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The parallel plate capacitor [13-16] and toroidal-core
techniques [17] involve lumped element
components to evaluate the properties of the Material-Under-
Test (MUT), and are thus suitable for use only at very low
frequencies, normally below 10 GHz [1]. The resonance
cavity method [10-12] on the other hand is generally used to
characterize materials with the most accurate dielectric
properties at a single frequency and is unsuitable for
characterizing high-loss materials due to the broadening of the
resonance peak as the material loss increases. Furthermore, at
high frequencies above 50 GHz the size of the resonance
cavity becomes very small, making MUT sample preparation
and cavity fabrication difficult.

At frequencies above 50 GHz, the free-space technique [1]
is commonly used in commercial material characterization
systems. The main disadvantage of this technique is that the
measurement is performed in free space, resulting in various
uncertainties introduced by open measurement environments,
which can drastically decrease the characterization accuracy.
The free-space technique is also bulky and complicated to
setup, requiring experienced personnel to establish accurate
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19 Abstract
20 This paper presents, for the first time, a multimodal sensor for characterizing relative
21 permittivity of plastic polymers by integrating in a single sensor (1) frequency=reconfigurable
22 resonance technique at 98 and 100 GHz, and (2) 80-100-GHz broadband modified
23 transmission-line technique. The sensor is designed based on a custom-made, WR-10
24 waveguide featuring dual rectangular Complementary Split-Ring Resonators (CSRRs). By
25 loading the CSRRs with a Material-Under-Test (MUT), the reflected and transmitted
% electromagnetic waves propagating inside the waveguide are changed depending on the
dielectric properties of the material. Various plastic polymer materials, e:g.
27 Polytetrafluoroethylene (PTFE), Polymethylmethacrylate (PMMA).and High-Density
28 Polyethylene (HDPE), are characterized. The sensor in this paper offersarious key advantages
29 over any state-of-the-art material characterization techniques at millimeter-wave frequencies,
30 e.g. multiple characterization techniques integrated in.a single device, miniaturization, much
31 higher tolerance to changes in the measurement environment, ease of design and fabrication,
32 and better cost effectiveness.
33
34 Keywords: Complex dielectric properties, millimeter-wave, CSRR,
35 modified transmission-line, microwave measurements
36
37
38 1. Introduction
39 inductance
40 There are several techniques for characterizing dielectric
41 material properties, such as relative, permittivity and loss
42 tangent, at the RF and microwavesspectrum. In recent years, a
43 lot of research activities [1-22] have been aiming at improving
44 the accuracy and sensitivity, of material characterization,
45 especially at frequencies below 50/ GHz [1-17]. However, very
46 few contributions attempt to, characterize dielectric and
47 semiconductor materials” at the millimeter-wave and THz
48 frequency bands«p18-22];7 [27], which are becoming
49 increasingly important in\various applications in sciences and
50 engineering. Even so, there are currently only six commercial
51 material characterization techniques available to date [1-17]
52 and only two of which are suitable at the frequencies above 50
53 GHz.
54 A coaxial probe [1-5] is frequently used to characterize both
55 solid andsliquid.materials, since it requires only a simple one
56 port measurement. However, the use of this technique is
57 limited to 50 GHz due to the physical size of the probe and
58 suitable only for large volume or large size material samples.
59
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and well-controlled measurement environments. The
conventional transmission-line technique [6-9], using an MUT
sample placed inside a hollow rectangular metal waveguide, is
a broadband characterization method operating up to 1.1 THz
[1-18], [27], covering both low-loss and high-loss materials.
However, above millimeter-wave frequencies, the size of the
waveguide becomes very small, complicating the MUT
sample preparation and measurement setup, since the MUT
must be inserted fully inside the hollow waveguide.

Overall, few research results have been published on
dielectric material property characterization at millimeter-
wave and THz frequencies [18-22], [27]. These techniques
include laminated waveguide [18], time-domain
measurements [19], [22], microstrip ring resonators [20], and
Frequency Selective Surface (FSS) filters [21]. Main key
disadvantages of these methods include complicated setup
(time domain), as well as design and fabrication complexities
and costs, for examples laminated waveguide and ring
resonator.

In this paper, we present a miniaturized waveguide-based
sensor for characterizing the relative permittivity of materials,
e.g. plastic polymer materials, integrating two measurement
methods in a single device. The sensor is designed to operate
within the 75-110 GHz WR-10 waveguide band featuring
Complementary Split Ring Resonators (CSRRs). The other
higher frequency bands can be covered by simple scaling of its
physical dimensions. The key advantages of the proposed
sensor are that it combines: (1) frequency reconfigurable
resonance technique at 98 and 100 GHz by using assliding
short-circuit component, which is used to extend the capability
of the measurement to multiple discrete frequency pointsin(2)
80-100-GHz broadband modified transmission-line technique,
which is particularly useful for characterizing high-loss
materials e.g. liquid and highly-doped semiconductors; (3)
ability to quickly switch between these two measurement
modes depending on user requirements, i.e.high-accuracy

Bottom part of
the waveguide

Flange

single-frequency measurements or broadband characterization;
and (4) ease of operation, as the MUT sample is’placed on top
of the CSRRs, rather than inserted inside| the waveguide,
which also reduces the sample preparation complexity.
Software packages developed with Origin by the authors
together with simulations performed in CST Studio Suite are
used to extract the relative permittivity ofsthe’ MUT from
measured S-parameter data. In* this paper, ,material
measurements and extracted dielectric parameters for PTFE,
HDPE, and PMMA are presented, which are common
materials for additive manufacturing etc. The choices of
materials are only limited by the material available in our
laboratory, not by the sensor capability. The extracted results
show an average agreement in-relative permittivity of higher
than 92% compared to free-space measurement results. The
sensor in this paper offers various key advantages over any
state-of-the-art / materialwgCharacterization techniques at
millimeter-wave, e.g. »multiple characterization techniques
integrated in ansingle "device, miniaturization, frequency-
reconfigurability for wider functional material
characterizationy, much higher tolerance to changes in the
measurement environment, ease of design and fabrication, and
better cost effectiveness.

2. Sensor description and design

The design of the sensor utilizes a custom-designed H-plane
split WR-10 waveguide block, with integrated dual CSRRs
into the top wall of the waveguide. An annotated view of the
sensor before assembly is shown in figure 1(a) while figure
1(b) shows the device after assembly.

The fundamental operating principle of the sensor is the
same for both the resonance and transmission line
characterization techniques, both of which are used to design
the sensor in this work. Each characterization technique offers

Port 2

holder Flange
e -~ holder
WR-10 hollow waveguide
| el] «— Sliding short
Top-lid [N Dual
of the CSRRs ,_'_l o
wayveguide 0 1 2

@

(b)

Figure 1. (a) Fabricated sensor prototype before assembly, which consists of the bottom of the waveguide, an integrated dual CSRRs embedded into the top wall
of the waveguide, two flange holders, and the sliding short-circuit component, and (b) fabricated instrument prototype after assembly.
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different advantages and is suitable for different scenarios, e.g.
the resonance technique is preferred for high-accuracy single
frequency measurements, whereas the modified transmission-
line technique is used for broadband material characterization.
For both techniques, electromagnetic (EM) energy in the form
of guided propagating EM waves is coupled into the
waveguide hollow at Port 1, as shown in figure 1(b), and
interacts with the MUT via the dual CSRRs. This interaction,
depending on the dielectric properties of the material, affects
the amount of energy reflected back to Port 1 and transmitted
to Port 2 and can be quantified using the S-parameters Si; and
S»21, respectively. The material properties, i.e. relative
permittivity and loss tangent, can then be determined through
the mathematical models presented in section 3.

The CSRRs are designed in the middle of the broad wall of
the waveguide, where the electric field is at a maximum [29],
resulting in measurement results with the best possible
accuracy and sensitivity. Dual CSRRs are used to further
increase the coupling interactions between the electric field
radiated from the resonators and the MUT, as the sample to be
measured is mounted on top of the CSRRs fabricated into the
top-lid sheet. figure 2(a) shows a top-view drawing of the dual
CSRRs, while figure. 2(b) presents their lumped-element
equivalent circuit. The capacitance, denoted by Cci and Cco, is
due to the slots etched into the top sheet, and is dependent/on
their width and overall length. The inductance, contributed by
Lci and Lca, is determined by the size of the metal strip
connecting the inner metal patches to the rest of the sheet,
given by g and w. Finally, the inductor L¢3 and capacitor.Cc3
represent the mutual coupling between the two reSonators. The
values of total capacitance loading the line, Cc, and total
inductance loading the line, Lc, determine the resonant
frequency [23]. The dimensions of the CSRRs were optimized
using 3D EM simulation to design the neminal, resonant
frequency of the unloaded CSRRs within the” WR-10
frequency band. The optimum values of all design parameters
shown in figure 2(a) are listed in table 14

2.1. Resonance functionality design

To perform material charagterization with the resonance
technique, a sliding short-citeuit component is inserted at one
of the waveguide ports, resulting,in one-port signal-reflection
measurements as shown“in figure 3(a) and 3(b). The distance
between the CSRRs andthe tip edge of the sliding short is
3/4./4 where /A is the wavelength of the EM signal propagating
inside the waveguide at the nominal frequency of 100 GHz.
The total length of the  sliding short-circuit component is
12.45 mm. In_the neminal case, when the sliding short-circuit
structure is/fully inserted, a minimum in the S;; is observed at
a particular frequency, approximately at 100 GHz in this
instance. That'frequency is referred to as the nominal resonant
frequency and is denoted as f; in this work. The nominal
resonant frequency can be tuned by adjusting the distance of
the'sliding short-circuit inserted inside the waveguide. When
an MUT sample is placed on top of the CSRRs, both the

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-116278.R2

Input transmission-line

(©)

Figure 2. (a) 2D drawing of the top conductor wall of the waveguide with
dual CSRRs and (b) the equivalent circuit model of the two CSRRs
embedded into the top wall of the waveguide, and (c) 3D drawing of sliding
short-circuit component.

Table 1. Summary of the design parameters

Parameter Description Length (mm)

a Waveguide width 2.54

d; Diameter for locking flange holders 4.00
d2 Diameter for locking MUT 2.00

g Gap width 023

[ Waveguide length 300

P Pitch 150

7 Ring length 1.81

Tw Ring width 1.00

w Slot width 0.17

magnitude of S;; and the frequency f; change, depending on
the dielectric properties of the MUT.

The requirement for implementing a sliding short-circuit
component is that it must be fabricated from a single low-loss
metal blank and is able to come into direct contact with the
waveguide walls, resulting in a high quality short circuit,
without introducing any additional EM signal losses. The
sliding short-circuit component was designed as a series of
alternating low-impedance and high-impedance sections,
spaced at A,/4, achieving high quality short circuit termination
[24]. A 3D model of the sliding short-circuit component is
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Modified transmission-line Method
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Material under test (MUT)
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Figure 3. (a) Resonance measurement setup, Port 1 is connected to the
network analyzer through a W-band extender and Port 2 is terminated with
sliding short-circuit component for adjusting resonant frequencies, (c)
modified transmission-line measurement setup, both sides of the sensor
connect to W-band extenders, (b) and (d) the MUT is placed and secured
with M2 screws on top of the sensor during measurement of resonant and
transmission-line techniques, respectively.

shown in figure 2(c), together with its dimensions.
Furthermore, from the measurement results, the sliding short-
circuit component does not need to be in full contact with all
walls of the waveguide to perform a good short=circuit
termination, only the bottom broad wall is sufficiént [24].

2.2. Modified transmission-line functionality design

Broadband modified transmission-line functionality is
implemented by removing the contacting sliding short-circuit
component from the measurement sSetup, turning the
waveguide into a full two-port device, as shown|in figure 3(c)
and figure 3(d). Similar to the,resonance funmctionality, the
CSRRs are loaded with the MUT on top of the top lid. The
dimensions of the waveguide channelrare standard WR-10
ones, i.e. 2.54 mm x 1.27 mm, thereby ensuring good
impedance match with the /measurement system. Unlike the
resonance technique, only the magpitude of the S»; is of
interest for this methodsThere are two. main advantages of the
transmission-line method modification in this work, i.e.
placing the MUT on toprof the CSRRs rather than inside the
waveguide. Normally, in conventional transmission line
measurements, the EM signal is heavily absorbed in the MUT
sample, especially in.the case of millimeter-wave frequencies
and high-Joss materials leading to poor characterization
results, as very little energy reaches Port 2. The other benefit
of mounting thessample on top of the CSRRs is the ease of
MUT, sample preparation, as the MUT sample is placed on top
of. the waveguide, rather than inserted inside it, which also
reduces the sample preparation complexity.
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Figure 4. Linear fitted curve for determination of relative permittivity as a
function of resonant frequency’change (Af;) in GHz. The regression value
and the linear fitted (dash line), as calculated by Origin, are also annotated.
The measured results are.denoted by an “X” symbol and correspond to the
measured values of relative permittivity presented in table 2 and 3.

2.3. Sensor fabrication and assembly

The individual constituent parts of the sensor were shown in
figure 1(a) and were fabricated using a variety of methods in
the EPSRC National Facility for Innovative Robotic Systems
at.the University of Leeds.

The bottom half, which contains the full-sized WR-10
waveguide channel, is machined out of a single copper block
using a 5-axis CNC milling machine. The bottom half also has
four tapped holes for attaching the upper flange structures and
the top lid sheet using fastening screws.

The top lid of the waveguide is fabricated out of a 0.5-mm
thick copper sheet, with the CSRRs etched into it by using
LPKF ProtoLaser U3. Implementing the sensor with this
approach provides customization options, by allowing
different top lid sheets with different resonator structures to be
used and fabricated separately from the bottom waveguide
structure.

The terminating sliding short-circuit component was also
structured using LPKF ProtoLaser U3, and the two flange
holders, which are mounted on both ends of the sensor, were
fabricated from two smaller copper blocks.

To fully assemble the sensor, as presented in figure 1(b),
M4 screws are used to fasten and secure the top half and the
flange holders to the bottom half, minimizing gaps in the H-
plane and ensuring good EM performance. At the same time, a
standard UG-387/U-M flange [28] is implemented, to ensure
correct mating with laboratory measurement equipment. Prior
to the material measurement, an MUT sample with dimensions
of 26 mm x 14 mm, with 2 mm diameter holes drilled at its
four corners, must be prepared. Then, the MUT is
mechanically secured on top of the CSRRs using M2 screws,
resulting in the absence of an air gap between the MUT and
CSRRs.

Page 4 of 9
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3. Relative permittivity extraction model

3.1. Sensor design optimization

The initial sensor design was generated using the
commercially available 3D EM simulation tool CST Studio
Suite, which is based on the Finite Element Method (FEM).
The values of all design parameters of CSRR are listed in
table 1, given for an operating frequency of 100 GHz. After
assembly, the measured results of the reflection coefficient
(S11) showed that the operating frequency f; had shifted to
100.375 GHz, which was attributed to dimension tolerances
and inaccuracies from the manufacturing processes. The actual
dimensions of the fabricated sensor were measured under high
magnification optical microscope to obtain better matching
between simulation and measurement results.

3.2. Resonance technique

To develop the numerical model for the extraction of the
materials' relative permittivity from the S-parameter
measurements, a preliminary analysis was carried out in silico
using the 3D EM simulator CST Studio Suite. The entire
sensor assembly, as illustrated in figure 3(b), was modelled,
including an MUT sample. The sample was represented in
CST as a rectangular box with the same dimensions as ‘the
physical samples available. A parametric sweep was then used
to vary the real part of the relative permittivity &’ of the
modelled MUT. The values used were 1 to 7 in steps of 0.2 for
&' For each of the resulting 31 simulations, the new, shifted
resonant frequency in the reflection coefficient (S11) was
recorded. The amount by which the resonant frequency has
shifted away from 100.375 GHz, Af;, is then calculated and
plotted as a function of the relative permittivity in figure 4.

These individual data points were then fitted into to'a line
using the commercially available data “analysis and
visualization software package, Origin, where the linearly
fitted plot was found to offer the best fit with a regression
value R? of 0.99946. The fit is given as:

£/(f) =0.239866-Af:+ 0.959421 (1)

where ¢ (f) is the relative permittivity as a function of the
change in resonant frequency Af; GHz as a function of loading
the CSRR with an MUT. A comparison between the fitted and
measured values is also‘shown' in figure 4. Equation (1) can
now be used to detérmine the relative permittivity of samples.

3.3. Modified transmission-line technique

For the modified \transmission-line technique, the sliding
short-circuit), was _#emoved from the measurement setup,
thereby creating a full two-port device for broadband material
characterization, The same materials as with the resonance
methodd were, measured, namely PTFE, HDPE and PMMA.
Theanalysis of this characterization method requires two

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-116278.R2

reference S-parameter measurements to obtain an accurate
model. The full measurement and analysis procedure consists
of the following steps:

1. Measure the full 2-port S-parameters without any MUT
sample loading the CSRRs, i.e./air, as the reference
measurement.

2. Measure the full 2-port S-parameters with. the MUT
securely placed on top of the CSRRs as the second
reference measurement.

3. Accurately modified transmission-line technique, the
physical dimensions/ of the sensor and MUTs are
modelled in CST Studio Suite and optimize the value of
its relative pepmittivity-until simulated frequency
response match/with measured S»; results.

When the simulation match with measurement results, the
dielectric property of the MUT is extracted.

4. Measurement results

To measure,the S-parameters for different MUTs, Keysight
Technologies/ PNA-X N5242A with OML WR-10 VNA
Extender | Heads was wused. Prior to performing any
measurements, the Thru-Reflect-Line (TRL) calibration
method was used to eliminate the systematic errors
contributed by the PNA-X, connecting cables, and the
Extender Heads. For both setups, the measurements were
achieved over the entire WR-10 frequency range, i.e.75 GHz —
110 GHz. The S-parameter measurements were performed in
an environment with controlled low humidity and maintained
at a temperature of 24 °C. Individual measurements were
repeated three times to ensure repeatability. The averages were
subsequently used to extract the dielectric properties of the
materials. Results obtained using the Keysight Technologies
free space material characterization suite 85071E [26] were
used for comparison and validation purposes.

4.1. Resonance technique

The measured |Sii| of commercially available polymer
materials, i.e., PTFE [37], HDPE [38], PMMA [39], and air,
used as a reference material, are shown in figure 5(a) when the
sliding short-circuit component was fully inserted into the
waveguide, and in figure 5(b) when the position of the short-
circuit component inside the waveguide was changed to tune
the nominal resonant frequency to 98 GHz. As described,
loading the CSRRs with an MUT sample causes the resonant
frequency to shift downwards and the return loss to increase.
The amount by which the frequency shifts and magnitude of
S11 changes relate to the relative permittivity of the MUT. A
larger shift in the resonant frequency is observed for a material
with higher relative permittivity.

Using equation (1), the permittivity of the MUT is extracted
from the measured data in the following way:
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Figure 5. Measured S;; results of PTFE, PMMA and HDPE samples (a) operating frequency before placing the MUT at 100.375 GHz and
(b) after tuning the position of the sliding short-circuit component in the waveguide, which resulted in‘a ¢hange of the resonant frequency to 98.450 GHz.
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Figure 6. Simulated (dashed line) and measured (sol;d lin;:) |S21] results, for
loaded three MUTS, i.e. PTFE, HDPE, and PMMA{

1. Measure the air standard' and, record the resonant
frequency and Si;.

2. Measure the MUT sample and) calculate the resonant

frequency change from |Af| = | /i = fuur|

3. Use equation (1) to calculate the‘telative permittivity &".

The extracted relatiye permittivity. valtues are presented in
table 2 for the case of/a fully inserted sliding short-circuit
component and arercompared with the values measured by
using the Keysight free-space measurement suite 85071E for
certain frequency points of interest.

From table’2; it is evident that the sensor developed in this
work has/ a good accuracy when compared with the
commercial \free-space solution. The largest difference in
relative permittivity between the two methods was only
8.03%. The. extracted values of the relative permittivity from
the, three materials were also more consistent than the laser
sourcé free space measurement, which yielded a negative
value for the loss tangent of the materials-under-test.

Table 2. Resonance technique relative permittivity extraction results of three
materials (operating frequency at 100.375 GHz).

Material Resonant Keysight

Under Tgponance method free space lefer_ence
frequency . ratio
Test (GHz) (this work) ~ measurement o' e
(MUT) g’y &'y reer
PTFE 95.120 22199 2.0550 0.0803
HDPE 94.775 2.3026 2.3675 0.0273
PMMA 94.250 2.4286 2.6115 0.0700

Table 3. Resonance technique relative permittivity extraction results of three
materials (operating frequency at 98.450 GHz).

Material Resonant Keysight

Under Resonance method free space lefer_ence
frequency . ratio
Test (GHz) (this work) ~ measurement Je' e
(MUT) g, &', reer
PTFE 93.225 22127 2.0577 0.0754
HDPE 92.975 22727 2.3668 0.0398
PMMA 92.450 2.3986 2.6100 0.0809

Table 4. Modified transmission-line technique relative permittivity extraction
results of three materials.

Modified .
transmission Keysight
Material Under line method free space Difference ratio

Test (MUT) . measurement Ag' /&'y

(this work) o

g" r
PTFE 2.11 2.0550 0.0268
HDPE 2.32 2.3675 0.0201
PMMA 2.57 2.6115 0.0159

4.2. Resonance technique: tuning capability

The tuning capability of the sensor is demonstrated by moving
the sliding short-circuit component to a different position
inside the waveguide, designed for optimal EM energy
coupling between the waveguide and the MUT through the
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Table 5. Relative permittivity comparison of measurement of this work and other works

Resonant Resonant Modified

L Keysight
. method method transmission . [33]
Material 100375 at98450  linemethod ~11°¢ SPace 1 (321 at (341 (331 [36]
Under Test GHz GHz at 80 —100 measurement at at 350 - 500 at at at
- 100 GH 100 GH 100 GH: 100 GH: 150 GH
(MUT) (this work)  (this work) GHz at 100 GHz g z GHz 2 z z
(this work)
PTFE 2.2199 22127 2.11 2.0550 2.0303 2.02 2.02-2.04 2.07 2.0701 2.0535
HDPE 2.3026 2.2727 2.32 2.3675 22129 2.29 N/A N/A N/A 2.3244
PMMA 2.4286 2.3986 2.57 2.6115 2.6016 N/A 2.58-2.61 246 2.585 2.5887

CSRRs, allowing characterization of the relative permittivity
of the MUT at a different frequency point of interest.

In section 4, the sliding short-circuit component was fully
inserted into the waveguide at 12.45 mm length from Port 2.
Thereafter, the sliding short-circuit component was inserted
into the waveguide up to 10.78 mm from Port 2 to obtain
another maximum coupling point, hence, changing the
nominal frequency to 98.45 GHz. The measured results of the
three MUT samples are shown in figure 5(b). The extracted
relative permittivity values are compared with the values
measured using Keysight 85071E and are shown in table 3.
The extracted results for this new frequency point again show
good accuracy when compared with the commercial free-
space method, with the biggest difference in relative
permittivity between the two methods being only 8.09%. This
shows that the sensor retains the high accuracy offered by the
resonance technique after tuning the measurement frequency,
making it relevant for cases where the relative permittivity of
material is required at a specific frequency point.

4.3. Modified Transmission-line technique

The modified transmission-line characterization, setup was
illustrated in figure 3(c) and 3(d). The measured §3; for the
same three MUTs as in the resonance | characterization
technique, i.e. PTFE, HDPE, PMMA, togetherswith the air
standard are shown in figure 6.

The values for the relative permittivity of PTFE, PMMA
and HDPE over the mentioned frequency band'were extracted
following steps in section 3.3. Theyrelative permittivity of
three material are compared to.the resultsfrom the Keysight
free space method as shown in table 4. There is good
agreement between the proposed sensor and the free-space
probe. The biggest difference in relative permittivity between
the two methods was only 2.68%.

Unlike the resonance method, which was used to measure
the relative permittivity, of the different MUT at specific
discrete frequeney points, the modified transmission-line
technique is used to characterize these properties over a finite
bandwidth. Therefore, a.different metric is needed to quantify
the performance of the sensor.

The extracted results of relative permittivity of plastic
polymer materialss e.g. PTFE, HDPE, and PMMA, which
were measured using proposed method are listed in table 5.
Furthermore; the results of earlier studies were included in this
table to‘compare the relative permittivity of the three polymer
materials. In table 5, the extracted relative permittivity shows
a good, agreement when compared with previous works [31-

36]. The different frequency bands "at which data for the
permittivity of the three materials investigated in this work
were available are also for completeness and to demonstrate
the similarity in results” between this work and previous
publications. The. compared results show that both proposed
measurement techniques are suitable to relative permittivity
measurement/f bulk solid samples at W-band frequencies.

4.4. Repeatability performance of the sensor

To measure the repeatability of the sensor, two experiments
were  performed. Firstly, the MUTs are mechanically
remounted three times, and the standard deviation of these
measurements is calculated. The maximum of that over the
entire frequency band for the resonance, tuned resonance and
modified transmission-line technique are 0.653243, 0.699002,
and 0:222502, respectively. Secondly, the proposed sensor is
taken out and re-mounted during measurement, the results of
the standard deviation of the resonance, tuning resonance and
modified transmission-line technique are 0.539824, 0.549886,
and 0.24609, respectively.

5. Conclusion

Multimodal ~ sensors for characterization of relative
permittivity of materials at millimeter-wave frequencies have
been proposed and its performance investigated in this work.
Two major modes of operation of the sensor are identified and
described. The first one, resonance mode, gives highly
accurate results at a single frequency point, and provides quick
indication of the properties of the MUT with a better than 92%
accuracy when compared to a commercially available
solution. The second one, modified transmission-line mode,
provides measurement results over a wider frequency range,
resulting in a broadband characterization of the MUT.
Furthermore, by adjusting the position of one of the sensor’s
components, it offers tuning functionality when operated in
resonance mode. This way, the sensor is able to offer the
accuracy of the resonance mode at a different frequency point
of interest. The sensor can be reused without degradation or
life cycle limitation.
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