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Abstract 
 
This master thesis was initiated in the Organic Electronics group at Linköping University within a 
project called ‘Brains & Bricks’. The purpose was to develop a prototype of a wireless humidity 
sensor with a solid polyelectrolyte as the humidity sensing material. The humidity levels can be 
estimated from the resonant frequency of a testing circuit. The readings were performed by a 
wireless method between two coils. 
 
Both the testing circuit and the simulation programs were designed in this thesis work. The 
operating frequency of the sensor was chosen to be in the range of 100 kHz to 200 kHz at which 
the solid polyelectrolyte, Polystyrene Sulfonic Acid (PSSH), was sensitive to humidity variations. 
Three different types of humidity sensors were fabricated and tested. These sensor heads promised 
for printability and low-cost manufacturing. 
 
A shift, responding to a humidity variation, in the resonant frequency of the testing circuit was 
detected by a reader coil which was 1 cm away from a sensor coil. These measurements matched 
the results simulated by a Matlab program. 
 
The feasibility of fabricating a low-cost wireless humidity sensor with a solid polyelectrolyte as 
humidity sensing material by printing technique was proved in the thesis work. Subsequent 
research will be continued to develop humidity sensors having a lateral structure and an improved 
performance. 
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Chapter 1 Introduction 
 
A sensor is a device, which responds to an input physical quantity by generating a functionally 
related output signal. The information, usually an electrical or optical signal, obtained by different 
types of sensors is processed by a monitoring or measuring system. Sensor technology is widely 
used in a very broad domain including the environment, medicine, commerce and industry [1] [2]. 
 

1.1 Background 
 
The thesis was initiated by the Organic Electronics group at the department of Science and 
Technology at Linköping University. In a project called ‘Brains & Bricks’, the research group is 
trying to establish a wireless sensing system to monitor humidity variations. The thesis should 
provide a prototype of humidity sensing system which can detect a change of moisture content in 
the air by a contactless method.  
 

1.2 Purpose 
 
The purpose of the thesis is to evaluate the feasibility of fabricating a wireless humidity sensor 
based on a solid-state electrolyte and build a prototype to prove the concept. 
 

1.3 Thesis Outline 
 
The organization of this thesis is as follows: Chapter 2 gives a brief overview of different types of 
humidity sensors and their principles of operation. Chapter 3 handles the humidity sensing 
material which is used in this thesis work. Chapter 4 focuses on the circuit theory behind the 
prototype. Chapter 5 introduces the procedure of the experiment. Finally, Chapter 6 is about the 
conclusions and future work of the thesis. 
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Chapter 2 Humidity Basics and Humidity Sensors 
 
In this chapter, some basic concepts of humidity and working principles behind common humidity 
sensors are introduced.  
 

2.1 Humidity Basics 
 
Humidity refers to the amount of water vapor in the air or in other gases. There are usually three 
ways to state humidity measurements. They are absolute humidity (AH), relative humidity (RH) 
and dew point [3]. 
 
2.1.1 Absolute Humidity 
 
Absolute humidity is defined to be the ratio of the mass of water vapor to the volume of air or gas, 
as shown in equation 2.1. 

/

water

air gas

mAH
V

=     g/m3     (2.1) 

where waterm  is the mass of water vapor and /air gasV  is the volume of air or gas [4]. 

 
2.1.2 Relative Humidity 
 
The relative humidity is defined to be the ratio of the water vapor pressure of air to the saturated 
water vapor pressure at the same temperature and pressure, as shown in equation 2.2. 

( )
( )

2
*

2

100%
p H O

RH
p H O

= ×     (2.2) 

where ( )2p H O  is the partial pressure of water vapor in air and ( )*
2p H O  is the saturated 

water vapor pressure at given temperature. Relative humidity is stated in percentage [4]. 
 
2.1.3 Dew Point 
 
The dew point refers to the temperature at which water vapor must be cooled to start to condense 
into liquid under constant barometric pressure. If the dew point is below freezing, it is referred to 
as the frost point. The higher the humidity is in the air, the higher the dew point. For a given 
temperature, if the relative humidity of air is 100%, that temperature is the dew point. Since the 

dew point is a temperature, it is expressed in C  or in F [3]. 
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2.2 Humidity Sensors 
 
Two types of humidity sensors are discussed below and their principles of sensor operation are 
also interpreted. 
 
2.2.1 Resistive Humidity Sensors 
 
Resistive humidity sensors measure the change of electric impedance of a hygroscopic material 
like a conductive polymer, salt or treated substrate. The impedance change is typically an inverse 
exponential relationship to relative humidity. In Figure 2.1, the sensor impedance varies from over 
10 MΩ in the low RH range to less than 2 KΩ in the high humidity range [5].  
 

 

Figure 2.1 Impedance change of UPS-600 resistive humidity sensor at RH 10% ~ RH 90% [5]. 
 
A resistive sensor usually has an activating chemical treated substrate. When the sensor absorbs 
the water vapor in the air, ionic functional groups of the activating chemical material are 
dissociated, resulting in a decrease in electrical impedance [6].  
 
2.2.2 Capacitive Humidity Sensors 
 
A capacitive humidity sensor consists of a hygroscopic dielectric material placed between two 
conductive electrodes to form a capacitor. Usually, a polymer or metal oxide is used as the 
dielectric material. Absorption of water vapor by the sensor results in an increase of the 
capacitance [3]. 
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Figure 2.2 Structure of capacitive humidity sensor. 

 
The capacitance of a parallel plate capacitor in Figure 2.2 is given by 

0RH
RH

AC
d

ε ε
=     F    (2.3) 

where RHC  is a sensor capacitance at a given relative humidity;  RHε  and 0ε  is the relative 

dielectric permittivity of the hygroscopic dielectric depending on the relative humidity and the 
permittivity of vacuum respectively; A  is the area of  the electrodes and d  is the distance 
between the electrodes. Figure 2.3 shows a capacitance variation of a capacitive humidity sensor 
responding to humidity changing. 
 

 
Figure 2.3 Near-linear response of capacitance to applied RH [3].  
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Chapter 3 Humidity Sensing Materials 
 
Various kinds of materials have been studied for developing humidity sensors. The sensing 
mechanisms of these materials use the change in either the conductivity or the dielectric constant 
when the materials absorb water vapor [7]. In this thesis work, Polystyrene Sulfonic Acid (PSSH) 
was chosen to be the humidity sensing layer and was placed between a pair of Titanium or Carbon 
circular electrodes to form a parallel-plate capacitor. 
 

3.1 Polystyrene Sulfonic Acid (PSSH) 
 
Polystyrene Sulfonic Acid (PSSH) is a polyelectrolyte type humidity sensing material, as shown in 
Figure 3.1. When PSSH absorbs water vapors, it ionizes and produces a mobile cation H +  and a 

virtually immobile polyanion PSS − . The quantity of ions increases with the increase of relative 

humidity [7]. Meanwhile, the ionic motion produces a slow polarization in electrolyte when the 
PSSH layer is polarized. Therefore, the complex impedance of the capacitor changes with relative 
humidity. Since ion migration is restricted by the frequency of the applied voltage, the impedance 
of the thin PSSH layer is expected to show humidity changes between 1kHz to 1MHz. Figure 3.2 
shows the frequency responses of a Ti/PSS(100 nm)/Ti capacitor. The capacitance part and the 
phrase angle of the impedance of the capacitor change with humidity levels. 
 

 
Figure 3.1 Chemical symbol of PSS [8]. 



 13

100 101 102 103 104 105 106
10-7

10-6

10-5

10-4

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

 

C
s' (

F/
cm

2 )

f (Hz)

P
ha

se
 a

ng
le

 (°
)10 %

20 %
30 %
40 %
50 %
65 %

 
Figure 3.2 Evolution of the capacitance part and the phase angle of the impedance versus the 

percentage of relative humidity levels. 
 

The data in Figure 3.2 comes from a ongoing project by O. Larsson et al.. The abbreviation PSS, 
in Chapter 5, refers to Polystyrene Sulfonic Acid here.  
 

3.2 Crosslinking and Silane 
 
Crosslinks are bonds that link one polymer chain to another. Crosslinking can promote a 
difference in polymers’ physical properties. Silane is one of the crosslinking reagents widely used 
in crosslinking technology. Because silane exhibits great process flexibility and silane crosslinking 
technology is easy to implement and does not require any special processing equipment [9]. 
 
A molecule from the silane family consists of a central silicon atom bonded to four other atoms or 
functional groups (e.g., hydrogen, alkoxy groups or organofunctional groups). Different functional 
groups show different reactivity and allow sequential reactions [9]. Silane is grafted to the 
polymers’ backbone in the crosslinking process. Figure 3.2 shows that two polymer chains, two 
long zigzag lines, are cosslinked by a silane bridge, the pink part. In this thesis work, the PSSH 
polymer chains are crosslinked by silquest, which is a silane-based crosslinking agent. After 
crosslinking, the solid electrolyte can not be dissolved by water; thus introducing better stability 
for the active material probing the humidity. 
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Figure 3.3 Crosslinking by silane [9]. 
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Chapter 4 Circuit Theory 
 
Chapter 4 gives some basic circuit theories of testing circuit. 
 

4.1 Passive Components in AC Circuits 
 
4.1.1 Definition of AC 
 
The abbreviation AC stands for alternating current which periodically reverses direction. An AC 
voltage is a voltage that periodically reverses its polarity. All the AC sources involved in this work 
generate a sinusoidal waveform, or sine wave [10]. 
 
4.1.2 Passive Components in AC Circuits 
 
Three types of passive components are discussed in this section; resistors, capacitors and 
inductors. 
 
4.1.2.1 Resistors [10] [11] 
 
A resistor can be considered as a length of a conducting material. Resistance is defined to be the 
ratio of the potential drop across a resistor to the current through it. The resistance of a material 
depends on resistivity and geometric factors of that material, as shown in equation 4.1. Figure 4.1 
shows the symbol of a resistor. 

lR
A

ρ=     Ω    (4.1) 

where R  is resistance, ρ  is the intrinsic resistivity of the material, l  is the length of the 

material, and A  is the cross-sectional area of the material. The units of resistance are Ohms (Ω). 
 

 
Figure 4.1 Symbol of a resistor. 

 

When two resistors, 1R  and 2R , are connected in series, the total equivalent resistance is 

1 2tR R R= + Ω. If they are in parallel connection, the total equivalent resistance is 

1 2

1 2

1 2

1
1 1t

R RR
R R

R R

= =
++

 Ω. 
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4.1.2.2 Capacitors [10] [11] 
 
A capacitor is a device capable of storing charges. Capacitance is a measure of the ability of a 
component to store charge and is defined to be the ratio of the charge stored by a capacitor to the 
voltage across it, as shown in equation 4.2. Figure 4.2 shows the symbol of a capacitor. 

QC
V

=     F    (4.2) 

where C  is the capacitance, Q  is the stored charge in the capacitor and V  is the voltage 

across a capacitor. The unit of capacitance is Farad (F). 
 
The simplest capacitor is the parallel-plate capacitor which has a pair of parallel conducting plates 
separated by an insulating layer. The insulator between two plates is called the dielectric. The 
capacitance of a parallel-plate capacitor can be expressed as 

AC
d

ε=     F    (4.3) 

where ε  is the permittivity of the dielectric which equals the product of the permittivity of a 

vacuum, 0ε , and the relative permittivity of a material, rε , A  is the area of each plate and d  is 

the distance between the two plates. The permittivity of the dielectric is a measure of how well the 
material permits the establishment of an electric field [10]. 
 

 
Figure 4.2 Symbol of a capacitor. 

 

For two series-connected capacitors, 1C  and 2C , the total equivalent capacitance is 

1 2

1 2

1 2

1
1 1t

C CC
C C

C C

= =
++

 F. If they are in parallel connection, the total equivalent capacitance is 

the sum of two capacitances, 1 2tC C C= +  F. 

 
4.1.2.3 Inductors [10] [11] 
 
An inductor consists of a coil of a conducting wire wrapped either around an insulator or a 
ferro-magnetic material. When the current in a coil is changed, the magnetic flux density 
surrounding the coil is also changed. The coil winding itself is cut by the changing flux [10]. This 
is called self-inductance. Lenz’s law states that the polarity of the self-induced voltage is such that 
it opposes the attempt to change the current flowing through it. Inductance is defined to be the 
ratio of induced voltage to the rate of change of current through the coil, as shown in equation 4.4. 
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Figure 4.3 shows the symbol of an inductor. 
1dIL V

dt

−
⎛ ⎞= ⎜ ⎟
⎝ ⎠

    H    (4.4) 

where L  is inductance, V is induced voltage and 
dI
dt

 is the rate of change of current with 

respect to time. The unit of inductance is Henry (H). 
 

 
Figure 4.3 Symbol of an inductor. 

 

In an analogy way to resistors, for two series-connected inductors, 1L  and 2L , the equivalent 

inductance is 1 2tL L L= +  H. If they are in parallel connection, the equivalent inductance is 

1 2

1 2

1 2

1
1 1t

L LL
L L

L L

= =
++

 H.  

 
4.1.3 AC Voltage and Current Relations in Resistors, Capacitors and Inductors 
 
4.1.3.1 AC Voltage and Current Relations in Resistors [10] 
 
Assuming the voltage across a resistor is  

( ) ( )sinR Pv t V tω φ= +     V    (4.5) 

where pV  is peak value of the AC voltage, ω  is angular frequency in radians, which equals the 

product of 2π and corresponding frequency f , and φ  is phase angle. 

 
By Ohm’s law, the current through the resistor is 

( ) ( ) ( )sin sinP
R p

Vi t I t t
R

ω φ ω φ= + = +     A    (4.6) 

The voltage and current of the resistor are in phase. 
 
 
4.1.3.2 AC Voltage and Current Relations in Capacitors [10] 
 
Unlike resistance, the impedance of a capacitor depends not only on the capacitance of the 
capacitor but also on the frequency of the voltage, as shown in equation 4.7. 
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1
C CZ jX j

Cω
= − = −     Ω    (4.7) 

where CZ  represents the impedance of a capacitor. CX  is defined to be capacitive reactance 

and angular frequency,ω ,equals 2 fπ . 

Similarly,   

( ) ( )sinC pv t V tω φ= +     V   (4.8) 

( ) ( )sin 90C Pi t I tω φ= + +     A    (4.9) 

Equation 4.8 and 4.9 shows that when the current and voltage are sinusoidal, the current through a 

capacitor leads the voltage across it by 90 . 

 
4.1.3.3 AC Voltage and Current Relations in Inductors 
 
The impedance of an inductor is directly proportional to the frequency of the current, as shown in 
equation 4.10. 

L LZ jX j Lω= =     Ω    (4.10) 

where LZ  represents the impedance of an inductor. LX  is defined to be inductive reactance 

and angular frequency,ω ,equals 2 fπ . 

Similarly, 

( ) ( )sinL pi t I tω φ= +     V    (4.11) 

( ) ( )sin 90L pv t V tω φ= + +     A    (4.12) 

According to equation 4.11 and 4.12, the phase relation is that the current through a inductor lags 

the voltage across it by 90 , which is exactly the opposite of that in a capacitor. 

 
4.1.4 The Phasor Form of the Impedance 
 
The impedance is a measure of how a component impedes the flow of current through it. It is 
denoted by Z . 
 
4.1.4.1 Resistance [10] 
 
Using equation 4.5 and 4.6 and Ohm’s law, resistance in phasor form is given by 

( )
( )

( )
( )

sin
0 0

sin
p p p

R
p p p

V t V Vv t
Z R

i t I t I I
ω φ φ
ω φ φ

+ ∠
= = = = ∠ = ∠

+ ∠
    Ω    (4.13) 
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The expression shows that resistance can be regarded as a phasor whose magnitude is the 

resistance in Ohms and whose angle is 0 . In the complex plane, it is represented by 0R j+ . 

 
4.1.4.2 Capacitance [10] 
 
Using equation 4.8 and 4.9 and Ohm’s law, capacitive reactance in phasor form is given by  

( )
( )

( )
( )
sin 190 90

90sin 90
p p p

C
p pp

V t V Vv t
Z

i t I I CI t
ω φ φ

φ ωω φ
+ ∠

= = = = ∠− = ∠−
∠ ++ +

   Ω (4.14) 

In the complex plane, equation 4.14 can be expressed as 

90 0C C CZ X j X= ∠− = −     Ω    (4.15) 

where CX  is the magnitude of capacitive reactance. 

 
4.1.4.3 Inductance [10] 
 
Using equation 4.11 and 4.12 and Ohm’s law, the inductive reactance in phasor form is given by, 

( )
( )

( )
( )

sin 90 90
90 90

sin
p p p

L
p p p

V t V Vv t
Z L

i t I t I I
ω φ φ

ω
ω φ φ

+ + ∠ +
= = = = ∠ = ∠

+ ∠
    Ω (4.16) 

In the complex plane, equation 4.16 can be expressed as 

90 0L L LZ X j X= ∠ = +     Ω    (4.17) 

where LX  is the magnitude of inductive reactance. 

 
4.1.5 Power Dissipated in an AC Circuit [10] 
 

 
Figure 4.4 Power dissipated in a general impedance. 
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If an AC circuit has a general impedance, as shown in Figure 4.4, Z θ∠ Ω, and the voltage 

supplied by the source is PV φ∠  V, then the current is P PV Vi
Z Z

φ φ θ
θ

∠
= = ∠ −

∠
A. 

The phase angle between the voltage applied to the circuit and the total current through it equals 
the phase angle of the impedance in the circuit. 
The average power dissipated by a resistance is 

22 2
2

2 2 2
effP P P P

avg eff eff eff

VI R V V IP I R V I
R R

= = = = = =     W    (4.18) 

Since only the resistance in a circuit dissipates power [11], equation 4.18 can be written as  

22 cos cos cos
2 2 2

PP P P
avg eff eff

I ZI R I VP V I
θ θ θ= = = =     W    (4.19) 

The equation is valid only for sinusoidal voltages and currents. 
 
The term cosθ  in the equation is defined as power factor. For a purely resistive circuit, the 

angle 0θ = , the average power becomes 
2

P PI V
. For a purely reactive circuit, avgP  equals 

zero. No power is dissipated by purely reactive components. 
 

4.2 Resonant Circuits 
 
When a circuit works at a frequency at which the reactive component of the total impedance is 
zero, the circuit is said to be at resonance. This means that the total inductive reactance is exactly 
cancelled by the total capacitive reactance and the total impedance at resonance is purely resistive. 
 
4.2.1 Series RLC Circuit at Resonance [10] 
 

 
Figure 4.5 Series RLC circuit. 
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Figure 4.5 shows a series RLC circuit. The total impedance in the circuit is  

1 1
totalZ R j L R j L

j C C
ω ω

ω ω
⎛ ⎞= + + = + −⎜ ⎟
⎝ ⎠

    Ω    (4.20) 

By the definition of resonance, the resonant frequency is  

0
1
LC

ω =     radians/sec    (4.21) 

Namely,  

0
1

2
f

LCπ
=     Hz    (4.22) 

Thus, the absolute value of the total impedance of the circuit reaches minimum value at resonant 
frequency. 
 
4.2.2 Parallel RLC Circuit at Resonance [10] 

 
Figure 4.6 Parallel RLC circuit. 

 
Figure 4.6 shows a parallel RLC circuit. The total admittance of the circuit is given by  

1 1 1 1
totalY j C j C

R j L R L
ω ω

ω ω
⎛ ⎞= + + = + −⎜ ⎟
⎝ ⎠

    S    (4.23) 

According to the definition of resonance, the resonant frequency can be determined by setting the 

imaginary part of totalY  to be zero. Thus, the resonant frequency is 

0
1
LC

ω =     radians/sec    (4.24) 

and 
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0
1

2
f

LCπ
=     Hz    (4.25) 

The absolute value of the total impedance of the circuit reaches maximum value at resonant 
frequency. 
 
4.2.3 Quality Factor in Resonant Circuit 
 

The quality factor, Q , is defined to be the ratio of the reactive power in either the inductor or the 

capacitor to the average power at resonance, as shown in equation 4.26. 

reactive

average

PQ
P

=  at resonant frequency    (4.26) 

For a series RLC circuit, the quality factor is given by  

0

0

1 1
S

L LQ
R RC R C
ω

ω
= = =     (4.27) 

The magnitude of the voltage across the inductor and capacitor at resonance is represented by 

L S sourcev Q v=  and C S sourcev Q v=  respectively. 

 
For a parallel RLC circuit, the quality factor is given by  

0
0

P
R CQ RC R

L L
ω

ω
= = =     (4.28) 

The magnitude of the current through the inductor and capacitor at resonance is represented by 

L P totali Q i=  and C P totali Q i=  respectively. 

 

4.3 Mutual Inductance 
 
4.3.1 Electromagnetism Basics [12] [13] 
 
4.3.1.1 Magnetic Flux 
 
If a current I  is supplied to a coil with N turns wrapped around a cylindrical core, then the 

generated magnetic flux,φ , is given by   

0r
ANI
l

φ μ μ=     Wb    (4.29) 

where A  is the cross-sectional area of the core and l  is the length of flux path through the core. 
The units of magnetic flux are webers (Wb). 
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4.3.1.2 Magnetic Flux Density 
 
The phenomenon, called electromagnetism, shows that charge in motion (i.e., electrical current) 
creates a magnetic field. Magnetic field patterns are interpreted in a similar way as electric field 
patterns to determine field intensity. Magnetic flux density, B, is flux per unit area, as shown in 
equation 4.30. 

B
A
φ

=     Wb/m2    (4.30) 

where φ  is magnetic flux and A  is area. 

 
4.3.1.3 Magnetomotive Force 
 
Magnetic fields can be generated by wrapping insulated wires around a core. Each complete wrap 
around the core is called a turn and the turns are collectively called a winding. Magnetomotive 
force (mmf), denoted by the symbol F, represents the product of the number of turns in a winding 
and the current flowing in it, as shown in equation 4.31, 

F NI=     amperes or ampere-turns    (4.31) 
where N  is the number of turns and I  is the current in the winding. 
 
If the magnetic properties of the flux path in terms of reluctance is defined by  

0r
l
A

μ μℜ =     (4.32) 

then 

F φ=ℜ     (4.33) 

 
4.3.1.4 Magnetic Field Intensity 
 
Magnetic field intensity is also called magnetic field strength, denoted by H. It represents the 
magnetomotive force per unit length, as shown in equation 4.34. 

F NIH
l l

= =     A/m    (4.34) 

 
4.3.1.5 Permeability 
 
Magnetic flux density is directly proportional to the magnetic field intensity, as shown in equation 
4.35. The constant of proportionality is called the permeability, μ  

B Hμ=     Wb/m2    (4.35) 

Permeability is a magnetic property of the material and is a measure of its capability of 
constricting magnetic field line inside its boundaries under the influence of a fixed field intensity. 
 
The permeability of a vacuum or free space is  
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7
0 4 10μ π −= ×     Wb/A.m 

For practical purpose, the permeability of air is considered the same as 0μ . 

 
4.3.1.6 Magnetic Field around Conductors 
 
Ampere’s law states that current flowing in a conductor produces a magnetic field around the 
conductor. For a circular conductor, like a wire shown in Figure 4.7, with a finite length, the 
magnetic flux density around it is given by 

( )0
2 1cos cos

4
IB
r

μ α α
π

= −     Wb/m2    (4.36) [12] 

where I  is current and r  is distance from the center of the wire. 
  

 
Figure 4.7 Magnetic flux density around a straight wire. 

 
The magnetic field produced by a circular coil with N turns shown in Figure 4.8 is  

( )

2
0

3
2 2 22

z
INaB

a r

μ
=

+
    Wb/m2    (4.37) [12] 

where a  is the radius of the coil. 
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Figure 4.8 Magnetic flux density around a wire loop. 
 
4.3.2 Mutual Inductance [13] 
 
When two coils get close to each other, their magnetic fields interact and magnetic coupling 
occurs. However, there is always some leakage flux that escapes. 

 
Figure 4.9 Magnetic flux leakage between two coils. 

 
Assuming there are two coils coupled to each other, as shown in Figure 4.9, where solid arrows 
stand for the magnetic flux leakage between the two coils. The magnetic circuit can then be 
described by the matrix 4.38, 

1 1 1 1

2 2 2 2

l l

l l

N i
N i

φ
φ

ℜ +ℜ −ℜ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥ ⎢ ⎥−ℜ ℜ +ℜ ⎣ ⎦ ⎣ ⎦⎣ ⎦     (4.38) 

If we introduce  

11 1 2 lℜ =ℜ +ℜ ℜ     (4.39) 
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22 2 1 lℜ =ℜ +ℜ ℜ     (4.40) 

1 2
1 2M

l

ℜℜ
ℜ =ℜ +ℜ +

ℜ
    (4.41) 

then we have  

1 1 2 2
1

11 M

N i N iφ = +
ℜ ℜ

    (4.42) 

2 2 1 1
2

22 M

N i N iφ = +
ℜ ℜ

    (4.43) 

 
From Faraday’s law, the voltage induced by a time-vary magnetic field is given by 

v N
t
φ

=     (4.44) 

Defining 
2

1
1

11

NL =
ℜ

, 
2
2

2
22

NL =
ℜ

, 1 2

M

N NM =
ℜ

, we have  

1 2
1 1

di div L M
dt dt

= +     (4.45) 

2 1
2 2

di div L M
dt dt

= +     (4.46) 

M  is called the mutual inductance between the coils, which is apparently related to both 1L  

and 2L , as shown in equation 4.47. 

1 2M k L L=     (4.47) 

where k  is the coupling coefficient which is smaller than one. k can be expressed as 

( ) ( )1 2

1l

l l

k ℜ
= ≤

ℜ +ℜ + ℜ +ℜ
    (4.48) 

When there is no leakage, which means lℜ  is infinite, the coupling coefficient equals one. Thus, 

equation 4.47 becomes  

max 1 2M L L=     (4.49) 

In general, 

1 2
1 1

di div L M
dt dt

= ±     (4.50) 

2 1
2 2

di div L M
dt dt

= ±     (4.51) 

The minus signs in equation 4.50 and 4.51 correspond to the case that two coils are wound in 



 27

opposite sense. 
 
4.3.3 Dotted Terminal [13] 
 
Dotted terminal means that current entering the dotted terminal of one winding produces a 
magnetic flux in the same direction as the magnetic flux produced by the current entering the 
dotted terminal of the other winding. 

 
Figure 4.10 Two coils connected by dotted terminals. 

 

 

Figure 4.11 Two coils connected by one dotted terminal and one non-dotted terminal. 
 
When two coils are connected in series by their dotted terminals, as shown in Figure 4.10, the 
equivalent inductance is  

1 2 2equivalentL L L M= + −     (4.52) 

Reversely, the equivalent inductance, as shown in Figure 4.11, is  

1 2 2equivalentL L L M= + +     (4.53) 

 
4.3.4 Reflected Impedance [13] [14] 
 
From equation 4.50 and 4.51, the effect of the mutual inductance in a circuit is equivalent to a 
voltage source. 
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Figure 4.12 Equivalent circuit of two coils in the frequency-domain model. 

 
In the frequency-domain model, the equivalent circuit is shown in Figure 4.12. Using Kirchhoff’s 
voltage law, the equivalent circuit is described by 

1 1 2 1j L I j MI Vω ω− =     (4.54) 

( )2 2 1loadj L Z I j MIω ω+ = −     (4.55) 

where dot notations represent time derivative and 1V  stands for the voltage between node 2 and 4 

in frequency-domain model. 
 
Assuming, the circuit containing voltage source in Figure 4.12 is called the primary side and the 
circuit containing load in Figure 4.12 is called the secondary side. Inserting equation 4.55 to 
equation 4.54, the impedance at the primary side turns out to be 

( ) ( )2 2
1

1 1 1 1
1 2 2

reflected
load

M MVZ j L j L j L Z
I j L Z Z

ω ω
ω ω ω

ω
= = + = + = +

+
    (4.56) 

Thus the impedance at the secondary side is ‘reflected’ to the primary side, as shown in Figure 
4.13. The reflected impedance is given by 

( )2

2
reflected

M
Z

Z
ω

=     Ω    (4.57) 

Hence, an impedance change occurs at the primary side when the impedance at the secondary side 
is varied. This phenomenon is very useful in the thesis work. If a resonant circuit is designed at the 
secondary side, the resonant frequency is ‘reflected’ to the primary side as well, according to 
‘impedance reflection’ phenomenon. If two coils are coupled by air core, a wireless detection 
becomes possible. 
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Figure 4.13 Reflected impedance in equivalent circuit of two coils. 
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Chapter 5 Experiments 
 

Chapter 5 gives details of the experiments, including coil design, sample preparation and 
experimental results. 
 

5.1 Design of Coils 
 
5.1.1 Circuit Model of Coils at High Frequency [15] 
 
A coil is generally formed by wrapping a straight wire on a cylindrical core. Windings represent a 
combination of inductance and resistance of a coil. The equivalent circuit model of a 
High-Frequency inductor is shown in Figure 5.1. 
 

 

Figure 5.1 High-frequency model of coils. 
 

sC is a parasitic shunt capacitance and sR is a parasitic series resistance. They represent the 

effects of distributed capacitance and resistance in a coil respectively. 
 
The inductance of a single layer coil with air core is given by 

2( )
22.9 25.4coil

aNL
l a

=
+

    μH    (5.1) [12] 

where a (in cm) is the cross-sectional radius of a coil, l (in cm) is the length of a coil and N  is 
the number of turns. This empirical formula can not give an exact value of inductance but is a 

good approximation. To approximate the effect of the capacitance sC , we use the ideal formula 

for a parallel-plate capacitor, as shown in equation 5.2.  

0 r AC
d

ε ε
=     F    (5.2) 

The area A is estimated as 2 wire wirer l , where wirer  is the cross-sectional radius of the wire and 

wirel  is the length of the wire. 
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Since 
ld
N

= , ( )2 2 2 4wire wire wire wireA r l r aN ar Nπ π= = =  and rε  is 1 for air core, equation 

5.2 becomes 

2

04 wire
s

ar NC
l

πε=     F    (5.3) [15] 

If we neglect the skin effect, sR  is computed as DCR shown in equation 5.4. 

2
wire

s DC
con wire

lR R
rσ π

= =     Ω    (5.4) [15] 

where conσ  is the conductivity of the material. 

 
5.1.2 Design of Coils 
 
5.1.2.1 Estimation of Electrical Characteristics of Coils  
 
In this work, we need two coils. One is used as the reader antenna and the other is used as the 
sensor antenna. We choose to use an AWG30 wire to form these two air-core coils. AWG is the 
abbreviation of American Wire Gauge. From Appendix I, the diameter of the AWG30 wire is 
0.254 mm and the cross- sectional area of the wire is 0.202683 mm2. 
The physical dimensions of the coils are listed in the Table 5.1. 
 

Dimension Reader Coil Sensor Coil 
 N (turns) 10 100 

a (cm) 4.65 4.65 
 l (cm) 0.60 5.60 

Table 5.1 Physical dimensions of the two coils. 
 
According to these dimensions, the inductance of the coils can be estimated by equation 5.1. The 
resistance of the coils can be computed by equation 5.4. and the shunt capacitance of coil can be 
computed by equation 5.3. The theoretical values of the coils which are computed by the Matlab 
program in Appendix II are listed in Table 5.2. 
 

  Reader Coil Sensor Coil 

( )'
coilL Hμ  17.408  878.723  

( )'
sR Ω  1.225  10.369  

( )'
sC pF  10.951 117.335 

Table 5.2 Theoretical values of the two coils. 
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5.1.2.2 Determination of the Inductance of the Reader Coil 
 
The reader coil is connected to a RLC circuit in series, shown in Figure 5.2, in order to simplify 
the calculation. 
 

 
Figure 5.2 Testing circuit for the reader coil. 

 
The resonant frequency measured by the spectrum analyzer is 126 kHz, as shown in Figure 5.3. 
 

 
Figure 5.3 Resonant frequency of testing circuit for the reader coil. 
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Figure 5.4 Difference between High-Frequency inductor model and ideal inductor model for the 

reader coil. 
 
Figure 5.4 shows the frequency response of the impedance of the reader coil by using the 
High-Frequency inductor model and the ideal inductor model respectively. Here, the ideal inductor 

model means that the effects of parasitic capacitance sC  and parasitic resistance sR  at high 

frequency are neglected. The red and green curve is for the ideal inductor model and the 
High-Frequency inductor model respectively. The blue curve represents the difference between 
them. The two models for the reader coil given similar results. By using equation 4.22, the value 
of inductance of reader coil is 20.590 μH. 
 
5.1.2.3 Determination of the Inductance of the Sensor Coil 
 
Similarly, the sensor coil is put into the testing circuit, shown in Figure 5.5. 

 
Figure 5.5 Testing circuit for the sensor coil. 
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The resonant frequency is 79 kHz, as shown in Figure 5.6. 

 
Figure 5.6 Resonant frequency of the testing circuit for the sensor coil. 

 
Figure 5.7 Difference between the High-Frequency inductor model and the ideal inductor model 

for the sensor coil. 
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From Figure 5.7, the difference between the two models for the sensor coil is small in the 
frequency range of 50 kHz to 100 kHz. If the difference is neglected, the value of the inductance 
of the sensor coil is 864.428 μH. 
 
5.1.2.4 Determination of  the Resistance of the Coils 
 
The resistance of the coils is measured by a multimeter. The reader coil has a resistance of 1.4Ω 
and the sensor coil has a resistance of 10.6Ω. 

 
5.1.2.5 Determination of the Parasitic Capacitance of the Reader Coil 
 
Since the reader coil only has 10 turns, the effect of parasitic capacitance is negligible, as shown in 
Figure 5.4. The frequency response of the reader coil from 100 kHz to 1 MHz follows an 

inductive behavior, as shown in Figure 5.8. Therefore, _ Res aderCoilC  is regarded to be zero. 

 

 
Figure 5.8 Frequency response of the reader coil from 100 kHz to 1 MHz. 

 
5.1.2.6 Determine the Parasitic Capacitance of the Sensor Coil 
 
Since the sensor coil has 100 turns, the effect of the parasitic capacitance becomes significant at 
high frequency. Figure 5.9 shows the frequency response of the sensor coil over a frequency range 
from 100 kHz to 1 MHz. The resonant frequency is approximately 697 kHz. The equivalent circuit 
of the sensor coil using the High-Frequency model is shown in Figure 5.10. Thus, the parasitic 
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capacitance is given by 

_

_ 2 2 2 60.379
s SensorCoil SensorCoil

SensorCoil
s SensorCoil

LC
R Lω

= =
+

    pF    (5.5) 

 

 
Figure 5.9 Frequency response of the sensor coil from 100 kHz to 1 MHz. 

 

 

Figure 5.10 Equivalent circuit for the sensor coil in the High-Frequency model. 
 
5.1.2.7 Determination of the Mutual Inductance of the Coils 
 
Two dotted terminals of the coils are connected in order to find the mutual inductance between the 
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two coils. The distance between the two coils is 1 cm. 

 
Figure 5.11 The two coils connected by two dotted terminals. 

 
Based on the circuit in Figure 5.11, the resonant frequency is 81.5 kHz, as shown in Figure 5.12. 
The total equivalent inductance is given by equation 4.52. 

( ) Re2

1 2 812.209
2

equivalent aderCoil SensorCoilL L L M
f Cπ

= = + − =     μH     

Thus 
36.405M =     μH    (5.6) 

The effect of parasitic capacitances of the two coils is neglected when the operating frequency is 
below 100 kHz. 
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Figure 5.12 Resonant frequency measured by connecting two dotted terminals. 

 
If one dotted terminal of the reader coil is connected to one non-dotted terminal of the sensor coil, 
as shown in Figure 5.13, the resonant frequency is 75 kHz, as shown in Figure 5.14. The gap 
between the two coils is kept in 1 cm. 

 

Figure 5.13 The two coils connected by one dotted terminal and one non-dotted terminal. 
 
The total equivalent inductance is given by equation 4.53. 

( ) Re2

1 2 959.092
2

equivalent aderCoil SensorCoilL L L M
f Cπ

= = + + =     μH     
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Then  
37.037M =     μH    (5.7) 

The effect of parasitic capacitances of the two coils is also neglected when the operating frequency 
is below 100 kHz. 
 

 
Figure 5.14 Resonant frequency measured by connecting one dotted terminal and one non-dotted 

terminal. 
 
These two results from equation 5.6 and 5.7 are very close. The average value of the mutual 
inductance is 36.721 μH. The coupling coefficient is then estimated to  

Re

0.275
aderCoil SensorCoil

Mk
L L

= =     (5.8) 

 
5.1.2.8 Summary of Electrical Characteristics of the Coils 
 
Table 5.3 shows the comparison between the theoretical values and the experimental values of the 
coils. Figure 5.15 is the photograph of the two coils. 
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    Reader Coil Sensor Coil 

( )'
coilL Hμ 17.408 878.723 

( )'
sR Ω  1.225 10.369 Theoretical values 

( )'
sC pF 10.951 117.335 

( )coilL Hμ 20.590  864.428  

( )sR Ω  1.40  10.60  

( )sC pF negligible 60.379 

( )M Hμ 36.721 

Experimental values 

k  0.275 
Table 5.3 Comparison of the theoretical values and the experimental values of the coils. 

 

 
Figure 5.15 The reader coil and the sensor coil. 

 

Reader Coil 

Sensor Coil 

1 cm between 
the two coils 
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5.2 Sample Preparation 
 
5.2.1 Overview of the Sample Fabrication Process 
 
Samples were fabricated on a Silicon substrate. Figure 5.16 shows a brief flowchart of the sample 
fabrication. Two main processing techniques are involved in the process; one is vacuum 
deposition and the other is spin coating. 

 
Figure 5.16 Flowchart of the sample fabrication. 

 
5.2.1.1 Vacuum Deposition [16] [17] 
 
Vacuum deposition is a process used to form a coating on a substrate. The material is placed in a 
so called ‘boat’ and is then heated and sublimed in vacuum. The vapor finally condenses onto the 
surface of the cold substrate and forms a thin film. Note that the low pressure, about 10-6 or 10-5 
Torr, inside the vacuum chamber ensure a relative purity of the deposited metal films. Since the 
mean free path of the vapor atoms at such a low pressure is the same order as the dimension of the 
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vacuum chamber, these particles travel in straight lines from the evaporation source to the 
substrate. Figure 5.17 shows the structure of a vacuum chamber. A shutter is used to control the 
start time of the evaporation. A ‘boat’ is made by a metal plate, usually Tungsten. The material in 
the ‘boat’ is heated until it melts by means of an electrical current passing through the ‘boat’. 
 

 
Figure 5.17 Vacuum chamber of thermal evaporator. 

 
5.2.1.2 Spin Coating [18] 
 
Spin coating is a process to deposit a uniform thin film onto a flat substrate from a solution. The 
procedure can be divided into four stages listed in Table 5.4 [19]. 
 

Stage Description 
I Deposition of the coating fluid onto the substrate 
II Spin-up, accelerating to final speed 
III Spin-off, fluid thinning 
IV Evaporation, coating thinning 

Table 5.4 Main stages of spin coating. 
 
The stage III and IV occurs simultaneously in the entire process. But for engineering, fluid 
thinning behavior dominated by fluid viscous forces is considered to be earlier than the coating 
thinning behavior dominated by solvent evaporation. 
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5.2.2 Sample Preparation 
 
5.2.2.1 Solution Preparation 
 
Two kinds of PSS solutions were prepared, as shown in Table 5.5. 
 

Recipe Solution I Solution II 
Concentration of PSS 5% 5% 

PSS:H2O 1:1 1:1 (2.5 ml : 2.5 ml) 
Silquest no 1 drop (~0.5 ml) 

Table 5.5 Parameters of the solution preparation. 
 

Silquest is a silane-based crosslinking reagent which crosslinks polymer chains. The purpose of 
adding silquest is to form a tight PSS thin layer to prevent diffusion of the top electrodes through 
the PSS; thus avoiding electrical shorts with the bottom electrodes. Also, the crosslinker ensures a 
stability of the PSS film at high humidity levels. Without crosslinker, the condensed water droplets 
dissolve the thin PSS film, thus leading to electrical shorts between the electrodes. All PSS 
solutions were filtered by 0.45-μm hydrophilic PTFE filter before fabrication. 
 
5.2.2.2 Sample Fabrication 
 
Each sample has the structure of a parallel-plate capacitor. The humidity sensing material, PSS, is 
placed between the two Titanium plates, as shown in Figure 5.18. The top Titanium plate is in 
circular shape. 

 

Figure 5.18 Structure of the sample. 
 
Three different types of samples were fabricated. The dimensions of the samples and the process 
parameters are listed in Table 5.6. The thickness of the top electrode layer and bottom electrode 
layer was chosen to be 1000 Å. 
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  Structure Ti/PSS/Ti Ti/PSS/Ti Carbon/PSS/Ti Process 
Thickness of PSS (nm) 185 ~185 >185 
Silquest no yes yes 
Spining speed (rpm) 2000 2000 3500 
Spining time (sec) 45 45 25 

Annealing temperature (℃) 110 110 120 

PSS layer 

Annealing time  90 sec 90 sec 10 min 

Spin coating 

Ti top electrode Diameter (μm) 300 300 / Vacuum deposition
Carbon top electrode Diameter (μm) / / ~500 Drop deposition

Table 5.6 Parameters of the sample fabrication. 
 
The thickness of the PSS layer of those samples with Carbon electrodes is larger than the other 
two types of samples. The reason for that is that a thicker layer reduces the risk of electrical shorts 
between the top and bottom electrode during the deposition process.  
 
5.2.2.3 Pictures of Samples 
 
Three types of samples are given in pictures below. Sample 1 shown in Figure 5.19 has Ti/PSS/Ti 
structure. The film is not very homogenous and possesses a few circular shapes (5-20 microns) 
that could be pin-holes. A few larger defects, like the one shown in Figure 5.19, are present. 
 

 
Figure 5.19 Sample 1 with Ti/PSS/Ti structure. 
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Sample2 shown in Figure 5.20 has Ti/PSS+Silquest/Ti structure. The presence of silquest in the 
solution seems to remove the small circular defects observed previously. Very few pin-holes are 
present. 
 

 
Figure 5.20 Sample 2 with Ti/PSS+Silquest/Ti structure. 

 
Sample3 shown in Figure 5.21 has Carbon/PSS+Silquest/Ti structure. For this higher concentrated 
PSS solution, the spin-coated film shows no pin-hole at all. The black areas are deposited Carbon 
electrodes. 
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Figure 5.21 Sample 3 with Carbon/PSS+Silquest/Ti structure. 

 

5.3 Experimental Results 
 
5.3.1 Equipment Preparation 
 
The experiments involved three instruments: a climate chamber, a dielectric spectrometer and a 
spectrum analyzer. The parameters were preset as shown in Table 5.7. 
 

Instrument Parameter Preset value 
Temperature 25℃ (constant) 

Climate chamber 
Humidity 10% ~ 90% (The slope of changing 

is 5% per minute.) 

Dielectric spectrometer Applied AC voltage 0.001 Vrms 
Frequency Span 60 kHz ~ 90 kHz 
Reference level -25.7 dBm 

Selectivity 0.5 dB/div Spectrum analyzer 

Source output 3dBm (0.632 Vrms) 
Table 5.7 Presetting parameters of the experiments. 

 
The simulated results are computed by a Matlab program. The validity of the Matlab program is 
verified in section 5.3.2. The corresponding Matlab scripts are enclosed in Appendix III and IV. 
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5.3.2 Testing with a Variable Capacitor 
 
A variable capacitor is connected to the sensor coil, as shown in Figure 5.22, and the probe is 
connected to the 1.5-ohm resistor at the reader side to measure the voltage across it. The distance 
between the sensor coil and the reader coil is 1 cm. Three different values of the capacitance are 
chosen in the testing.  
 

 

Figure 5.22 Testing circuit for a variable capacitor. 
 
In Figure 5.22, the sensor coil and the variable capacitor are connected in series. The impedance at 
the sensor side reaches its minimum value at its resonant frequency. According to equation 4.57, 
the reflected impedance at the reader side is inversely proportional to the impedance at the sensor 
side. Thus, the total impedance at the reader side reaches a maximum value at the resonant 
frequency. Namely, the current through the 1.5-ohm resistor is minimized at the resonant 
frequency and the voltage across it reaches a minimum value in that case and the resonant 
frequency is detected at the reader side. The measurements are shown in Figure 5.23. Table 5.8 
shows the readings by the spectrum analyzer and the results simulated in Matlab at resonance. The 
comparison between them is also shown in Figure 5.24. 
 

Resonant frequency (kHz) 
Variable C (nF) 

Measurement Simulation 
0.699 196.4 196.356 
2.325 111.6 110.763 

4.6 80 79.238 
Table 5.8 Comparison between measurements and simulations among the three different 

capacitances. 
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Figure 5.23 Frequency responses vs. Variable capacitance. 

 

 
Figure 5.24 Frequency vs. Capacitance. 

 
From Figure 5.24, the results of the simulation match the readings from the spectrum analyzer. 
This proves that the simulation model in Matlab works properly. Then, the simulation model in 
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Matlab can be applied to the proceeding testing. 
 
5.3.3 Testing with Humidity Sensors 
 
Three different types of humidity sensors are tested in this section. A sensor is modeled as a series 
combination of a resistance and a capacitance. Both the resistance and the capacitance of the 
sensors are frequency dependent. Figure 5.25 shows the testing circuit for the sensors and the 
corresponding equivalent circuit is shown in Figure 5.26. 
 

 
Figure 5.25 Testing circuit for sensors. 

 

 
Figure 5.26 Equivalent circuit for the testing circuit for sensors. 

 
5.3.3.1 Sensors with Ti/PSS/Ti structure 
 

The testing results are showed in Table 5.9 and Figures 5.27 ~ Figure 5.32. SC  represents the 

capacitance of the sensors and SR  represents the resistance of sensors. The testing circuit is 

designed to work over a frequency range from100 kHz to 200 kHz. Therefore, the sampling 
interval of the dielectric spectroscopy over this frequency range is set to be 2 kHz, which is 

smaller than the default sampling interval, in order to ensure the precision of SC  and SR  which 
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are used in the simulation model. 
 

RH
Resonant 

Frequency 

SC  at 

resonant 
frequency

SR  at 

resonant 
frequency 

Resonant 
Frequency 

kHz kHz 
%

Measurement
F Ω 

Simulation 
10 185.2 1.3606E-09 1.5661E+03 179.486 
20 160.4 3.1074E-09 6.0850E+02 155.066 
30 140.8 3.9813E-09 2.3696E+02 135.496 
40 135.6 4.3179E-09 1.1758E+02 132.157 
50 134.4 4.4352E-09 1.8404E+02 132.729 
60 133.6 4.6466E-09 1.0038E+02 130.91 
70 133.6 4.6937E-09 8.4005E+01 130.664 
80 132.8 4.9343E-09 1.1681E+02 130.176 
90 126.4 5.4719E-09 1.0550E+02 128.626 

Table 5.9 Comparison between measurements and simulations at different humidity levels 
(Ti/PSS/Ti). 

 

 
Figure 5.27 Frequency responses vs. Relative Humidity (Ti/PSS/Ti). 
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Figure 5.28 SC  response vs. Frequency (Ti/PSS/Ti). 

 
In the dry film at 10%RH, the capacitance increases when the applied frequency decreases from 1 
MHz to 100 kHz. This is associated to the formation of electrical double layers at the PSS/Ti 
interface. At 1 MHz, the protons oscillate around the polymer chains and the response of the 
device is mostly resistive. At lower frequencies, the protons travel long enough to reach the 
electrode and start to build the electric double layers characterized by a high capacitance value. 
The protons migrate in the film and accumulate at one electrode, while these are negative anions 
attached to the polymer chains that are present at the vicinity of the other electrode. In the case of 
Ti electrodes, the protons can not migrate within the bulk electrode and are blocked at the surface. 
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Figure 5.29 SR  responses vs. Frequency (Ti/PSS/Ti). 

 

 
Figure 5.30 Resonant frequency vs. Relative Humidity (Ti/PSS/Ti). 
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Figure 5.31 SC  at the resonant frequency vs. Relative Humidity (Ti/PSS/Ti). 

 

 

Figure 5.32 SR  at the resonant frequency vs. Relative Humidity (Ti/PSS/Ti). 
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From the above table and figures, the capacitance of the sensors, SC , increases significantly 

between 10%RH and 30%RH, then continues to rise gradually at higher humidity levels. In 

contrary, the resistance of the sensors, SR , decreases significantly between 10%RH and 30%RH 

and saturates at higher humidity levels. The variations of the impedance of the sensor contribute to 
the changes of the resonant frequency of the testing circuit. The resonant frequency shifts over a 
broad frequency range, from 180 kHz to 130 kHz, when increasing the humidity from 10%RH to 
90%RH. Most of the frequency drop occurs between 10%RH and 30%RH. The sensor is thus very 
sensitive to low humidity levels and poorly sensitive to higher humidity levels. This is not ideal 
for a sensor to have this large sensitivity difference for different humidity levels. 
 
5.3.3.2 Sensors with Ti/PSS+Silquest/Ti structure 
 
The testing results are showed in Table 5.10 and Figure 5.33 ~ Figure 5.38. 
 

RH
Resonant 

Frequency 

SC  at 

resonant 
frequency 

SR  at 

resonant 
frequency 

Resonant 
Frequency 

kHz kHz 
%

Measurement
F Ω 

Simulation 
10 152 2.7541E-09 5.2714E+02 150.914 
20 143.2 4.2488E-09 1.7323E+02 133.144 
30 136 4.5347E-09 8.5957E+01 131.192 
40 133.2 5.2116E-09 5.4266E+01 129.062 
50 132.8 5.3639E-09 5.1044E+01 128.654 
60 132.8 5.4822E-09 5.2433E+01 128.351 
70 132.4 5.6923E-09 6.2416E+01 127.848 
80 130.8 6.1034E-09 4.4654E+01 126.912 
90 129.6 6.3537E-09 7.2548E+01 126.446 

Table 5.10 Comparison between measurements and simulations at different humidity levels 
( Ti/PSS+Silquest/Ti). 
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Figure 5.33 Frequency responses vs. Relative Humidity (Ti/PSS+Silquest/Ti). 

 

 

Figure 5.34 SC  responses vs. Frequency (Ti/PSS+Silquest/Ti). 

 
The presence of the cross-linker seems to have pushed the variation of the capacitance with 
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humidity level towards higher frequencies. As a consequence, the resonant frequency of the circuit 
changes over a narrower range [150-130kHz] compared with the previous capacitor without 
silquest [180-130kHz] (see Figure 5.36). The drop in frequency only presents between 10%RH 
and 30%RH, and the resonant frequency is almost constant at higher humidity. The sensor is thus 
even worse than the previous one (without silquest). In practice, silquest has improved the 
reliability of the measurement and the stability of the film at high humidity levels. But as far as the 
electrical properties are concerned, the circuit with such a sensor is worse than that without 
silquest. 

 

Figure 5.35 SR  responses vs. Frequency (Ti/PSS+Silquest/Ti). 

The resistance varies with humidity only at high frequencies, below 10kHz, the resistance is 
almost the same for various humidity levels. This is due to the fact that the impedance of the 
Ti/PSS/Ti device has a more pronounced resistive character at high frequencies (protons oscillate 
around the polymer chains) and a more capacitive character at low frequencies (the double layers 
are created). The evolution of the resistance versus humidity at high frequencies indicates that the 
proton conductivity increases with humidity. This is explained by (i) a reduction of the activation 
barrier for protons “hopping” thanks to the presence of water solvating partially the protons; (ii) a 
increase of labile protons that are dissociated from the electrostatic potential created by the 
polymer anions.  
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Figure 5.36 Resonant frequency vs. Relative Humidity (Ti/PSS+Silquest/Ti). 

 

Figure 5.37 SC  at resonant frequency vs. Relative Humidity (Ti/PSS+Silquest/Ti). 
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Figure 5.38 SR  at resonant frequency vs. Relative Humidity (Ti/PSS+Silquest/Ti). 

 
5.3.3.3 Sensors with Carbon/PSS+Silquest/Ti structure 
 
The testing results are showed in Table 5.11 and Figure 5.39 ~ Figure 5.44. 
 

RH
Resonant 

Frequency 

SC  at 

resonant 
frequency 

SR  at 

resonant 
frequency 

Resonant 
Frequency 

kHz kHz 
%

Measurement
F  Ω 

Simulation 
10 189.2 1.6269E-10 5.3735E+03 190.751 
20 186.4 2.3978E-10 2.4103E+03 185.853 
30 182.4 3.3039E-10 1.8356E+03 182.625 
40 178.8 4.0797E-10 1.4367E+03 179.642 
50 176.8 5.1669E-10 1.5645E+03 178.781 
60 174 7.7349E-10 9.9699E+02 171.17 
70 169.2 1.0200E-09 1.0767E+03 170.7 
80 166.8 2.2387E-09 7.4136E+02 161.053 
90 160 3.0961E-09 5.9239E+02 154.12 

Table 5.11 Comparison between measurements and simulations at different humidity levels 
( Carbon/PSS+Silquest/Ti). 
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Figure 5.39 Frequency responses vs. Relative Humidity (Carbon/PSS+Silquest/Ti). 

 

 

Figure 5.40 SC  responses vs. Frequency (Carbon/PSS+Silquest/Ti). 
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Figure 5.41 SR  responses vs. Frequency (Carbon/PSS+Silquest/Ti). 

 

 
Figure 5.42 Resonant frequency vs. Relative Humidity (Carbon/PSS+Silquest/Ti). 
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Figure 5.43 SC  at resonant frequency vs. Relative Humidity (Carbon/PSS+Silquest/Ti). 

 

 

Figure 5.44 SR  at resonant frequency vs. Relative Humidity (Carbon/PSS+Silquest/Ti). 
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Although the global trends are similar to the two previous sensor heads (section 5.3.3.1 and 
section 5.3.3.2), the main difference is the continuous and almost linear evolution of the resonant 
frequency versus humidity from 190 kHz to 160 kHz for 10%RH and 90%RH respectively. The 
improvement of the device performance when using the Carbon compared with Ti might be due to 
the one fundamental difference between those two electrodes: protons are expected to migrate 
within the bulk of the Carbon electrode, while protons are stopped at the surface of the Ti 
electrode. 
 
5.3.3.4 Comparison of the sensors 
 

 
Figure 5.45 Comparison of resonant frequencies among the sensor types. 
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Figure 5.46 Comparison of SC  at resonant frequency among the sensor types. 

 

 

Figure 5.47 Comparison of SR  at resonant frequency among the sensor types. 
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Based on the Figures 5.45 ~ Figure 5.47, three conclusions can be obtained. They are: 
1) The more water vapors PSS absorbs, the more ions are produced in the PSS layer. Ionic motion 
becomes intensely at high humidity levels. Therefore, sensors have larger capacitance and smaller 
resistance at higher humidity levels. The resonant frequency of the testing circuit shifts to lower 
frequencies when the humidity level increases. In contrary, the sensors have smaller capacitance 
and larger resistance at lower humidity levels. The resonant frequency of the testing circuit shifts 
to higher frequencies when the humidity level decreases. 
 
2) Sensors with Ti/PSS+Silquest/Ti structure have larger capacitance at the resonant frequency 
compared with the capacitance at the resonant frequency of the sensors with Ti/PSS/Ti structure 
when they are at the same humidity level. Since they have the same physical dimensions, silquest 
contributes to this effect; namely, silquest influences the ionic motion in the PSS layer. Meanwhile, 
the PSS layer becomes tight with the help of silquest. Thus, condensing on the surface is avoided 
at high humidity levels. Figure 5.48 shows that condensing, the blue ‘ring’, occurs on the sample 
without silquest. 
 

 

Figure 5.48 Condensing on the surface of sensors with Ti/PSS/Ti structure (no Silquest). 
 
3) Figure 5.39, compared with Figure 5.27 and 5.33, shows a distinct variation in the resonant 
frequencies when the relative humidity changes from 10%RH to 90%RH. This means that the 
sensors with Carbon top electrodes achieve best sensitivity, especially in high humidity region, 
among the three types of sensors. We believe that one of the reasons is that Carbon is a porous 
material which absorbs more water vapors, and the protons can migrate within the bulk of the 
Carbon electrodes. 
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 Chapter 6 Conclusions and Future Work  
 
This chapter provides conclusions of the thesis work and some suggestions for future work. 
 

6.1 Conclusions 
 
This thesis work demonstrates a prototype of a wireless humidity sensor, using a solid 
polyelectrolyte as humidity sensitive material, working in the frequency range of 100 kHz to 200 
kHz. Four conclusions are achieved in the thesis work. They are: 
 
1 A shift in the resonant frequency of the humidity sensor responds to a humidity variation. 
 
2 The measurement can be read out by the reader coil which is 1 cm away from the sensor coil. 
 
3 Since both the humidity sensing material, PSS, and the Carbon material are printable, printing 
techniques can be used to fabricate the sensors in future. 
 
4 Since the humidity sensors only contain passive components, there is a potential for low-cost 
mass production. 
 

6.2 Limitations 
 
In the experiments, the values of the measurements and the values from the simulations are not 
exactly identical. The errors between them come from two aspects. 
 
1 The characteristics of the coils are calculated based on measurements from a spectrum analyzer. 
A more accurate result might be achieved by using a precision LCR meter. 
 
2 Since the complex impedance of the sensors is measured by dielectric spectrometer, the optimal 
value of the capacitance measured in the frequency range of 100 kHz to 10 MHz can be achieved 

when the capacitance is between 50 pF and 200 pF [20]. The capacitance of the sensors used in 

this thesis work is normally several nanofarads, which induces errors in the measurements. 
 
Both of these aspects influence the reliability of the simulation model. 
 

6.3 Future Work 
 
This thesis work is a ‘proof of concept’ demonstrating the possibility of producing a fully 
printable passive humidity sensor using a solid polyelectrolyte as humidity sensing material. One 
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issue for future work is to study the behavior of the humidity sensors at different temperatures and 
find a solution for temperature compensation for the humidity sensors. Subsequent research could 
also be focused on designing a humidity senor with a lateral device structure and integrating a 
planar antenna into the sensor tag as well. Using a interdigitated electrodes for the capacitor and 
an Aluminium microstrip antenna might be an option. 
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Appendix I 
American Wire Gauge Table 
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Appendix II 
Matlab script for determining electrical characteristics of coils 

 
% The script below is for determining the electrical characteristics of coils. It was written by 
Xiaodong Wang.% 
 
function varargout = Cal_coil_simple(varargin) 
 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Cal_coil_simple_OpeningFcn, ... 
                   'gui_OutputFcn',  @Cal_coil_simple_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin & isstr(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
 
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
 
function Cal_coil_simple_OpeningFcn(hObject, eventdata, handles, varargin) 
 
handles.output = hObject; 
 
guidata(hObject, handles); 
 
set(hObject,'menubar','figure'); 
set(hObject,'toolbar','figure'); 
 
%%%%% Display picture of coil %%%%% 
coil=imread('D:\Coil.jpg'); 
axes(handles.axes1); 
imshow(coil); 
coil_model=imread('D:\CoilModel.jpg'); 
axes(handles.axes2); 
imshow(coil_model); 
guidata(hObject, handles); 
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function varargout = Cal_coil_simple_OutputFcn(hObject, eventdata, handles) 
 
varargout{1} = handles.output; 
 
function edit1_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit1_Callback(hObject, eventdata, handles) 
 
function edit2_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit2_Callback(hObject, eventdata, handles) 
 
function edit3_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit3_Callback(hObject, eventdata, handles) 
 
function edit4_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit4_Callback(hObject, eventdata, handles) 
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function edit5_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit5_Callback(hObject, eventdata, handles) 
 
function edit6_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit6_Callback(hObject, eventdata, handles) 
 
function pushbutton1_Callback(hObject, eventdata, handles) 
 
% input values of dimensions 
N=str2double(get(handles.edit1,'string'));% input number of turns reader coil:10 sensor coil:100 
a=str2double(get(handles.edit2,'string'));% input value of radius of coils in cm 4.65 
l=str2double(get(handles.edit3,'string'));% input value of length of coils in cm reader coil:0.6 
sensor coil:5.6 
 
if (N>0)&(a>0)&(l>0) 
     
l_add=60;%in cm 
r=0.127e-1;%in cm 
E0=8.85418e-12; 
 
% determine inductance of coil 
L_coil=((a*N)^2)./(22.9*l+25.4*a);%in uH  
L_add=0.002*l_add*(log(2*l_add/r)-3/4);%in uH  
 
L=L_coil+L_add 
 
% determine resistance of coil 
%AWG30, Dia. in Mils(bare):10.0, Dia. in Mils(coated):11.0, Ohms/1000ft.:106.0, Cross 
Section(mils):100, 1 mil=2.54e-3 cm, 1 ft.=30.48 cm 
c=2*pi*a*N;%in cm 
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R_coil=(106/30480)*c; 
R_add=(106/30480)*l_add; 
 
R=R_coil+R_add 
 
% determine parasitic capacitance of coil 
Cs=(4*pi*E0*((a*1e-2)*(r*1e-2)*N^2)/(l*1e-2))*1e+12%in pF 
 
%%%%% Display results of calculation %%%%% 
set(handles.edit4,'string',num2str(L)); 
set(handles.edit5,'string',num2str(R)); 
set(handles.edit6,'string',num2str(Cs)); 
 
else 
     
    msgbox('Invalid input.Please input again!'); 
 
end 
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Appendix III 
Matlab script for simulating resonant frequencies of variable capacitor 

 
% The script below is for simulating resonant frequencies of variable capacitior and corresponding 
power at reading side. It was written by Xiaodong Wang.% 
 
function varargout = Cal_freq_variableC_simple(varargin) 
 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Cal_freq_variableC_simple_OpeningFcn, ... 
                   'gui_OutputFcn',  @Cal_freq_variableC_simple_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin & isstr(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
 
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
 
function Cal_freq_variableC_simple_OpeningFcn(hObject, eventdata, handles, varargin) 
 
handles.output = hObject; 
 
guidata(hObject, handles); 
 
set(hObject,'menubar','figure'); 
set(hObject,'toolbar','figure'); 
handles.i=0; 
 
%%%%% Display testing circuit%%%%% 
testcircuit=imread('D:\TestCircuit1.jpg'); 
axes(handles.axes1); 
imshow(testcircuit); 
guidata(hObject, handles); 
 
function varargout = Cal_freq_variableC_simple_OutputFcn(hObject, eventdata, handles) 
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varargout{1} = handles.output; 
 
function pushbutton_Calculate_Callback(hObject, eventdata, handles) 
 
%%%%% Determine resonant frequency and magnitude %%%%% 
 
handles.i=handles.i+1; 
i=handles.i; 
 
f=60e+3:0.001e+3:220e+3;% frequency range: 60KHz-220KHz 
j=sqrt(-1); 
w=2*pi*f; 
 
C=(str2double(get(handles.edit10,'string'))*1e-9);% input value of variable capacitance in nF 
 
if C>0 
 
C_fig(i)=C; 
handles.C_fig(i)=C_fig(i); 
 
Vin=0.632*sqrt(2);% 3dBm source 
 
L_sc=(str2double(get(handles.edit1,'string'))*1e-6);% input value of inductance of sensor coil in 
uH  
R_sc=str2double(get(handles.edit2,'string'));% input value of resistance of sensor coil in ohms 
Cs_sc=(str2double(get(handles.edit3,'string'))*1e-12);% input value of capacitance of sensor coil 
in pF  
 
L_rc=(str2double(get(handles.edit5,'string'))*1e-6);% input value of inductance of reader coil in 
uH  
R_rc=str2double(get(handles.edit6,'string'));% input value of resistance of reader coil in ohms  
 
M=(str2double(get(handles.edit4,'string'))*1e-6);% input value of mutual inductance of two coils 
in uH  
 
k=M/(sqrt(L_sc*L_rc));% coupling coefficnet 
set(handles.edit7,'string',num2str(k)); 
 
R1_mea=1.5; 
R_source=50;% resistance of source in ohms 
R_probe=50;% resistance of probe in ohms 
 
Zsc=1./((1./(R_sc+j.*w*L_sc))+j.*w*Cs_sc);% impedance of sensor coil 
Z2=1./(j.*w*C)+Zsc;% total impedance at variable capacitance side 
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Z2_abs=abs(Z2); 
Z2_angle=(180/pi)*angle(Z2); 
 
Z1_mea=1./((1/R_probe)+(1/R1_mea)); 
Zrc=R_rc+j.*w*L_rc;% impedance of reader coil 
Z1=R_source+Z1_mea+Zrc+((w*M).^2./Z2);% total impedance at reader side 
Z1_abs=abs(Z1); 
Z1_angle=(180/pi)*angle(Z1); 
 
I1=Vin./Z1;% current at reader side 
I1_abs=abs(I1); 
I1_angle=(180/pi)*angle(I1); 
 
V2=j.*w*M.*I1;% induced voltage at sensor side 
V2_abs=abs(V2); 
V2_angle=(180/pi)*angle(V2); 
 
I2=V2./Z2;% current at sensor side 
 
V1_mea=I1*Z1_mea; 
V1_mea_rms=abs(V1_mea)/sqrt(2); 
P1_mea=10*log10((V1_mea_rms.^2)/50/0.001); 
 
[x,n]=min(P1_mea);% determine resonant frequency and corresponding power 
P1_mea_min=x 
Freq_res=(60e+3+(0.001e+3)*n)*1e-3 
 
Freq_fig(i)=Freq_res; 
handles.Freq_fig(i)=Freq_fig(i); 
 
%%%%% Display figure1 %%%%% 
axes(handles.axes2); 
plot(f*1e-3,P1_mea,'r'); 
grid on; 
xlabel('frequency (KHz)'); 
ylabel('power (dBm)'); 
guidata(hObject, handles); 
 
%%%%% Display result of caculation %%%%% 
set(handles.edit8,'string',num2str(Freq_res)); 
set(handles.edit9,'string',num2str(P1_mea_min)); 
 
%%%%% Display figure2 %%%%% 
axes(handles.axes3); 
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plot(handles.C_fig*1e+9,handles.Freq_fig,'b*-'); 
grid on; 
xlabel('Variable C (nF)'); 
ylabel('frequency (KHz)'); 
guidata(hObject, handles); 
 
%%%%% Save as CSV-file %%%%% 
testfile=[handles.C_fig*1e+9;handles.Freq_fig]; 
csvwrite('D:\C_Freq.csv',testfile); 
 
else 
 
    msgbox('Invailid input.Please input again!'); 
 
end 
 
function pushbutton_clear_Callback(hObject, eventdata, handles) 
 
cla(handles.axes2,'reset'); 
cla(handles.axes3,'reset'); 
handles.i=handles.i-1; 
set(handles.edit8,'string',''); 
set(handles.edit9,'string',''); 
set(handles.edit10,'string',''); 
 
guidata(hObject, handles); 
 
function edit1_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit1_Callback(hObject, eventdata, handles) 
 
function edit2_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
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function edit2_Callback(hObject, eventdata, handles) 
 
function edit3_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit3_Callback(hObject, eventdata, handles) 
 
function edit4_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit4_Callback(hObject, eventdata, handles) 
 
function edit5_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit5_Callback(hObject, eventdata, handles) 
 
function edit6_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit6_Callback(hObject, eventdata, handles) 
 
function edit7_CreateFcn(hObject, eventdata, handles) 
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if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit7_Callback(hObject, eventdata, handles) 
 
function edit8_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit8_Callback(hObject, eventdata, handles) 
 
function edit9_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit9_Callback(hObject, eventdata, handles) 
 
function edit10_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit10_Callback(hObject, eventdata, handles) 
 
function figure1_ResizeFcn(hObject, eventdata, handles) 
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Appendix IV 
Matlab script for simulating resonant frequencies of humidity sensors 

 
% The script below is for simulating resonant frequencies of humidity sensors and corresponding 
power at reading side. It was written by Xiaodong Wang.% 
 
function varargout = Cal_freq_sensor_simple(varargin) 
 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Cal_freq_sensor_simple_OpeningFcn, ... 
                   'gui_OutputFcn',  @Cal_freq_sensor_simple_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin & isstr(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
 
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
 
function Cal_freq_sensor_simple_OpeningFcn(hObject, eventdata, handles, varargin) 
 
handles.output = hObject; 
 
guidata(hObject, handles); 
 
set(hObject,'menubar','figure'); 
set(hObject,'toolbar','figure'); 
handles.i=0; 
 
%%%%% Display test circuit%%%%% 
testcircuit=imread('D:\TestCircuit2.jpg'); 
axes(handles.axes1); 
imshow(testcircuit); 
guidata(hObject, handles); 
 
function varargout = Cal_freq_sensor_simple_OutputFcn(hObject, eventdata, handles) 
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varargout{1} = handles.output; 
 
function Calculate_Callback(hObject, eventdata, handles) 
 
%%%%% Determine resonant frequency and magnitude %%%%% 
 
handles.i=handles.i+1; 
i=handles.i; 
 
f=60e+3:0.001e+3:220e+3;% frequency range: 60KHz-220KHz 
j=sqrt(-1); 
w=2*pi*f; 
 
C_sensor=str2double(get(handles.edit10,'string'));% input value of capacitance of sensor in F 
R_sensor=str2double(get(handles.edit11,'string'));% input value of resistance of sensor in ohms 
RH=str2double(get(handles.edit12,'string'));% input value of relative humidity 
 
if ((C_sensor>0) & (R_sensor>0) & (RH>0)) 
 
Vin=0.632*sqrt(2);% 3dBm source 
C1=1e-9; 
C2=4.7e-9; 
C3=4.6e-9; 
 
RH_fig(i)=RH; 
C_fig(i)=C_sensor; 
R_fig(i)=R_sensor; 
handles.RH_fig(i)=RH_fig(i); 
handles.C_fig(i)=C_fig(i); 
handles.R_fig(i)=R_fig(i); 
 
L_sc=(str2double(get(handles.edit1,'string'))*1e-6);% input value of inductance of sensor coil in 
uH  L_sc=864.428e-6 
R_sc=str2double(get(handles.edit2,'string'));% input value of resistance of sensor coil in ohms 
R_sc=10.600 
Cs_sc=(str2double(get(handles.edit3,'string'))*1e-12);% input value of capacitance of sensor coil 
in pF Cs_sc=60.379e-12 
 
L_rc=(str2double(get(handles.edit5,'string'))*1e-6);% input value of inductance of reader coil in 
uH  L_rc=20.590e-6 
R_rc=str2double(get(handles.edit6,'string'));% input value of resistance of reader coil in ohms 
R_rc=1.400 
 
M=(str2double(get(handles.edit4,'string'))*1e-6);% input value of mutual inductance of two coils 
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in uH M=36.721e-6 
 
k=M/(sqrt(L_sc*L_rc));% coupling coefficent 
set(handles.edit7,'string',num2str(k)); 
 
% The impedance of sensor is modeled as a combination of resistance and capacitance in series. 
Z_sensor=R_sensor+1./(j.*w*C_sensor);% impedance of sensor 
 
R_probe=50;% resistance of probe  
R1_mea=1.5; 
R_source=50;% resistance of source 
 
Zsc=1./((1./(R_sc+j.*w*L_sc))+j.*w*Cs_sc);%impedance of sensor coil 
Z2=(1./(j.*w*C1+1./Z_sensor))+(1./(j.*w*C2))+(1./(j.*w*C3))+Zsc;% total impedance at sensor 
side 
Z2_abs=abs(Z2); 
Z2_angle=(180/pi)*angle(Z2); 
 
Z1_mea=1./((1/R_probe)+(1/R1_mea)); 
Zrc=R_rc+j.*w*L_rc;%impedance of reader coil 
Z1=R_source+Z1_mea+Zrc+((w*M).^2./Z2);% total impedance at reader side  
Z1_abs=abs(Z1); 
Z1_angle=(180/pi)*angle(Z1); 
 
 
I1=Vin./Z1;% current at reader side 
I1_abs=abs(I1); 
I1_angle=(180/pi)*angle(I1); 
 
V2=j.*w*M.*I1;% induced voltage at sensor side 
V2_abs=abs(V2); 
V2_angle=(180/pi)*angle(V2); 
 
I2=V2./Z2;% current at sensor side 
 
V_sensor=(1./(j.*w*C1+1./Z_sensor)).*I2;% voltage across sensor 
V_sensor_abs=abs(V_sensor); 
V_sensor_angle=(180/pi)*angle(V_sensor); 
 
V_sensor_max_rms=max(V_sensor_abs/sqrt(2)); 
 
V1_mea=I1*Z1_mea; 
V1_mea_rms=abs(V1_mea)/sqrt(2); 
P1_mea=10*log10((V1_mea_rms.^2)/50/0.001); 
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[x,n]=min(P1_mea);% determine resonant frequency 
P1_mea_min=x 
V1_mea_min_rms=sqrt((10^(x/10))*0.001*50)*1e+3;%convert dBm to mV 
Freq_res=(60e+3+(0.001e+3)*n)*1e-3  
 
Freq_fig(i)=Freq_res; 
handles.Freq_fig(i)=Freq_fig(i); 
 
%%%%% Display figure1 %%%%% 
axes(handles.axes2); 
plot(f*1e-3,P1_mea,'r'); 
grid on; 
xlabel('frequency (KHz)'); 
ylabel('power (dBm)'); 
guidata(hObject, handles); 
 
%%%%% Display result of caculation %%%%% 
set(handles.edit8,'string',num2str(Freq_res)); 
set(handles.edit9,'string',num2str(P1_mea_min)); 
set(handles.edit13,'string',num2str(V1_mea_min_rms)); 
set(handles.edit14,'string',num2str(V_sensor_max_rms)); 
 
%%%%% Display figure2 %%%%% 
axes(handles.axes3); 
plot(handles.RH_fig,handles.Freq_fig,'b*-'); 
grid on; 
xlabel('RH%'); 
ylabel('frequency (KHz)'); 
guidata(hObject, handles); 
 
%%%%% Display figure3 %%%%% 
axes(handles.axes4); 
plot(handles.RH_fig,handles.C_fig*1e+9,'go-'); 
grid on; 
xlabel('RH%'); 
ylabel('Capacitance (nF)'); 
guidata(hObject, handles); 
 
%%%%% Display figure4 %%%%% 
axes(handles.axes5); 
plot(handles.RH_fig,handles.R_fig,'kd-'); 
grid on; 
xlabel('RH%'); 
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ylabel('Resistance (Ω)'); 
guidata(hObject, handles); 
 
%%%%% Save as CSV-file %%%%% 
testfile1=[handles.RH_fig;handles.Freq_fig]; 
csvwrite('D:\RH_Freq.csv',testfile1); 
 
testfile2=[handles.RH_fig;handles.C_fig]; 
csvwrite('D:\RH_C.csv',testfile2); 
 
testfile3=[handles.RH_fig;handles.R_fig]; 
csvwrite('D:\RH_R.csv',testfile3); 
 
else 
 
    msgbox('Invailid input.Please input again!'); 
 
end 
 
function Clear_Callback(hObject, eventdata, handles) 
 
cla(handles.axes2,'reset'); 
cla(handles.axes3,'reset'); 
cla(handles.axes4,'reset'); 
cla(handles.axes5,'reset'); 
handles.i=handles.i-1; 
set(handles.edit8,'string',''); 
set(handles.edit9,'string',''); 
set(handles.edit10,'string',''); 
set(handles.edit11,'string',''); 
set(handles.edit12,'string',''); 
set(handles.edit13,'string',''); 
set(handles.edit14,'string',''); 
guidata(hObject, handles); 
 
function edit1_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit1_Callback(hObject, eventdata, handles) 
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function edit2_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit2_Callback(hObject, eventdata, handles) 
 
function edit3_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit3_Callback(hObject, eventdata, handles) 
 
function edit4_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit4_Callback(hObject, eventdata, handles) 
 
function edit5_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit5_Callback(hObject, eventdata, handles) 
 
function edit6_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
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    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit6_Callback(hObject, eventdata, handles) 
 
function edit7_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit7_Callback(hObject, eventdata, handles) 
 
function edit8_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit8_Callback(hObject, eventdata, handles) 
 
function edit9_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit9_Callback(hObject, eventdata, handles) 
 
function edit10_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
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function edit10_Callback(hObject, eventdata, handles) 
 
function edit11_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit11_Callback(hObject, eventdata, handles) 
 
function edit12_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit12_Callback(hObject, eventdata, handles) 
 
function edit13_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit13_Callback(hObject, eventdata, handles) 
 
function edit14_CreateFcn(hObject, eventdata, handles) 
 
if ispc 
    set(hObject,'BackgroundColor','white'); 
else 
    set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor')); 
end 
 
function edit14_Callback(hObject, eventdata, handles) 
 
function figure1_ResizeFcn(hObject, eventdata, handles) 


