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Dual Coaxial Probes in Transmission, Inserted by Dielectric
with Two Different Thicknesses to Extract the Material
Complex Relative Permittivity: Discontinuity Impacts

Franck Moukanda Mbango1, *, Fabien Ndagijimana2, and Aubin L. L. Okana3

Abstract—After a thorough investigation, this paper introduces a novel and simple radiofrequency
material characterization technique. For this study’s purposes, two probes were developed and separated
by the sample under test (SUT) with an inhomogeneous test cell. Furthermore, the discontinuity impacts
at the probe, SUT interfaces, were also studied. The investigation uses the transmission process through
the principle of two different SUT thicknesses to measure its relative permittivity and loss tangent. The
technique is based on using the lumped elements of an equivalent circuit of the entire test cell and covers
1MHz–2 GHz. With the SUT, placed between two metal probes and another metallization, placed under
its thickness on an opposite side to improve the loss tangent acquisition level, the cascading chain matrix
(CCM) is used to get the final parameters. The thickness changing makes it possible to overcome the
contact interface effects probe-sample. A mathematical model has also been presented through the
fitting procedure. The new technique has been validated with three materials: Rogers RO4003C, FR-
4 HTG-175, and Alumina 99.6%. The SUT complex relative permittivity extraction makes the new
approach suitable for the telecommunication industry and many others. The method is also ideal for
materials with thickness sizing up to 3 mm around.

1. INTRODUCTION

Material characterization has a wide variety of characterization techniques depending on the application
domain [1], increasing the different degrees of understanding [2, 3]. Other material techniques
are investigated in several laboratories to better understand the different material properties and
behaviors [2, 4, 5]. From microwave theory, material characterization methods can be categorized
into two forms: non-resonant [6] and resonant processes [7], which can also be subdivided into two
techniques, namely through one port technique [8] and two ports technique [9–11]. Among several
existing methods [12, 13], the probe or applicator method is well known [14–16]. It is either used for
magnetic [17] or dielectric [18] materials.

In this paper, the electric field applicator (two circular coaxial probes) is applied to the solid or
non-rigid materials, placed in a transmission system. The samples have to be shaped appropriately
and subsequently de-embedded from the global measured S-parameters. The contact interface probe-
sample presents some discontinuities on both sides, which can be extracted from the cascading chain
matrix (CCM). The scattering parameters are measured over various frequency bands by using a
vectorial network analyzer (VNA). The desired material parameters might be extracted numerically
by equating the analytical results to each frequency’s experimental measurements. During the method
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process development, it appears that the discontinuities’ admittances and the transfer impedance can
be removed. The transfer impedance gives crucial information on the insulator’s state, as presented in
the literature [11, 19–21]. The principle of concentrated elements, applied with two different thicknesses
of identical material, is a new approach to characterize materials. Two methods are developed and
presented in this paper: using discontinuities as a problem (sorting them out) or a solution (keep
them in the process). Using the distributed element (transmission-line) methods, the discontinuities are
parameters to solve [3, 22, 23]. The equations are inserted through algorithms as in many techniques [24]
to extract the dielectric parameters. The test cell configuration and modeling are presented before the
approach developments and experimental results to validate the new design and process in the wide
frequency range of 1 MHz–2 GHz, where the specimen’s fixture is inhomogeneous.

2. TEST CELL CONFIGURATION

The specimen test design is made with two circular coaxial probes. These probes are intercalated by
the sample under test (SUT), as shown in Figure 1(a). The equivalent electric circuit of the global test
cell is presented in Figure 1(b). l, h, and X are respectively the connector’s length, SUT thickness (also
endorsed as DUT for the device under test) and SUT length.

(a) (b)

Figure 1. (a) Slice view of the test cell. (b) Equivalent transmission line circuit of the test cell.

The material thickness is controlled when the system is tightened with the spreading rotating
handle. However, we have to use a caliper to measure the numerical value of material thickness. The
cell has two sides, where the feedlines (connector) are placed. One side is fixed when the second side is
a moving plate to control the SUT thickness.

Figure 2 represents the approach of the simplified method using discontinuities or not. The two
material thicknesses are represented by h1 and h2. Zc and γ are respectively the characteristic impedance
and propagation constant of the connectors that work as distributed elements while the SUTs behave
as lumped elements.

3. EXTRACTION METHODS

Two approaches are developed to compare the impacts of discontinuities when using them or not.
Unlike the two-line technique that uses the cascading wave matrix (CWM) through the mix of several
transfer matrices [8, 25], we have applied the chain matrix combination to get the effective permittivity
parameters. Firstly, all parts of the test fixture design are defined before developing each solution
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Figure 2. Procedure diagram of the method.

approach. So, for port 1 (connector) which is of length l
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If we consider the minor mechanical differences, coming probably from the feedline dimensions
during its designing stage, in that case,
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As shown in Figure 1(a), the material thickness h changes according to the specimen and the
approach to use. From Figure 1(b), when the SUT has a thickness of h1, its chain matrix is given as
follows:

[Y ]1 =

⎡
⎢⎢⎢⎣

1 +
Y1

Y
(1)
t

1

Y
(1)
t

Y 2
1 + 2Y1Y

(1)
t

Y
(1)
t

1 +
Y1

Y
(1)
t

⎤
⎥⎥⎥⎦ (3)

Also, for the thickness h2, the chain matrix is written as below,
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The discontinuity at the contact interface probe — the material is represented by the admittance
Y1 = −Yd. For the transfer impedance in each configuration, we have:

Z
(1)
t =

1

Y
(1)
t

(5)
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and,

Z
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Y
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When the thickness changes, it means that the condensators get modifications as well. The
cascading chain matrix in each design is expressed as,

[M1] = [X1] [Y ]1 [X2] (7)
[M2] = [X1] [Y ]2 [X2] (8)

3.1. Method without Discontinuities at the Contact Interfaces

To reduce constraints, we assume that the two ports are electrically and mechanically identical. In that
case, the cascading configuration can be expressed as follows:

[M12] = [M2] [M1]
−1 (9)

[Y12] = [Y ]2 [Y ]−1
1 = [ΔZt]

−1 (10)
It is found that

[Y12] = [X1]
−1 [M12] [X1] (11)

At the same time, [Y12] can be written as follows
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The resolution of Equations (9), (11), and (12) leads toward,
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In addition, the admittance existing at the contact interface appears as,

Yd = −1 − A00

B00
(15)

We denote S the inner conductor’s surface area (pointed out as a hot point in Figure 1(a)). The
system is assumed to be a planar capacitor which can be mathematically modelized as given below:
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When the material thickness changes from h1 to h2, it represents an increase of Δh such as,
ΔhSUT (mm) = h2 − h1 (18)

And the transfer impedance without the impedances of discontinuities is computed from
Equation (14) as follows:
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1
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S
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where S is the area of the central conductor of the probes. We note by ΔZv
t and ΔZm

t the structure
impedance without discontinuities in the situation of vacuum and SUT respectively. If we associate
Equations (13) and (19), the model used to get to the complex effective permittivity is defined as:
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We name D as the outer diameter of the inner conductor of the circular coaxial probe. We have
modeled the change from Equation (20) to the relative permittivity through a mathematic formulation
as given below,

ε∗r =
(

1 +
π

2
ΔhSUT

D

)
ε∗eff (21)

and
ε∗r = ε′r − jε′′r (22)

The dielectric loss tangent is deducted from Equation (22) as given below,

tan δ =
ε′′r
ε′r

(23)

3.2. The Method with Discontinuities at the Contact Interfaces

The new approach consists of working with the impedances of discontinuities. The system is
inhomogeneous, and the conductors’ impacts are neglected. The equivalent circuit without probes
is now an admittance of transfer, and Equations (7), (8) become,
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The new concept is pointed out by the subscript “N”, which is the probes’ test cell approach,
operating in transmission. From these two last equations, the admittance of transfer might be
determined as follows: [
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The global impedance of transfer that takes into account the impacts of the discontinuities at the
probe — MUT interface is given in the following equation,
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tN (28)

As mentioned above in Equation (20), the new SUT effective permittivity is,

ε∗effN
=

{
Z

(2)
tN + Z

(1)
tN

}v

{
Z

(2)
tN + Z

(1)
tN

}m (29)

The dielectric complex relative permittivity is deducted from Equation (29) as follows,
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All dimensions’ elements are identical, and the complex relative permittivity is expressed as given
below:

ε∗rN
= ε′rN

− jε′′rN
(31)

The dielectric constant is defined as ε′r, and the loss tangent is as shown in Equation (32)

tan δN =
ε′′rN

ε′rN

(32)

The transition from Equation (29) to Equation (30) is made by using a coefficient. In that case,
the dielectric loss tangent, given in Equation (32), is the same for those deducted from effective and
relative material intrinsic parameters. This conforms with reality, as the dielectric is not surrounded by
metal.
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3.3. Fitting Function

The test cell dimensions and its inhomogeneity as in Figure 1 cause resonances that appear when
measurements are computed. These resonances significantly explain the structures’ discontinuities. It
means that despite the resolution of the interface impacts, these are not entirely sorted out as done in
several techniques [22, 25]. In that case, an n-degree polynomial function has been set up as a model of
discontinuity corrections. That is given as follows,

F = anXn + an−1X
n−1 + an−2X

n−2 + an−3X
n−3 + . . . a0 (33)

In the current situation, the procedure is chosen as 4-degree polynomial. The appropriate fitting
function points are the same for all specimens. Also, the coefficients an, . . . , a0 change according to the
material to characterize.

4. RESULTS AND DISCUSSION

4.1. The Fabricated Test Cell

As illustrated in Figure 1(a), a test cell has been designed and fabricated to make possible the extraction
of the dielectric constant and the loss tangent for thickness sized up to 3mm. That fixture is plotted in
Figure 3.

(a) (b)

(c)

Figure 3. (a) Measurement of scattering parameters when the test cell is in the presence of the SUT.
(b) Measurement of scattering parameters when the test cell is in the presence of the vacuum. (c) Side
view of the test cell with the inserted SUT.

The test cell has a metallization under the SUT to improve the loss tangent data acquisition, as
shown in Figure 3(c).
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With that test cell (Figure 3), the possibility of measuring scattering parameters in the presence
or not of the SUT is a reality. Both measurements can be simultaneously done. This way prevents us
from wasting time. Besides, such a test cell, with the movable plate where the second plate is fixed and
parallel, controls the SUT thickness for measurement in the vacuum presence.

4.2. Measurement Results and Discussion

The two approaches have been validated with Rogers RO4003C, FR-4 HTG-175, and Alumina 99.6%.
Each material under test has two specimens with two discrete thicknesses. A vector network analyzer
(VNA) Anritsu MS46522B is used before calculations. The previously developed equations are used on
programming software. The test cell is manufactured with brass metal, and the main N-connectors have
been used to facilitate the link between the VNA and the sample test cell. The relative permittivity
ε′r is the real part of the complex relative permittivity as defined in Equations (22) and (31). That
parameter is shown in Figures 4, 6, and 8. We denote by “with discontinuities” the fact of using the
impedance of discontinuity in the complex relative permittivity extraction process. On the other hand,
when the discontinuity impedance is not used, we name it by “without discontinuities.”
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Figure 4. (a) FR-4 extracted without discontinuities. (b) FR-4 extracted with discontinuities.

At the contact interface probe — SUT, there are discontinuities impedances. In the extraction
procedure previously developed through Equation (15), the discontinuity capacitance measurement is
offered as illustrated in Equation (34)

Cd =
Im (Yd)

ω
(34)

We can determine the specimen thickness gap by using Equation (18). As shown in Table 1, the
SUT thicknesses are not the same for Alumina, FR-4, and RO4003C; even the two last materials have
thicknesses slightly identical. All case-study (samples) are 5 × 5mm2, but we have also used FR-4 in
5 × 4 mm2. The final results are the same. The inner conductor’s outer diameter is D = 5.2 mm, and
Table 1 gives more details in SUT thicknesses.

The gap between two identical specimens depends on the SUT. That gap affects the measurement
of the thickness when the SUT is not placed in the test cell. In the case of the FR4 that we used, that
gap is equal to 0.734 mm, and in the case of Alumina, it becomes 2.067 mm. Figure 10 gives precious
information about the SUT thickness’s impact when the test cell is empty (in the absence of the SUT).

The discontinuity impedance depends on the sample under test as illustrated in Figure 11. We
observe that all curves have 1.079 GHz as a resonance frequency. When the thickness is changed, this



74 Moukanda Mbango, Ndagijimana, and Okana

0.0 0.5 1.0 1.5 2.0
10-5

10-4

10-3

10-2

10-1

100

101

L
o

ss
 ta

n
g

en
t 

o
f 

F
R

-4

Frequency [GHz]
0.0 0.5 1.0 1.5 2.0

10-5

10-4

10-3

10-2

10-1

100

101

L
o

ss
 t

an
g

en
t 

o
f 

F
R

-4

Frequency [GHz]

(a) (b)

Figure 5. (a) FR-4 extracted without discontinuities. (b) FR-4 extracted with discontinuities.
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Figure 6. (a) Alumina 99.6% extracted without discontinuities. (b) Alumina 99.6% extracted with
discontinuities.

Table 1. The Sample Under Test (SUT) thicknesses’ values.

Thickness h (mm) FR-4 Alumina 99.6% Rogers RO 4003C
h1 0.79 1.013 0.79
h2 1.524 3.08 1.58
Δh 0.734 2.067 0.79

resonance frequency does not change. The three tested SUTs do not have the same dielectric constant,
but the peaks are at the same frequency. It means that those peaks observed at 1.079 GHz are related to
sample dimensions (length and width), neither to the material thickness nor to the complex permittivity.
The specific dimensions that impact the discontinuity impedances are provided by the size (length and
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Figure 7. (a) Alumina 99.6% extracted without discontinuities. (b) Alumina 99.6% extracted with
discontinuities.
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Figure 8. (a) RO4003C extracted without discontinuities. (b) RO4003C extracted with discontinuities.

width) of the SUT, not by the thickness. At the same time, the peak’s level changes according to the
SUT. This tells about the SUT effect in the extraction frequency range.

From the curves presented in Figure 10, the discontinuity depends on the SUT thickness, and the
following Table 2 provides essential information on the contact interface repercussions.

It appears that the capacitance is proportional to the SUT thickness and works as a linear capacitor
in this structure. As long as the thickness is significant, the discontinuity capacitor value does not
change. We have also compared the polynomial function coefficients obtained when using different
samples under test. Table 3 reflects the data comparison of the proper model function.

According to Equations (21) and (30), these coefficients do not depend on the frequency but the
complex permittivity, effective parameter relative parameter, and thickness. From the behavior of the
dielectric constant, the approach that uses discontinuity offers promising results. In addition, the loss



76 Moukanda Mbango, Ndagijimana, and Okana

0.0 0.5 1.0 1.5 2.0
10-5

10-4

10-3

10-2

10-1

100

101

L
o

ss
 t

an
g

en
t 

o
f 

R
O

40
03

C
 

Frequency  [GHz]
0.0 0.5 1.0 1.5 2.0

10-5

10-4

10-3

10-2

10-1

100

101

L
o

ss
 t

an
g

en
t 

o
f 

R
O

40
03

C

Frequency [GHz]

(a) (b)

Figure 9. (a) RO4003C extracted without discontinuities. (b) RO4003C extracted with discontinuities.
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Figure 10. (a) The discontinuity capacitor for various sample thickness without the SUT. (b) Zoom
of the discontinuity capacitor for various sample thickness without the SUT.

Table 2. Capacitance discontinuity value at the resonance frequency.

FR-4 Rogers RO4003C Alumina 99.6%
Vacuum SUT Vacuum SUT Vacuum SUT

Capacitance Cd (pF) 4.894 7.495 5.489 8.928 5.637 15.801

tangent is well-adapted up to 550 MHz for all SUTs. The following Table 4 ensures indications in the
SUT electric parameters.

The discontinuities approach is suitable for scanning frequency up to 2GHz, while the second
approach stops at 1.5 GHz. The same observation is made with the loss tangent. For the FR-4 HTG-
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Figure 11. (a) The discontinuity capacitor for various sample thickness in the presence of the SUT.
(b) Zoom of the discontinuity capacitor for various sample thickness in the presence of the SUT.

Table 3. The 4-degree polynomial function coefficient.

Polynomial coefficient FR-4 Alumina 99.6% Rogers RO 4003C
a4 0.09 − 0.013i 0.03 + 0.38i 0.084 + 0.09i
a3 −0.32 + 0.068i −0.066 − 1.072i −0.264 − 0.243i
a2 0.371 − 0.058i 0.02 + 0.875i 0.234 + 0.188i
a1 −0.175 + 0.037i 0.025 − 0.207i −0.055 − 0.043i
a0 1.197 − 0.013i 1.832 − 7.506i ∗ 10−4 1.103 − 3.4065 ∗ 10−4

Table 4. Electric parameter’ (dielectric constant ε′r and loss tangent tan δ) comparison of the SUT at
1MHz.

Without discontinuity With discontinuity Manufacturer
ε′r tan δ ε′r tan δ ε′r tan δ

FR-4 4.742 0.084 4.736 0.012 4.8 0.018
Alumina 99.6% 9.502 0.00729 9.42 0.00105 9.424 0.00031

Rogers RO4003C 3.542 0.024 3.548 6 ∗ 10−4 3.55 0.0021

175, the manufacturer finds ε′r = 4.8 and tan δ = 0.018 at 1MHz while these become ε′r = 4.2 and
tan δ = 0.019 at 1 GHz. As the manufacturer did not give information about the applied technique and
its error evaluation to reach those results, we can notice a good accuracy between the two developed
approaches in terms of the material relative permittivity. Due to the difference between loss tangent
and relative permittivity obtained from both methods, some electromagnetic simulations (EMS) have
been done through HFSS to study the suitability technique. The following curves plotted in Figure 12
help to well-understand the advantages and disadvantages of each model.

The approach using the discontinuities impedances at the probe and SUT contact interfaces is well
adapted to extract complex relative permittivity of the SUT, according to Figure 12. On the other
hand, this test cell is suitable for scanning the frequency range up to 5.5 GHz if we do not apply the
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Figure 12. (a) Extracted relative permittivity after EMS when fixing εr = 4.5 in the entire frequency
range. (b) Extracted loss tangent through EMS when fixing tan δd = 0.02 in the entire frequency range.

Table 5. Electric parameter’ comparison of the SUT at 550 MHz.

Without discontinuity With discontinuity
ε′r tan δ ε′r :Fitting ε′r tan δ ε′r: Fitting

FR-4 4.644 0.065 4.587 4.643 9.501 ∗ 10−4 4.679
Alumina 99.6% 10.01 0.016 9.672 9.561 4.547 ∗ 10−3 9.464

Rogers RO4003C 3.549 7.644 ∗ 10−3 3.426 3.449 3.766 ∗ 10−3 3.473

polynomial function for fitting results and covering the band of work up to 2GHz. We observe that
Figure 12 conforms with those drawn previously, Figures 4 to 9. Table 5 gives measured values of
Alumina, FR4, and RO4003C at 550 MHz.

This table shows that electric parameters change with the frequency. Those parameters, especially
the ones coming from the use of discontinuities, are close to the manufacturer.

5. CONCLUSION

Two probes in transmission have been presented through the development and experimental validation
with three different materials in the frequency range 1MHz–2 GHz. A test cell has been designed and
a prototype manufactured. Various materials used to validate the processes cover a wide range of solid
wafers (soft and hard wafers): FR-4 HTG-175, RO4003C, and Alumina 99.6%. Their thicknesses are
between 0.79 mm and 3 mm. The SUT is located between both probes, and metal is placed under the
characterized specimen to improve the loss tangent extraction (its accuracy). The SUT is a square whose
dimensions are 5× 5mm2. Two approaches have been set up and the impact of discontinuities studied.
Both techniques extract the interface parameter (discontinuity) and have been used to determine the real
equivalent admittance (discontinuities are not included) or putting them in the global resolution (have
them into). Both techniques approaches are well-adapted to the specimens to characterize through the
designed test cell. A fitting possibility has been shown and developed through a mathematical model
of an n-degree polynomial function. Its coefficients do not depend on the frequency, but the thickness
and the SUT. Besides, the SUT dimensions prevent sweeping a vast range of frequencies. The fixture’s
dimensions and its design have to be improved to scan high frequencies with these techniques.
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