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Abstract—This article presents a new method for the
calculation of the dielectric constant of low-loss materials having
a thickness of more than half a wavelength in the sample.
The proposed method relies solely on the frequency values at
which the reflection coefficient S;; resonance occurs and does not
require precalibration or shifting of the reference measurement
plane from the input port to the material under test (MUT)
air interface. The method is analyzed and tested for a large set
of dielectric materials, where the accurate estimation of their
electric permittivity is obtained. It is valid for scenarios where
the MUT is inside a waveguide transmission line and can be
extended to materials inserted in a transverse-electromagnetic
(TEM) transmission line, such as in a coaxial cable. This method
can be integrated into different sensors used for permittivity
measurements of low-loss dielectrics and to provide the transition
between the measured wave reflection coefficient and sample
permittivity.

Index Terms—Dielectric constant, low-loss materials,
precalibration, scattering parameters, transmission line.

I. INTRODUCTION

ERMITTIVITY measurement using radio frequency

waves is a useful and nondestructive tool for the charac-
terization of dielectric materials. Its applicability arises from
the fact that each material, such as a dielectric substrate, has a
frequency-specific dielectric footprint that varies with respect
to its composition or state [1]-[3]. Such variation can be
associated with factors, such as temperature, pressure, mix-
ture concentration, water percentage, or others. Measurement
methods that have been developed throughout the years are
classified into resonant and nonresonant. Resonant methods
provide accurate measurement of the dielectric properties of
materials over a narrow frequency range [4]-[7], whereas
nonresonant methods reveal less accurate information over a
wider frequency range [7]-[12].
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One of the commonly used nonresonant methods is the
transmission/reflection method. In this case, the material
under test (MUT) is inserted into a section of a rectangu-
lar waveguide or a coaxial transmission line. The measured
reflection and transmission coefficients (S;; and S,;) are then
used to obtain the electric permittivity of the MUT through
different calculation methods. Each one of these methods has
its own limitations and constraints. The Nicolson—Ross—Weir
(NRW) method [13], [14] is commonly used and provides
an accurate estimation of the electric permittivity of low-loss
materials having a thickness of less than half a wavelength
in the sample, but it diverges at frequencies corresponding to
integer multiples of one-half guided wavelength (1,/2) when
the sample thickness exceeds the (1,/2) limit. The proposed
solutions to this problem [15]-[17] rely in most cases on phase
measurements, which require accurate calibration to shift the
measurement reference plane to the proper position.

In this article, a new technique is presented to calculate
the dielectric constant of low-loss materials having a sample
thickness of more than (4,/2), using the measured magnitude
of the reflection coefficient S;; solely, and without the need
for any precalibration process. The proposed method is a
conversion technique, rather than a characterization method.
It enables the transition between the measured scattering
parameters and the electrical properties of the MUT.

The novelty of the work presented in this article is its
independence from calibration requirements. The proposed
technique has low sensitivity to errors introduced by the
measurement setup that typically cannot be avoided without
precalibration measurements. This is due to the fact that our
method is based on the resonances identified in the magnitude
of the reflection coefficient S;;. Such calibration transparency
provides the method with the required flexibility and allows
its employment in a wider range of scenarios, especially
in setups where calibration measurements are not possible
or easy to execute. Section II of this article describes the
theoretical background of the proposed technique. Section III
presents the simulation test bench, the measurements setup,
and the calculated dielectric constants that are validated
against their reference values. Concluding remarks are given
in Section IV.

II. THEORY AND PROCEDURE

The proposed technique relies solely on the frequency
values at which the reflection coefficient S;; resonance occurs.
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Fig. 1. Example of a linear magnitude of S;; for a Rogers RO3006 sample

inserted in a WR187 waveguide as a function of frequency showing two
resonance points.

It is, therefore, insensitive to any variation in S;; and S>;
phases caused by different adapters and cables used in the
measurement setup. This eliminates the need for any cali-
bration process prior to measurements, which is helpful in
scenarios where calibration [thru, reflect, and line (TRL) or
other] is hard to perform, such as in free space measurements,
or transverse-electromagnetic (TEM) cells.

In the case of MUTs with thicknesses beyond (4,/2),
the reflection coefficient exhibits a resonance (S;; = 0) at
frequencies that correspond to integer multiples of (4,/2) [16].
Fig. 1 shows an example of the resonance points in the sim-
ulated reflection coefficient S;; of a Rogers RO3006 sample
with a thickness of 60 mm placed inside a WR187 waveguide.
This condition is valid for low-loss materials, but cannot be
guaranteed for high-loss ones. Hence, our method is restricted
to low-loss materials only, and it will use these resonance
points to calculate an intermediate variable denoted by m,
which is then used to calculate ¢, over the entire operating
frequency range.

A. Intermediate Variable m

For a given permittivity measurement, the thickness d of
the sample under test is constant (d = constant), and the term
(2d/24) is, therefore, a function of the frequency f. We define
the variable m(f) to be

2d
m(f) =+ ()

g
The first two consecutive resonance frequencies are denoted
as fr1 and f.». Given that each resonance corresponds to the
frequency where the material thickness is integer multiple
of (A¢/2), and if f.; corresponds to k x (44/2), then f»
corresponds to (k+1) x (44/2). Therefore, the integer variables

m(f1) and m( f,,) satisfies the following condition:

m(fr2) —m(fr1) = 1. (2)

Assuming that the MUT is a low-dispersive material, we can,
therefore, derive a linear approximation for m(f) in terms
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of fr1, fr27 and m(f,l)

f - frl
m(f) = —————+m(fr). 3)
fra— fn l
Given that 1, and m(f,1) are unknown, (3) shows that if we
calculate m(f,1), then we can conclude m(f), which can be
used later on to determine the value of ¢,(f) over the entire

working frequency band.

B. Iterative Calculation of m(frl)

In this part, the steps to be applied in each iteration are
shown, with the index i referring to the ith iteration. The
iterative procedure starts at i = 1 and ends, as instructed in
the following.

Step 1: Suppose that m(f,1) =i.

Step 2: Calculate m(f) using (3) with the assumption stated

in the previous step.
Use the relations between A, and &, for a nonmag-
netic material (4, = 1) inserted in a rectangular
waveguide transmission line operating in TE;p mode
(with width = a) that is given by [18], where 1 is
the free space wavelength

Step 3:

/Ig - 4 2f227t ( )2 *
C—zr — %

(h 2 2 .
Er(f)—(g) +(Z)' (5)

Equations (1) and (5) can be rearranged and then
combined into an approximate expression of ¢, in
terms of n(f), f, d, a, and ¢ (speed of light) as
given by [18]

2 2
m X ¢ c
o= () () - ©
x f 2a x f
Calculate the value of ¢,(f) at all frequencies
using (6).

Equation (4) can be rearranged to obtain the follow-
ing expression of f:

c 1 1
= —. 7
=% Va7

Now we will assume that the calculated value of
e-(f) is the true value, and we will use it to
calculate the value of resonance frequencies fr cal
and fr2,cal

Step 4:

Step 5:

frlcal = (8)

c 5 \/ 1 L
er(frica) A (frl,ca1)2 4q2
where Ag(fr1ca) is equal to (2d)/(m(fr1)) and
&r(fr1,ca) is approximated by &, .y, = mean(e.(f)).
The value of f2 ca is calculated in the same way.
Compare the calculated values f;1 ca and froca to
the actual values f,; and f;,. If they are equal, then
the initial assumption made in step 1 is true. If not,
move to the next iteration and repeat the same steps.

Step 6:
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For this purpose, the relative error between the
actual and calculated resonance frequencies are
denoted as e;; and ey

el,i _ Afrl — |frl - f;'l,cal| (9)
Jr Jr1
Afr2 |fr2 - frz call
P = —. 10
- Jr2 Sr2 (10)

If e, and e, ; are approximately equal to zero, then
the assumption made in step 1 is true, and the value
of m(f,1) is successfully calculated. If not, move to
the next iteration.

Step 7: Repeat steps 1-6 until f1 cq and fr2.ca converge to
the actual f,; and f,, values.

C. Dielectric Constant ¢,

Finally, substitute the expression of m(f) given by (3)
in (6), and then use the value of m(f,;) calculated in
Section II-B to determine the value of the dielectric constant
of the MUT at all frequencies using the following:

2
c 2
+ (m) - D

Equation (11) shows that the proposed method provides the
value of ¢, only, without the loss tangent (tan ¢) value. This is
due to the fact that this method solely relies on the magnitude
of Si; as an input. Thus, a tradeoff occurs that forces the
user to sacrifice the calculation of tand, while benefiting
from immunity to phase changes. Hence, phase variations
are transparent to this technique. In addition, a major benefit
results from calculating the dielectric constant of any low-
loss MUT using noncalibrated S;; measurements. Although a
small error is introduced to the value of |S;;| if no calibration
is done, this error has no significant effect on the calculated
value of ¢,(f) as is also demonstrated experimentally.

(L +mhn) x e
2d x f

e(f) =

III. EXPERIMENTAL RESULTS

In this section, the proposed calculation method is tested
over the rectangular waveguide characterization method.
For this purpose, the sample under test is inserted in a
WR187 waveguide, and the reflection coefficient S;; is mea-
sured then fed in the method to calculate the dielectric constant
of the MUT. The accuracy of the proposed method is evaluated
using a set of sample MUTs with known dielectric constants
that are used in a CST microwave studio [19] simulation test
bench in addition to real measurement setups. Both simulation
and measurements are done for two cases: with and without
calibration. “With calibration” refers to the case where the
reference measurements plane is shifted from the input port to
the MUT-air interface. The reason for having these two cases
is to differentiate between the calculation error induced by the
method and the additional error due to the lack of calibration.

A. Simulation Test Bench

Multiple scenarios for multiple MUTs with known dielec-
tric constants are simulated when each MUT is inserted in
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TABLE I
SAMPLES CHARACTERISTICS

Sample Dielectric Constant Thickness (mm)
PMMA (Acrylic glass) ~2.6 60
PLA Plastic (Polylactic Acid) 2.55-2.65 60
Ice 3.12 60
FR4 43 60
Rogers RO3006 6.15 60
H Plastic (PLA)
[ MUT Material
B Aluminum
W Metal

\ Plastic Holder Wrapped with Aluminum
‘Waveguide Section
Coaxial to Waveguide Adapter

Fig. 2. EM simulation (CST) test bench cross section view showing different
components.

a WRI187 waveguide section. The various samples used are
listed in Table I, along with their approximate dielectric
constants and thickness values. The magnitude of the reflection
coefficient Sj; is then obtained. Magnitude values are then
used to identify the resonant frequencies, which are substi-
tuted in (11) in order to obtain the dielectric constant value.
The calculated MUT’s permittivity is then compared with its
reference value obtained from the simulator’s material library,
where the used electric dispersion model is CST’s Nth order
model (the Debye—Lorentz dispersion model) [20].

Fig. 2 shows the test bench that was used and simulated
to compute the magnitude of the reflection coefficient of the
60-mm-thick MUTs in C-band (3.95-5.85 GHz). The setup
includes two coaxial to waveguide adapters that are used
to excite the TE;p mode of the WR187 waveguide sections
(47.55 mm x 22.15 mm). It also includes a sample holder
that is a waveguide section that incorporates within its internal
walls, the MUT, as shown in Fig. 2. The sample holder is also
placed between the two waveguide sections in a tight configu-
ration. Fig. 3 shows the simulated S;; magnitude of a 60-mm
PLA sample inserted in a WRI187 waveguide section for
both cases with and without calibration. Different resonance
frequencies shown in Fig. 3 are then used to calculate the
dielectric constant of the sample. Fig. 4 shows the calculated
permittivity (&calculated) along with the percentage error (%E;or)
of the dielectric constant estimation for the PLA sample.
Ecalculated aNd %E; for PMMA sample are shown in Fig. 5,
while those for Ice, FR4, and Rogers RO3006 are shown
in Figs. 6-8, respectively. Such results are obtained without
calibration and compared with the results obtained when
calibration is performed. Calibration, in this case, is done
using TRL calibration standards. One MUT measurement
and three calibration measurements that make up the TRL
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Fig. 3. Simulated Sj; magnitude of PLA sample inserted in a
WRI187 waveguide section for both cases with and without calibration,
showing the different resonance frequencies.
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Fig. 4. Calculated dielectric constant (left axis) of PLA sample with and
without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).
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Fig. 5. Calculated dielectric constant (left axis) of PMMA sample with and
without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).
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Fig. 6. Calculated dielectric constant (left axis) of Ice sample with and
without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).

calibration standards are performed. For the ‘“thru” mea-
surement, the transmitting and receiving waveguide ends are
connected to each other, as shown in Fig. 9(a). For the “line”
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Fig. 7. Calculated dielectric constant (left axis) of FR4 sample with and

without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).
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Fig. 8. Calculated dielectric constant (left axis) of Rogers RO3006 sample

with and without calibration versus reference value, along with the percent
error in calculated dielectric constant (right axis).

measurement, a /4 line (known as a spacer) is placed between
the waveguide ends, as shown in Fig. 9(b). For the “reflect”
measurement, the transmitting and receiving waveguides are
connected one at a time to a short plate placed 1/4 apart
from the waveguide, as shown in Fig. 9(c). These calibration
measurements allow moving the calibration reference plane
from the coaxial port to the waveguide ends. Therefore, after
simulating the scattering parameters for these three different
scenarios, as shown in Fig. 10, we simulate the scattering
parameters for the MUT using the setup shown in Fig. 2.
Then, we use the results as an input to a postprocessing
TRL calibration code in order to calculate the values of
the de-embedded S-parameters that represent the calibrated
S-parameters. The TRL calibration code is based on the details
discussed in [21].

It is concluded that for these five different materials (PLA,
PMMA, Ice, FR4, and Rogers RO3006), the permittivity of
the low-loss MUTs having a large thickness is calculated
with a 96% accuracy when a proper calibration process
(TRL calibration) is done. The permittivity is calculated with
93% accuracy if no calibration is done. In addition, no diver-
gence occurs at frequencies corresponding to integer multiples
of half-wavelength in the sample. The results show a stable
response over the waveguide’s operation range.

The error in the case where calibration is applied can
be linked to the use of different mathematical assumptions
and approximations in the theoretical development of the
method, in particular in (3) and (8)—(10) when ¢;; and e, ;
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(b)

Fig. 9.  Cross-sectional view of different setups used to perform TRL
Calibration. (a) Thru standard. (b) Line standard. (c) Reflect (open) standard.
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Fig. 10. Simulated S-parameters magnitude of the Thru, Line, and Reflect
calibration standards.

are approximated to zero. On the other hand, the error in
the case where no calibration is applied can be linked—in
addition to the method’s approximations and assumptions—
to the uncertainties added due to the lack of calibration,
i.e., uncertainties caused by the imperfect values of the non-
calibrated S;; resonance, which are measured without a proper
shift of the reference plane. The effect of air gaps between the
sample MUT and the walls of the waveguide sample holder
on the accuracy of the method is considered. This study is
performed in order to investigate the effect of the errors in
MUT machining (i.e., the process of cutting the MUT with
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Fig. 11. Cross section view of the air gap between MUT and waveguide
sample holder.
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Fig. 12.  Percent error in calculated dielectric constant of Teflon sample,
without calibration for different air gap values.

the dimensions of a WR187 waveguide section in order to fit
it inside the sample holder) on the accuracy of the calculated
dielectric constant. For this purpose, air gaps up to 2 mm are
simulated, as shown in Fig. 11, and the accuracy obtained is in
the same range as in the absence of air gaps. Fig. 12 shows the
P%Eor in the calculated dielectric constant of Teflon sample
(without calibration) for different air gap values. The graph
shows that even with a 2-mm air gap, a 93%-96% accurate
results can still be guaranteed. In other words, errors up to
2 mm in MUT machining have no effect on the accuracy of
the calculated dielectric constant.

In order to evaluate the performance of the method with
respect to higher loss materials, simulations for an MUT with
a constant dielectric constant (¢, = 2.1), and a variable loss
tangent are performed. It is assumed that the loss tangent
is varying between 0 and 0.2, with a step of 0.01. This
evaluation is executed in order to estimate the accuracy of
the proposed method in determining the dielectric properties
for materials with a high-loss tangent. Fig. 13 shows the
linear magnitude of S;; for different values of the loss tangent
(¢ = loss tangent value) for a 60-mm sample with a variable
loss tangent. We can notice that for higher loss tangent
values, S resonance frequencies do not vary. However, after a
certain limit, the S;; magnitude increases, which results in the
resonance frequencies becoming unidentifiable. Thus, these
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Fig. 13.  Sy; linear magnitude versus frequency for different values of loss

tangent for a 60-mm-thick sample with &, = 2.1.

Waveguide
Section

Fig. 14. Measurements setup for MUT characterization.

undetermined resonances can no longer be used in the pro-
posed method. Thereby, this method is limited to loss tangents
that are less than 0.1, where resonances can remain clear, and
the same accuracy is maintained.

B. Measurements Setup

In this section, the setup shown in Fig. 14 is used to
perform measurements on different sample MUTs to calculate
their dielectric constant in C-band (3.95-5.85 GHz), and thus,
evaluate the accuracy of the method. The measurement setup
mirrors the one represented in the simulation environment. The
measurement setup includes two coaxial to WR187 waveguide
adapters that are connected to two 20-cm WR187 waveguide
sections, as shown in Fig. 14. Between the two waveguide sec-
tions, the MUT is fitted inside a sample holder. In this
setup, the sample holder is a 3-D printed plastic sample
holder having the inner dimensions of a WR187 rectangular
waveguide (47.55 mm x 22.15 mm) with a thickness equal
to that of the sample MUT (40 and 60 mm). The 3-D
printer used is CREALITY CR-10 [22]. The plastic holder
is wrapped from inside and outside with conductive adhesive
aluminum tape, where continuous contact in ensured and
verified experimentally. The aluminum wrapping is smoothed

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

Fig. 15. Setup for reference value measurements.

Erlror in Calculated Dielectric Constant using NRW
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Fig. 16. Percent error in calculated dielectric constant of Rogers RT5880 and
FR4 samples using the NRW method.

and has a thickness of 0.2 mm, above the required skin depth.
As a result, the 3-D holder now acts as aluminum-made
waveguide section with the same inner and outer dimensions
of a typical commercially available WR187 MUT holder.
The holder with the MUT inside is placed between the two
WR187 waveguide sections. |S;| is then measured using a
vector network analyzer (VNA) and fed into the method to
calculate the dielectric constant of each sample. The calculated
dielectric constant value is then compared with the reference
value to determine the method’s accuracy. The NRW method is
used to determine the reference value of each sample in order
to correlate it with the information provided by the manufac-
turer. The reliability of the NRW code in estimating accurate
dielectric values of the material is first tested, as shown in
Fig. 15, for two MUT samples with known dielectric constants
and thickness. These dielectric materials are FR4 and Rogers
RT5880, respectively, having each a thickness of 1.6 mm. Such
a thickness is chosen in order to ensure that NRW results do
not diverge. For these two cases, the values of S;; and S, are
measured after running TRL calibration and, then, are used
as inputs to the NRW code. The results are compared with
the reference values given by the manufacturer. Fig. 16 shows
that the used NRW code provides an accurate estimation of
the permittivity value and can be relied upon as a reference.

Authorized licensed use limited to: American University of Beirut. Downloaded on April 17,2024 at 04:55:18 UTC from IEEE Xplore. Restrictions apply.



SHWAYKANI et al.: CALIBRATION-FREE METHOD FOR THE DIELECTRIC CONSTANT CALCULATION

TABLE 11
SAMPLES’ CHARACTERISTICS

Sample Dielectric Constant Thickness (mm)
PMMA (Acrylic glass) ~2.6 60
PLA Plastic (Polylactic Acid) 2.55-2.65 60
Ice 3.12 40

Sll Magnitude in dB

o
Z
<
35 ‘ . ‘ ‘ ‘ ‘
35 4 45 5 55 6
Frequency (GHz)
Fig. 17. Measured Sj; magnitude of PLA sample inserted in a

WRI187 waveguide section for both cases with and without calibration,
showing the different resonance frequencies.
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Fig. 18. Calculated dielectric constant (left axis) of PLA sample with and
without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).

Three measurements are then done for each of the three
available MUT samples shown in Table II. The first one is the
reference measurement, and it is done on a thin version of the
sample MUT (~5 mm), where S;; and S, are measured then
used along with NRW to calculate the reference permittivity
value of the material as recorded in Table II. The other two
measurements are used to evaluate the accuracy of the method:
one measurement is completed with TRL calibration, in order
to shift the measurement’s reference plane from the port of
the VNA to MUT-air interface. The second measurement is
executed without calibration. In the last two measurement
scenarios, only the magnitude of §;; is noted, and then it
is used to identify the resonant frequencies. These resonant
frequencies are then integrated into (11), in order to extract the
corresponding value of the dielectric constant of each MUT.

Fig. 17 shows the measured S;; magnitude of a 60-mm
PLA sample inserted in a WRI187 waveguide section for
both cases with and without calibration. The calculated per-
mittivity (&calculated), along with the %E,., of the dielectric
constant estimation for the PLA sample, is shown in Fig. 18.
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Fig. 19. Calculated dielectric constant (left axis) of PMMA sample with

and without calibration versus reference value, along with the percent error
in calculated dielectric constant (right axis).

Dielectric Constant
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Fig. 20. Calculated dielectric constant (left axis) of Ice sample with and
without calibration versus reference value, along with the percent error in
calculated dielectric constant (right axis).
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Fig. 21.  Simulated Sj; magnitude of a 60-mm Teflon sample with &, = 2.1
inserted in a WR187 waveguide section for the case with calibration, showing
the different resonance frequencies.

Ecaleulated aNd %E o, for PMMA and Ice samples are shown
in Figs. 19 and 20, respectively.

Such results are obtained without calibration and compared
with the results obtained when calibration is performed.

These results prove that the method can be used to calculate
the dielectric constant of low-loss MUTs having a thickness
of more than (4,/2) with 95% accuracy if a proper calibration
process is done. Furthermore, it proves that the proposed
method can calculate the dielectric constant of a low-loss
MUT with 92% accuracy in the absence of any calibration.
In addition, these measurements validate the simulation results
by verifying that no divergence occurs at frequencies corre-
sponding to integer multiples of half-wavelength in the sample.
In addition, it is important to note that the calculated results are
stable over the waveguide’s operating range. Table III presents
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COMPARISON BETWEEN THE PROPOSED METHOD AND THE COMMON CONVERSION METHODS
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TABLE III

NRW [13-14] NIST ITERATIVE [15] NEW NON-ITERATIVE [16] Proposed Method
Need for Initial Guess No Yes No No
Iterative No Yes No Semi
Constraints on MUT thickness Short sample should be used Arbitrary length of Arbitrary length of samples can Long sample should be

Measured parameters

MUT type

Smooth vs Divergence (sharp
variation from true value)

Permittivity, Permeability

High Loss, Low-Loss (Short
Sample)

Divergence at frequencies
corresponding to multiples
of one-half wavelength

samples can be used

Permittivity

High Loss, Low Loss

Smooth, No Divergence

be used

Permittivity

High Loss, Low Loss

Smooth, No Divergence

used

Dielectric Constant

Low-Loss

Smooth, No Divergence

Need for Calibrated S- Yes Yes Yes No
parameters
TABLE IV
COMPARISON BETWEEN THE PROPOSED METHOD AND THE METHOD IN [18]
THIS PAPER Method Proposed in [18]
Convergence Converges even in the presence of a shift in measured Diverges in the presence of a small shift in measured resonance
resonance frequencies. frequencies
Sensitivity Same sensitivity in case no shift in measured Same sensitivity in case no shift in measured resonance frequency
resonance frequency since they have same error range. since they have same error range. However, lower sensitivity in
However, higher sensitivity in case a frequency shift case a frequency shift occurs.
occurs.
Repeatability Outperforms [18], since for multiple measurements, In case of a small frequency shift between successive

the resonance frequencies may shift, and the method is
immune to small frequency shifts

Measurement time
are almost the same as [18]

Accuracy

Preparation, Measurement, and Post processing times

Same accuracy under perfect conditions with no shift
in measured resonance frequency. However, higher
accuracy in case a frequency shift occurs.

measurements, [18] may diverge.

Preparation, Measurement, and Post processing times are almost the
same as the proposed method

Same accuracy under perfect conditions with no shift in measured
resonance frequency. However, lower accuracy in case a frequency
shift occurs.

a comparison between this work’s proposed method and pop-
ular methods available in the literature based on selected key
factors. Factors, such as MUT constraints, size, measured para-
meters, and most importantly, the flexibility of the method and
its ability to overcome the need for calibrated S-parameters
measurements, are summarized. The method proposed herein
is compared with the method discussed in [18] for the same

MUT and within the same setup. It is proven that the method
proposed in this article is more robust and more reliable than
the one in [18] when it comes to small shifts in the measured
resonant frequencies. From Fig. 21, the resonance frequencies
are determined to be f,; = 4.06 GHz and f,», = 5.55 GHz.
Applying these resonance frequencies on the method proposed
in [18] and the method proposed in this article will result in
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El’l’%l‘; in Calculated Dielectric Constant of Teflon using Different Methods
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Fig. 22.  Percent error in the calculation of the dielectric constant of Teflon

sample using method of [18] in cases of no shift in the measured resonance
frequencies (f,; = 4.06 GHz and f,», = 5.55 GHz) and in case of a
small shift in the measured resonance frequencies (f,; = 4.22 GHz and
fr2 =5.55 GHz).

the accurate estimation of the dielectric constant of the MUT,
which is clearly demonstrated in Fig. 22. If any small shift
occurs in the resonance frequency estimation, for example,
if f,; is measured with a 4% error, the accuracy of the
method proposed herein is sustained at a high level, as shown
in Fig. 22. Table IV summarizes the comparison between the
proposed method and the method presented in [18], in the
function of convergence, sensitivity, repeatability, measure-
ment, and accuracy. Moreover, this technique is not limited to
the waveguide characterization method, but it can be extended
to any TEM transmission lines, such as coaxial cables.

IV. CONCLUSION

In this article, a new calibration-free method for the dielec-
tric constant calculation of low-loss materials having a thick-
ness of more than half-wavelength is proposed. The presented
technique provides the transition between the measured scat-
tering parameters and the electrical properties of the MUT. It is
validated for a wide set of reference MUTs that are inserted
within a WR187 rectangular waveguide. The calculated dielec-
tric constant values are proven to be 92%-93% accurate and
are stable (i.e., no divergence at frequencies corresponding to
an integer multiple of half-guided wavelength) over the used
waveguide’s operating frequency range, with no premeasure-
ments calibration. The proposed method can be extended to
any TEM transmission line.
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