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Abstract

Electromagnetic (EM) characterization of materials up to high frequencies is a major requirement
for the correct modelling of many accelerator components: collimators, kickers, high order modes
damping devices for accelerating cavities. Different methods and techniques have been used in
the past and a unique setup for all kind of materials and frequencies range does not exist. In this
note the details of our measurements setup and the different applied methods are described. This
work will focus on the coaxial line setup that can be used in a wide range of frequencies.
Reflection and transmission methods will be analyzed and discussed. Measurements of silicon
carbide (SiC) CerasicB1, EkasicF and EkasicP will be presented.
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1. INTRODUCTION

The study of EM properties at microwave frequencies has different fields of applications such as
academic research; microwave communications and engineering (military, industrial, civil); clock
speeds of electronic devices at microwave frequencies require knowledge of permittivity and
permeability; EM interference (EMI) and EM compatibility (EMC). It plays a crucial role in the
impedance modeling for the LHC accelerator complex at CERN or for damping materials in
CLIC accelerating structures.

Measurement of dielectric properties involves measurements of the complex relative permittivity
and complex relative permeability of the materials. A complex dielectric permittivity consists of
a real part and an imaginary part. The real part of the complex permittivity, also known as
dielectric constant is a measure of the amount of energy from an external electrical field stored in
the material. The imaginary part is zero for lossless materials and is also known as loss factor. It
is @ measure of the amount of energy loss from the material due to an external electric field. The
ratio of the imaginary part to the real part of the complex permittivity is called loss tangent. The
loss tangent is also called by terms such as tangent loss, dissipation factor or loss factor. The
complex permeability also consists of a real part which represents the amount energy from an
external magnetic field stored in the material whereas the imaginary part represents the amount of
energy dissipated due to the magnetic field. Measurement on the complex permeability is only
applicable to magnetic materials. Most materials are non-magnetic and thus, the permeability is
very near to the permeability of free space [1].

In the past years different techniques for materials characterization have been developed [2, 3, 4,
5, 6]. We can summarize these techniques in:

e Non-resonant techniques:
o Reflection method: open-circuited reflection; short-circuited reflection (S11)
o Transmission/reflection methods: (S11,512,521,522)

e Resonator techniques (the sample forms a resonator or a key part of resonator):
o Dielectric resonator
o Coaxial surface-wave resonator
o Split resonator (dielectric sheet sample)

e Resonant perturbation techniques:
o The sample under test is introduced into the resonator and the EM properties are
deduced from the changes in resonance frequency and quality factor of the cavity

e Planar circuit techniques (both resonant and non-resonant methods):
o Stripline
o Microstripe
o Coplanar line

In a more general view we can split the techniques in two big families: a) non-resonant
techniques that give the possibility to measure EM properties in a wide range of frequencies and
b) resonator techniques that allow measuring the EM properties at single or several discrete



frequencies and are higher sensitivity and higher accuracy techniques than the non-resonant
techniques.

This note presents the non-resonant technique with a coaxial line filled with the material under
test (MUT). Both reflection and transmission methods will be investigated and discussed. For the
reflection method, the properties of the material are obtained from the measured reflection
coefficient by using it as input for a transmission line (TL) model or for 3D EM simulations,
which describe the measurement setup. The transmission method will use only the EM
simulations in order to infer the EM properties of materials. These methods have been applied to
characterize samples of SiC which could be used for LHC collimators and for CLIC accelerating
structures.

2. THE COAXIAL TECHNIQUE

A coaxial line has been used in order to characterize the material under test with two different
methods: reflection and transmission methods.
For the reflection method the coaxial line is closed on a well-known load. Using a network

analyzer the reflection coefficient is measured (see Figure 1) [7].
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Figure 1: Measurements setup for the reflection method.

The measured parameter is related to the unknown material properties. This function can be
obtained numerically (from 3D finite elements simulations) or from TL theory.

a. Study of feasibility of the method

The feasibility of the adopted method was studied using a 3D EM simulator as the environment
for ideal measurements and a TL model to obtain the reflection coefficient as function of the
material properties. The same function is obtained also numerically from the 3D EM code CST
Microwave Studio®. The flowchart of Figure 2 explains these two different procedures.
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Figure 2: Flowchart for simulations and TL model techniques.

The measurement system is simulated using the material properties (real permittivity and
electric loss tangent) as free parameters; the output of the simulations is always the reflection
coefficient in a certain range of frequencies. From the simulations we obtain the complex
reflection coefficient as a function of real permittivity and loss tangent at a given frequency (see
Figure 3). The same function can be obtained also analytically by modelling the measurement
system with the transmission line theory where the reflection coefficient can be calculated from
the impedance of the input line and the impedance at the section AA’ (see Figure 4).

Z o~ Zo (1)

.. =
MWz +Z,

where Z,,. can be calculated by the transport of the impedance of the load along the transmission
line. For a lossy line it is:

Zioag + Zpur taNN(JKpyr L) (2)
Zpur + Zisag tANN(jKpyr L)

ZAA' =Z DUT
load

where Kk, is the complex propagation constant given by:

Kour =B - j ©)

where « is the attenuation constant and £ is the phase propagation constant.
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Figure 4: Transmission line model.

By using the function as calculated numerically we found the possible solutions of real
permittivity and loss tangent from the contour plot that results from the intersections between the
3D surfaces, obtained numerically, and the ideal measurements i.e. the simulation of the
reflection coefficient 7" at one single frequency for given material properties. Figure 3 shows the
intersection of one 3D surface with the ideal measurements at a certain frequency.

Figure 5 shows contour plots for different 3D surfaces and points from the TL model. Different
contour plots are displayed for different terminations of the transmission line (open circuit and
short circuit) and for the real part and the imaginary part of I'. The solution is the intersection
point of all configurations. In this example the solution gives 10 for the real part of the complex
permittivity and 0.2 for the loss tangent. These results are confirmed by the TL model and in fact
the solutions for the short and the open end lie exactly on the intersection of all contour plots.
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Figure 5: Contour plots for different 3D surfaces. The squared and round
dots are calculated from transmission line model.

b. Measurements of dielectric materials: air-gap correction

One complication of the coaxial method is the presence of air-gap in the fabrication process for
the sample under test (see Figure 6). A correction to the characteristic impedance can be
introduced to take into account the air-gap effect. Due to the air-gap the capacitance and the
inductance have the following expressions:

2-7-8y-8, -1 27548, 2-7mw-5y-8, 4)
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For dielectrics and in our frequency range of interest: O <1

(1>
1 1 1 1 (7)
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Figure 6: Air-gaps considered in the TL model.
where C,... and L. are the classical capacitance and inductance of a coaxial cable and C;,,
C,andL,, L, the additive capacitances and inductances due to the air gaps [8]. Nevertheless

our samples were machined with an air gap less than 50um that in the frequency range of interest
gave only few percent errors on the final results.



3. THE REFLECTION METHOD

Particularly attention has been done on the choice of the measurements setup: the simulated
structure consists of three pieces of coaxial adapters. The piece near the source is a SMA
connector filled by the material under test followed by a 3.5mm adapter in air. The coaxial line is
terminated by a short circuit or an open circuit.

Two different methods have been investigated: the reflection method and the transmission
method. For the reflection method we have used TL model and EM simulations to infer the EM
properties (see scheme in Figure 2).

The open and the short are Agilent standards and have been modeled by introducing the
constructor fringe capacitance and the residual inductance (see Figure 7):

C=C,+C,-f+C,-f2+C,-f? (12)
L=L,+L-f+L,-f2+L, f° (13)
The impedance of the standards is:

Ze, + JZ,tan(kgly) (14)
’ Z0 + ZC/L J tan(ks IS)

Z, =2
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Figure 7: TL model for open and short standards.

A sensitivity study has shown that a variation of the length of open and short within £1% implies
+9%o on the permittivity and a variation of the length of open and short of +10% implies -9% on
the permittivity. Furthermore +50% on pairs (CO, LO), (C1, L1), (C2, L2), (C3, L3) gives
respectively Aepsr’=1%o, 1%o, <1%o, <<1%o. The capacitance of the open circuit accounts for
strong variation of the real part of permittivity. The inductance of the short circuit accounts for a
very little variation on real part of permittivity. With no-inductance at all there is a Aepsr’=1%eo.
The used EM code is HFSS [9]. A comparison between the TL model, HFSS simulation and
measurements have been done for a setup assembled with the DUT (air), a 3.5 mm adapter and
the load that in this case (reflection method) is either a short circuit or an open circuit (see Figure
8). The choice of using a 3.5 mm adapter came from the necessity to use the same standard (short
or open) both in the calibration of the network analyzer and in the measurements of EM material
properties. The pictures in Figure 9 show the whole assembly.



The reflection coefficient is calculated similarly to the expression (2) at each different section of
the DUT. The characteristic impedance of the coaxial line in air is:

(15)
Z e =60, |2 In(%}
& in

where d,and d, are the outer and the inner diameter of each section. Considering losses in the
conductors, the complex propagation constant is:
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Figure 9: Measurements with reflection method.

In order to reduce the errors from different pieces of the DUT a separated study has been done on
the different parts. First the short and the open standards have been measured (S;; in module and
9



phase) and compared to the TL model. The geometric characteristics of the short/open standards
are:

- Dout =3.50mm
- Din=1.52mm
- Short/Open length = 9.53mm/9.49mm

The length of the MUT is such that in the frequency range of interest the EM wave is attenuated
but still measurable by the network analyzer; in fact the attenuation of the wave while passing
through the material at the highest frequency (27GHz) goes according to:

—J—f 1-jtaL

=e

(17)
e—j72L

In the hypothesis that & << ¢, this yields:

18

_ _j%% e (1—J@j oL —J—f oL ——ftana 2L (18)
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e e =

and taking the value of the envelope one has e.g. for CerasicB1 at 27GHz, roughly -40dB.

Figure 10 shows the measurements of the scattering parameter S;; and the TL model for the

standards. The error of the measurements with respect to the TL model is less than one per mille.

The fringe capacitance and the residual inductance did not influence the results.
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Figure 10: phase of S;; for open and short standards.

Once verified that the standards could be well simulated, the SMA adapter (air) and the 3.5mm
adapter have been introduced in the calculations. Now the simulated line is that shown in Figure
8 and the simulations take into account also the losses in the conductors.

The length of the SMA adapter is fixed to 15.00mm and an optimization procedure was launched
by varying the following parameters:
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Outer and inner diameter of SMA
Outer and inner diameter of 3.5mm adapter
Length of 3.5mm adapter
Conductivity of materials

Table 1 shows the initial values before and after optimization with TL model.

Table 1: Optimization procedure for short circuit configuration.

D D Dout Din Sigma L_3.5mm
[mm] [mm] [mm] [mm] [S/m] [mm]
Before 4.12 1.30 3.50 1.52 5.8e7 --
After 4.18 1.26 3.48 1.50 5.8e7 15.6
(real(S11)) (1.4%) (-3%) (-0.6%) (-1.3%) (0%) ()
After 4.18 1.26 3.48 1.50 5.8e7 15.6
(imag(S11)) (1.4%) (-3%) (-0.6%) (-1.3%) (0%) ()

Figure 11 and Figure 12 show the real and imaginary part of the scattering parameter S;; for the
studied geometry (short circuit configuration and open circuit configuration) by comparing the
measurements (blu line) and the TL model (red line).
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Figure 11: real(S;1) and imag(S;;) for the TL in Figure 8. The MUT is air. The configuration is

short ended.

Table 2: Optimization procedure for open circuit configuration.

D d Dout Din Sigma | L_3.5mm | CO C1 C2
[mm] | [mm] | [mm] [mm] [S/m] | [mm]
Before 4.12 1.30 | 3.50 1.52 5.8e7 | -- 494e-16 | -310e-27 | 23.2e-36
After 4.18 126 | 3.48 1.50 5.8e7 | 15.6 0.5e-16 -50e-27 | 6e-36
(real(S11)) | (1.4%) | (-3%) | (-0.6%) | (-1.3%) | (0%) | (-)
After 4.18 1.26 | 3.48 1.50 5.8e7 | 15.6 0.5e-16 -50e-27 | 6e-36
(imag(S11)) | (1.4%) | (-3%) | (-0.6%) | (-1.3%) | (0%) | (-)
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Figure 12: real(S1;) and imag(S1;) for the TL in Figure 8. The MUT is air. The configuration is
open ended.

Furthermore we compared the measurements with HFSS simulations before and after
optimization for short and open circuit configurations.
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Figure 13: comparison among measurements, TL model and HFSS before optimization.
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Figure 13 shows that there is a shift in frequency of the complex Si; with respect to the

measurements for the open ended configuration. This shift is due to the different cross section of

the SMA and the 3.5mm adapters. In order to take into account the variation of the transverse
sections, the length of the open standard should be reduced to 9.22mm. The length of the short is
now 9.43mm. The optimization process in HFSS has been carried on by varying the length of the
3.5mm and the SMA adapters: a length of 15.25mm (for both short/open configurations) for the
3.5mm adapter and a length of 15.15mm for the SMA adapter were considered. Figure 14 shows
the results.
The method of the least squares between the S;; of the TL model and the measured one has been
applied to calculate the errors (see Table 3 and Table 4).
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Figure 14: comparison among measurements, TL model and HFSS after optimization.

Table 3: comparison of errors for the scattering parameter Sq1; for TL model and HFSS with
respect to measurements

Meas. vs. TL model Meas. vs. HFSS
Real(S11) for SC 0.246 0.212
Imag(S11) for SC 0.314 0.224
Real(S11) for OC 0.275 0.356
Imag(S11) for OC 0.284 0.472
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In the TL model the 3.5mm adapter was 15.60 mm long and the SMA adapter 15.00 mm long. By
keeping the same lengths ratio of the HFSS simulation (15.25/15.15), the TL model had
15.35 mm long 3.5mm adapter and 15.25mm long SMA adapter. The results are in Figure 15. In
Table 3 are resumed the errors of the TL model and HFSS simulations with respect to the

measurements.
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Figure 15: comparison among measurements, TL model and HFSS after optimization.

Table 4: comparison of errors for the scattering parameter S11 for TL model, HFSS and

measurements
Meas. vs. TL model Meas. vs. HFSS TL model vs. HFSS
Real(S11) for SC 0.590 0.819 0.196
Imag(S11) for SC 0.764 0.968 0.198
Real(S11) for OC 2.162 0.799 0.329
Imag(S11) for OC 3.165 1.097 0.411

Until now the DUT was filled with air. The next step was the introduction of the dielectric. To
check the consistency of the TL model and HFSS, different simulations in HFSS with the same

geometry of TL model have been performed:

a) With losses in conductors and w/o losses in dielectric
b) Wo/o losses in dielectric and w/o losses in conductors

14



c) With losses in dielectric and w/o losses in conductors

An ideal material with a real part of relative permittivity equal to 13.5 and the imaginary part
equal to 1.2 in the frequency range from 2 to 10GHz was considered.

Figure 16 shows the results for the short circuit configuration. This analysis shows the
consistency of losses in TL model and HFSS (same value of amplitudes) but no consistency
between the TL model and HFSS with respect to the length of the line. This is the reason why in
HFSS the line should be shorter in order to compensate the additional length in the 3D model in
presence of different cross sections.
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Figure 16: Sy; for short circuit configuration for a) loss in conductors and no losses in dielectric b)
no losses both in conductors and dielectric ¢) losses in dielectric and no losses in conductors.
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As said before if in HFSS the line is shorter, for instance 15.25mm for 3.5mm and 15.15 for
SMA whilst in TL model one has 15.25mm for both 3.5mm and SMA, the S;; matches for both
cases. In TL model in order to fit Sq1, we have 15.25mm for both 3.5mm and SMA.

Figure 17 shows the perfect matching between simulations and TL model with losses in materials
and in conductors. The material had epsr=13-i3 constant in all frequency range.
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Figure 17: Real(S;1) and Imag(S11) for a generic material with losses in material and conductors.
Top plots for short circuit and bottom for open circuit.

a. Losses

In the TL model all kind of losses have been included in the calculations. In general, the losses

for a transmission line are:

Losses due to metal conductivitye,: in a TL this kind of loss is modeled by a series

resistance per unit length and is function of TL geometry and RF surface resistance of the
used metal. For a coaxial line the expression is:

o = Rm A (dout + din) (19)
i 272.'ZC dout 'din
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Where Z. is the characteristic impedance of the coaxial line, d, the outer diameter, d,

the inner diameter, R, is the real part of the surface impedance of the TL with finite

conductivity. The expression for the surface impedance is:

7 - 1+ j (20)
o-o

Losses due to dielectric loss tangent &, : very important at microwave frequencies because

is proportional to the frequency, so the higher the frequency, the more likely it will
dominate overall loss (metal loss is only proportional to square root of frequency). For a
coaxial line the expression is:

ay

o € (21)
C2e,
Losses due to conductivity of dielectric o : the loss due to substrate conductivity is often

ignored because it is usually very small because the dielectric has extremely low
conductivity. With the use of silicon (semiconductor) in microwave engineering this
attenuation is very important. This kind of loss is neither a function of frequency nor of
geometry but only function of conductivity and dielectric constant.

Losses due to radiation «, : zero for our coaxial setup.

b. Check of the routine for the extraction of the EM properties

The TL model for the extraction of the EM properties of materials has been checked by using as
input the S;; generated by the TL model itself by considering a material with relative permittivity
epsr=13-i3. This procedure is equivalent to consider an ideal measurement. Figure 18 shows the
output of the routine (i.e. the real and imag part of epsr) for the considered input. The results
match perfectly with the expectation.
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1299939
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29999

i I 1 i L i 1 2.9999 i 1 L i L i 1
3 4 5 B 7 g 9 10 2 3 4 5 B 7 g 9 10
freq [GHz] freq [GHz]

Figure 18: Sy; calculated with TL model for an input given by a material of epsr=13-i3
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The same check of the routine was done by using HFSS simulations. Also in this case we used as
ideal measurement the scattering parameter Si; calculated from a simulation with a material
properties equal to epsr=13-i3.

Surfaces from HFSE, 511 from HFSS eps=13-1i73 Surfaces from HFSE, 511 from HFSS eps=13-1i73
T T T T T T T T T T T
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20999 F e TR

29999 i o

129999 ‘ ‘ i i ‘ i i 2 9999 i i ‘ i ‘ i i
2 2
freq [GHz] freq [GHz]

Figure 19: Sy; calculated with HFSS simulations for an input given by a material of epsr=13-i3

c. Measurements with the reflection method

After crosscheck the HFSS simulations and the TL model we measured the properties of EkasicF,
EkasicP in 2-10GHz frequency range.

EkasicF EkasicF
T T

]
<
b5 L
3 4 g B 7 g 9 10
freq [GHz] freq [GHz]

EkasicP EkasicP
T T T

L H i
7 g 9 10

B 7 8 9 10 2 3 4 =] B
freq [GHz] freq [GHz]

Figure 20: Measurements of complex permittivity for EkasicF and EkasicP in the frequency range
2-10 GHz. HFSS has been used to calculate the dependence of the reflection coefficient on the
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real and imaginary parts of permittivity.

Figure 20 shows the EM properties by using the HFSS simulations and Figure 21 by using the TL
model for calculating the dependence of the reflection coefficient on the real and imaginary parts
of permittivity.

EkasicF
T

EkasicF
T

Epsr
Epsr

B
freq [GHz]

EkasicP
T

freq [GHz] freq [GHz]

Figure 21: Measurements of complex permittivity for EkasicF and EkasicP in the frequency range
2-10GHz. The TL model has been used to calculate the dependence of the reflection coefficient
on the real and imaginary parts of permittivity.

As said before the solution is the intersection of the curves for the short and open circuit. Since
there are only few points of intersection, the average solution is shown for EkasicF and EkasicP
in Figure 22.
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Figure 22: average solution of the short and open circuit configurations for EkasicF and EkasicP
in the frequency range 2-10GHz.

This analysis shows that with this setup the EM properties can be found up to 10GHz for EkasicF
and up to 7GHz for EkasicP. Furthermore lossier is the material more difficult is the
characterization at higher frequencies.

4. THE TRANSMISSION METHOD

The reflection method gave some limitations on the maximum measurable frequency range. For
this reason transmission method has been evaluated.

Figure 23: Measurements with the transmission method.

The setup consists on a SMA adapter filled by the material with a hollow coaxial shape (see
Figure 23). The dimensions of the samples are:

e Length = 15.00+0.02mm
e Quter diameter = 4.07+£0.01mm
e |Inner diameter = 1.30+0.02mm
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The hollow coaxial shape samples were measured in two frequency range: from 2GHz to 10GHz
and from 10GHz to 27GHz. The reason for these two ranges was to improve the calibration of the
network analyzer. The calibrated planes are directly the 3.5mm connectors. This is important in
order to reduce any error due to possible transitions between the connector-adapter-DUT.

Figure 24 shows the measured scattering parameter S,; for CerasicB1, EkasicF and EkasicP.
Often such extrapolation gives more than one solution. The right solution is easily extracted by
continuity of the value of the parameter (real or imag epsr). One could apply a filter in order to
clean for the non-solutions. The results of the EM properties are plotted in Figure 25.
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Figure 24: Measured scattering parameters in amplitude and phase. Top: CerasicB1;, Middle:
EkasicF; Bottom EkasicP.
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Figure 25: Relative permittivity for CerasicB1, EkasicF and EkasicP measured with the transmission

method. The black curve refers to the real part and the blue light curve refers to the imaginary part of

the relative permittivity.

Figure 26 shows the fit of the measurements with the Cole-Cole Model that presents the same
characteristics of a low-pass filter with simple poles. The analytical expression yields:

- 22
o)+ )

+ _—
1+ (jor)
where ¢, is the relative static permittivity, ¢, is the permittivity for optical frequencies, 7 is the

relaxation time (i.e. the time it takes for 1/e of the constituent molecules to become aligned in
response to an electric field) and alpha is equal to zero for the Debye model whilst is different
from zero for the so-called Cole-Cole model.

Another model that can be used in order to fit the results is the Lorentz model. The
polarizabilities of Lorentz materials have pairs of complex poles and these materials may exhibit
resonant absorption. The relative permittivity of a Lorentz material can be expressed as:
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gr(a))zerw +Z 5

n=1 a)n

2
An'a)n

(23)

+jCO]/n_CU

2

wheree, -&, +- o A, is the n-th amplitude, @, is the n-th Lorentz frequency of a dispersive

Jwe,

material, y, is the damping frequency and o the conductivity.
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27GHz. The measurements are fitted with the Cole-Cole model. The right plots are zoom in the
frequency range 2-27GHz.
In general the conductivity can be expressed with the Drude model:
24
0(0))=—O-_0 (24)
1+ jor
where o, is the DC conductivity.

CerasicB1 CerasicB1

realiepsr)
real(epsr)

freq. [GHz] freg. [GHz]

freq. [GHz] freq. [GHz]
EkasicF EkasicF
2l - T 9
5 &
;\% g5k J ;ﬁ a5 \ ...................................................... J
= =
@ @
o \/
1! e
freq. [GHz| freq. [GHz]

imaglepsr)
imag(epsr)

freg. [GHz]

b) freg. [GHz]

EkasicP EkasicP

real(epsr)

freq. [GHz] freq. [GHz]

imaglepsr)
imag(epsr)

C) freq. [GHz] freq. [GHz]

24



Figure 27: Measurements of permittivity for CerasicB1, EkasicF, EkasicP in the frequency range
10-27GHz. The measurements are fitted with the Lorentz model. The right plots are zoom in the

frequency range 10-27GHz.

In order to upload the data in our 3D EM code (GdfidL), we needed to fit the data with a Lorentz
model that can be implemented in the solver. Figure 27 shows the fit with the Lorentz model.
Figure 28 shows the Cole-Cole plots for the measured materials.

b)

Figure 28: a) Cole-Cole plots (left: CerasicB1, middle: EkasicF, right: EkasicP) for the Cole-Cole model
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fit, b) Cole-Cole plots (left: CerasicB1, middle: EkasicF, right: EkasicP) for the Lorentz model fit.

d. Error Analysis

Different measurements were performed on the same sample by dismounting and mounting the
measurement setup. Figure 29 shows the measurements of S,; for EkasicP in the frequency range
2-10 GHz.
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Figure 29: Scattering parameter S;; in amplitude and phase for five different measurements on
the same sample.

The amplitude of S shows a total error of 5% whilst the phase of S,; only a total error of 1%.
This means an error within 5% for the real part of the permittivity and 10% for the imaginary

part. Furthermore measurements on different samples for EkasicP in the frequencies ranges: 2-
10GHz and 10-27GHz were performed (see Figure 30).
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Figure 30: Scattering parameter S,; in amplitude and phase for four different samples.
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The magnitude and phase variation of Sy; is within 5% for the frequency range 2-10GHz. This
gives a maximum variation of 6% for the real part of permittivity and 9% for imaginary part. The
magnitude and phase variation of Sy; is within 10% and 6% respectively for the frequency range
10-27GHz. This gives a maximum variation of 6% for the real part of permittivity and 9% for
imaginary part. Moreover three different calibrations and measurements of EkasicP were
performed in the frequency range 2-10GHz (see Figure 31).
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Figure 31: Scattering parameter S,; in amplitude and phase for three repeated calibrations.

The magnitude and phase variation of Sy is within 1%. This gives a maximum variation of 1%
for the real part of permittivity and 2% for imaginary part.

CONCLUSION AND OUTLOOK

The coaxial setup with its simple set-up and transmission line modeling has been used to
characterize dielectric materials. Before starting measurements the feasibility of the method was
demonstrated in virtual environment (see Figure 5). The results have been presented in a wide
range of frequencies for CerasicB1, EkasicF and EkasicP (see Figure 26 and Figure 27).

One of the advantages with respect to the other setups is its wide range of applicability in terms
of frequency. The air-gap between the sample and the inner conductor due to machining
limitations has been taken into account not only in 3D EM simulations but also in the TL model.
The reflection and the transmission methods have been analyzed and their performance and
outcome have been shown.
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