between the ink and the substrate [43].

The inks for gravure printing are usually of low viscosity without additives; they are

mainly water- and solvent-based inks. Inks with solvents are recommended, as they dry

faster and the printing process is shorter [43]. The speed of the gravure printer is very

fast, which can lead to the occurrence of missing dots. As explained in Rozalia’s research

[43], missing dots can occur when the contact between the printing ink and the substrate is

not appropriate, or due to the high roughness or low compressibility of the substrate, etc.



1 Introduction and Literature Review 19

Figure 1.9 Wokring principle of gravure printing. Reprinted with permission
from [43] © 2016 Elsevier Inc.

Besides, the price of the gravure printer is expensive and the layout of the gravure cylinder

is hard to modify. So, it is only suitable for large quantities of products and is too costly for

the prototype designs.

An overview of the advantages and disadvantages of three different printing techniques

is presented above. It is necessary to choose the appropriate printer for a specific PE design.

After the deposition of ink on the substrate, the printed layout needs to be baked in a high-

temperature environment to get rid of the surfactant and solvent in ink via evaporation.

This is the inevitable sintering process. After the sintering process, the fabrication of a PE

design is almost finished, and manufactor can move on to the testing process to verify the

design target.

1.5 Research Motivation

This thesis presents a flexible printed RFID sensor for remote K+ detection. The entire

RFID sensor consists of a passive inductive-capacitive (LC) resonator and an ion-selective

electrode (ISE). The main motivation for my research is the importance of developing a

cost-effective and flexible wireless passive K+ sensor technology for low cost K+ monitoring

applications like food package monitoring. As delineated above, it is important to maintain

a normal level of K+ in the human body. Thus, a simple and cost-effective K+ detection
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technique is preferred for monitoring levels of K+ in food and drinking water packages/sam-

ple. Another important drive is the drawbacks of some early developed ISE-based chemical

potassium sensors such as high cost, poor miniaturization, and limited durability. These

problems will be discussed in detail later in this thesis. The printed electronic (PE) technol-

ogy is preferred for the fabrication of the sensor. Compared to traditional IC microfabrication

techniques, it has the advantage of less material wastage, low cost, better compatibility, and

high throughput. So far, PE has already demonstrated its effective performance in numerous

applications, such as the thin-film transistor (TFT), biomedical sensor, and antenna design

[44].

Therefore, the objective is to develop a printed simple and cost-effective LC and ISE

based wireless passive K+ sensor, illustrate an appropriate interrogation method where the

sensor may be attached to a flexural medium, measure the wireless response of the sensor for

samples with different K+ concentration, determine the sensor’s operating range, accuracy,

response, long-term stability, and temperature stability. The eventual wireless passive RFID

sensor prototype should have the advantages of low fabrication and operation cost. It should

be especially suitable for applications where direct electrical connection is inconvenient or

impossible, since no power supply is required.

1.6 Thesis Structure

This thesis is composed of six chapters. Chapter 1 is about the background introduction

and literature review of this thesis. It includes the importance of potassium ion sensing, the

overview of RFID technology, the basics of ion sensitive electrodes, the overview of printed

electronics, and research motivation. Chapter 2 will present the transmission line theory and

scatter parameters. It will also introduce three different printed inductor designs: straight

line, single-loop circular, and spiral inductor as well as the printed interdigital capacitor

design. Chapter 3 will discuss the ion selective membrane solution and K+ ion selective



1 Introduction and Literature Review 21

electrode. Chapter 4 will describe the design of two printed LC resonators on FR4 and

Kapton substrate respectively and the interrogator coil design. Chapter 5 will demonstrate

the design, measurement, and modification of a flexible printed LC resonator based RFID

sensor for remote K+ detection. It will illustrate the sensor’s wireless performance, operating

range, accuracy, response, long-term stability, and temperature stability. Chapter 6 will

illustrate the modified RFID sensor design and its performance improvement. Eventually,

Chapter 7 will conclude this thesis and discuss future work.
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Chapter 2

Printed Inductor and Capacitor

Design

2.1 Review on Transmission Model Analysis

2.1.1 Lumped Element Model Analysis

The wireless performance of the proposed RFID sensor is designed to be measured using

the interrogator coil via a Vector Network Analyzer (VNA). The corresponding scattering

parameters for each trial will be obtained as the key parameter for further analysis. To

facilitate the discussion of scattering parameters in later chapters, it is necessary to discuss

the fundamental background needed to understand the concept of scattering parameters.

Therefore, it is beneficial to review some transmission model theories that are directly related

to the definition of scattering parameters in the network. Most of the following formulas can

be found and derived from [45].

A lossy transmission line can be modelled as a distributed parameter circuit consisting

of a couple of small segments of length ∆z shown in Figure 2.1. The above line represents

the conductor line is for signal propagation, and the bottom one is the signal ground so
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that the structure is closed-loop. The lumped element model of each segment describing the

transmission line are:

r: series resistance of the transmission line per unit length (Ω/m)

l: series inductance of the transmission line per unit length (H/m)

g: shunt conductance between two conductors per unit length (S/m)

c: shunt conductance between two conductors per unit length (F/m)

Noted that the series resistance r and inductance l is due to the finite conductivity and

self-inductance of the conductors respectively; the conductance g is caused by the dielectric

losses between two conductors; the shunt capacitance c is caused by the proximity of two

conductors, analogy to a parallel plate capacitor.

Figure 2.1 Circuit Model of a lossy transmission line

It is helpful to consider an ideal lossless transmission line first before moving on to the

analysis lossy transmission line in reality. Figure 2.2 shows a single segment of a lossless

transmission line.

The analysis can start by applying Kirchhoff’s voltage law around the outside loop. The

derived equation is

V (z + ∆z, t)− V (z, t) = −l∆z
∂I (z, t)

∂t
. (2.1)
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Figure 2.2 Circuit Model of a lossless transmission line

Dividing both sides by ∆z and then taking the limit provides

lim
∆z→0

V (z + ∆z, t)− V (z, t)

∆z
= −l ∂I (z, t)

∂t
(2.2)

∂V (z, t)

∂z
= −l ∂I (z, t)

∂t
. (2.3)

Similarly, writing Kirchhoff’s current law at the upper node of the capacitor results in

I (z + ∆z, t) − I (z, t) = −c∆z
∂V (z + ∆z, t)

∂t
. (2.4)

Dividing both sides by ∆z and then taking the limit provides

∂I (z, t)

∂z
= −c∂V (z, t)

∂t
. (2.5)

Differentiating Eqn. 2.3 with respect to z and differentiate Eqn. 2.5 with respect to t, we

can get

∂2V (z, t)

∂z2
= −l ∂

2I (z, t)

∂t∂z
(2.6)

∂2I (z, t)

∂z∂t
= −c∂

2V (z, t)

∂t2
. (2.7)
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Substituting Eqn. 2.7 into Eqn. 2.6, we can get the first transmission line equation as

∂2V (z, t)

∂z2
= lc

∂2V (z, t)

∂t2
. (2.8)

Similarly, the second transmission line equation can be derived as

∂2I (z, t)

∂z2
= lc

∂2I (z, t)

∂t2
. (2.9)

The general solutions to these transmission line equations are

V (z, t) = V +
(
t− z

v

)
+ V −

(
t+

z

v

)
(2.10)

I (z, t) = I+
(
t− z

v

)
+ I−

(
t+

z

v

)
(2.11)

where

I+
(
t− z

v

)
=

1

Zc
V +
(
t− z

v

)
(2.12)

I−
(
t+

z

v

)
= − 1

Zc
V −
(
t+

z

v

)
(2.13)

and Zc is the characteristic impedance of the line defined as

Zc =

√
l

c
. (2.14)

The expression V +(t − z
v
) represents a forward-traveling voltage wave traveling in the +z

direction, while the function V −(t+ z
v
) represents a backward-traveling voltage wave traveling

in the −z direction.

Similar logic and deduction process can be used on the lossy transmission line. Starting

from the KVL to the outer loop of the circuit in Fig. 1 and we can get the transmission line
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equations written in the form

d2V̂ (z)

dz2
− γ̂2V̂ (z) = 0 (2.15)

d2Î (z)

dz2
− γ̂2Î (z) = 0 (2.16)

where γ̂ is the propagation constant defined by

γ̂ =
√

(r + jwl) (g + jwc) = α + jβ ≈
√
lc

2

rc+ lg

lc
+ jw

√
lc (2.17)

and α is the attenuation constant and β is the phase constant. The general solution consists

of the forward and backward traveling waves can be written as

V̂ (z) = V̂f (z) + V̂b (z) (2.18)

Î (z) = Îf (z) + Îb (z) (2.19)

where

V̂f (z) = V̂ +e−αze−jβz (2.20)

V̂b (z) = V̂ −eαzejβz (2.21)

Îf (z) =
V̂ +

Ẑc
e−αze−jβz (2.22)

Îb (z) = − V̂
−

Ẑc
eαzejβz (2.23)

and Ẑc is the complex characteristic impedance given by

Ẑc =

√
ẑ

ŷ
=

√
r + jwl

g + jwc
. (2.24)
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To sum up, the expressions for characteristic impedance Zc, propagation constant γ,

attenuation constant α, and phase constant β for both lossless and lossy transmission lines

are listed separately in Table 2.1.

Table 2.1 Summary of lossy and lossless transmission lines
Zc γ α β

Lossless
√

l
c

jw
√
lc 0 w

√
lc

Lossy
√

r+jwl
g+jwc

√
(r + jwl)(g + jwc)

√
lc

2
rc+lg
lc

w
√
lc

2.1.2 Scattering Parameters

For a low-frequency network system, we can obtain the relevant information about the

network by taking either short or open circuit measurements at its port to get the equivalent

circuit model. However, in a high-frequency domain, the spatial, time-variant voltage and

currents are noticeably affected by the parasitic inductance and capacitance, making the

truly open and truly short state at each port formidable. Therefore, it is more convenient

and effective to characterize a high-frequency network from the concept of the wave. Since the

wave at any point can be split into forwarding and backward waves, making it straightforward

for the measurement in the steady-state condition. Based on wave measurement at each port,

researchers come up with the ideology of scattering parameters (s-parameter).

Figure 2.3 Incident and reflected waves at the two-port system

A two-port network connected to a transmission line with incident waves (a1, a2) and
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reflection waves (b1, b2) is shown in Figure 2.3. The incident and reflected waves can be

used to define s-parameters for this network. The linear equations describing this two-port

network in terms of the s parameters are defined as

b1 = s11a1 + s12a2 (2.25)

b2 = s21a1 + s22a2. (2.26)

The incident and reflected waves are related to the voltage and current waves at each port

as

a1 =
V̂1 + ẐcÎ1

2
√
Zc

=
Vi1√
Zc

(2.27)

b1 =
V̂1 − ẐcÎ1

2
√
Zc

=
Vr1√
Zc

(2.28)

a2 =
V̂2 + ẐcÎ2

2
√
Zc

=
Vi2√
Zc

(2.29)

b2 =
V̂2 − ẐcÎ2

2
√
Zc

=
Vr2√
Zc

(2.30)

where Vi1, Vi2 are the incident voltage waves, and Vr1, Vr2 are the reflected voltage waves at

ports 1 and 2 respectively.

Figure 2.4 Two-port device driven at port 1 and terminated by a load at
port 2

Figure 2.4 depicts a typical two-port device driven at port 1 and terminated by a load at

port 2. After the source voltages applied at port 1, the incident wave â1 will first arrive at
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port 1 where it creates a reflected wave b̂1 and a transmitted wave b̂2. The reflected wave b̂1

will go back to the source. If the source is matched to the transmission line (ẐG = Ẑc), there

is no reflection at the source and thus no other wave will travel to port 1. The transmitted

wave b̂2 will reach the load connected to port 2. If the load is not matched to the transmission

line (ẐL 6= Ẑc), a reflection will happen and a reflected wave â2 will travel towards port 2.

However, if the load is matched to the transmission line, no reflection occurs at the load and

thus no wave will be incident on port 2.

The individual s-parameters can be derived with proper termination at ports. S11 is

the input port reflection coefficient when the incident wave at port 2 is zero, which means

that port 2 should be terminated in a match load (ẐL = Ẑc) to avoid reflection. It can be

obtained as S11 = b1
a1
|a2=0. S21 = b2

a1
|a2=0, which describes the transmission coefficient from

port 1 to port 2 with port 2 terminated in a matched load. Similarly, S22 = b2
a2
|a1=0 and

S12 = b1
a2
|a1=0 are the output port reflection coefficient and transmission coefficient from port

2 to port 1 respectively. Noted that S11 is also known as the return loss, which represents

how much power is reflected from the antenna. If S11=0 dB, then all the power is reflected

from the antenna and nothing is radiated. S21 represents the gain of the load if it is active,

or the insertion loss of the load if it is passive.

2.2 Printed inductor Design

The printed passive components have been widely applied in passive RFID designs for

their flexibility and low cost. There are several design models for the implementation of

inductors and capacitors. It is beneficial to briefly review the lumped model of passive

component designs before moving onto the integrated RFID design. Starting from the printed

inductor designs, the analysis of the straight-line inductor, single-loop inductor, and spiral

square inductor is illustrated separately as following.
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2.2.1 Straight-Line Inductor

Figure 2.5 Straight line inductor

Figure 2.5 shows the layout of a straight-line inductor. The self-inductance of the line

inductor is defined as the double volume integral of the scalar product of the current density

vector ~J1(~r1) and ~J2(~r2) at the points ~r1 and ~r2 divided by the distance r12 between these

points [46]. The inductance expression of the whole conductor in a vacuum environment is

given by

L =
µ0L

4πI2

∫∫
~J1 • ~J2

dτ1dτ2

r12

(2.31)

where dτ1 and dτ2 are the volume elements around the investigation points ~r1 and ~r2 re-

spectively, µ0 is the magnetic permeability of the vacuum, and I is the total current flowing

in the conductor. For simplicity, assuming a simple length of straight conductor with zero

metallization thickness t, the self-inductance could be found by

L =
µ0L

2π

{
arcsinh(

L

W
) + (

L

W
)arcsinh(

W

L
) +

W

3L
− 1

3
(
L

W
)
2
[

(1 +
W 2

L2
)

3
2

− 1

]}
(2.32)
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where W is the conductor line width and L represents line length [47]. Noted that if the

line width W is much larger than the metallization thickness t, the influence of thickness

could simply be estimated by replacing the line width W by (W + t) in the above expression.

However, when the line width and the thickness are of the same order, the above expression

is invalid. Ollendorff [48] has found the analytical formulae of the straight-line inductor with

rectangular cross-section using the medium geometrical distance method by

L =
µ0L

2π
[ln(

2L

ρ
)− 1] (2.33)

ln(
ρ

2c
) = −25

12
− 1

6


(
W

t

)2

ln

√
1 +

(
t

W

)2

+

(
t

W

)2

ln

√
1 +

(
W

t

)2

+

2

3

{
W

t
arctan

(
t

W

)
+

t

W
arctan

(
W

t

)} (2.34)

c =

√
W 2 + t2

2
(2.35)

The above formulae work properly for homogenous current density over the cross-section

of the straight-line inductor. In practice, the skin effect would lead to frequency-dependent

current density over the cross-section. However, the skin effect would only affect the inner

conductance and the inner conductance is negligibly small compared with the total induc-

tance [47]. Therefore, we could ignore the skin effect in this case. The straight-line inductor

is easy to fabricate due to a simple structure but suffers from low overall inductance. Since

the overall inductance is mainly comprised of self-inductance and limited mutual inductance

effects are included.

2.2.2 Single Turn Circular Loop Inductor

Moving on to complicated inductor designs with more loops. First, considering a single-

turn inductor with a circular ring section. The geometry of a single turn circular loop

inductor of the outer radius Rout , inner radius Rin , and circular arc angle ϕ0 is illustrated
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Figure 2.6 Single turn Circular Loop Inductor

in Figure 2.6. The self-inductance of the circular loop inductor is described by the volume

integral of the current density vector ~J1(~r1) and ~J2(~r2) at the points ~r1 and ~r2 over their

cross-sections along the arc angle ϕ0. Considering the case of zero metallization thickness,

Pattenpaul et al. [47] showed that the inductance expression could be reduced to a fourfold

integral

L =
µ0

4πw2

∫ Rout

Rin

∫ Rout

Rin

∫ ϕ0

0

∫ ϕ0

0

Hdr1dr2dϕ1dϕ2 (2.36)

with

H =
r1r2cos(ϕ2 − ϕ1)√

r1
2 + r2

2 − 2r1r2cos(ϕ1 − ϕ2)
. (2.37)

The fourfold integral could not be solved numerically easily. Efforts were made by Pattenpaul

et al. to simplify the calculation. As a result, Pattenpaul et al [47] proposed an onefold
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integral for straight numerical calculation as following

L =
µ0

4πw2

∫ ϕ0/
√
2

0

(ϕ0

√
2− 2ϕ)cos(

√
2ϕ)F (ϕ)dϕ. (2.38)

F (ϕ) is defined by

F (ϕ) = G(r1, r2)|r0r1=ri
|r0r2=ri

= G(r0, r0)−G(ri, r0)−G(r0, ri) +G(ri, ri) (2.39)

where

G(r1, r2) =
1

3
R3 +

2

3
r1r2Rcos(

√
2ϕ) +

2

3
r1

3cos(
√

2ϕ) • arsinhr2 − r1cos(
√

2ϕ)

r1

∣∣sin(
√

2ϕ)
∣∣ (2.40)

R =

√
r1

2 + r2
2 − 2r1r2cos(

√
2ϕ) (2.41)

Similar to the case of the single-line inductor, when metallization thickness t is much

smaller than the line width W , the influence of thickness could simply be estimated by

replacing the line width W by (W + t) in the above expression.

The above expression describes the ideal situation of a single-turn circular loop inductor

with limited conductor thickness. In practice, the inductance of printed single turn circular

loop inductor may be affected by other elements such as the capacitive effect of ground

metallization, shape of conductor cross-section, etc. These factors would introduce extra

frequency-dependent parameters for the loop inductor. Concerning the layout printed by the

common inkjet printer, the conductor cross-section would be tubular. Terman [49] provided

the inductance approximation of a single-turn circular loop inductor with the tubular cross-

section at both low and high frequencies. Based on Terman’s work [49], the low-frequency

inductance (µH) of a tube of the inner diameter din and outer diameter dout, bent into a
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circle of mean diameter D inches, is

L0 = 0.01595D [2.303log10

8D

dout
− 1.75− din

2

2(dout
2 − din2)

+ 2.303
din

4

(dout
2 − din2)

2 log10

dout
din

]

(2.42)

and the high-frequency assumption is given as

L∞ = 0.01595D

(
2.303log10

8D

dout
− 2

)
. (2.43)

Generally, compared to the single-line inductor, the single-turn circular loop inductor

has a higher level of self conductance magnitude of a few microhenries due to the mutual

inductance of different loop segments. But in return, the layout of the single-turn circular

loop inductor requires a more complicated fabrication process and the inductance magnitude

varies more at different frequencies. It is noted that the usage of the single-turn circular loop

inductor deeply relies on the exact working frequency of the overall circuit.

2.2.3 Spiral Inductor

Planner square spiral inductors have been commonly used in printed circuits for their

well-defined inductance and ease of layout. A specific square spiral conductor could be

generated given a couple of parameters: the turn width w, number of turns n, turn spacing

s, and inner diameter din. The thickness of the conductive segments usually has few effects

on inductance and thus could be ignored.

The layout of a typical square spiral inductor is shown in Figure 2.7. As the inductor con-

sists of many turns of conductive segments, the self-inductive and mutual-inductive effects in

each segment would lead to phase shift leading to the impressed conductive current. Mean-

while, the presence of the substrate and closely spaced segments will cause the accumulation

and flow of charge at the surface of the substrate and neighboring segments. Furthermore,
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Figure 2.7 Planner Square Spiral inductor

the finite conductivity of the substrate is another source of loss. Since the induced substrate

charge would flow through the lossy substrate.

Figure 2.8 Lumped spiral inductor model

Figure 2.8 illustrates a lumped model of the square spiral inductor. In this plot, Ls

models the overall inductance of the spiral combining all sources of inductive reactance.
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It is frequency-dependent as the magnetic field and current distribution in each segment

will change due to skin-effect and proximity effect of neighboring segments at different fre-

quencies. Rs represents the loss due to the finite conductivity of the metal segments. The

interwinding capacitance Cs is lossy since segments are linked through the substrate. At

lower frequency, when the substrate acts as a good ground plane, the substrate will partially

shield segments from each other. But at a higher frequency, due to the finite time constant

of the substrate, as well as the non-zero impedance that grounds the substrate externally,

the substrate will begin to float electrically. In this situation, the substrate will not shield

metal segments as effectively, and the effective coupling capacitance will increase. Cox and

Csi models the capacitance from the metal segments to the substrate. Rsi represents the sub-

strate loss. They are all frequency-dependent due to the frequency dependence of substrate

conduction.

Noted that the outer segments of the spiral are longer and have more volume to support

fringing fields whereas inner turns are shorter and less capacitive [50]. The outermost turn

has additional volume for fringing fields outside of the area of the spiral itself. This would

tend to make the outer part of the spiral more capacitive.

The lumped inductor model is hard to describe in an accurate and simple expression.

To solve this problem, significant work has gone into modeling the approximate inductance

using simple expressions. For example, Wheeler [51] presented several formulas that allow

us to obtain an approximation expression for planar spiral inductors

Lmw = K1µ0
n2davg

1 +K2ρ
(2.44)

ρ =
(dout − din)

(dout + din)
(2.45)

davg = 0.5× (dout + din), (2.46)

where coefficients K1=2.34, K2=2.75, which are layout dependent. The average diameter
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davg and fill ratio ρ could be computed using the inner diameter din and outer diameter

dout respectively. Noted that the high fill ratio would lead to a significant decrease in spiral

inductor inductance. As the inner turns are closed to each other, they would contribute to

more negative mutual inductance. Another expression based on current sheet approximation

is presented in the following equation,

Lsquare =
n2davgc1µ0

2

[
ln(

c2

ρ
) + c3ρ+ c4ρ

2

]
, (2.47)

where the layout-dependent coefficients c1=1.27, c2= 2.07, c3=0.18, and c4=0.13 respectively.

It has the advantages of simplicity and accuracy.

Overall, the printed spiral inductor has two distinct advantages; high link efficiency and

a smaller size that increases the feasibility of placement in various biomedical applications

[52]. It is also more flexible for design optimization since the total inductance can be mod-

ified easily by changing the number of loops and the aspect ratios. The target final RFID

sensor has a request of small size and its self-inductance should be strong enough for induc-

tive coupling. Therefore, a planner square spiral inductor is chosen for the LC resonator

configuration for its efficiency and compact size.

2.3 Printed Capacitor Design

Interdigital capacitors are the most commonly used structures in the field of microelec-

tronic, especially for the realization of RF/Microwave applications. Interdigital capacitor

(IDC), as a type of passive component with multiple interdigital fingers, is widely used for

the application of RFID sensors such as humidity sensors, gas sensors, etc [53, 54]. The

printed interdigital planar capacitors are especially preferred for high-frequency applications

thanks to their flexibility. For example, Molina-Lopez et al. [55] have proved the feasibility

of inkjet-printed interdigital capacitors on flexible materials such as polyetherimide (PEI)
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and polyimide (Kapton) substrates.

Figure 2.9 Layout of a typical interdigital capacitor.

The layout of a typical interdigital capacitor is shown in figure 2.9. The total capacitance

of the interdigital capacitor is regulated by its physical parameters: finger width (w), finger

spacing (s), finger length (l), and the number of fingers (N). These parameters can be varied

individually for the desired capacitance of particular applications. Noted that the finger

width and space width need to be equal for maximum capacitance density. And the area

of IDC should be small relative to the wavelength so that it can be treated as a lumped

element.

The properties of planar IDC have been studied by many authors [56, 57, 58]. An

approximation equation for IDC’s capacitance in the low-frequency domain is given by [56]

C = (εr + 1)l[(N − 3)A1 + A2](pF ) (2.48)

where εr is the dielectric constant of the substrate material and l is the finger length. A1

and A2 are variables for interior and exterior fingers respectively and are provided as

A1 = 4.409tanh[0.55(
h

W
)
−0.45

]× 10−6(pF/µm) (2.49)

A2 = 9.92tanh[0.52(
h

W
)
−0.45

]× 10−6(pF/µm) (2.50)
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where h represents the height of the substrate and W represents the width of the conductor

segment.

In the high-frequency domain, the loss due to series resistance and the effect of parasitic

capacitance and inductance should not be ignored. Figure 2.10 demonstrates the equivalent

circuit model of the IDC at high frequency

Figure 2.10 Equivalent circuit of IDC at high frequency.

R′ is the series resistance defined as

R′ = 1.33
l

WN
Rs (2.51)

where Rs is the sheet resistivity. The capacitance Cs and inductance L can be derived using

transmission line theory as

Cs = 0.5×
√
εre
Z0c

l (2.52)

L =
Z0
√
εre
c

l (2.53)

where c is the light speed in the vacuum, Z0 and εre are the characteristic impedance and

effective dielectric constant respectively. The approximation expression for the total capac-
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itance of an interdigital capacitor at high frequency can be described as

C =
εrel

18π
× K (k)

K ′ (k)
(N − 1)× 10−3 (pF ) , (2.54)

where k = tan2
(

Wπ
4(W+S)

)
,k′ =

√
1− k2, K(k)

K′(k)
= 1

π
ln(2(1+

√
k)

1−
√
k

) for 1√
2
≤ k ≤ 1 and K(k)

K′(k)
=

π

ln(
2(1+

√
k′)

1−
√

k′
)

for 0 ≤ k ≤ 1√
2
.

In practice, due to the complexity of equations, it is more practical to simulate the

capacitance of IDC in high-frequency domain using CAD software like HFSS. The design

process and optimization will be discussed in detail in the later chapter.
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Chapter 3

Ion Sensitive Electrode Design

3.1 Ion-selective membrane solution Preparation

A typical ISE is usually composed of a reference electrode and a sensing electrode for

specific ion monitoring. The performance of the sensing electrode is mainly determined

by the ion-selective membrane coated. It is important to prepare a suitable ion-selective

membrane for the particular ISE application. The membrane solution is normally composed

of ionophores, ion exchangers, plasticizers, polymers matrixes, and solvents.

The ionophores are tiny, lipid-soluble molecules that convey target ions to pass through

the membrane. They act as membrane shuttles for corresponding ions to travel through the

membrane down their electrochemical gradient without the expenditure of energy. Different

ions have their own corresponding ionophores. In this thesis, potassium ion is our interest.

Valinomycin is chosen as the potassium selective ionophore for its outstanding potassium

ion transport rate. It can transport around 10000 K+ ions per second per molecule through

the cell membrane due to the puckered rings in its structure [59].

The ion exchangers are lipophilic salts that can exchange cations or anions or even both.

It supports the establishment of membrane interface charge confinement. Potassium tetrakis

(4-chlorophenyl) borate is selected as ion exchangers in this thesis. Doping with Valinomycin
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(ionophore), the K+ selectivity of the membrane solution is primarily determined. Compared

with the ionophores, the hydrophilic ions dissociated from the ion exchangers can cross

the membrane interface freely without covalently bonding to the polymeric matrix of the

membrane. Ion exchangers improve the overall performance and stability of the membrane

significantly.

Polymeric matrixes are designed to enhance the membrane’s mechanical stability and

resistance to external pressure. They are usually soft and rubbery amorphous materials such

as Polyvinyl chloride (PVC), having a high degree of mobility of polymer chains, which allows

good adhesion between the polymer and inorganic matrix. They can provide rubber-like

homogenous hydrophobic medium to ionophore complexes to move freely without interfering

with the membrane structure. As the result, an interfacial void-free membrane could be easily

achieved. PVC is selected as the polymeric matrix material in this thesis.

Platisicers are usually used for plastic membranes as additives that enhance the mem-

brane’s flexibility and stability. The plasticizers embed themselves between the chains of the

polymer to space them apart to increase the free volume [60]. The more the added plasti-

cizer, the more flexibility, better durability, and lower cold flex temperature can be achieved.

Platisicers might be ethers, esters of either aromatic or aliphatic acids. In our case, Bis (2-

ethylhexyl) sebacate behaves as the plasticizing solvent mediator in the prepared membrane

for better elasticity and ionophore solubility.

The final configured potassium ion-selective membrane solution consists of 4 mg of vali-

nomycin, 1 mg of Potassium tetrakis(4-chlorophenyl)borate, 129.4 mg Bis (2-ethylhexyl)

sebacate, 65.6 mg of PVC as well as 2 ml tetrahydrofuran (THF) as solvent.
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3.2 K+ ion sensitive Electrode

3.2.1 Design and Fabrication

The layout of the proposed potassium ion-selective electrode is shown in Figure 3.1.

The sensing electrode has a circular detection area of 5 mm radius coated with the config-

ured potassium ion selective membrane solution, while the reference electrode maintained a

constant distance of 9 mm away from the sensing electrode.

Figure 3.1 Layout of proposed ISE (top is for reference and bottom is for
sensing electrodes, respectively)

A Voltera inkjet printer is used for designed ISE layout printing. It supports DOD mode

and a minimum resolution size of 200 µm. The average deposition thickness is 50 µm. A

127 mm thickness Dupton Kapton polyimide (PI) film is selected as substrate material for

its excellent dielectric constant. The resistivity of the flexible silver nanoparticle conductive

ink is small (ρ = 1.36× 10−7Ω •m). After the layout is printed, casting the configured ion

selective membrane solution on the circular detection area of the sensing electrode followed

by an evaporation period of more than 24 hours are performed. Afterward, soaking the ISE

into 1M KCl solution for at least 12 hours to establish a steady-state is done. Eventually,

two jumping wires are connected to the terminals of the electrodes via conductive epoxy for

capacitance-resistance measurement. The printed proposed ISE is shown in Figure 3.2.
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Figure 3.2 Printed proposed ISE

3.2.2 ISE Measurement

Before ISE measurement, a couple of testing solutions with different K+ concentrations

needs to be prepared. Potassium chloride (KCl) solutions with varying K+ molarities between

0.001 mol/L to 2 mol/L are made at room temperature. As shown in Figure 3.3, the parallel

capacitance and parallel resistance developed across the electrodes are measured with an

LCR meter for each of these KCl solutions at 20 MHz. In between two measurements, the

ISE was cleaned with DI water and dries with kimwipes.

Figure 3.3 Measurement set up with prototype K+ ISE
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The measured capacitance across the ISE at the room temperature (20°C) is plotted in

Figure 3.4. for K+ concentration over 0.001 to 2 mol/L K+ concentration. It shows a 2nd

order exponential relationship between different K+ molarities and measured capacitance as

shown in Fig. 4. The exponential fit is given by

f (x) = 318× e0.03x − 317.2× e−12.81x (3.1)

where f (x) and x represent C(K+) and K+ molarity respectively over the 0.001-2mole/L K+

dynamic range. For all measurements, a minimum of 6.547 pF was observed at 0.001 mole/L.

Afterward, the capacitance surges very quickly until about 300 pF at 0.5mol/L. Then the

capacitance value slowly increases from 0.5 mole/L to 2 mole/L. It can be seen that with

higher K+ molarity, the capacitance increases in the presence of valinomycin, indicating that

more K+ ions are translocated across the membrane. Similar trends were observed by Su et

al. in [61].

Figure 3.4 Capacitance across ISE for different K+ concentration

For K+ selective electrodes using valinomycin as ionophores, the membrane resistance
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depends on the morphology of the electrode, concentration, and type of plasticizers [61, 62].

Figure 3.5 shows the resistances measured across the ISE for different K+ concentrations.

In contrast to the capacitance, the maximum resistance was 10.774 kΩ at 0.001 mole/L.

Afterward, the resistance would plump to a minimum of 0.6 kΩ at 0.05 mole/L. Then the

resistance value maintained a constant level of around 1.5 kΩ from 0.5 mole/L to 2mole/L.

From the change of resistance values, it is evident that the quality factor of the RFID sensor

incorporated with the proposed ISE will not decrease monotonically as K+ increases. It

is difficult to derive the correct K+ molarity based on the quality factor as the calculated

quality factor value turned out to be low for molarity 0.1 to 2 mol/L. So the quality factor of

the RFID sensor based on the proposed ISE is not a suitable parameter for K+ detection in

practice. Therefore, the resonant frequency is chosen as a reliable tracking parameter for K+

molarity detection in the later RFID sensor design that is incorporated with the proposed

ISE.

Figure 3.5 Resistance across ISE for different K+ concentration
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Chapter 4

Printer LC Resonator and

Interrogator Design

4.1 LC Resonator based on PCB Substrate

4.1.1 Design and Simulation

The geometrical layout of the proposed LC resonator on PCB Substrate is shown in

Figure 4.1. The LC resonator is designed to resonate around 20 MHz. It consists of a square

spiral inductor and an interdigital capacitor. The resonator is designed to print on a 1.5 mm

thick FR4 Epoxy (εr = 4.4, tanδ = 0.02) board using the Voltera inkjet printer using the

same type of flexible conductive ink mentioned before.

As shown in Figure 4.1, for the proposed square spiral inductor, number of turns n =

7, the turn width w = 0.5 mm, turn spacing s = 0.6 mm, inner diameter din = 46.8 mm

and outer diameter dout = 61 mm. The thickness of the conductive segments is 50 µm,

which is relatively small and has few effects on inductance. As the spiral inductor consists

of many turns of conductive segments, the self-indutive and mutual-inductive effects in each

segment will cause phase shift leading to the impressed conductive current. Meanwhile, the
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Figure 4.1 Dimension of proposed LC resonator design on PCB substrate.

presence of the substrate and closely spaced segments will cause the accumulation and flow

of charge at the surface of the substrate and neighboring segments. It is hard to describe

the inductance of the spiral inductor in an accurate and straight expression. To solve this

problem, significant work has gone into modeling the approximate inductance using simple

expressions. For example, Mohan et al. [50] approximation as following

Lsquare =
n2davgc1µ0

2

[
ln(

c2

ρ
) + c3ρ+ c4ρ

2

]
(4.1)

where the layout-dependent coefficients c1 = 1.27, c2 = 2.07, c3 = 0.18, and c4 = 0.13

respectively. However, the calculated inductance deviates from the actual value due to the

loss of the substrate in practice. Since the induced substrate charge would flow through the

lossy substrate. A more accurate inductance value can be calculated by solving Maxwell’s

equation using High-Frequency Structure (HFSS) simulator. The accurate inductance of

the spiral inductor can be derived using the imaginary impedance Z11 via the formula L =

im(Z11)
2πf

× 106(µH). The plot of the corresponding frequency-dependent inductance of the

spiral inductor is shown in Figure 4.2. An inductance of 11.36 µH is obtained at 20 MHz.
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It is noticed that the inductor has a self-resonance frequency of around 29.7 MHz due to its

parasitic capacitance.

Figure 4.2 Frequency-dependent Inductance simulation on PCB substrate.

Referring to Figure 4.1, an interdigital capacitor with a multi-finger structure was con-

nected to the spiral inductor. Capacitance occurs across the narrow gap between neighboring

fingers. In order to obtain a 20 MHz resonant frequency, the matched capacitor was derived

as 5.57 pF using equation f = 1
(2π
√
LC)

and the simulated inductor value. However, this

capacitance does not take the parasitic capacitance into account. It is necessary to tune

the capacitance so that the tag could resonate at 20 MHz. For the proposed interdigital

capacitor shown in Figure 4.1, the finger width w = 0.5 mm, finger spacing s = 0.5 mm,

finger length l = 20.5 mm, and the number of fingers N = 10. The finger width and space

width is designed to be equal for maximum capacitance density. Similar to the calculation

of inductance, the accurate capacitance could be calculated exactly by Maxwell’s equations

using the HFSS simulator too. The accurate capacitance can be derived using the imaginary

Z11 via the formula C = −1
im(Z11)×2πf

× 1012 (pF). The corresponding frequency-dependent

capacitance of the interdigital capacitor is shown in Figure 4.3. A capacitance of 9.67 pF is
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computed at 20 MHz.

Figure 4.3 Frequency-dependent capacitance simulation on PCB substrate.

Connecting the spiral inductor and interdigital capacitor in the HFSS simulator and then

measure the Z11 value between the two terminals. We could get the simulation result shown

in Figure 4.4, both maximum real Z11 and zero imaginary Z11 suggested that the entire LC

resonator has a resonance around 20 MHz. This simulation result meets the design target

based on the wired simulation result.

Figure 4.4 Z11 simulation of LC resonator on PCB board.
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Moving on to the wireless simulation, an experimental setup including coupled interroga-

tor coil and LC resonator was modeled in HFSS as shown in Figure 4.5. Noted that the

interrogator coil was aligned concentrically with the printed inductor. The details of the

coil interrogator will be introduced in a later subsection. The S11 parameter at the inter-

rogator coil with regards to the distance d = 2 cm between interrogator and resonator was

simulated as shown in Figure 4.6. The distance should not be smaller than 2 cm to avoid

the over coupling effect. According to Figure 4.6, the wireless simulation demonstrates that

the resonant frequency of the LC resonator is almost 20 MHz, which matches well with the

simulated resonant frequency obtained from the wired HFSS simulation.

Figure 4.5 Experimental setup with coupled interrogator coil and LC res-
onator on PCB substrate in HFSS.

4.1.2 Varying distance measurement

The proposed LC resonator layout is printed using an inkjet printer from Voltera using

the same conductive ink and baked in an oven to remove dispersants in ink. The printed

prototype is shown in Figure 4.7. Since the printer could not print out the conductive air

bridge in practice, an extra jumping wire and some conductive epoxy are added to connect



4 Printer LC Resonator and Interrogator Design 52

Figure 4.6 Simulated S11 for LC resonator on PCB substrate.

Figure 4.7 Printed prototype LC resonator on PCB board.

two terminals of the printed RFID tag. Then, a copper interrogator coil is placed in front of

the RFID tag as shown in Figure 4.8. A vector network analyzer (VNA) is connected to the

interrogator coil via an SMA connector. The measured S11 parameter at the interrogator

coil is plotted in Figure 4.9. From the plot, the measured S11 response matches well with
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the HFSS simulation. The resonant frequency of the RFID tag prototype is measured to

be around 20.5MHz. The small deviation between the simulation and measurement was

mainly due to the parasitic capacitance caused by jumping wires and conductive epoxy.

The increase of the quality factor of the measured resonances is mainly contributed by the

dimension distortion during printing and the thickness uniformity issue of the printed layer.

From the valley of each S11 trial with a step size of 1 cm, it is evident that the magnitude

of the magnetic field drops as 1
R6 , where R is the distance between interrogator and tag.

Figure 4.8 S11 measurement setup for LC resonator on PCB board.

4.2 LC Resonator based on Kapton Substrate

4.2.1 Design and Simulation

The geometrical layout of the proposed LC resonator on Kapton Substrate is shown in

Figure 4.10. The designed resonant frequency is also 20 MHz. The LC resonator is composed

of a square spiral inductor and an interdigital capacitor. It will be printed on a 127 mm thick

Kapton polyimide film using the Voltera inkjet printer using the same flexible conductive
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Figure 4.9 Measured S11 parameter at interrogator for LC resonator on PCB
board.

ink.

Figure 4.10 Dimension of proposed LC resonator design on Kapton sub-
strate.

As shown in Figure 4.10, the proposed square spiral inductor has the same physical

parameters as the previous inductor design: number of turns n = 7, the turn width w =

0.5 mm, turn spacing s = 0.6 mm, inner diameter din = 46.8 mm and outer diameter dout
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= 61mm. However, due to the changed dielectric constant of the substrate, its inductance

varies accordingly. An accurate inductance value can also be calculated by solving Maxwell’s

equation using High-Frequency Structure (HFSS) simulator. The plot of the corresponding

frequency-dependent inductance of the spiral inductor is shown in Figure 4.11. An inductance

of 11.54 µH is obtained at 20 MHz.

Figure 4.11 Frequency-dependent inductance simulation on Kapton sub-
strate.

For the proposed interdigital capacitor shown in 4.10, the finger width w = 0.5 mm, finger

spacing s = 0.5 mm, finger length l = 20.5 mm, and the number of fingers N = 25. Similar

to the calculation of inductance, the accurate capacitance could be calculated accurately by

Maxwell’s equations using the HFSS simulator via the imaginary Z11. The corresponding

frequency-dependent capacitance of the interdigital capacitor is shown in Figure 4.12. A

capacitance of 49.2 pF is achieved at 20 MHz.

Again, connecting the spiral inductor and interdigital capacitor in the HFSS simulator

and then measure the Z11 value between the two terminals. We could get the wired simula-

tion result shown in Figure 4.13, both maximum real Z11 and zero imaginary Z11 illustrated

that the proposed LC resonator has a resonant frequency of 20 MHz.

For the wireless simulation, an experimental setup including coupled interrogator coil
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Figure 4.12 Frequency-dependent capacitance simulation on Kapton sub-
strate.

Figure 4.13 Simulated Z11 of LC resonator on Kapton substrate.

and LC resonator was modeled in HFSS as shown in Figure 4.14. The S11 parameter at the

interrogator coil with a distance of d = 2 cm between the interrogator and the resonator was

simulated as shown in Figure 4.15. The simulated S11 plot demonstrates that the resonant

frequency of the proposed LC resonator on Kapton film is closed to 20 MHz, which matches

well with the simulated resonant frequency obtained from the wired HFSS simulation.
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Figure 4.14 Experimental setup with coupled interrogator coil and LC res-
onator on Kapton substrate in HFSS.

Figure 4.15 Simulated S11 for LC resonator on Kapton substrate.

4.2.2 Varying distance measurement

The proposed LC resonator layout is printed on Kapton film using the same inkjet printer

from Voltera and baked in an oven to remove dispersants in ink. The printed LC resonator

prototype is shown in Figure 4.16. A jumping wire will be added to connect the terminals.
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Figure 4.16 Printed prototype LC resonator on Kapton film.

A copper interrogator coil connected to the VNA is placed in front of the RFID tag as shown

in Figure 4.17. The measured S11 parameter at the interrogator coil is plotted in Figure

4.18. From the plot, the measured S11 response matches well with the HFSS simulation.

The resonant frequency of the RFID tag prototype is measured to be 19.97 MHz. It meets

the requirement of target resonant frequency.

Figure 4.17 S11 measurement setup for LC resonator on Kapton film.
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Figure 4.18 Measured S11 parameter at interrogator for LC resonator on
Kapton film.

4.3 Interrogator Coil

Figure 4.19 Proposed interrogator coil.

The cylindrical solenoidal coil interrogator is characterized by its number of turns N,

length of solenoid l, pitch p, and loop radius R. The designed interrogator coil has 8 turns
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of insulated copper wire of 1 mm diameter, a pitch of 2 mm, a solenoid length of 16 mm,

and a radius of 40 mm as plotted in Figure 4.19. The total magnetic flux through the coil

is given as

Φ = µ
NIA

l
(4.2)

where µ is the magnetic permeability of the outside environment, I is the current within

the coil, and A is the cross-section area. The corresponding inductance in the low-frequency

domain can be calculated by

Linterrogator =
NΦ

I
=
µN2A

l
. (4.3)

Moreover, in the high-frequency domain, the coil acts as an oscillatory tank circuit with an

inductor and capacitor in parallel [63]. It has a resonant frequency given by

fr =
1

2π
√
LC
≈ 1

2π
√
LCT

(4.4)

where CT is the capacitance of the variable tuning capacitor (approximately equal since stray

capacitance and self-capacitance of the coil are being neglected) and L is coil inductance. A

good estimator of the self-inductance of a solenoidal coil was derived by Niwa [64]. However,

that formula contains a summation of 12 terms based on the coil geometry and is inconvenient

to calculate in practice. Therefore, an HFSS model of the designed copper coil is made and

simulated to find out its self-inductance and self-resonant frequency. The variation of the

inductance against frequency for the coil interrogator is illustrated in Fig. 2. Based on the

simulation, the inductance is around 11.07 µH at 20 MHz. It is closed to the value of the

printed planar spiral inductor. Meanwhile, it has a self-resonant frequency of 37.44 MHz

which is far enough from the LC resonator’s resonant frequency.
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Chapter 5

Flexible Printed Inductive-Capacitive

Resonator based RFID Sensor for

remote K+ Ions Detection

5.1 Flexible Printed Chipless RFID Sensor

5.1.1 Printed Prototype Design

The proposed flexible printed RFID tag is the combination of the LC resonator and the

K+ ISE presented in the previous chapter. The printed prototype RFID tag is shown in

Figure 5.1. The tag is printed on a 127mm thick Kapton film by a Voltera printer. As

the printer could not print out the conductive air bridge in practice, a couple of jumping

wires and some conductive epoxy were added to connect the LC resonator and the K+ ISE

in parallel. The tag can keep track of the K+ concentration based on the fact that the

capacitance developed across the ISE varies with the change of K+ in the solution displayed

in chapter 3. The operating frequency of the RFID tag is around 20 MHz and thus belongs

to the HF RFID system.
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Figure 5.1 RFID tag printed for K+ sensing.

5.1.2 Working Principle

Before moving on to the measurement process, it is necessary to explain the working

principle of the entire proposed RFID system for remote K+ sensing. A block diagram of the

inductively coupled interrogator and RFID tag is shown in Figure 5.2. Here, L1 represents

the inductance of the interrogator coil while LS is the inductance of the printed inductor

and Cp indicates the fixed capacitance of the printed interdigital capacitor in the RFID

tag. C(K+) is the capacitance developed at the ISE when in contact with a solution. The

capacitance, C(K+) changes in response to the K+ concentration change in the solution.

The RFID inductor and total capacitor, Ctotal = Cp +C(K+) form a resonant circuit with a

resonant frequency fr approximately given by

fr =
1

2π
√
Ls × Ctotal

(5.1)

Inductive coupling based on Faraday’s law of magnetic induction is the key mechanism

behind this HF RFID system. The printed inductor of the RFID tag is inductively coupled to
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Figure 5.2 Block diagram of the coupled coil interrogator and RFID tag.

the interrogator coil, whose reflection coefficient (S11) is monitored using a swept frequency

VNA. The resonant frequency of the weakly coupled RFID tag is measured by measuring

the perturbation of interrogator coil S11 response. Since the resonant frequency of the RFID

tag is directly related to the capacitance across the ISE, the K+ concentration in the liquid

can be measured from the S11 response measured at the interrogator coil when coupled to

the tag.

An equivalent circuit diagram of the coupled RFID tag is shown in Figure 5.3. In this

circuit, R1 and L1 represent the series resistance and inductance of the interrogator coil,

respectively. Ls and Rs are the series inductance and resistance of the inductor of the LC

resonator part, respectively. Cp and Rp are the capacitance and resistance of the fixed

capacitor of the LC resonator part, respectively. Noted that the series resistance of the

inductor is a very small resistance as the ink used for printing is mainly made of silver.

C(K+) and R(K+) are the junction capacitance and resistance developed at high frequency

across the ion-selective electrodes when in contact with a K+ solution. As the concentration

of the potassium ion changes, the C(K+) changes quickly and dominates the total equivalent

capacitance and resonant frequencies of the RFID sensor. M is the interrogator-RFID coil

coupling factor. For small M and low circuit losses, the concentration of K+ in the analyte

solution, which is indicated by C(K+), can be monitored by tracking the resonant frequency
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of the RFID sensor.

Figure 5.3 Equivalent circuit diagram of the RFID sensor.

Based on Figure 5.3, the LC resonator is in parallel with the ISE, thus the resonant

frequency fr of the RFID tag is given as fr = 1
2π
√
Ls×Ctotal

, where Ctotal = Cp +C(K+) is the

total capacitance in parallel with the printed inductor. The input impedance, Zin(f), seen

by the vector network is

Zin(f) = Z1 + ZT = R1 + j2πfL1 +
(2πf)2M2

Ztotal
(5.2)

where f is the source frequency and Ztotal ≈ j2πfLs+Rs+1/[(1/Rp+1/R(K+))+j2πf( Cp+

C(K+))] is the RFID series impedance. The input impedance Zin (f) contains two main

components; Z1 = R1 + j2πfL1, due to self impedance of the interrogator coil and ZT =

(2πf)2M2

Ztotal
, due to RFID coupling. When the interrogator coil is connected to a VNA, reflection

occurs between the VNA source impedance and the interrogator coil input impedance. The

reflection coefficient (S11) measured by the VNA is given by

S11 =
Zin − Zsource
Zin + Zsource

(5.3)
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where Zsource is the source impedance of the VNA driver and Zin is the above input impedance.

At the resonant frequency fr of the RFID sensor, the parallel impedance Ztotal is at its peak

and therefore Zin and S11 is at its minimum respectively. To remove the effect of the back-

ground noise from the interrogator, a background subtraction using the measured S11 of coil

interrogator when the RFID tag is absent, should be implemented after measuring the RFID

sensor response.

5.2 S11 and fr Measurement for varying K+ concentration

Figure 5.4 Experimental setup with coupled interrogator coil and RFID tag
in a prepared KCl solution.

The experimental setup with coupled RFID tag sensor and interrogator coil for varying

K+ concentration is shown in Figure 5.4. The S11 of the interrogator coil is measured using

a VNA (KEYSIGHT E5063A). Initially, the ISE is not in touch with any K+ solution and

the RIFD’s resonant frequency is measured from the S11 response at the interrogator. Noted
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that the interrogator coil is aligned concentrically with the printed inductor with a separation

distance d = 2 mm to avoid over coupling issue. The resonant frequency of the RFID sensor

is measured to be 19.97 MHZ, which matches well with the simulated and measured resonant

frequency of the LC resonator printed on Kapton substrate obtained in chapter 4. The small

frequency deviation is mainly due to the parasitic capacitance caused by jumping wires and

conductive epoxy. Then, the ISE is connected to the prepared solutions of different K+

molarity were poured up the container. The S11 at the interrogator coil (when coupled

to the RFID sensor) for different KCL solutions is measured as shown in Figure 5.5. It

is noticeable that the resonant frequency and quality factor would change for different K+

molarity.

Figure 5.5 S11 measured at interrogator of RFID tag for different KCl con-
centrations.

For an ideal parallel RLC circuit, the resonant frequency occurs at fr = 1
2π
√
LC

. The

quality factor Q is defined as the ratio of the circulating branch current to the supply current.
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For A parallel RLC circuit, its quality factor is in the form

Q =
R

XL

=
R

ωL
=

R

Xc

= RωC,Q2 = R2C

L
,Q = R

√
C

L
. (5.4)

Therefore, the resonant frequency fr of an ideal parallel RLC circuit is inversely proportional

to the square root of the total capacitance in parallel. And, Q is proportional to the total

resistance in parallel. In our case, as the K+ selective electrodes connected with the LC

resonator in parallel, the total capacitance Ctotal would be gradually dominated by C(K+) as

the K+ molarity increases. fr will drop sharply when K+ molarity climbs at low molarity and

maintains an almost steady value as K+ molarity stays at a high level. In other words, the

plot of resonant frequency fr in terms of K+ molarity should be the inverse of the electrode’s

capacitance measurement obtained in chapter 2. The plot of the quality factor Q concerning

K+ molarity should follow the same trend of the electrode’s resistance measurement.

Figure 5.6 shows the resonant frequency of the RFID tag for different K+ molarity solu-

tions. Resonant frequencies were measured four times for each of 10 different KCL solutions

to see the repeatability of the measurement. In between the measurements, the ISE was

cleaned with DI water and dried with Kim wipes. As shown in Figure 5.6, an exponential

fit is plotted given by

fr (x) = 7.351× e−34.28x + 10.01× e−0.038x (5.5)

where fr (x) and x represent fr and K+ molarity respectively. Over the 0.001-2mole/L K+

dynamic range, Eqn. (5.5) represents the relationship between the resonant frequency and

the K+ molarity. Noted that the coefficient value -34.28 in the first exponential term is

very closed to the negative inverse of the counterpart of ISE capacitance derived in chapter3(
− 1

0.03
≈ −33.3

)
. From the exponential fit, it was observed that the RFID sensor has an

accuracy of 0.016 mole/L. The maximum difference among the measured data for the same
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molarity was 0.89 MHz at 0.05 mole/L.

Figure 5.6 Resonant frequency of RFID tag for different KCl concentrations.

The measured quality factor in Figure 5.7 follows the trend of resistance variance shown

in chapter3 as we assumed. However, the quality factor did not decrease monotonically as

K+ increases. We could hardly derive the correct K+ concentration based on the quality

factor especially when the Q value is between 3 and 7. So just like what we concluded in

chapter2, quality factor based on the resistance across the ISE is not a suitable parameter for

K+ detection in practice. Therefore, only the resonant frequency of the RFID tag obtained

from S11 of the interrogator coil can be used as a reliable tracking parameter for K+ molarity

detection.
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Figure 5.7 Quality factor of RFID tag for different KCl concentrations.

5.3 S11 and fr Measurement for varying separation concentration

An experiment is conducted to measure the variation of the sensor’s resonant frequencies

with the separation distance for a test solution with constant K+ concentration. Figure 5.8

displays the S11 measured at the interrogator for different separation distances. For all the

trials, the K+ ISE of the sensor is inserted into 1 mole/L KCl solution and the interrogator

coil is aligned concentrically with the printed inductor. Here the separation distance is

measured between the edge (the edge closer to the sensor) of the interrogator coil and the

sensor. The magnitude of the S11 valley measured at the interrogator coil would decrease as

the separation distance between the sensor and interrogator coil increases. From the valley

of each S11 trial with a step size of 1 cm, it is evident that the magnitude of the magnetic

field drops as 1
R6 , where R is the distance between interrogator and tag.

According to the plot of each trial in Figure 5.8, a separation distance larger than 5
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Figure 5.8 S11 measured at interrogator coil of RFID tag for different sepa-
ration distance.

cm would lead to serious S11 signal attenuation that could not be measured. On the other

hand, if the separation distance between the sensor and interrogator coil was too small,

the resonant frequency shifts significantly due to the over-coupling effect. As illustrated in

Figure 5.9, the resonant frequency is first at 10.14 MHz for 1 cm separation distance and

then it will maintain a constant value of 9.64 MHz for 2 - 5 cm distance. It is important to

keep a minimum separation distance of 2 cm between the integrator coil and RFID tag to

obtain a steady resonant frequency. Therefore, a 2 - 5 cm operating distance should be ideal

for the sensor. The maximum separation distance can be improved by increasing the power

at the interrogator coil, or by increasing the number of turns and/or radius of the printed

spiral inductor.
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Figure 5.9 Resonant frequency of RFID tag with varying separation distance
for 1 mole/L KCl.

5.4 Stability Test and Response Time

A stability experiment is conducted to measure the variation of resonant frequency with

time. The sensor’s ISE is inserted into a 1 mole/L KCl solution for seven days and the

resonant frequency will be monitored every day. The separation distance between the sensor

and the interrogator is set to be 2 cm and the printed inductor is aligned concentrically

with the interrogator coil. The resonant frequency measured for the sensor on each day is

plotted in Figure 5.10. The mean value of all the resonant frequencies in seven days is 9.6862

MHz and the standard deviation is 0.1609 MHz. The standard deviation was only 1.66% of

the mean value. Such a low standard deviation indicated that all resonant frequencies were

clustered close to the mean and the system was stable for one week. Thus, the prototype

RFID tag is suitable for the long-term K+ concentration tracking.

The response time of the RFID tag was remarkably short. As soon as the incorporated
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Figure 5.10 Resonant frequency of the RFID sensor measured over 7 days
for 1 mole/L KCl solution.

ion-selective electrode of the RFID tag was inserted into the target solution, the S11 of

the interrogator coil shifted to the corresponding valley immediately. The response time

recorded for stable resonant frequency formation was smaller than 1 second concerning all

KCl solutions used. In short, the prototype RFID tag could detect K+ ions in solutions

quickly within 1 second.

5.5 Temperature Test

All measurements shown above are performed at a constant room temperature of around

20°C. In practice, the resonant frequency of the RFID sensor is affected by temperature. As

studied by Zahran et.al [65], thermodynamic parameters affect the selectivity for both ion

exchangers and carrier ionophores of the K+ ISE. Meanwhile, the ion selectivity change due

to changing environmental temperature alters the ion fluxes between the membrane and the



5 Flexible Printed Inductive-Capacitive Resonator based RFID Sensor for
remote K+ Ions Detection 73

solution. It will lead to the variance of both capacitance and resistance across the ISE, and

the resonant frequency of the RFID sensor will shift accordingly. An experiment shown in

Figure 5.11 is performed to investigate the variation of the sensor’s resonant frequency with

temperature. A Barnstead thermolyne is used to heat the KCl solution and the variation of

the solution temperature is measured by the laser thermometer. The molarity of the KCl

solution is set to be 1 mole/L constantly and the distance between the interrogator coil and

RFID tag is 2 cm as before. The temperature of 1 mole/L KCl solution is increased from

room temperature to 100°C and the resonant frequency of the RFID sensor is monitored.

Figure 5.11 Experimental setup with coupled interrogator coil and RFID
tag on a Barnstead thermolyne.

Figure 5.12 shows the S11 response of the coil interrogator obtained by VNA at differ-

ent temperatures. The S11 valley would deviate more from the original response at room

temperature as temperature increases.

Figure 5.13 demonstrates the resonant frequency of the RFID tag at different tempera-

tures when the test KCl solution molarity is 1 mole/L. The 1st order linear fit for fr is given
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Figure 5.12 Measured S11 at interrogator of RFID tag for different temper-
atures.

Figure 5.13 Resonant frequency of the RFID tag at different temperatures.
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by

fr (x) = −0.006944x+ 9.921 (5.6)

where fr (x) and x represent fr and temperature respectively over the 25-100°C dynamic

range. As the temperature increases, the ISE’s capacitance rises. The resonant frequency

decreases proportionally to the temperature increase. The minimum fr is 9.246 Mhz at 100°C

which is 0.6 MHz smaller than the counterpart at room temperature. This is an approximate

6% deviation and a temperature compensation technique for RFID layout may need to be

implemented in the future.

In general, a flexible printed RFID sensor based on a printed LC resonator and ISE is

fabricated for potassium ion sensing. The RFID sensor exhibited a second-order exponential

relationship between the resonant frequency of the tag and the K+ concentration of the

solution over 0.001-2 mole/L dynamic range values. The RFID sensor achieved an accuracy

of 0.016 mole/L. It has long-term stability in measurement. The response time of the RFID

sensor is less than 1 second.
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Chapter 6

Modified RFID Sensor Design

6.1 Design modification

To simplify the fabrication process and reduce the parasitic effect caused by the jumper

wires, the proposed RFID sensor layout can be modified to a double-layer configuration.

Instead of using jumping wires, we could print the conductive wires on the rear side of the

Kapton substrate to connect the spiral inductor and interdigital capacitor in parallel. A

couple of copper rivets were added to connect both sides of the design on the substrate

through via holes. Figure 6.1 illustrates both sides of the modified RFID sensor.

6.2 S11 and fr Measurement for varying K+ concentration

The same experimental setup shown in Figure 5.6 was used to measure the wireless

performance of the modified RFID sensor. The interrogator coil was aligned concentrically

with the printed inductor with a separation distance d = 2 cm. KCl solutions with varying

K+ concentrations between 0.001 mole/L to 2 mole/L were fabricated for testing at room

temperature. Figure 6.2 shows a sample of the measured S11 at the interrogator coil for
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Figure 6.1 modified RFID tag printed for K+ sensing (left for front layout
and right for rear layout).

different K+ solutions.

Figure 6.2 S11 measured at interrogator of modified RFID tag for different
KCl concentrations.

Figure 6.3 plots the resonant frequency of the RFID tag for different K+ molarity solutions

based on S11 measurement. Resonant frequencies were measured four times for each of 10

different KCl solutions to see the repeatability of the measurement. As shown in Figure 6.3,
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Figure 6.3 Resonant frequency of modified RFID for different K+ concen-
trations.

an exponential fit was given by

f (x) = 2.737× e−33.180x + 14.840× e−0.023x (6.1)

where fr(x) and x represent fr and K+ molarity respectively, fits to the measured data. Eqn.

(5.7) exhibits an 2nd order exponential relationship between the resonant frequency and the

K+ molarity over the 0.001-2 mole/L K+dynamic range. Noted that the coefficient value

-33.180 in the first exponential term is also closed to the negative inverse of the counterpart

in Eqn. (3.1) ( −1
0.03
≈ −33.3). It is a convincible parameter since the capacitor controlled

by the ISE is inversely proportional to the sensor’s resonant frequency. Also, the resonant

frequency for each K+ molarity is higher than the counterpart of the unmodified RFID, which

indicated that the parasitic capacitance brought by the via and copper rivets is smaller. From

the exponential fit, it was observed that the RFID sensor has an accuracy of 0.0136 mole/L
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for low K+ concentration solutions. The maximum difference among the measured data for

the same molarity was 0.547 MHz at 0.001 mole/L.

6.3 S11 and fr Measurement for varying separation distance

Based on previous experience, it was critical to keep a minimum separation distance

between the interrogator coil and the RFID sensor to avoid over coupling effect. Mean-

while, as the separation distance between the sensor coil and the interrogator coil increases,

the received signal amplitude from the sensor attenuates. An experiment was conducted

to measure the variation of the sensor’s resonant frequency with the separation distance

1mole/L KCl. Figure 6.4 demonstrates the S11 recorded at the interrogator for 1 mole/L

KCL solution with varying distance.

Figure 6.4 S11 with varying separation distance between the interrogator
and modified sensor for 1 mole/L KCl.

Figure 6.5 illustrates the resonant frequency received from the sensor for different sepa-

ration distance conditions. According to Figure 6.5, distances less than 2 cm set the sensor
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in the over coupling region and a maximum separation distance of 5 cm was founded to

maintain a readable resonance amplitude (the largest acceptable S11 signal attenuation). It

is essential to keep a minimum separation distance of 2 cm between the integrator coil and

RFID tag to obtain a steady resonant frequency. Therefore, a 2-5 cm operating distance

should be ideal for the modified RFID sensor.

Figure 6.5 Resonant frequency of modified RFID sensor with different sepa-
ration distance for 1 mole/L KCL

6.4 Stability Test and Response Time

A long-term stability experiment was conducted to measure the variation of resonant

frequency with time. It recorded the fr data of the RFID that was inserted into 1 mole/L

KCl solution for seven days. The separation distance between the sensor and the interrogator

was set to be 2 cm and the printed inductor was aligned concentrically with the interrogator

coil. The resonant frequency measured for the sensor on each day is plotted in Figure

6.6. The mean value of all the resonant frequencies in seven days is 14.3869 MHz and the

standard deviation is 0.0677 MHz. The standard deviation was only 0.4635% of the mean

value. Its is a lower standard deviation than the counterpart derived for the RFID tag
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without modification. It indicated that all resonant frequencies were clustered close to the

mean and the system was stable for one week. Thus, the modified RFID tag is more suitable

for the long-term K+ concentration tracking.

Figure 6.6 Resonant frequency of the modified sensor measured over 7 days
for 1 mole/L KCl solution.

The response time of the RFID tag was still small. Noted that the time recorded for

stable resonant frequency formation was always smaller than 1 second concerning all KCl

solutions used. In short, the modified RFID tag could detect K+ ions in solutions quickly

within 1 second.

6.5 Temperature Test

An experiment shown in Figure 5.11 was performed to investigate the variation of the

sensor’s resonant frequency with temperature. A Barnstead thermolyne was used to heat

the KCl solution and the variation of the solution temperature is measured by the laser
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thermometer. The molarity of the KCl solution was set to be 1 mole/L constantly and the

distance between the interrogator coil and RFID tag was 2 cm as before. The temperature

of 1 mole/L KCl solution was increased from room temperature to 100°C and the resonant

frequency of the RFID sensor is monitored. Figure 6.7 shows the S11 response of the coil

interrogator obtained by VNA at different temperatures. The S11 valley would deviate more

from the original response at room temperature as temperature increases due to more active

ion fluxes between the membrane and the solution.

Figure 6.7 Measures S11 of modified RFID sensor at different temperature
for 1 mole/L KCl solution.

Figure 6.8 shows the resonant frequency of the RFID tag at different temperature when

the test KCl solution molarity is 1 mole/L. The 1st order linear fit for fr is given by

fr (x) = −0.005992x+ 14.46 (6.2)

where fr (x) and x represent fr and temperature respectively over the 25-100°C dynamic

range. As the temperature increases, the ISE’s capacitance rises. The resonant frequency
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decreases proportionally to the temperature increase. The minimum fr is 13.8196 MHz at

100°C which is 0.497 MHz smaller than the counterpart at room temperature. This is an

approximate 3.47% deviation, and it is smaller than the previous deviation value obtained

for unmodified RFID sensor. Thus, the temperature stability of the modified sensor is better.

Figure 6.8 Resonant frequency of the modified RFID sensor at different tem-
peratures for 1 mole/L KCl solution.

To sum up, the modified double-layer RFID sensor has higher operating resonant fre-

quency as the parasitic capacitance was reduced after modification. The reading distance of

the modified RFID sensor is still 2-5 cm since the printed inductor is unchanged. However,

based on measurement, the long term stability and temperature stability of the modified

RFID sensor are better than that of the original RFID sensor. The usage of via holes and

copper rivets improves the wireless performance of the RFID sensor.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis studies and develops the design of a flexible printed chipless RFID sensor for

remote potassium (K+) ion sensing. The proposed RFID sensor is composed of an inductive-

capacitive (LC) resonator and a K+ ion-sensitive electrode (ISE). Initially, the LC resonator

consisting of a planar spiral inductor and an interdigital capacitor is designed and fabricated

by the inkjet-printing technology on a flexible Kapton film substrate. Then, an ISE for

potassium ion sensing is printed on the Kapton film, followed by casting prepared ion sen-

sitive membrane on the sensing electrode. The potassium ion concentration of the contact

solution can be wirelessly monitored by measuring the change of the RFID sensor’s resonant

frequency. The RFID sensor exhibits a second-order exponential relationship between the

resonant frequency of the sensor and the K+ concentration of the solution over the measure-

ment range. It achieves an accuracy of 0.016 mole/L and has a response time of less than

1 second. The temperature and long-term stability experiments demonstrate its potential

for measuring K+ of solution in a long period. In the next part of the thesis, the design of

the original RFID sensor is modified to improve its wireless performance by using via holes

and copper rivets. The resulted double-layer RFID sensor achieves an accuracy of 0.0136
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mole/L. It also has better long-term stability and temperature stability than that of the

original RFID sensor. The fabrication process of the proposed RFID sensor is simple and

fast due to the usage of printing technology. The flexibility of the Kapton film substrate

makes the sensor conformal to different types of surfaces. Meanwhile, it is a passive sensor

that requires no external power supply, making it suitable for long-term monitoring without

charging or replacing batteries. As a result, the prototype RFID sensor performs well and

has great potential for low-cost K+ monitoring applications.

7.2 Future Work

In the future, more types of ion membranes can be coated on the ISE of the proposed

sensor to measure different ions in contact solution. The cross sensitivity of the RFID sensor

can be further explored and studied for better prospects. The limitation of the interrogation

distance can be improved for the modification of the printed inductor in the future. A

multiple-layer stacked inductor presented by Ashraf [66] can be employed to increase the

inductance and reading range. Since the performance of the RFID tag is affected by the

environmental temperature. Future research can investigate the temperature compensation

technique applied to sensor electronics to reduce the deviation of the RFID sensor’s resonant

frequency.
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