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Abstract

In this master thesis we developed the use of transmission lines as test structures to analyse the dielectric properties of objects.
The final motivation is to use such structures to characterize biomaterials under a RF signal and therefore understanding better
interactions between electric field and biological material. The aim is to develop both structures and methods for the dielectric
characterization of biomaterials. The work contains both simulations and experimental results. Simulations results were obtained
using the Software COMSOL Multiphysics and experimental results were obtained using a Vector Network Analyzer (Agilent
E8364B). The work was firstly carried out at the macroscale: after optimization of transmission lines through simulations, we
fabricated and characterized these lines with the VNA. We then investigated different methods to calibrate the VNA using
these lines and we developed techniques to characterize dielectric properties of materials under a RF signal. The last step
was the investigation through simulations of a special kind of design for transmission line that could be used for biomaterials
characterization. We developed in this work a way to measure the effective permittivity of the transmission line and established
a method to characterize dielectric properties of objet through this parameter and made a link between the effective permittivity
of the line and object’s permittivity. We also designed a structure for biomaterials characterization. Methods developed in this
work need to be finalized in order to be finally used for the dielectric characterization of biomaterials.



Introduction

In every eukaryotic cells intra cellular electrical field is generated [1]. This field is due to oscillations of different polar entities
within the cell (microtubule, centrosomes...) and might help during the cell’s division process [2]. It has also been shown that a
chronic exposure to low frequencies electric field can affect steps of the cellular division and leads to an higher risks of cancers
[1]. However the electrical behaviour of cell’s entities under a Radio Frequency (RF) signal is far from being fully understood
and characterization of these materials is also very hard to achieve [3]. Despite that many different methods and instruments
have been developed to characterize object’s dielectric properties the dimensions of biomaterials present in the cell (few micro
meters to nanometres) are making this task challenging and tricky [3].

Biomaterials we will focus on are called microtubules, they are present in every eukaryotic cells and are very important during the
cell’s life and division. Recently it has been shown that such entities generate electric field due to intracellular energy excitation
[2]. Moreover measurement of the microtubule resistance under an Alternative Current (AC) signal (from 1 kHz to 20GHz) showed
peaks of transmittance (=drops of the resistance) at particular frequencies [3]. The study of dielectric properties of microtubules
using an AC signal would permit a better understanding of the Microtubule’s behaviour exposed to an Electromagnetic(EM) field.

To measure dielectric properties of objects under an AC signal different methods and systems have been developed[4]. Pla-
nar transmission lines can be used as test structures for dielectric characterization of substrates, liquids or materials [5, 6, 7].
We will use them in our work to characterize dielectric properties of solid materials.
Any kind of measurement or characterization requires calibration of the instrument. The calibration permits to remove most of the
uncertainty sources by deriving and extracting mathematically systematical errors (=errors occurring for each measurements)[9].
There are many ways of calibrating instruments and the choice of the calibration method depends on the type and the accuracy
of the measurement we want to achieve. Consequently before the characterization of dielectric properties of objects the study of
different types of calibration is a necessary step.
The characterization of dielectric properties of object under a RF signal can be done while using different parameters[4]. We
will here use the reflection and transmission of the signal to extract dielectric characteristics of objects.

The goal of this thesis is to investigate the transmission line behaviour under a RF signal through simulations and measure-
ments in order to finally use it as test structure for dielectric characterization of materials. Therefore design and fabrication of
three types of transmission lines: microstrip line, grounded and tapered coplanar wave guide will be performed. These trans-
mission lines will be characterized through simulations and (after fabrication) through measurements. After realizing different
calibration methods we will be able to select the most adapted one for the characterization of dielectric properties of objects.
Understanding these test structures at the macro scale will permit to reach the final goal which is a micro meter scale design of
a test structure to characterize microtubule under a RF(from 200MHz to 2GHz) signal.
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Chapter 1

Theory

This chapter will gather the minimum of theory necessary to understand results and techniques used further. First we will
present the transmission line theory which permits to link physical properties (such as reflection or transmission of the signal)
with measured (or derived) quantities. Then we will briefly discuss the theory used for the design of two transmission lines: the
Microstrip and the Grounded Coplanar Waveguide (GCPW). Those lines will be both designed and fabricated further on in the
work. In third part we will introduce different calibration methods which will be performed afterwards and in fourth part we will
provide information about two physical quantities that we want to characterize under an RF signal (from 200MHz to 15GHz):
the dielectric constant and losses tangent.

1.1 Theory about transmission line

A transmission line is a structure that permits to guide the energy from one point to another (from the source to the load). The
energy delivered by the source is an alternative current of a varying frequency. In this report we will discuss frequencies between
1 kHz and 20 GHz, for this frequencies the characteristic wave length of the signal goes from hundreds of kilometres to tenth of
mm. Structures that we deal with are from the micro meter to the cm scale. From cm scale structures at GHz frequencies the
wavelength of the signal can’t be neglected compared to the circuit size. The phase of the signal depends on the signal position
in the circuit, we then need to use the transmission line theory to describe this signal propagation.

The transmission line theory takes into account the fact that transmission lines (coaxial cables, wire lines...) have their own
resistance, inductance, conductance and capacitance per unit length. This is shown in the figure 1.1. The propagating wave is

described by its voltage v(z) and its current. i(z). At each point z of the circuit the impedance Z(z) is defined by Z(z) = V (z)
I(z) .

Generator 
ZG 

Load 
ZL 

Figure 1.1: Description of a transmission line with the transmission line theory

The wave is sent by the source and travels through the transmission line to be finally reflected at the load. Expressions of
the voltage v and the current i can be derived by solving the current and voltage propagation equation. In the figure 1.1 one
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can apply the Kirchhoff laws in current and voltage at the node N:
The current law applied gives

i(z, t) = i(z + ∆z, t) + C∆z
∂v(z + ∆z, t)

∂t
+G∆zv(z + ∆z, t)

The voltage law gives

v(z, t) = i(z, t)R∆z + L∆z
∂i(z, t)

∂t
+ v(z + ∆z, t)

By letting ∆z → 0 equations above give the general transmission line equations.

−∂v(z, t)

∂z
= Ri(z, t) + L

∂i(z, t)

∂t

−∂i(z, t)
∂z

= Gv(z, t) + C
∂v(z, t)

∂t
For more simplicity we can treat the time dependence of the signal in the complex formalism and with a sinusoidal pulsation ω
and write:

v(z, t) = Re(V (z)ejωt)

i(z, t) = Re(I(z)ejωt)

Equation are then written as :

−dV
dz

= (R+ jωL)I(z) (1.1)

−dI
dz

= (G+ jωC)V (z) (1.2)

which becomes finally after a second derivation:

−d
2V

dz2
= γ2V (z)

−d
2I

dz2
= γ2I(z)

with γ = α + jβ =
√

(R+ jωL)(G+ jωC) the so called propagation coefficient, which characterizes both the propagation
(through the term β) and the attenuation (through the term α) of the wave. The expression of the current and the voltage are
then

V (z) = V +(z) + V −(z) = V +
0 e−γz + V −0 e+γz (1.3)

I(z) = I+(z) + I−(z) = I+
0 e
−γz + I−0 e

+γz (1.4)

The wave is sent from the generator and travels through the line till the load. If we now refer to the figure 1.2 we can see that
the load is a discontinuity in the circuit and leads to a reflection of the incident wave.
Terms I−0 , V

−
0 characterizes the wave amplitude in the forward direction at the point z=0 and I+

0 , V
+
0 characterizes the wave

amplitude in the backward direction at the point z=0. The characteristic impedance of the line Z0 is defined as
V +
0

I+0
= −V

−
0

I−0
. By

combining equation (1.1) and (1.2) and using the results (1.3) (1.4) the expression of the line impedance is:

Z0 =
R+ jωL

γ
=

γ

G+ jωC
=

√
R+ jωL

G+ jωC

The wave travelling through the line can be entirely described by the propagation coefficient. Losses and propagation of the
signal depend on the frequency and the line characteristics (R, L...).
In order to simplify the problem losses less lines are most of the time considered. Consequently the propagation coefficient γ is
a pure imaginary number, meaning that α=0, R=0 Ω and G=0 Ω−1. The characteristic impedance of the line is then expressed
as:

Z0 =

√
L

C

In the loss less line case the voltage is simply written :

V (z) = V +
0 e−jβz + V −0 e+jβz

with β = ω
√
LC. The propagation coefficient β can be seen as a wave number k = 2π

λ consequently a wavelength of the
transmission line can be defined as: 1

f
√
LC
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Z=-L generator Z=0 load

LoadGenerator

V(z), I(z)

b1

b2

a1

Figure 1.2: Corresponding scheme of the line

1.1.1 Useful quantities

Depending on the value of the load impedance the signal will be transmitted, reflected or both. The amount of the reflected and
transmitted signal can be derived with specific quantities called scattering parameters that we will be presented in this section.
Scattering parameters permit an easier description of the two ports (generator+load) problem. As shown in the figure 1.3 the

LOAD 

a1 b2 

a2 b1 

Figure 1.3: Two ports transmission line with the scattering parameters algebra

load is described as a black box that receives the wave a1 and a2 and that sends waves b1 and b2. Those quantities are related
to each other through the scattering parameters of the load. Relation between them is expressed as:[

b1
b2

]
=

[
S11 S12

S21 S22

]
·
[
a1

a2

]
which gives the following system of equations

b1 = S11a1 + S12a2 b2 = S21a1 + S22a2 (1.5)

If we assume that the signal is not backward reflected it brings the parameter a2 equal to zero and gives directly the relation

S11 =
b1
a1

S21 =
b2
a1
. (1.6)

As shown in the equations (1.6) the parameter S11 characterizes the reflection at the load and S21 the transmission at the load.
S11 parameter can be called reflection coefficient or return loss and S21 is the transmission coefficient or insertion loss.
Since a1 corresponds to the incident wave amplitude V −0 and b1 the reflected wave amplitude V +

0 the S11 parameter can also be
written as:

S11 =
V +

0

V −0
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We mentioned in the previous section that the line impedance Z0 is written

Z0 =
V +

0

I+
0

= −V
−
0

I−0

At the position z the impedance is written Zz = V (z)
I(z) . If we refer to the geometry of the figure 1.2 the load is located at the

point z=0. Its impedance can be expressed as:

Zload =
V (z = 0)

I(z = 0)
=
V +

0 + V −0
I+
0 + I−0

.

From those equations the scattering parameter S11 can be re written as:

S11 =
Zload − Z0

Zload + Z0
. (1.7)

This ratio illustrates the link between the load and line impedance and the reflection of the signal.
S-parameters are complex, however one can present the signal amplitude in dB. The relation from norm to dB is SdB =
20log10(|S|). Key values of the reflection and losses corresponding to the dB values are summed in the table 1.1.

S21 value in dB % of transmitted voltage S11 value in dB % of reflected voltage
-1dB 89% -10dB 32%
-4dB 63% -20dB 10%
-6dB 50% -30dB 3.2%
-10dB 32% -40dB 1%

Table 1.1: Value of S parameters in dB and corresponding reflected and lost signal in %

From the relation (1.7) when the load and the transmission line impedance value are equal the structure is matched. This
kind of structure is characterized by a total transmission. The S11 parameter should be zero (so a negative infinite value for the
S11 parameter in dB). It’s not possible to have such values for the S11 parameter, in our simulations and measurements only
threshold value will be defined. If the S11 parameter exceeds -10dB it means than more than 32% of the signal is reflected and
the structure is not considered as matched.
For our results, only S11 and S21 will be presented even though, in experiments there are two sources (so a2 is not equal to zero
anymore and we can define S22 and S12). S11 and S22 such as S21 and S12 are conjugated complex numbers if the system is
symmetrical which is the case theoretically with our transmission lines during the all report.

Its important to mention as well that parameters a1, b1, a2 and b2 can be linked through another way. This is the so called
transmission matrix T, written : [

a1

b1

]
=

[
T11 T12

T21 T22

]
·
[
b2
a2

]
There is obviously a relation between the T and the S parameters (that we will use in the section 1.3.3 ”De-embedding”). This
transmission matrix is the matrix expression of any network component [8, 9], it is mostly used to remove (de-embedded) or
add (embedded) network components on the circuit. However the T parameters are not easy to measure (contrary to the S
parameters). The T parameters are then derived from the S parameters measurements using appropriated formulas[8].

1.1.2 Smith chart

The Smith Chart is a way to plot results and many parameters can be represented in it. In the Smith Chart the reflection
coefficient Γ is represented both in norm and in phase. A plot in the Smith Chart provides then more information than a dB
plot. The Smith chart is shown in figure1.4 with characteristic points corresponding to well-known structures:

• the Open which is an open ended line (or infinite resistance at the load) the reflection coefficient is then 1 according to the
expression of Γ the reflection coefficient.
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• the Short which is a line ended by a zero resistance load. The reflection coefficient is then -1 according to the expression
of Γ the reflection coefficient.

• the Load which is a line ended by a load matched to the line impedance (Zload=Z0). The reflection coefficient is then 0
according to the expression of Γ the reflection coefficient.

Γ=𝑒𝑖𝜃 

Short 
structure: 
Γ=-1 
  

Open 
structure: 
    Γ=1 
  

Load structure:Γ=0 
  

Increase of frequency 

Figure 1.4: Smith chart

In this chart the reflection coefficient Γ is plotted in polar coordinates with the origin set as the blue point. The outer circle
drawn in red corresponds to a complete reflection (or a norm of the reflection coefficient equal to 1) the rotation along this circle
corresponds to a phase change. The phase varies with the frequency: an increase of frequency corresponds to a rotation anti
clockwise in the Smith Chart. On the chart are positioned the open (red), short (green) and load (blue) point.
For most measurements in this report, the Smith Chart plot of the reflection coefficient will appear in addition to the dB plot.
This will permit indeed, a better understanding of results since the phase of the reflection coefficient appears.

1.2 Theory: Coplanar wave guide and microstrip line

Designing a transmission line is more or less finding a geometry corresponding to the impedance we want to achieve. This section
presents the structure of the lines and equations that we used for our design.

1.2.1 Microstrip line

The microstrip line is a planar transmission line developed in 1952 by D. D. Grieg and H. F. Engelmann [10]. This transmission
line consists of a conductive strip and a ground plane separated by a dielectric substrate. The scheme of such a structure is shown
in the figure 1.5. Relevant parameters of such a structure are w: the width of the signal strip line εr: the permittivity of the

Figure 1.5: Geometry of the microstrip structure

substrate and h: the height of the substrate. According to theoretical formulas [11] depending on the ratio w
h the characteristic
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impedance of the line Z and the effective permittivity εeff (the effective permittivity of the line is the permittivity ”experimented”
by the signal tht is traveling through the line and takes into account the effect of air, substrate and conductive parts )can be
derived from the relevant parameters. Formulas that we will use in our cases are :

εeff =
εr + 1

2
+
εr − 1

2
[1 + 12

h

w
]−0.5 (1.8)

Zline =
120π

√
εeff [wh + 1.393 + 2

3 ln(wh + 1.44)]
(1.9)

1.2.2 Grounded coplanar wave guide

The coplanar wave guide structure is a transmission line developed in 1969 by Cheng P. Weng [12]. This transmission line consists
of a metallic conductive strip and two grounded electrodes running parallel and adjacent to this strip. Those conductive parts
(metallic layer) are deposited on a dielectric substrate. The coplanar wave guide is called grounded if there is a metallic layer on
the bottom of the substrate. The scheme of the grounded structure is shown in 1.6. Relevant parameters of such a structure are

Figure 1.6: Geometry of a coplanar wave guide structure

w: the width of the signal strip line, g: the gap line width, εr and h: the permittivity and the height of the substrate. According
to [13] the characteristic impedance of the line and the effective dielectric constant can be derived with the following formulas:

εeff =
1 + εr

K(k′)
K(k)

K(kl)
K(kl′)

K(k′)
K(k)

K(kl)
K(kl′) + 1

(1.10)

Zline =
60π
√
εeff

1
K(k)
K(k′) + K(kl)

K(kl′)

(1.11)

with variable k, k’, kl and kl’ defined as:

k =
w

w + 2g
k′ =

√
1− k2 kl =

th(πw4h )

th(π(w+2g)
4h )

kl′ =
√

1− kl2

For both structures the thickness of the metallic part can play a role. This will be detailed in the section 2.1.1 called ”Skin
effect”.

1.3 Calibration techniques

In this section, three calibration techniques are presented and will be further performed in the thesis. Calibration is a process
that permits to remove systematic errors from measurements[9]. These errors are repeatable for each measurement and are due
to cables, probes and connectors. A good calibration is necessary before measuring a line and permits to position the reference
planes (points between which measurements are done). There are different ways of calibrating an instrument. They depend on
the calibration standards available and on the accuracy enhancement expected by the user. For on fixture measurements (that
we will do) using an appropriate calibration can permit to remove the effect of the fixture from measurements.
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1.3.1 Thru-Reflect-Line (TRL)

The Thru Reflect Line calibration method requires easyto-make calibration standards and is useful for measurements done
directly on a wave guide structure. The calibration standards are ’home made’, their accuracy depends on quality of those
standards. The repeatability of measurements (quality of connectors of the transmission line, bending of VNA cables...) will
affect the quality of the calibration as well.
The TRL calibration needs three kind of transmission lines: the Thru, Reflect and Line structures. Those should have defined
length and impedance. Let us present each structure and their S-Matrix algebra.

The Thru standard is supposed to be a zero length structure and perfectly matched with the cables of the VNA (same
impedance). As shown in the figure 1.7 the reference plane of the two ports are set in the middle of the Thru standard. In the
S matrix representation, this structure corresponds to a complete transmission of the signal and no reflection. Since the length
is assumed to be zero, there is no phase shift of the signal. The corresponding S-matrix is then:

SThru =

[
0 1
1 0

]

FIXTURE FIXTURE 

Reference plane 

Structure A Structure B 

Truh 

Figure 1.7: Realization and scheme corresponding to the thru structure with a coaxial cable

The reflect standard should be a highly reflective structure (open or short). The same reflected structure should be connected
to the port 1 and 2 (same electrical length, same connectors). The S matrix of such a structure is:

SPort 1
Reflect =

[
±1 0
0 0

]
Depending on the structure the S11 will be equal to -1 (short) or +1 (open). The reflect we are using will be the same struc-
ture as the Thru standard without a connector at the end (so an Open structure consequently the reflection coefficient will be +1).

Finally the Line structure should fulfil requirements. It should be the same impedance as the Thru standard (and consequently
perfectly matched with the VNA as well) and should be electrically longer. The corresponding S matrix is:

SLine =

[
0 eγl

e−γl 0

]
with γ the propagation coefficient of the signal along the line and l the length difference (physical) between the Line and the
Thru structure. The position of the reference planes and the picture of the structure are shown in the figure 1.9.

The optimal difference between the Thru and the Line standard should be
λeff

4 with λeff = c√
εefff

the effective electrical

length of the transmission line. Calibration we set are covering a broad frequency band (1 to 20GHz) consequently we can’t

achieve a length difference between Thru and Line of
λeff

4 on the all frequency range. For our calibration, an acceptable length

difference between Thru and Line is any
λeff

4 if the frequency f0 = c√
εeffλeff

is contained in the frequency band of the calibration.
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Reflect 

Reference plane 

FIXTURE 

Structure B 

FIXTURE 

Structure A L 

Figure 1.8: Realization and scheme corresponding to the reflect structure with a coaxial cable

Line 

Reference plane 

FIXTURE 

Structure B 

FIXTURE 

Structure A L 

Figure 1.9: Realization and scheme corresponding to the line structure with a coaxial cable

This calibration permits to set the reference plane in the middle of the Thru structure. This presents a big advantage for
measurements done directly on transmission lines, indeed the effect of the connectors and the fixture are removed directly during
the calibration. If such a calibration is achieved, it is easier to extract S parameters and electrical properties of an object put on
the Line structure. The main drawback is that this kind of calibration depends on the quality of the line and it makes it quite
hard to achieve as it will be highlighted further in the report.

1.3.2 Short-Open-Load-Thru (SOLT)

The Short Open Load Thru calibration requires highly accurate calibration standards. Those are manufactured for calibration
kits and permit to calibrate over a very broad frequency band. These calibration kit standards are the Short Open and Load.
Each port of the VNA is calibrated separately. This calibration is very easy to perform since those standards are very accurate.

The short standard corresponds to a zero impedance consequently the reflection coefficient of the standard -1. Therefore, if
we calibrate one of the port (here port 1) the S parameter matrix is the following:

SPort1Short =

[
−1 0
0 0

]
The load standard corresponds to a perfectly matched structure: the line impedance and the load impedance are the same

consequently the reflection coefficient is zero and the transmission is maximum. Therefore, if we calibrate one of the ports (here
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ERRORS= 
Cables 

Non perfect VNA 
connectors 

Reference plane 

Port1 

Line ended by a short =zero resistance 

Figure 1.10: Position of the calibration
planes for the short structure

ERRORS= 
Cables 

Non perfect VNA 
connectors 

Reference plane 

Port1 

Line ended by an open : infinte restistance 

Figure 1.11: Position of the calibration
planes for the open structure

ERRORS= 
Cables 

Non perfect VNA 
connectors 

Reference plane 

Port1 

LOAD of 
impedance Zl 

Line ended by a load of impedance Zl=Zline (50Ω) 

Figure 1.12: Position of the calibration
planes for the load structure

the port 1) the S parameter matrix is the following:

SPort1Load =

[
0 0
1 0

]
The open standard corresponds to an infinitely high impedance consequently the reflection coefficient of the structure is 1.
Therefore, if we calibrate one of the port (here port 1) the S parameter matrix is the following:

SPort1Open =

[
1 0
0 0

]
Finally the Thru structure presents the same principle as before in the TRL calibration. Most of the time the Thru structure
used is an SMA (SMA stands for SubMiniature Version A) connector since it presents a very small length.

Such a calibration is very accurate. When the Thru structure is an SMA connector the reference of each port of the VNA
are set at the port’s connectors. Consequently this SOLT calibration is appropriate to characterize the transmission lines that
we are fabricating.

1.3.3 De-embedding

The SOLT calibration is very easy to perform over a broad frequency band but it’s not suitable to measure dielectric properties
of the object. Depending on the Thru used for the calibration, it doesn’t always permit to remove the effect of the transmission
line that are used for objects characterization.
This issue can be solved with a line de-embedding. The figure 1.13 illustrates the principle of de embedding, it enables to remove
the effect of the fixture and to move the reference planes (in red on the figure) after a calibration. Consequently we measure the
Device Under Test (DUT) only instead of measuring the DUT + the test structure (=part of the transmission line).

To explain the theory of such a principle, we will now use the T parameters matrix mentioned in the section 1.1.1 ”Useful
quantities”. As said those T matrix can be used to represent any Network elements. The relation between the S and T parameters
can be derived through Linear Algebra [8] and the relation is the following:

T =

[
T11 T12
T21 T22

]
=

1

S21

[
−S11 · S22 + S12 · S12 S11

−S22 1

]
To de-embed a line on the Vector Network Analyzer Agilent E8364B the information needed is the S Matrix of the structure A
and the structure B that are shown in the figure 1.13. The S matrix of the structure A is implemented in the port 1 and the one
of the structure B in the port 2. A few calculations and one measurement are necessary to obtain the S matrix of each structure.
We first need to measure the S matrix of the Transmission line without any Device Under Test. From this measurement we
obtain the S parameter of the Structure A and B together, to separate this information we use the T matrix. The T matrix
representation of this structure is written TTotal = TA · TB and can be derived through the S parameter of the transmission line
measurements with the formula mentioned above.
We now want to separate the effect of the Structure A and B,if we assume that Structure A and B are the same (same connectors
and symmetric transmission line) TA=TB*we can rewrite our total Transmission Matrix : TTotal = TA ·TB = |TB |2 = |TA|2. To
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Before de-embedding 

After de-embedding 

Connector 
+part of the 

tranmission line= 
Structure A 

Connector+ 
part of the 

tranmission line= 
Structure B 

Device Under Test PORT 1 PORT 2 

Connector 
+part of the 

tranmission line= 
Structure A 

Connector+ 
part of the 

tranmission line= 
Structure B 

Device Under Test PORT 1 PORT 2 

Figure 1.13: Position of the reference plane (drawn in red) before and after calibration

obtain the T matrix of one structure we have to derive the square root of the total Transmission matrix: TA = TB =
√
TTotal.

Then we can calculate the S matrix of one structure:

SA =

[
SA11 SA12
SA21 SA22

]
=

1

TA 22

[
TA 12 [−TA 22 · TA 11 + TA 12 · TA 21]

1 −TA 21

]
To de-embed the line this S matrix is the one to implement in the VNA on Port 1, its conjugate S* should be implemented on
Port 2. This will be done further in the report with our transmission lines.

1.4 Permittivity and losses tangent

The permittivity and the losses tangent of the object are properties that we want to characterize. The RF signal is a good way
to determine material’s dielectric properties since it penetrates into the material without contact. Dielectric properties of the
materials are a key parameter for electric transmission line since they are related to losses and impedance of the transmission
line[6, 5]. In this chapter we will focus on nonmagnetic objects for which the permeability is assumed to be 1.
From the electromagnetic point the permittivity is defined as:

~D = εr ~E

Where ~D is the electric displacement, the relative permittivity of the material is then written as:

εr =
εobject
ε0

The permittivity characterizes properties of a material to store energy. For the DC case (that we are not dealing with) the
permittivity of the material can be evaluated through the capacitance [4]. For the AC case (our case) the current passing through
the dielectric material will consist of a loss and a charged current. The relative permittivity will be written εr = ε′r − jε′′r . The
real part of the permittivity characterizes the capacity of the material to store energy, and the complex part is related to the
material losses. From this, we can define the losses factor

tan(δ) =
ε′′r
ε′r

that characterizes the amount of energy lost when the electromagnetic wave is traveling through the medium.

To understand better how dielectric constant of an object can influence transmission and reflection of the signal (and
consequently S parameters of the transmission line) let us consider a simple model of a Transverse ElectroMagnetic (TEM) wave.
A TEM wave propagating from air to a medium will be partly reflected partly transmitted at the medium interface because of
the discontinuity as shown in the figure 1.14.
The free space impedance is defined as
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Air ε0

Material of ε=εr

TEM wave

REFLECTED WAVE

INCIDENT WAVE

PENETRATING WAVE= ATTENUATED

Figure 1.14: Refelcted and transmitted signals of a TEM wave penetrating into a medium of permittivity εr

Zfree space =
E

H
=

√
µ0

ε0

When the TEM wave is penetrating in the medium the permittivity will change and the impedance in the medium is written

Zmedium =
Z0√
ε′r

[4]

where Z0 is the free space impedance. From considerations of the previous section the reflection coefficient Γ at the interface
(assuming that there’s no reflexion at the second edge of the material) can be expressed through the dielectric constant of the
material:

Γ =
−1 +

√
εr

1 +
√
εr

From this relation we can see the link between the reflection coefficient and the permittivity of the material.

There’s also a frequency dependence of materials dielectric properties. This is due to the different dielectric mechanism that
occur in the medium. As illustrated in the figure 1.15 each dielectric mechanism has a resonance and a cut off frequency. The
loss factor peaks at critical frequencies (depending on the material) and the propagation factor drops at the cut off frequency.

In the microwave frequency region the dominant dielectric effect is the dipolar one, this effect is due to dipolar oscillations.

Figure 1.15: Frequency response of dielectric mechanism

In a molecule unequal share of charges can create an electric dipole and these dipole moment results of a positive and negative
charge separation. In the absence of field the orientation of the dipole (from the negative to the positive charge) will be random,
in the presence of an electric field the dipole will rotate to align with the field. In the AC case the electric field is alternating
and the dipole will rotate constantly, this rotation induces a change in the dielectric constant. During the rotation there will be
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friction that will create losses. Dipolar entities will be mentioned again in the last chapter of the report.

We presented key concepts necessary to understand those next chapters. We will now present the realization of the test
fixtures and their measurements.
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Chapter 2

Simulation fabrication and measurements

In this chapter we fabricate and characterize the test structures. Before any fabrication we proceeded to simulations with
COMSOL Multiphysics. This chapter will first focus on simulations and give main tools and approximations we used. Simulated
structures are then fabricated. In the second section we will compare results obtained with simulations and with measurements
done on the fabricated structures. Using results given by measurements done on the fabricated lines we will then give solutions
in order to improve the quality of this transmission lines.

2.1 Simulations

Simulations are run with the software COMSOL Multiphysics in the Electromagnetic wave and Frequency domain mode from
the Radio Frequency module. The governing equation of simulations is the electromagnetic wave propagation’s one:

∇× (
1

µ
∇× ~E)− k2

0ε ~E = 0

with k0 = ω
c the wave number, ε and µ defined by the material. The electric displacement field model is the loss tangent. In

this model the losses tangent and the real part of the material’s permittivity are set as input. Losses tangent are including the
effect of the conductivity.

The two simulated geometries: the microstrip and the coplanar wave guide structures are shown in figures 2.1 and 2.2. For
each geometry conductive parts are in reality made of a thin layer of copper. In simulations we can approximate these conductive
parts as zero thickness perfect electric conductors. They correspond to blue entities in figures 2.1 and 2.2.

The perfect electric conductor boundary condition is: ~n × ~E = ~0 [14]. In other words the current has to be tangent to this
boundary.
To simulate the source and the load we used lumped ports. It connects two conductive parts in a transmission line, consequently
a lumped port is set between two perfect electric conductor boundaries. The width of the lumped port (corresponding to the
distance between the two conductive boundaries) has to be less than the signal’s characteristic wave length [14]. The lumped port
has a defined impedance (set a 50Ω). For simulating the source we apply a constant electric field between the two perfect electric
conductors parts. At the load there is no wave excitation and the lumped port is only a connection between two conductive
parts with a defined impedance (of 50 Ω).
Schemes 2.1 and 2.2 illustrate two different lumped ports that we used in simulations. The main difference is the nature of
the electric field. For the coaxial lumped port a radial electric field is applied between two concentric and circular perfect
electric conductor boundaries and for the uniform lumped port at the source a constant electric field is delivered between the
two conductive parts.

The substrate is put in an air box and edges of this box are set as scattering boundary conditions. This implies that the
boundary is transparent for both incoming and outgoing wave[14]. The scattered wave is a plane wave consequently the electro-

magnetic field is written ~E = ~E0e
−j(~k.~r) + ~Escatterede

−jk(~n.~r) with ~n the vector normal to the scattering boundary.

We mentioned above the approximation of copper’s thin metallic layer of finite thickness with zero thickness perfect electric
conductors boundary conditions: this will be justified in the next section. Therefore we will introduce the concept of skin depth.
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Uniform lumped port= connecting the grounded plane to the strip 
line 

Figure 2.1: Geometry of the microstrip

Coaxial lumped ports 

Figure 2.2: Geometry of the coplanar wave guide

2.1.1 Skin depth

The skin depth measures how deep in the medium the electrical current can penetrate. At constant voltage the electric current
density is uniform in the medium. For an alternative current Maxwell’s equations show that the current density drops as e−

z
δs .

Where z is the distance of penetration of the current in the metal and δs is the so-called skin depth. The skin depth can be
derived from Maxwell’s equations [15] and is expressed as:

δs =

√
2ρ

2πfµ0µR

where ρ = 1
σ is the resistivity (in Ω.meters), f is the frequency of the RF signal (in Hz), µ0 is the constant permeability (in

Henries/meters ) and µr the relative permittivity (no units). The current falls off of 37% after one skin depth.
In order to reduce computer calculation time the copper metallic film can be replaced in simulations with a zero thickness Perfect
Electric Conductor boundary. Neglecting the thickness of the metallic layer can lead to wrong results at certain frequencies,
depending on the skin depth of this metallic film[16] . On the other side if such an approximation can be done it will reduce
consequently the computer calculation time.

The substrate that is used for the fabrication of our lines is a Roger RO4003C, it is a dielectric substrate (ε=3.55 at 1 GHz)
covered on both sides by a copper film. Data sheets of Roger substrates [17] provides all information necessary to calculate the
skin depth of the copper film from 1 to 20 GHz (frequencies that we will work with). The table 2.1 provides relevant information
for the skin depth calculation.

resistivity of copper skin depth of the Copper from 1 to 20 GHz thickness of the copper
layer on the Roger’s substrate

1.67810−8Ω ·m 2.6 to 0.46 µm 17 µ m

Table 2.1: Information relative to the skin depth

If the thickness of the film t verifies δs < 10t then the field is completely attenuated by passing through the metallic film and
we can set zero thickness boundary conditions instead of finite thickness metallic thin films[16]. This criteria is always fulfilled
for our substrate as shown in the table 2.1. Consequently the thickness of the metallic layer can be neglected in our simulations.
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2.2 Fabrication and measurements

Through simulations we optimized dimensions of the transmission line to match the structure’s impedance to 50 Ω. We set in
simulations characteristics of the Roger RO4003C substrate that will be used for the line’s fabrication. These characteristics are
taken from data sheets [17] and presented in the table 2.2.

εr (permittivity of the substrate) δ (losse tangent) H (thickness of the substrate)
3.55 0.0017 1.57mm

Table 2.2: Characteristics of the Roger substrate from 1 to 20 GHz

Dimensions of 50 Ω coplanar wave guide and microstrip lines corresponding to the characteristics of the substrate used for
fabrication are given by line calculators [11, 13]. Those calculators are using formulas mentioned in the section 1.2 ”Theory :
Microstrip Line and Grounded Coplanar Wave Guide” to derive the geometry of the transmission line.
Simulations corresponding to these structures will then be performed. As said in the section 1.1 ”Theory about transmission
line” a good matched line presents a S11 parameter below -10dB (meaning that losses due to the reflection the signal are below
10%) and a S21 parameter between 0 and -4dB (meaning that the signal is more than 60% transmitted). In order to achieve
the best results we optimized through simulations the width of the different lines (gap and signal) from the geometry given
by calculators. Dimensions given by calculators and optimized dimensions for the microstrip and the coplanar wave guide are
presented in the table 2.3 (dimensions are written : calculated dimensions → optimized dimensions)

gap line width signal line width total length
microstrip line 3.45 → 2.74mm 2 and 3 cm
cpw 0.3mm 2 → 1.2 mm 2 and 3 cm

Table 2.3: Dimensions of a 50 Ω matched geometry before and after optimisation

After optimization we got the final dimensions for the construction of our lines. The fabricated transmission line is then
characterized with the Agilent E8364B VNA. We selected the frequency band from 1 to 10 GHz. Indeed in this frequency
range the characteristic wave length of the signal goes from 30 to 3 cm this is not neglect able compared to total line length
so we can apply the transmission line theory. The VNA was calibrated with a SOLT calibration (and the SMA connector as
the Thru structure) consequently reference planes are set on the edge of the connectors for each port. This permits to char-
acterize the line. We compared simulations results and measurements of the VNA in figures 2.5, 2.4 and 2.3 for the microstrip line.

Figure 2.3: Constructed and simulated
structure for the microstrip line

Simulation

Experiment

Figure 2.4: Plot of the simulated and
measured reflection parameter in the
Smith Chart
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Figure 2.5: Plot of the amplitude in
dB of the S parameters.

In the dB plot of the S parameters (figure 2.5)we observe that insertion losses are higher for experiments than for simulations.
This difference can go up to 5dB which means that fabricated lines are about 50% more lossy than the simulated ones. The
return loss parameter is higher in experiments than in simulations. Indeed for simulations over the all frequency band not more
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than 1% of the signal is reflected (return loss below -20dB), for measurements done on our fabricated lines we spot that above
7GHz the S11 parameter is increasing up to -10dB which corresponds to more than 30% of signal’s reflection. In the Smith
Chart plot we see that the reflection parameter of the simulated microstrip is confined close to the load point (corresponding to
a perfectly matched structure). On the other hand the reflection parameter of fabricated lines is getting away from the perfectly
matched point as the frequency is increasing. We also notice that for the fabricated lines measurements the norm of the reflection
coefficient is increasing with the frequency (as it was also spot in the dB plot).

The comparison between simulations results and measurements of the VNA for the coplanar wave guide is shown in figures
2.6, 2.7 and 2.8.

Figure 2.6: Constructed and simulated
structure for the coplanar wave guide

Simulations

Experiment

Figure 2.7: Plot of the simulated and
measured reflection parameter in the
Smith Chart
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Figure 2.8: Comparison between the
simulation and the experiments for the
coplanar wave guide structure

We notice in the dB plot (figure 2.7) that the return loss are quite high for both simulations and measurements. The return
loss parameter goes up to -10dB (so more than 30% of signal is reflected) for both simulations and experimental results. Return
losses are increasing with the frequency. Insertion losses are lower for the simulated structure, the S21 parameter corresponding
to results obtained with simulations can be 2dB higher than the one corresponding to the experimental measurements. This
means that the simulated structure presents 20 % less transmission of the signal than the fabricated ones. In the Smith Chart
plot we spot that the reflection coefficient of the coplanar wave guide structure gets further to the perfectly matched point as
we increase in frequency. This is true for simulations and experiments.

We noticed for both structures more losses and more reflection of the signal along the line in experimental measurements
than in simulation results. This can be due to soldering issues of the coaxial connectors which assure the junction between the
transmission line and the VNA. If connectors are not well aligned, poorly connected to the transmission line or if there are air
gaps between the transmission line and connectors it will introduce change of the line impedance and more insertion losses.
Moreover in simulations we set the copper metallic film as perfect electric conductors which is obviously not the case in reality
(the copper has a finite conductivity). Those reasons explain higher losses along the line and more reflection of the signal in
results obtained from measurements done on the fabricated lines.

2.2.1 Amelioration of the results

For results obtained with experimental measurements we derived the impedance from the S11 parameter:

Z0 = 50
1− S11

1 + S11

We plotted this complex impedance in the complex plane. This would permit to understand why do we have an impedance
mismatch and we will try to determine if the line impedance is too capacitive or too inductive or too resistive.

The impedance is complex and can be written Z0=R+jX=
√

R+jωL
G+jωC (using formulas of the section 1.1). A perfect match corre-

sponds to Z0=Zload=50 Ω. If there is divergence from this point the feature of the line (too capacitive or too inductive) is given
by the imaginary part of the impedance. A negative and positive imaginary part of the impedance correspond to respectively a
capacitive and an inductive character of the line.
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Some geometrical tools can be used [18] to adjust the impedance. To reduce the impedance we have to increase the conductive
areas. To reduce the capacitance (or increase the inductance) we have to increase the spacing between two conductive parts.
The geometrical effect on the transmission line impedance value are summed up in the table 2.4.

parameter line type effect
↑ w microstrip and coplanar wave guide ↓ impedance norm
↑ g coplanar wave guide ↓ the capacitance and ↑ the inductance
↑ H microstrip and coplanar wave guide ↓ the capacitance and ↑ the inductance

Table 2.4: Effect of the geometrical parameters on the line impedance

The impedance derived from the S11 parameter is plotted for the two transmission lines (microstrip in the figure 2.10 and
coplanar wave guide in the figure 2.9).
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Figure 2.9: Plot of the coplanar wave guide reduced
impedance from 1 to 10 GHz in the complex plane
obtained from measurements done on the fabricated
structure
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Figure 2.10: Plot of the microstrip reduced
impedance from 1 to 10 GHz in the complex plane
obtained from measurements done on the fabricated
structure

The plot 2.10 shows that from 1 to 7 GHz the microstrip impedance goes from too high (80 Ω at 4GHz) to too low (25 Ω at
5GHz) and from inductive to capacitive. At 8 GHz the impedance gets closer to the perfectly matched point. After 8.5 GHz the
impedance is mostly too low and too capacitive. To match the structure after 8.5GHz we have to reduce the capacitive effect of
the line one can think about increasing the signal line width and increasing the height of the substrate.
In the plot of the coplanar wave guide complex impedance in the figure 2.9 we see that at low frequencies the coplanar wave guide
is matched, its impedance is close to the point Z0=50Ω as we increase the frequency the impedance goes from too capacitive
to too inductive. There is no proper ’trend’. The impedance norm is, on most of the frequency band, too high (up to 100 Ω).
Decreasing the gap line width and increasing the signal line width could be a solution to decrease to norm of the impedance at
higher frequencies.
If we compare the plot of the microstrip and the coplanar wave guide impedance we can see that the microstrip is better matched
than the coplanar wave guide. This is the reason why we will use it instead of the coplanar wave guide to measure dielectric
properties of materials further in the report.

At the end of this chapter we have now our test structures. We designed and fabricated the test structure that will be used
further to characterize dielectric properties of objects. The matching of the line impedance to 50 Ω over a wide frequency range
is a very precise and fine process. From the simulations to the realization many parameters have to be taken into account and
no details should be neglected (soldering, connectors alignments ...). The design is a crucial step before any fabrication and it
should take into account as many parameters as possible.
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Chapter 3

Selection of the most suitable calibration
method

As specified in the section 1.3 ”Calibration techniques” calibration is a very important process that sets the position of the
reference plane. Therefore calibration permits to define what is measured. The calibration must be adapted to the measurement
that is performed and should give accurate enough results. In this chapter we will perform on the VNA the different calibrations
methods that were discussed in the section 1.3 (namely the TRL, SOLT and de-embedding). The wider frequency range of
calibration that we can achieve on the VNA goes from 1 to 15GHz.

3.1 Thru Reflect Line calibration

In this section we carry out a True Reflect Line (TRL) calibration with different structures: coaxial cables, coplanar wave
guide and microstrip line. Dimensions of those structures (microstrip and coplanar wave guide) are the optimized one (showed
previously in the table 2.3). For such a calibration the Line and the Thru should be the same transmission line (ie same
impedance) with different electrical length. Therefore we fabricated two microstrips and two coplanar wave guides of 3 and 2
cm each. For the calibration done with coaxial cable we added a SMA connector to make the physical (and electrical) length of
the cable longer.
The difference between the Thru and the Line structure is 1 cm for all our lines. As mentioned in the section 1.3.1 ”Thru Reflect
Line” the length difference between the Thru structure and the Line structure should be

λeff
4 with λeff :

λeff =
c

√
εefff0

For our lines
λeff

4 is set to 1cm. With the help of data sheets [9] (for the coaxial cable) and formulas 1.8 and 1.10 (for the
microstrip and the coplanar wave guide) we derived the effective permittivity and computed the frequency f0. Results are shown
in the table 3.1.

type of line effective permittivity of the line frequency f0 corresponding to
λeff

4

microstrip 2.729 4.85 GHz
coplanar wave guide 2.395 4.54 GHz
coaxial cable 2.1 5.17 GHz

Table 3.1: Derivation of the frequency corresponding to λeff with
λeff

4 =1cm for our different structures

As said in the section (1.3) ”Calibration techniques” the frequency f0 corresponding to λeff should be included in the fre-
quency band of the calibration. Our frequency range goes from 1 to 15GHz. For the three structures the frequency f0 is included
in this frequency range consequently we can perform the TRL calibration with these lines.

The calibration process is the following:

• the Thru structure is the smallest out of the two lines (or the coaxial cable only).
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• the Line structure is the biggest out the two lines (or the coaxial cable + a SMA connector).

• the Reflect structure is the Thru structure with an open end.

The figure 3.1 sums up structures used as calibration standards and position of the reference plane for each of them.

The calibration accuracy is then verified by measuring the three well known structures Open Short and Load (= standards for
calibration kits) on the port 1. The figure 3.2 shows the reflection coefficient of port 1 in the Smith Chart for those three standards.

Coaxial cable Coplanar wave guide Microstrip

THRU

LINE

REFLECT

Reference planes

Reference planes

Reference planes

CALIBRATION 
STRUCTURE

Figure 3.1: Picture of the different structures used to calibrate

STRUCTURE USED 
FOR THE TRL 

STANDARD MEASURED 

Open Short Load 

Figure 3.2: S11 plot in the Smith Chart of the calibration stan-
dards measurements after TRL calibration done with three
different structures from 1 to 5GHz

The frequency range of those calibration goes from 1 to 5GHz even thought the calibration was performed from 1 to 15 GHz.
Indeed above 5GHz results of the standards measurements after the calibration done with coplanar wave guide and microstrip
were not reasonable (points going out of the Smith Chart, discontinuities....)with coaxial cables frequency range of the calibration
gave good results up to 7GHz but in order to compare all results we plotted them in the same frequency range.

The figure 3.2 shows that for all calibrations the measurements of the different structures gives coherent results (the Open
structure strats on the right of the Smith Chart, the Short on the left and the Load in the middle). This means that the
calibration is successful. We can now discuss about the accuracy of each calibration.
The calibration made with the coaxial cable is better than the one realized with the microstrip line and the coplanar wave guide.
However it is not a perfect calibration neither for instance the reflection coefficient goes out of the Smith Chart for the Open
structure above 6GHz. For the Open and Short structure measured after the calibration done with microstrip and coplanar wave
guide the reflection coefficient has a norm a bit below or above 1. The load structure is also different than the value expected
since the reflection coefficient is diverging from the center of the Smith Chart.

The TRL calibration would have been the most adapted one to measure objects on our transmission line. It would indeed
permit to remove parasitic effect of connectors by setting the position of the reference planes in the middle of the transmission
line. Sadly the one we performed with both coplanar wave guide and microstrip line are not accurate enough to allow any
measurements since the measure of the standard structures is not giving satisfying results. Moreover the frequency range of the
calibration is very small.
Reasons for the fail of this calibration is the sensibility of the VNA (bending of cables, losses during the propagation in con-
nectors...) and mostly the quality of our lines. Indeed the Thru and the Line standard should have the same impedance and
be matched to 50 Ω (impedance of Port 1 and 2 of the VNA). The line measured in the previous section corresponds to the
biggest out of the two fabricated lines. We saw that matching was not perfect and that losses due to reflection were important.
Furthermore the difference between soldering from one structure to another can create difference between the Thru and the Line
impedance. All those factors affect the quality of our calibration and explain why the calibration is not accurate enough.

20



3.2 Calibration with the fabricated lines: SOLT

In this section we will perform a SOLT calibration. For the Thru we will use successively a SMA connector (which is the reference
of the Thru), a fabricated coplanar wave guide (the smallest out of the two) and a fabricated microstrip line (the smallest out
of the two).The frequency range for the SOLT calibration goes from 1 to 15 GHz. This type of calibration is using calibration
standards provided by calibration kit therefore we can expect better results over a wider frequency range than the TRL one.
The calibration process is the following:

• the Thru structure will be the structure fabricated (microstrip, coplanar wave guide) or the SMA connector.

• the Open structure will be the calibration standard ’open’

• the Short structure will be the calibration standard ’short’

• the Load structure will be the calibration standard ’load’

Once again we checked the accuracy of the calibration with the measure of the three standards Open Short and Load (=manu-
factured standards for calibration kits) on the Port 1. The figure 3.3 shows the reflection coefficient of the Port 1 in the Smith
Chart for those three structures. This time the frequency range of the calibration goes from 1 to 15GHz. Indeed as expected
the calibration standards permitted to obtain better results.

STRUCTURE USED 
FOR THE THRU IN THE 

SOLT

STANDARD MEASURED

Open Short Load

Figure 3.3: Plot of the reflection coefficient for measurements of calibration standards after SOLT calibration done with different
Thru structures

As shown in 3.3 the Open Short and Load measurements are coherent with theoretical results (presented in the first chapter
in the figure 1.4). The Open structure is located on the right of the Smith Chart, the Short on the left and the Load in the
center. As the frequency increases the characteristic wavelength of the signal decreases, consequently the ratio Lline

λ increases.
The line length is ”increasing ” in term of characteristic wave length of the signal, this results into a rotation (anti clockwise) in
the Smith Chart.

In this section we can see that calibration standards permit an accurate and easy calibration over a wide range frequency
band. Using the microstrip and the coplanar wave guide as Thru structure are not affecting the accuracy of results.

3.3 De-embedding versus SOLT

We finally performed de-embedding on another fabricated microstrip line. First of all the line is measured from 1 to 15 GHz. For
this measurement the calibration that we used is a SOLT calibration with a SMA connector as Thru structure. With calculations
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presented in the section 1.3.3 ”Deembeding” we performed a de-embedding of the microstrip line. The figure 3.4 and 3.5 show
the plot of the S-parameter dB and the reflection coefficient representation in the Smith Chart before and after de-embedding
of the line from 1 to 15GHz.
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Figure 3.4: S-parameter plot of the microstrip before and after
de-embedding

de-embedded

no de-embeddedembedding

Figure 3.5: Plot of the reflection coefficient in the Smith Chart
of the microstrip before and after de-embedding of the line

In the figure 3.4 we can see the effect of the line de-embedding. The reflection of the signal is lower for a de-embedded line
and the S21 parameter is closer to zero meaning that all insertion losses introduced by the travel of the signal along the line are
removed. In the Smith Chart we spot that the reflection coefficient is much closer to the perfectly matched point after than
before de-embedding.
The operation of de-embedding is successful we removed insertion losses and decreased return losses by moving mathematically
the reference planes along the transmission line. However a closer look at the S21 parameter in the dB curves shows that after
6GHz the insertion losse parameter oscillates around zero and takes positive values. This should not be the case with this kind of
transmission line. Such a behaviour can be due to parasitic effects such as losses of the signal in the connector of the microstrip
line during the first measure of the S parameters this will then affect the all de-embedding.

The de-embedding is a way to move the reference plane till the middle of the line. This is very interesting for characterization
of objects on a transmission line since it permits to locate reference planes closer to this object. Theoretically another way to
set reference plane position in the middle of a transmission line is to perform a SOLT calibration where the transmission line
is the Thru structure. This can be an alternative to the de-embedding of the line in order to obtain the same results from the
”reference plane position” point of view. But such an alternative can be used only if results of the calibration are satisfying
(meaning that the measurements of the Thru, Load and Open calibration standards are giving results corresponding to the
Theory). We wanted to compare the two techniques.
We used the SOLT calibration done in the previous section where the microstrip is the Thru structure. After the calibration we
measured this microstrip again. We also performed de-embedding on the same microstrip and compared the two techniques by
plotting the S -parameter in dB and the reflection coefficient in the Smith Chart in figures 3.6 and 3.7.

Plots of figures 3.7 and 3.6 show that the SOLT with the microstrip line used as the Thru structure (second method) is re-
moving much more effect of the signal’s propagation on the line than the de-embedding (first method). With the second method
the microstrip is considered as a perfectly matched structure which reflects very few of the signal (S11 parameter close to -40 dB)
and which presents no insertion losses (S21 parameter equal to zero). The measurement of the microstrip after de-embedding is
less satisfying than the one after the SOLT for two reasons. The first one is that the S11 parameter is close to -20dB which means
that the VNA considers that there are still reflection (less than 10%) of the signal along the line even after the de-embedding.
The second reason is that while measuring the microstrip after de-embedding we notice that the S21 parameter of the structure
goes above zero. The plot of the reflection coefficient in the Smith Chart in the figure 3.7shows a clear difference between the
de-embedding and the measurement done after the SOLT calibration: in the second case the reflection coefficient is much closer
to the load point.
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Figure 3.7: Plot of the reflection parameter in the Smith Chart
after the SOLT with the microstrip as Thru and after de-
embedding of the line

From these different experimentations of calibration methods we are now able to choose the most adapted one to perform
measurements of objects. The choice of the calibration has to take into account two criterias:

• The main one is the accuracy and the frequency range of the calibration. This can be evaluated with the measure of the
three calibration standards (Open Short Load).

• The second is that the calibration should be adapted to the measure we want to perform. Depending on what we want to
characterize we will now justify the calibration performed before any measurement.
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Chapter 4

Effect of different objects along the line.

The dielectric characterization of objects under a RF signal is not a straightforward process [7, 19]. Moreover using microstrip
line or coplanar wave guide for such purposes is not the most common way (one rather uses techniques that are isolating ob-
ject from the environment such as wave guides [4]). In the literature we found out different methods to perform the dielectric
characterization of objects with those structures [7, 6, 4, 19] but none of them were achievable for practical reasons(necessity of
manufacturing special substrate, or using special way to stick the material on the structure...).
In this report the characterization of objects is done with a very simple set up: the object was put across the line and from this
set up we developed different ways to derive dielectric constants inspired from papers [20, 21].

The first experiment consists of some qualitative observations. The goal is to see how the dielectric constant of an object
put across the line is affecting S parameters of the line. Therefore we measured the line insertion and return losses of the line
with an object across. For these first experiments we restricted the frequency range from 1 to 7GHz. Indeed the quality of
the transmission lines is dropping considerably after 7GHz as we showed in the previous section. The quality of this line will
influence considerably measurements: a bad line quality implies a lot of signals reflection along the line. If the signal is lost
during the travel along the line it becomes difficult to see any effect of objects if we put them across (effect on the reflection and
the transmission).

In the light of observations of the first experiment we will determine relevant quantities that could be linked with the dielectric
constant of the objects. From formulas found in the literature [21] and with a method of measurement inspired from papers [20]
we managed to derive the effective dielectric constant of the line and try to link changes of the effective dielectric constant of
the line with the dielectric constant of the object that we put across.

4.1 Qualitative observations of the effect of an object’s dielectric properties
on S parameters.

In order to see how dielectric properties of an object are affecting the S parameter of the line the reference plane position is set at
the edge of the microstrip line. Therefore the calibration used before measurements is a SOLT calibration with a SMA connector
as the Thru structure. Indeed we want to measure the effect of both line and object. After this calibration the position of the
reference plane is set at the edge of the connectors port as shown in the figure 4.1.

To perform experiments we selected objects of same dimensions (7X1.57X30mm) and placed them at the same position
along the line. As shown in the picture of the figure 4.1 the position of the object is marked along the line to be as precise
as possible while placing it. Those objects are pieces of different type of substrates and a phantom material (a phantom is a
physical model simulating characteristics of biological tissues [22]). These materials have different dielectric properties. The
table 4.1 shows dielectric constant and losses tangent for each of them from 1 to 7 GHz.
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Port 1 Port 2 

Reference planes 

Figure 4.1: Position of the reference plane after the calibration SOLT

FR4 phantom substrate piece 1 substrate piece 2
Permittivity 4.3 60 to 40 3.55 6
Losses tangent 0.017 0.1 to 0.7 0.017 0.017
Imaginary part of the permittivity 0.0731 6 to 28 0.06035 0.102

Table 4.1: Effective permittivity and losses tangent of the different obstacles between 1 to 7 GHz

We measured the S parameter of the line with each object 4 times. The comparison between the S parameter measurements
of the transmission line with different obstacles has to be done within a certain error bar. To obtain the error bar we first
calculated the relative error for each measure. The formula of the measure number i on the object j is given by the formula:

Errorij(f) = |
Sij(f)− Savj (f)

Savj (f)
| Savj (f) =

Σi=1to4S
i
j(f)

4

At each frequency the error bar plotted corresponds to the biggest error out of the four measurements for each object:

Error barsi(f) = max[Errorij(f)]i · Savj (f)

We calculated the relative error and plotted it from 1 to 7 GHz. The plot of the maximum relative error out of the four mea-
surements is shown in figures 4.3 and 4.2.
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The figure 4.2 shows that above 5GHz there is big uncertainty indeed the relative error goes 50 % for the S11 parameter.
The figure 4.3 shows that above 5 GHz the S21 parameter presents a relative error of approximatively 30%. By plotting those
error bars on the S parameter curves corresponding to the averaged values for each object it appears that above 4 GHz for the
S11 parameter and 5GHz for the S21 parameter error bars are too high to permit any comparison between the S parameter of
the line with different obstacles. That’s why the frequency band is limited to 4 GHz in the figure 4.4 and to 5GHz for the figure 4.5.
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In the figure 4.4 we can see that the S11 parameter of the line is affected by the effective permittivity of the obstacle that
is put across. The higher the dielectric constant of the obstacle we put the higher the amplitude of the S11 parameter. Return
losses of the microstrip with the obstacle of ε= 40-60 (phantom material) is about 10dB higher than the one with an obstacle of
ε=6 (substrate 2) and about 12dB higher than the one with an obstacle of ε=3.55 (substrate 1) and ε=4.30(FR4) (so more than
30% of signal reflection with the phantom). We can also notice that if the permittivity of the objects are too close (dielectric
of ε = 3.55 and FR4 of ε = 4.30) we can’t make a difference in the amplitude of their S11 parameter. We conclude that an
high permittivity of the obstacle the line gives rise to more reflection of the signal. Therefore there is a link between the two
parameters.
For the S21 parameter there are no differences between the transmission line without any obstacle and a transmission line with
the FR-4, the piece of dielectric of ε=6 and the one of ε=3.55 but there is a difference when the obstacle is a piece of phantom
material. Indeed losses tangent of the three first objects and dielectric constant have quite low values compared to the one of
the phantom. Consequently the value of the imaginary part of the dielectric constant for those materials (calculated in the table
4.1)does not exceed 0.1. Those values are not affecting insertion losses of the structure. Whereas the phantom material presents
already bigger losses at low frequency (εimaginary phantom at 1GHz = 6) that explains why the insertion losses parameter of the
microstrip with a phantom across can be distinguished than other structures. The S21 curve of the structure with a phantom
obstacle is shifted of about -1dB (so 3% less transmission)from the four other curves at 1 GHz. If we increase in frequency
phantom losses are increasing and the difference between the insertion losses curves of the phantom and the other structures as
well .The insertion losses of the structure with a phantom obstacle is shifted of about -4dB(so more than 50% less transmission)
from the four other curves at 5 GHz.

Observations done through measurements confirm theory exposed in the section 1.4 ”Permittivity and losse tangent”: scat-
tering parameters are affected by the presence of an object. The presence of the object along the line will locally affect the
effective permittivity of the line and create impedance mismatch (as showed in the TEM propagation model of the section
1.4) giving rise to higher signal reflection. While penetrating into an absorbent medium part of the signal will be lost giving
rise to less signal transmission and drop of the S21 parameter’s amplitude. With the insertion losses one can find out informa-
tion about the imaginary part of the permittivity and with the return losses we have access to information about the permittivity.

We then tried out another measurement of the line S-parameters after a SOLT calibration with the shortest microstrip line
as the Thru structure. We used a longer microstrip line for measurements of objects. As mentioned in the previous section this
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method permits to remove most of the reflection and transmission of the signal due to the propagation along the transmission
line. With such a calibration reference planes would be set closer to the object and should permit to see better the effect of
the dielectric properties of objects we even can expect to obtain a similar situation as the TEM propagation model that we
mentioned in the section 1.4 and therefore deriving the dielectric constant of the material directly from the S11 parameter.
However measurements done after this calibration were not repeatable at all and relative error of more that 100% appeared for
the S21 parameter. Even if this calibration looked like a good alternative to remove the parasitic effects of the signal propagation
through the line in the previous chapter it appears that it is not accurate while measuring something else than the calibration
standards and the structure used as Thru. A reason could be that the Thru should be theoretically zero length which is
approximatively the case for a SMA connector. When the Thru structure is the microstrip it might be too electrically long to
be used as a Thru for an SOLT calibration.

4.2 Extraction of the effective permittivity of the microstrip line

In the light of observations done in the previous section we will now try to relate the effective permittivity of the transmission
line with the dielectric properties of the object put across.
The dielectric characterization of solid or semi solid materials with microstrip of coplanar wave guide is most of the time done by
using the material itself as the transmission line’s substrate [6] (or a layer on the top of the substrate [7]) and from the derivation
of the effective permittivity of the line one can have access to dielectric properties of the material. Even if our experimental set
up does not permit to use this kind of method we can try to establish a link between the change in the effective permittivity of
the line and the dielectric constant of the object that we put across.

From the results of previous experiments we also expect a relation between the effective permittivity of the line and dielectric
properties of the object put across. The reason is simple: we saw that the presence of an object across the line is affecting the
S11 parameter of the transmission line. The S11 parameter is directly linked with the line impedance as mentioned many times
and the line impedance is correlated with the effective permittivity of the line (see formulas to derive the microstrip and the
coplanar wave guide impedance in the section 1.2).

We will start by trying out different methods to derive from measurements of the S11parameter the effective dielectric constant
of the line. We will afterwards use those methods to calculate the effective dielectric constant of the line in a presence of an
object. We will then try to establish relations between the dielectric constant of the object and the effective permittivity of the
line.
The calibration that is used is the same SOLT as in the previous section (with the SMA connector as the Thru). The reference
planes are once again set at the port edges. We indeed need to measure the all line to have access to its dielectric properties.

Calculation of the effective permittivity of the microstrip with different methods

The effective permittivity of the microstrip line is derived with the permittivity of the substrate:

εeff =
εr + 1

2
+
εr − 1

2
(1 +

12h

w
)−0.5 (4.1)

This formula is not frequency dependent and provides a constant value for the line effective permittivity.

To derive the effective permittivity of the microstrip from measurements we used the line impedance. There are many
different formulas to derive the effective dielectric constant of a microstrip line from its impedance[21]but the formula we used
is the one that we used to design the line [11] :

εeff = ((
120π

Z0
)(

1
w
h + 1.393 + 0.677ln(wh + 1.44)

))2 (4.2)

The line impedance can be found through the reflection coefficient S11 with the formula:

Z0 = Zload ∗
1− S11

1 + S11
.

Where Zload is the impedance of the load known as being 50 Ω. This method to derive the effective dielectric constant have been
done both experimentally and with simulations since we have access to the line impedance with COMSOL.
The second way to derive the effective permittivity of the line was inspired by the paper [20]. This method consists of changing
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the line delay to move the reference plane along the line. A scheme is explaining it in figures 4.7, 4.8, 4.9 and 4.6.

connector connector 

PORT1 PORT2 

Signal measured path 

Figure 4.6: Scheme of the position of
the reference plane in on the line with-
out any introduced delay
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Figure 4.7: Smith Chart plot of the
Port 1 and 2 without any introduced
delay from 1 to 1.1GHz

connector connector 
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Figure 4.8: Scheme of the position of
the reference plane in on the line with
an introduced delay
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PORT1 DELAY

Figure 4.9: Smith Chart plot of the
Port 1 and 2 with an introduced delay
from 1 to 1.1GHz

The port 1 in connected to an open ended microstrip and the port 2 is set free. For both ports the structure is an open
however the Smith Chart results of the reflection parameter for the port 1 and the port 2 are different (as shown in figure 4.7).
Indeed the reference plane corresponding to the port 1 and 2 are located at the VNA’s connector (as shown in the figure 4.6).
For the port 1 , before being measured, the signal travelled back and forth along the line as shown in the figure 4.6. Consequently
the reflexion coefficient of the port 1 and 2 have different phase (as shown in the figure 4.7).The velocity of the signal during
this travel is known as being:

v =
c

√
εeff

c = light velocity and εeff = effective permittivity of the line

The VNA provides an option that permits to introduce an offset delay [9]. Changing the offset delay consists of shifting
virtually the reference plane by adding a delay. This delay is expressed:

offset delay =
l · √εeff

c

It permits to shift the reference physically of a length l by adding a delay to the phase of the S11 parameter. We want to set a
delay corresponding to the time of the signal travel in the scheme 4.6. The delay we want to introduce will permit to the port 1
reference plane to be shifted of the same distance as the distance of the signal’s travel in the case of the figure 4.6. This delay is
obtained when the signal of the port 1 is similar to the signal of the port 2 on the Smith Chart (as shown in the figure 4.9) the
two ports are measuring the same open structure. From the offset delay introduced it’s easy to derive the effective permittivity
of the line:

delay =
l

v
=

√
εeff · l
c

εeff = (
delay · c

l
)2 (4.3)
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With l the physical distance of the signal travel. The line length is known as being 2cm long and the signal measured without
delay (see the scheme 4.6) travelled twice the line length (since it went back and forth along the line) consequently l is 4cm.

Delay measured

Real Delay of the line

Delay to remove four times

Figure 4.10: Removing the effect of the connectors

To calculate the real delay of the line we also add to remove the parasitic delay introduced by the connector of the microstrip.
As shown in 4.10 the delay measured doesn’t correspond to the line delay only but includes as well the presence of the two
connectors on the edge of the line. This effect can’t be neglected. Therefore we measured the offset delay corresponding to one
connector at 1 GHz (63psec) and we subtracted it four times from the total offset delay of the line we measured. We consider
here that the delay introduced by connectors is frequency independent.
For this measurement we had to align at each single frequency the S11 parameter of the port 1 and 2. The superposition of the
two signals is a long process therefore we performed it in a quite narrow frequency band (from 1 to 5 GHz with a step of 0.1 GHz).

We also used the simulations to derive the effective dielectric constant on the same fashion. On COMSOL we simulated the
same microstrip line with an Open end. The S11 parameter measured at the Port 1 is written :

S11 = |S11|eiφ0 .

Then we add an offset delay to the phase φ0. The shifted parameter S’11 has to have the same phase as the Open point on the
Smith Chart: SOpen = ei2π The equation is then:

S′11 = |S11|ei(φ0+∆φ) = |S11|ei2π φ0 + ∆φ = 2π

According to the theory [9] the phase delay (if expressed in degrees) can be written:

∆φ = −360 ·∆s · f with ∆s =
l · √εeff

c

Consequently a simple formula can derive the effective permittivity of the line using the phase φ0 (expressed in degrees) of the
S11 parameter:

[(φ0 − 360)
c

f · 360 · l
]2 = εeff

The plot of the effective dielectric constant calculated with different formulas in shown in 4.11.

As we can see in the figure 4.11 the theoretical value for the effective permittivity (i.e. the red line) is not close from the
effective permittivity derived with formulas (4.2) and (4.3). If we take the value calculated with the formula (4.1) as reference
we notice that the effective permittivity calculated with the formula (4.2) differs till 23% for experimental values and till 30%
for the values obtained by simulations. The effective permittivity calculated with the formula (4.3) differs till 30% for values
obtained by simulations and till 27% for the experimental values.
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Figure 4.11: Plot of the effective permittivity calculated with the different formulas from 1 to 5 GHz

Moreover there are quite big differences between effective permittivity calculated with the same method from simulations
and experiments. For the effective permittivity calculated with the formula (4.2) we see that the effective permittivity is most
of the time higher in experiments than in simulations. This can come from the fact that the soldering material (tin) is changing
the dielectric properties of the line and increasing its global effective permittivity. For effective permittivity calculated with the
formula (4.3) we see that calculations done with simulations gives rise to a higher effective permittivity than the one done with
measurements. This can be explained by the fact that conductive part are not perfect and that part of the signal can be ”lost”
in the connectors of the microstrip or in air gaps between the microstrip and connectors.

The effective permittivity calculated with the formula (4.3) is quite stable over the frequency range studied, there are less
oscillation especially in the simulation. The effective permittivity of the line is not supposed to be frequency dependent therefore
results obtained for the effective permittivity with the formula (4.2) are quite disturbing. Reasons of this oscillations can be
the mismatch of impedance. We already saw in the section 2.1 while plotting the impedance of the line that the mismatch of
impedance is creating big variations of the impedance norm while increasing the frequency. It might also be the fact that the
formula we used to calculate the effective permittivity of the line is not adapted to the frequency range we are looking at. There
are indeed many formulas for deriving the microstrip effective permittivity [21].

From this study we will eliminate the formula (4.2). Oscillations on the effective permittivity of the line over the frequency
range studied are not satisfying. Moreover for this method we have to include the effect of the soldering material and connectors
consequently the effective permittivity measured will never corresponds to the one of the transmission line only. In the future
the effective permittivity of the line will be derived with the method (4.3).

Influence of the object’s permittivity

In the section 4.1 we saw that the dielectric constant of an object is affecting the S11 parameter of the transmission line. The
method (4.3) permits to calculate the effective permittivity of the line directly from the S11 parameter. The next step seems
now to see how dielectric properties of objects put across the line can change the effective permittivity of the line.

Therefore we measured the effective permittivity of the line with the method (4.3) of the previous section. We put our
previous objects (Dielectric of ε 6, 3.55, FR4 and piece of phantom) along the line one after the other. For this experiments
dimensions of the object are 20X1.57X30mm. We used the microstrip line of 3cm length. The delay obtained for each object at
a frequency of 1GHz is shown in the table 4.2. For the measurement while aligning the S11 and S22 signal on the Smith Chart
the uncertainty is about 1psec (while doing the alignment of the two signals the precision is of ± 1psec). A quick look at the
delay obtained for each object permit to conclude that we can make a difference between each of them. For each material the
error bar on the effective permittivity is ± 1ps

delayinps .
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Object εobject a 1GHz delay in ps εeff
Nothing (air) 1 203 2.32
Substrate 1 3.55 209 2.50
Substrate 2 (FR-4) 4.3 211 2.46
Substrate 3 6 218 2.67
Piece of phantom material 60 258 3.74

Table 4.2: Time delay and corresponding effective permittivity of the line with different object at 1GHz

The correlation between the effective permittivity of the line and the permittivity of the object put across is established
by plotting one parameter versus the other. This graph is shown in the figure 4.12. The dielectric constant of the phantom
material is frequency dependent that’s why the plot is done at a single frequency: 1GHz. The effective permittivity of the line
is calculated with simulations (orange) and measurements (black). The error bar is too small to be seen on the graph.
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Figure 4.12: Plot of the measured εeff of the line versus the dielectric constant of the object at 1 GHz

The graph 4.12 shows a correlation between effective permittivity of the line and dielectric constant of the object: the higher
the permittivity of the object put across the higher the effective permittivity of the line. This observation is valid for both
simulations and measurements.
If we have a closer look on how the different materials are affecting the effective permittivity of the line we can see that for
the piece of FR4 and for the dielectric substrate of a permittivity 3.55 results on the permittivity of the line are quite close
but different. In the previous experiments (see graph 4.5) the plot of the S11 parameter in dB of the line with a piece of FR4
and with a piece of dielectric of 3.55 were not distinguishable. Here we managed to make a small distinctions between the two
objects we can assume that the effective permittivity of the line is a more appropriate way to characterize the objet dielectric
properties (but care has to be taken : it can also be due to the fact that dimensions of objects are bigger now than in the
previous experiment.).

For the effective permittivity of the line calculated through simulations we can see a clear difference between all objects. This
might be due to the fact that in simulations there is a perfect contact between the material piece and the line and in experiments
there is the possible presence of air gaps between object and line.
The effective permittivity of the line with a piece of phantom is very different from simulations to measurements. The effective
permittivity of the line calculated with a piece of phantom across is around 9 for simulations and around 3.9 for experiments. This
difference might come from the fact that piece of phantom that was used was not having exactly the same dielectric properties
as the one given by datasheets.
For other objects there is a global trend of an effective permittivity of the line derived through simulations higher than the one
derived with experiments. This can be due to imperfections of the line (bad alignment of connectors on the line, losses of the
signal while travelling through connectors...).
The effective permittivity of the line seems to be mainly correlated with the dielectric constant of the object and not with the
losses. Indeed tangent losses of the FR4 and the two dielectric substrates are the same but there is a difference between their
dielectric constants and we notice a difference in the effective permittivity of the line in the presence of those objects.
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To conclude about this study we can say that the effective permittivity of the line seems to be a good parameter to charac-
terize dielectric properties of the object. The main problem remains to find out a simple and easy methods to derive the effective
permittivity of the line experimentally. Indeed the method that we used was not very precise and the error bar we took didn’t
take into account the uncertainty due to the fact that we align manually two signals on the Smith Chart. Simulations are a better
way to investigate the link between dielectric constant of the object and effective permittivity of the line than measurements.
This method can be use qualitatively to compare easily and quickly the dielectric constants of two objects (in order to determine
which has the highest dielectric constant). Finally we have to highlight that even if we assumed that losses are not taken into
account a study has to be done before postulating this statement. We also didnt study if the effective permittivity of the line
was dependent on the position of the object.
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Chapter 5

Taper design for Microtubule

At the macro scale level we investigated the use of transmission lines to characterize dielectric properties of objects. Even though
the method developed in the previous section is far from being completed we get an idea of how such electrical lines can be used
for characterization. Moreover as mentioned before other methods have been developed and could be used with a different setup.
An object can exhibit very interesting properties exposed to an electromagnetic field (EM) which can be used for concreate
needs. The well-known example is the microwave oven. Last decade EM-fields in the form of Radio Frequency (RF) signals have
been introduced into the medicine field in order to treat disease such as Cancer using the so called hypermetria technique [1].
Biomaterials can exhibit as well very interesting properties exposed to a RF signal and recently a paper [3] showed that a specific
molecules present in cells called a microtubule was presenting a singular behaviour from 1 kHz to 20 GHz. This molecule is of
interest for scientists for different reasons. From the physics point of view the Microtubule is composed of many small dipolar
moments which gives it special properties: it has been shown that such a molecule can create an electric field under mechanical
vibrations [2]. From the biological point of view this kind of molecule has a key role in the life and the division of the cell.
Pursuing the study of the microtubule exposed to a RF signal is however a very challenging subject especially because of the
size of those molecules (few micro meters).
This chapter will be focused on the biomaterial that we would like to characterize. First we will introduce the molecule and
highlight what are the major discoveries that have been done on it those last decade. Then in the same fashion of the previous work
done at the macro scale we will achieve the design of a particular structure to characterize the Microtubule behaviour exposed
to a RF-signal. Finally the structure will be simulated and studied in order to draw conclusions about its characteristics.

5.1 Microtubules

Microtubules are present in the cytoskeleton of eukaryotic cells. They are molecules made of an assembly of two tubulins α and
β (which are proteins). This assembly is called a heterodimer and is the basic entity of the microtubule. Those heterodimer
are arranging into an hollow cylinder shape to form the microtubule as shown in the figure 5.1. Inner and outer radius of the
molecule are respectively 17 and 29nm and its length is on averaged about 4 µm (even though it can go up to 50µm in some cases).

Figure 5.1: Scheme of the component and their arrangement in the Microtubule

There are three types of microtubules: astral, polar and kinetochore and as shown in the figure 5.2 each of them has a special
role in the cell’s division. All microtubules are originating from the spindle (which is a network of protein’s fibers that forms
during the cell division). Astral microtubules are pulling the spindle of the daughter cell toward the cell membrane. Kinetochore
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microtubules connect to the chromatid of the future daughter cell. Polar microtubules from each spindle are pushing against
each other in the middle of the cell. When the cell is not duplicating anymore the microtubule are present in the membrane of
the cell to make it stronger.

Figure 5.2: Microtubule role during the cell division

Another interesting property of the microtubule is that it’s a highly polar molecule. The α and β tubulin association creates
a static dipole moment of about 1714 Debye (≈5.7173*10−27Cm) [2] consequently the microtubule is made of small dipoles
association and therefore we suspect it to be sensitive to electromagnetic activity. Theoretical studies [2] show that the vibrating
microtubule can generate an oscillating EM-field. The frequency of this field can go from kHz to the GHz. Moreover a recent
experimental work [3] showed that the Microtubule has a singular behaviour under a RF signal (from 1 kHz to 20 GHz). Re-
sistance losses of the microtubule exposed to a RF signal showed that for certain frequencies the transmittance of the molecule
is very large(R≈ 0.004Ω). It seems therefore interesting to characterize microtubule’s dielectric properties (to investigate more
about propagation and absorption of the signal by the molecule) under a RF signal.

5.2 Taper design

We highlighted in the report that the dielectric characterization needs proper test structures. Dimensions of microtubules are
comparable to the Carbone NanoTubes (CNT) ones and luckily many characterization methods for CNT have been developed
those recent years ([23, 7, 19]). One of them consists of connecting two conductive parts of the electrical line i.e. the signal
line and the grounded plane using the coplanar wave guide (CPW) with the Device Under Test (DUT) in the center of the
line ([23, 19]). To analyse the microtubule in the same fashion one needs to think about a special design for the test structure.
Indeed probes have to be connected at both ends of the electrical line so dimensions have to be hundreds of micro meters at
least, at the same time the structure needs to be small enough to be sensitive to objects of few micro meters length. In order to
realize these conditions a tapered coplanar wave guide can be used and this structure have been inspired from structures used
for the CNT characterization [23].

The main scheme of the structure which could be used for the characterization of microtubules is shown in 5.3. Blue parts
are metallic parts and the microtubule is supposed to be attached the middle. The total length of the transmission line is 2 mm.
In such a structure the gap width goes from 50 to 4 µm and the signal width from 100 to 8 µm. Consequently at the middle
of the structure dimensions are adapted to measure structures as small as microtubules. The microtubule would be put as a
bridge between the signal strip line and the grounded planes (as done for the CNT studies). This set up would permit to study
the Microtubule with a different set up but in a similar way as done in the paper [3]. Such an experiment would be useful to
extract dielectric properties of Microtubules and determine if the imaginary part of the constant dielectric is dropping at the
same frequencies as the one for which transmittance peaks were found.
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Figure 5.3: Simulated taper structure
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Figure 5.4: S parameter plot and Smith Chart for the micro-
tubule taper structure from 100MHz to 2Ghz

According to [3] Microtubules are presenting resonance phenomena at particular frequencies from 1 kHz to 20 GHz. In
order to study the behaviour of microtubule the structure that we simulated is supposed to be matched at this frequency range.
Simulations were done in a smaller frequency range (100 to 2 000 MHz) for computer time reasons. But the choice of this
particular frequency range took into account that the paper [3] measured transmittance peaks at frequencies below 250MHz and
according to calculations done [2] the frequency of longitudinal oscillations of microtubules occurs at 1GHz. The plot of the S
parameter in dB and of the reflection coefficient in the Smith chart are shown in the figure 5.4.
The structure is perfectly matched and all the signal is transmitted form 100MHz up to 2GHz. Such a structure could be used
to study microtubules in this frequency range moreover we can expect such a structure to work at lower frequencies (from 1kHz
to 100MHz) according to the shape of the S11 curve.

5.3 Study and realization of a taper structure

In the previous section a new geometry have been introduced: the tapered coplanar wave guide. At this point trying to construct
such a structure at the macro scale and matching it to 50 Ω seems then both challenging and interesting to do. Therefore we
will simulate a structure which can be fabricated in the lab. We will try out different types of geometry and see how each of
them are influencing the electric field. The goal is to clarify the electric field distribution for such structures and determining
the best one for the fabrication at the macro scale with a S-parameter study.

The geometry of the tapered coplanar wave guide is including different parameters. In the scheme 5.5 we can see the simu-
lation of one tapered structure.
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Figure 5.5: Scheme of the simulated taper structure

Blue entities are conductive parts and grey one the gap lines. Circled in black are the uniform lumped ports simulated
(probes or connectors position in the reality). From this geometry different structures are simulated and shown in the figure 5.6.
We will compare the electric field repartition along the line and the S parameter plot in dB in order to understand the influence

Figure 5.6: Different structures simulated

Structure 0 Structure 1 Structure 2 Structure 3 Structure 4

of those parameters on:

• the length over which the gap and the signal line width are reduced (called bending length from now)

• the presence or the absence an extra length in the narrow region (circled in red)

First of all we selected arbitrary the geometry of the structure 1 and matched it to 50 Ω. To match it the idea is to use
dimensions corresponding to a 50 Ω coplanar wave guide at the end and the middle of the tapered structure. We used the same
substrate as before (see characteristics in table 2.2). The calculator for coplanar wave guide (CPW)[13] gives several possibilities
corresponding to a CPW matched to 50 Ω. The selection of dimensions was done according to the feasibility criteria: the technic
used to construct our lines could not handle dimensions below 300 µm. Dimensions used for the signal and gap line width after
optimization on COMSOL are:

• width of the signal line going from 2.5 → 1mm.

• width of the gap between the ground and signal line going from 1.5 → 0.3mm.

The total length of the line is set as 3.75cm.
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Study of the taper

All structures with the different geometries shown in the figure 5.6 are now designed on the same fashion (for the gap, signal

line width and for the line length dimensions).The figure 5.7 presents the direction and the distribution of the current vector ~J
in the (zy) plan at the middle of the tapered structure (where the gap and signal line are the thinnest).

Structure 0 Structure 1 Structure 2

Structure 3 Structure 4

Figure 5.7: Distribution of the Displacement current (intensity and direction) in the (yz) plan at the middle of the structure for
a frequency of 10 GHz

From the comparison of the current vector in this plan for the different structure the first conclusion is that the tapering of
the coplanar wave guide creates an important current accumulation at the center of the structure. Indeed in the structure 0
(which is none tapered) the intensity of the current (=length of the arrow) is much smaller than in structures 1 to 4 (which are
tapered). The tapered structure presents the advantage of concentrating the current in a particular zone. Any object put in this
zone will be exposed to more intense current which makes this structure adapted for a RF characterization of small objects.
If we focus on structures from 1 to 3 we notice that the bending length affects the orientation of electric field in the (zy) plane at
middle of the structure. The smaller the bending length the more normal to the structure will be the current orientation. The
intensity of the current in the middle of the structure doesn’t seem to be affected by the bending length.
Finally comparing the structure 1 to the 4 gives an information about the effect of the extra length in the middle of the structure.
These extra length is creating an imbalance in the current direction and intensity from one gap line to another. This structure
could be used to characterize objects under an unsymmetrical current and see how a difference in intensity and direction would
affect the object response.
From this study we see that the structure 1 and 2 are the most suitable to characterize microtubule. If microtubules are put at
the position suggested in the figure 5.4 (in between the gap and signal line) there will be a current normal to the structure and
intense in the microtubule region.

We will now perform another study focusing on the S parameters of the structure. First we will see the effect of the
bending length on the scattering parameters of the line by comparing the return and insertion losses in dB of structures 3, 1
and 2. This comparison is done in the figure 5.8from 1 to 10GHz (we chose this frequency range for the same reasons of chapter 1).
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Figure 5.8: Bending length effect on the scattering parameters
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In the figure 5.8 (a) we notice that there is no net difference between one to another structure on the return losses parameter
plot. However the structure 1 (with the biggest bending length) is the one which presents the less return losses on most of the
frequency band. The structure which seems to be the less well matched from 1 to 10GHz is the structure 2.
In the figure 5.8 (b) we observe that there is a net difference after 9GHz between the insertion losses parameter of the structure
1 (highest bending length) and the one of the structure 3 and 2. Indeed after 8GHz the S21 parameter of the structure 1 lies
6dB (so more than 50% less signal transmitted) below the one of the structure 2 and 3.
The figure 5.8 shows that an high bending length gives less reflection of the signal along the line and more insertion losses at
high frequencies.
The same study consists of comparing the structure 0, 3 and 4. The structure 4 and 3 have the same bending length but the
structure 4 presents an extra length. This comparison is done in the figure 5.9.

Figure 5.9: Extra length effect on the scattering parameters
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In the figure 5.9 (a) we see that there is no net difference between one to another structure on the return losses parameter
plot. However the structure 4 (with the length in the middle) is the one which presents the less return losses below 3GHz. The
structure which seems to be the less well matched from 1 to 10GHz is the structure 3(the one without any length in the middle).
In the figure 5.8 (b) we notice that there is a net difference after 9GHz between the insertion losses parameter of the structure
4 (length in the middle) and the one of the structure 3. Indeed the S21 parameter of the structure 4 lies 6dB below the one of
the structure 3 after 9GHz.
The figure 5.9 gives two main information : if we add an extra length to structure insertion losses will be higher after 9GHz and
return losses will be smaller.

To conclude on the S-parameter study we can say that there is no geometry which is clearly better than the other. Indeed
if a structure is preferable from the return losses point of view it appears to present more insertion losses than other structures
after 8GHz. We can however draw conclusions about the effect of geometrical parameters on the reflection and transmission of
the signal. Decreasing the dimensions of the structure slowly (ie big bending length) results into more insertion losses at high
frequency and less reflection of the signal. Adding a length in the middle of the structure gives more losses at high frequency
and less reflection of the signal at low frequency.

Fabrication of the tapered structure

After those theoretical considerations we fabricated the tapered structure. Since geometries presented are not affecting that
much the S -parameters of the structure for our fabrication the structure 4 is selected because it’s the easiest to fabricate. Since
this structure presents high losses after 7GHz (less than 50% of the signal transmitted!) we limited the frequency range of the
study from 1 to 7GHz.

For this geometry the gap line width is varying from 1.5 to 0.3mm signal line width going from 2.5 to 1mm. The tapered
structure of 3.75 cm long. In the middle of the structure a line of 0.5cm long is added and the bending length is 1.75cm (rest of
the length of the line). The simulation and measurements results are plotted in figures 5.12 and 5.13 for the S-parameters and
in the figure 5.11 for the reflection coefficient in the Smith Chart.
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Figure 5.10: Constructed and simulated structure for the
Taper

simulations
measurementssimulationsmeasurements

Figure 5.11: Plot of the reflection coefficient
of the taper structure in the Smith Chart.
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Figure 5.12: Plot of the simulated and measured
S11 parameter
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Figure 5.13: Plot of the simulated and measured S21 parameter

Measurements have been done between 1 to 7GHz. The comparison between simulations and measurements shows that in
reality losses are much more important than in simulation. As seen in the S21 parameter plot which drops much more rapidly in
the measurements than in the simulation and less than 50% of the signal is transmitted through the line. In experiments the S11

parameter is increasing with the frequency, this is not the case with the simulations. Losses are critical in experimental results
and the fabricated structure is not matched as we can see in the Smith Chart. The big differences between simulations and
experiments can be explained by the fact that results from the simulation were already presenting mismatch, adding connectors,
soldering material... made the mismatch worst for experimental results. Moreover we simulated uniform and not coaxial lumped
ports (that we have in reality with connectors) the radial distribution of the electric field can also be an explanation for the big
impedance mismatch and high losses rate.

It is worth to notice that for dimensions allowed by construction in the lab (limitation of the width to 300µm) we can’t
achieve better results than the one presented here. All parameters (bending length, gap and signal width, length in the middle
of the tapered zone) have been carefully optimized. Better results for the S-parameter plot could be achieved for a tapered
structure at the cm range but it requires thinner gap width in the tapered region (up 100µm) which can’t be done in the lab..
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Conclusion and further work

This work focused on a special type of test structure : electrical lines. The link between different concepts: calibration techniques,
line quality and set up of the experiment have been carried out in order to obtain good test structures and to perform coherent
measurements.

This study showed that this type of electrical lines could be used to characterize dielectric properties of materials. A very
simple set up is necessary. We established a link between the reflection, the transmission of the signal and the dielectric properties
of the object. We managed to determine important parameters which could be linked with dielectric properties of materials.
We developed an easy way to measure the effective permittivity of a transmission line and make a link between the dielectric
constant of materials and the effective permittivity of the line. However those results have to be taken with care since the
technique used experimentally to extract effective permittivity of the line could be improved.
Moreover we investigated different types of structures and tried to characterize there effects on the S parameter plot and on the
electric field distribution.

Further work of this all study would be to use more elaborated ways [5, 7] to derive experimentally the effective permittivity of
the microstrip line (without connectors) and compared them with the technique we used in order to validate or not its reliability.
We could also establish a mathematical relation between the dielectric constant of the object and the permittivity of the line.
We could also investigate the size, position and effect of loss tangent of the object on the effective permittivity of the line.
Another further work would be to fabricate the tapered structure in order to finally be able to measure dielectric properties of
the microtubule and understand it’s behaviour exposed to an RF signal.
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