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Abstract—This study presents a novel and accurate solu-
tion for measuring the real and imaginary parts of permittivity
in a wide range of dielectrics. The proposed sensor, featur-
ing a compact metal enclosure and a rectangular aperture,
is a valuable tool for microwave characterization of dif-
ferent dielectrics. The study encompasses both theoretical
and experimental approaches, combining finite element sim-
ulations to showcase the sensor’s accuracy in diverse
environments and with different material forms such as solid,
crystal grain, and powder. A series of experiments were
conducted using four sensors with varying enclosure dimen-
sions, allowing for comprehensive measurements of complex
permittivity within the frequency range of 3-15 GHz. The

proposed sensor not only provides high accuracy but also offers a cost-effective and efficient solution for permittivity
measurements. It requires only a small sample volume and eliminates the need for complex sample preparation
procedures. This research demonstrates a promising alternative to conventional techniques used for permittivity
measurement, opening up nhew methods for investigating dielectric properties in a variety of industrial and research

settings.

Index Terms— Broadband sensing, complex permittivity measurement, material characterization, microwave sensor,

resonance, scattering parameters.

. INTRODUCTION

ICROWAVE sensing and characterization are rapidly
Madvancing, yielding new insights and innovations [1],
[2], [3], [4]. Several microwave and electromagnetic sensors
have been developed to cater to diverse applications and
requirements [5], [6], [7], [8], [9]. These advancements not
only enhance our understanding of electromagnetic interac-
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tions but also pave the way for novel applications across vari-
ous domains [10], [11], [12], [13], [14]. Accurate measurement
of relative permittivity is important for understanding material
behavior. Relative permittivity, denoted as €,, signifies a mate-
rial’s capacity to store and transmit electrical energy, influenc-
ing electronic device design and solutions for electromagnetic
interference (EMI)/electromagnetic compatibility (EMC).

Dielectric materials are crucial in numerous applications
across industry, science, and medicine. Precise measurement
of high-frequency behavior, particularly relative permittivity,
is important for effective EMI/EMC design. The complex
permittivity €,(f) = €,(f) — i€/ (f), where €.(f) and €/(f)
represent the real and imaginary parts, respectively, which
provides insights into dielectric materials’ electrical proper-
ties [15], [16], [17], [18].

In this research, we quantify complex permittivity across
materials using a method that combines a strip transmission
line, a metal plate with an aperture, and a short-circuited
rectangular waveguide as a metallic cavity. The results are val-
idated by electromagnetic simulations and comparisons with
results from other methods, which makes the approach appli-
cable to solids, crystals, and powders. Numerous approaches
have been developed to characterize materials by measuring
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their complex permittivity within the RF/microwave spectrum.
Some of the most common techniques include cavity reso-
nance, quality factors, transmission lines, split-ring resonators,
and free-space techniques [19], [20], [21], [22], [23], [24],
[25]. The selection of an appropriate method is contingent
upon factors such as the operating frequency, the physical state
of the sample, and its losses and volume.

The resonant method measures the Q-factor and resonant
frequency of a material-filled resonant cavity to calculate
its complex permittivity [19], [20], [26], [27], [28]. This
method is particularly suitable for microwave frequencies and
nondestructive measurements. On the other hand, the transmis-
sion/reflection line method involves measuring S-parameters
of a waveguide setup including a layer of the material [29],
[30], [31], [32], [33]. These parameters provide insights
into the dielectric constant and magnetic permeability. Pre-
cision is maintained through proper calibration and careful
setup design. In comparison, the free-space method focuses
on the placement of the material between two antennas,
enabling measurements across a broad frequency range, even
under challenging conditions [34], [35], [36]. For liquids, the
open-ended coaxial probe method is generally used, where ref-
erence liquids are used for calibration. The probe is immersed
in the liquid, and the S-parameters are measured to determine
the permittivity [37]. The open-ended waveguides are used
in measurements of radiation properties and material proper-
ties [38], [39], [40]. They are used to measure the permittivity
of materials, which is related to physical characteristics such
as moisture content. Moreover, the split-ring resonator method
provides accurate and noninvasive measurement but requires
different prototypes for different applications, especially for
materials of different forms [41], [42], [43]. Furthermore,
the open resonator is a hybrid resonant technique based on
the Fabry—Perot-type measurement [44], [45], [46]. It mea-
sures multiple resonances of the sample across a frequency
range. The CPW or microstrip transmission line method offers
a compact and integrable design for complex permittivity
measurements, but its accuracy is limited by substrate and
environmental factors, necessitating further development and
validation for each application [47], [48].

These methods present diverse solutions for characterizing
the dielectric properties of materials, each with distinct advan-
tages and limitations. The choice of method depends on the
specific characteristics of the material and the intended appli-
cation. However, each method has its limitations associated
with narrowband measurements, the complexity of setups, and
constraints when working with particular dielectric materials
(Table I).

Our sensor offers a distinct advantage among the existing
measurement techniques. Although it derives its foundation
from the resonant method, it overcomes several key challenges
and limitations posed by conventional methods. It delivers pre-
cise broadband measurements of both the real and imaginary
permittivity components, ensuring accuracy in measurements
while minimizing setup complexity. Furthermore, its unique
strength lies in its ability to characterize a broad spectrum of
dielectrics, encompassing solids, powders, and crystal grains.
In contrast, most of the existing methods are limited to specific

materials or forms. Specially designed for materials with low
to medium losses, the sensor operates effectively across a wide
temperature range. The box-like design ensures simplicity
and versatility across diverse applications while maintaining
consistent performance. This design stands in contrast to
the often intricate setups required by other methods, further
highlighting the sensor’s unique advantages. Table I provides
a detailed comparison between various measurement methods
and our novel sensor. It highlights the unique advantages of the
sensor, including precise broadband measurements, versatility
across different dielectric materials, operational effectiveness
in a wide temperature range, and simplicity in setup.
Moreover, to determine the dielectric constant of materials,
solving a set of complex nonlinear equations that relate the
S-parameters of the sample to its dielectric properties is
necessary. The existing methods often rely on assumptions or
approximations, impacting result accuracy. For instance, the
Nicholson—Ross—Weir (NRW) method assumes a flat response
in the characteristic impedance near half-wavelength reso-
nance frequencies, potentially leading to errors for low-loss
or nondispersive materials [49], [50]. The National Institute of
Standards and Technology (NIST) iterative method is another
technique that uses an iterative approach to solve nonlinear
equations, but it requires an initial guess of permittivity value
and may fail to converge if the guess is not close to true
values [51], [52]. In contrast to these common methods,
we propose a novel numerical method related to the shielding
effectiveness (SE) of the material sample [53], [54], [55],
[56]. With this method, we first calculate the initial value
of €, accurately using the first resonant frequency of the
sample and then use this value as the initial value to solve the
nonlinear equations for the neighboring frequencies. In this
way, wideband permittivity calculations are performed. This
method does not make any assumptions or approximations that
may affect the accuracy of the results, and it can be used for
a wide range of materials with different dielectric properties.
Section II outlines the methodology, including measure-
ment setup and sample preparation. Section III validates
the proposed method through simulations and comparisons,
demonstrating accuracy. Section IV presents the experimental
results confirming its efficacy across materials. Section V
provides a comparative analysis of sensors, considering dimen-
sions and materials. It also evaluates performance in terms of
accuracy, reliability, and temperature sensitivity. Section VI
summarizes the findings and discusses applications.

[I. METHODOLOGY

The sensor is based on a small enclosure with an aperture,
which serves as the basic element. The sensor is designed to
measure the dielectric constant of solid, crystal, and powdered
materials. The sensor works by placing a strip line (SL) over
the ground plane with an aperture as shown in Fig. 1. An SL
acts as a type of transmission line used to transfer microwave
signals between components, which are then analyzed to
determine the impedance between the ports.

A. Aperture Impedance

In Fig. 1(a), a metallic enclosure with an aperture is shown
as part of the measurement setup with a two-port network.
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TABLE |
OVERVIEW OF DIFFERENT METHODS USED IN DIELECTRIC PERMITTIVITY MEASUREMENT
Method Applications Advantages Disadvantages
Cavity Resonant [26]- | Materials with low-to-high loss Accurate real permittivity readings; | Narrow bandwidth; can be destructive
[28], [30] non-contact approach for solids; limited by the size and phys-

ical state of the sample

Free-space [30], [34]-[36]

Primarily block solids with vari-
able losses

Non-contact method; ultra-

wideband; non-destructive

Demands specific Material Under Test
(MUT) attributes; may have less accu-
racy

Transmission and Reflec-
tion line [30]-[33]

Suitable for materials with

medium to high losses

Wide bandwidth; high accuracy;
non-destructive; simple design

Necessitates specific de-embedding and
calibration

Open-ended Coaxial
Probe [29], [37], [57]

Non-destructive testing; ideal for
materials with low losses

Accurate readings; do not need
sample alignment; allows for tem-
perature moderation

Solely reflection-based; sensitivity to
air gaps; need to solve complex math-
ematical model

Open-ended
Waveguide [38]-[40]

Non-destructive testing; ideal for
materials with low losses

Similar to open-ended coaxial
probe but better optimized for mea-
surements on lower permittivity
materials

Sensitive to air gaps; multiple repeated
measurements needed for reliable re-
sult; complexity in obtaining good con-
tact with center of conductor

Split-ring resonator [41]—
(43]

Broadband measurement; non-
contact sensing, mixture charac-
terization; suitable for materials
with medium to high losses

Highly accurate; non-invasive; con-
tinuous glucose level monitoring;
sensor’s quality factor enhance-
ment

Separate prototypes needed for other
material forms; cross-sensitive to mea-
surement errors and environmental con-
ditions

Open resonator [44]-[46]

Broadband measurement; non-
destructive; testing suitable for
low-loss laminar dielectric mate-
rials

High accuracy; good quality fac-
tor measurement; multi-frequency
measurements

Large sample size needed; system cali-
bration required

Coplanar waveguide | Broadband measurement; | Applicable for solids and liquids; | Sensitivity to substrate properties and
(CPW) or microstrip [47], | non-destructive testing; high- | compact design; ease of fabrica- | temperature; additional development
[48] frequency application tion; planar configuration and validation required for each appli-
cation
Our method Broadband measurement; non- | Applicable to solids, grains, and | Not ideal for high-loss materials and
destructive testing powder; wide bandwidth; simple | liquids (see Section V-E)
setup; accurate readings; usable at
various temperatures; no need for
sample alignment
and the cavity filled. Since the aperture is not filled with the
® VA Port 1 measurand in the second reference measurement, thus to have
1 an accurate de-embedding process, the gap in the aperture
" should be empty when the cavity is filled with the measurand
o SMA Port2 as well.
® The analysis uses the circuit depicted in Fig. 1(b), encom-
I, Iz . . .
— Z passing load impedance (Z;), source impedance (Z;), and
interport impedance (Z). For nonzero impedance (Z # 0)
v, 2 between these ports, the relationship between the S-parameters
K@ SMA Port 1 SMA Port 2 and Z is established as follows [53], [54], [55], [56], [58]:
_— o
o _ 2Z,51 7 _ 27, (1 — 8521) 0
1 =81 $21

Fig. 1. (a) Design of the sensor enclosure with an aperture, and an
SL with the enclosure body serving as its ground plane. (b) Two-port
equivalent network for the configuration shown in (a) [56].

Ports are connected to the enclosure such that one end of each
port (ground) is terminated at the enclosure’s plate, while the
other end (signal) connects to a metallic strip. The aperture
is treated as a transmission line with a defect in the ground
such that the impedance of the aperture can be measured.
To accurately measure the impedance change caused by filling
the cavity, we performed three impedance measurements under
different conditions. First, we measured the impedance with
the lid closed and no aperture present. Next, we measured
the impedance with the aperture present and the cavity empty.
Finally, we measured the impedance with the aperture present

where Z, is the characteristic impedance of the transmission
line.

Fig. 2 displays the simulated structure, consisting of an
SL on top, two ports connected to the enclosure as their
ground, and an enclosure with an aperture. This system
corresponds to a two-port network configuration, as shown
in Fig. 3. An aperture-free setup with properly designed SL
specifications would yield a zero impedance (Z = 0), forming
a 50-Q line. However, any aperture or ground plane defect
increases resistance and leads to a nonzero impedance.

Equation (1) calculates the nonzero impedance (Z) using
both the magnitude and the phase of the measured S-
parameters. The aperture impedance (Z,p) is analogous to an
impedance across coplanar SL with both the ends effectively
shortened due to its location on the enclosure’s face.
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Fig. 2. Simulated 3-D diagram of the sensor designed in CST Studio
Suite with dimensions of 40 x 40 x 20 mm. Aperture of 20 x 2 mm
(Ix w) and SL of 14 x 5 mm, 1.9 mm above the lid surface. The trace’s
direction is perpendicular to the larger side of the aperture [54].
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Fig. 3. (a) Sensor apparatus (enclosure with aperture excited by SL).
(b) Circuit model of the sensor. (c) Circuit model with Zs¢ transferred to
the aperture (point A) [24], [56].

The characteristic impedance (Z) and propagation constant
(kg) for the TEjp mode within the enclosure’s waveguide are

A 2
ke = Koy 1 — (%) @)

A 2

Here, kyp = (27 /A) is the wavenumber, no = 3772 is the
free-space impedance, b is the waveguide width, and A is the
free-space wavelength.

The enclosure’s frontal surface efficiently reflects a
short-circuit impedance at the termination point, leading to

Z{. = jZgtan (kga) . (4)

The parallel combination of aperture impedance (Z,p) and
transferred enclosure short-circuit (Z;.) yields Z

zZ= Zap Il Z;c‘ (5)

Thus, aperture impedance (Z,p) can be calculated using the
formula
ZZ;,

Loy = —3C
YTzl —7

(6)

B. Real Part of Dielectric Constant, €, Formulation

In Section II-A, the metallic enclosure was empty, i.e.,
filled with air or vacuum. When the enclosure is completely
filled with a dielectric material up to the bottom of the
enclosure, the relative permittivity of the material should be
taken into account to calculate the propagation constant and
characteristic impedance of the waveguide. The transferred Z

at the terminal face of the enclosure is represented as Z{., and
its expression is defined as follows:
2}, = jZyan (Ka) @

/ )\-m 2
=ty 1- (5) ®)
/ )"m 2

In these equations, Z[. is the short-circuit impedance when
the box is filled, k/g is the modified propagation constant, and
Zé is the modified characteristic impedance. The value of kg,
is determined by (8).

The wavelength of the medium, A,,, is represented by

(10)

where €, is the real part of the relative permittivity.

When the S-parameter is measured again with the enclosure
filled with a dielectric material, a different impedance (Z) will
be observed between the two ports in Fig. 1. However, since
the aperture impedance (Z,p) remains the same for both the
cases, the short-circuit impedance (Z[,) can be estimated.

This estimation allows for the calculation of €, of the
material within the enclosure using (7)—(10). To simplify and
shorten the numerical procedure, the resonance frequencies
and their shifts can be considered. The shifts of the resonance
frequencies have a dependency of 1/ (e;)l/ 2 referring to (10).
These resonant frequency values can be used as starting points
to solve the nonlinear equations (4) and (7), providing a
frequency-varying response for the wavelength of the medium.
Thus, the € at the resonance frequencies can be calculated,
and regression between these points can provide its behavior
against the frequency. It should be noted that although the
technique provides a broad frequency-dependent response,
the results are less reliable for frequencies below the first
resonance frequency of the enclosure.

C. Imaginary Part of Dielectric Constant, e, Formulation

In a prior investigation [54], the focus was on deriving
the SE and formulating the voltage at a monitor point (v,).
The leakage voltage, v, is the voltage that appears at the
monitoring point due to the presence of an aperture in the
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Fig. 4. Top view of the enclosure, where the de-embedding technique
has been used from the ports up to the periphery of the aperture.

shielded enclosure. It arises from the radiated energy emitted
by the aperture.

When a new dielectric material is introduced into the enclo-
sure, its relative permittivity changes, influencing wave prop-
agation within the enclosure. Consequently, the short-circuit
impedance shifts, leading to a modification in the leakage
voltage. This altered leakage voltage is denoted as v;,. This
relative loss can be succinctly expressed as the ratio (v, / v;,),

and its formulation is provided as follows [59]:

vp

/

Up

where A denotes the electromagnetic wave’s wavelength, p is

the distance between the aperture and the monitoring point,

and € signifies the imaginary part of the relative permittivity,
which can be obtained as

U
,,__““(v;,)

27 p

2z
A

&P (11)

12)

D. De-Embedding

To accurately determine the impedance Z using (1), it is
important to account for the parasitic effects introduced by
the SMA connectors and SL. To remove these effects, short,
open, load, and through (SOLT) calibration up to the SMA
connectors and de-embedding up to the aperture edges are
required.

De-embedding is a simple method that can be used to
remove these effects in simulation. For both the simulated and
experimental results, we performed a de-embedding procedure
as described in [56]. For the simulated results, we can calibrate
the results to the aperture edges using the postprocessing
tab, as shown in Fig. 4. For the experimental results, the
S-parameters for the sensor with aperture are compared with
those of the sensor without aperture. This process can help
eliminate undesired reflections and distortions in the measured
data, resulting in more accurate and reliable simulation results.

[1l. SIMULATION RESULTS
The simulations were conducted to investigate the electro-
magnetic characteristics of the enclosure and its components,
including the dielectric material. The results of these simu-
lations provide valuable insights into the performance of the

20 T T T
——Empty Sensor
—Sensor filled with FR-4|
~ Of
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=
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:-20 Y
%)
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=
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= L .
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-100

Frequerll%y (GHz) 15 20

Fig. 5. Simulated Syq results of empty medium enclosure and the
enclosure filled with FR-4. Both the results are de-embedded up to the
periphery of the aperture.

proposed design and its potential for practical applications.
The simulation results are presented in Section III-B.

A. 3-D Design

The 3-D design of the sensor involved creating a 40 x 40
x 20 mm box with a hollow interior made of copper with a
thickness of 3 mm, similar to the simulated design as shown
in Fig. 2. The lid of the sensor was also made of copper with
a thickness of 3 mm. An aperture of length of 20 mm and
width of 2 mm was placed in the center of the lid, while
a reference model without the aperture was also created to
provide a comparison for the de-embedding process. The 3-D
model was fabricated for use in the experiment, and the results
were compared with those obtained through simulation.

B. 3-D Full-Wave Simulation

To further evaluate the electromagnetic properties of the
sensor and the effect of the dielectric material on it, a simu-
lation was performed using the Frequency Domain Solver of
CST Studio Suite. The model was designed for simulations
in the frequency range of 0-20 GHz. An SL was placed on
top of the lid to investigate its response to electromagnetic
fields. The S-parameters were evaluated for the empty box and
the box filled with FR-4 as the dielectric material for further
calculations. The results were de-embedded up to the aperture
edges to accurately measure the electromagnetic behavior. The
simulation results are shown in Fig. 5.

C. Validation Procedures

For a better theoretical validation of our measurement
method, the first 3-D full-wave simulations are performed
using our sensor filled with a lossy dielectric material with
a Gaussian permittivity and linear loss tangent profile versus
frequency. Fig. 6 illustrates the comparison of the extracted
€. and tand values from simulations to the correspond-
ing simulation-generated curves. This analysis demonstrates
a clear alignment between the two datasets. Our study’s
measurement approach proves its precision and reliability
in determining the relative permittivity of various dielectric
materials.
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Fig. 6. Comparison of the simulated results of a material featuring

Gaussian profile permittivity with the real part of permittivity (left y-axis)
and loss tangent (right y-axis) values obtained through our method on
the extracted S-parameters.

IV. EXPERIMENTAL RESULTS

The experimental section of this work involved a thorough
investigation of the performance of a range of sensors made
from copper and aluminum in measuring the complex per-
mittivity of various materials in different forms. To carry out
this investigation, we carefully selected sensors with different
dimensions and characteristics to ensure that we covered a
wide range of measurement scenarios.

During the experiments, we compared the sensors for their
accuracy, reliability, range, and feasibility, taking into account
various factors such as the size and shape of the materials, and
the intended application of the sensors. We also evaluated the
sensors for their sensitivity, stability, and repeatability, which
are important parameters that determine the quality of the
measurements.

A. Measurement Setup

The following are the dimensions of the sensors that are
used to test the materials.

1) 80 x 40 x 20 mm (big copper sensor, Fig. 7).

2) 40 x 40 x 20 mm (medium copper sensor).

3) 20 x 40 x 20 mm (small copper sensor).

4) 20 x 40 x 20 mm (small aluminum sensor).

The sensor is connected to the Rohde & Schwarz VNA, and
the wires are clamped on the side to minimize shaking of the
wires. The S-parameters are calculated for the lid without an
aperture, the empty box with a lid with an aperture, and the box
filled with materials. The results for the lid without an aperture
are used to de-embed the results across the aperture. The
results are then evaluated to calculate the complex permittivity.

The materials that were tested in this experiment included
solids, powders, and crystal grains, which were selected based
on their diverse dielectric properties. The materials were
tightly filled into the enclosure and discarded after the mea-
surements. The enclosure was thoroughly cleaned to guarantee
the absence of any residue for subsequent tests with different
materials. To ensure measurement accuracy through multiple
trials, unused materials were used for crystals and powders,
while the same block was used for solid samples. To calculate
the dielectric constant of the materials, we used the principle

@ (b)

Fig. 7. (a) Fabricated big copper sensor with a large aperture (40 x
2 mm) and an SL (16 x 5 mm, thickness 0.5 mm) located 2 mm from
the lid surface. (b) Lid without an aperture used for de-embedding S-
parameters up to the aperture edges.

Fig. 8. Measurement setup, with a small aluminum sensor connected
to the R&S VNA. The position of the sensor is fixed with a marker so
that all the measurements are carried out at the same position.

of operation described in Section II. The materials were placed
inside the sensors, and the measurements were carried out
using the measurement setup shown in Fig. 8.

B. Common Salt (NaCl)

Two types of salt were tested: an iodized (Jodiertes Speis-
esalz) and salt without iodine (Alpen Salz). The salt was filled
into the box and gently shaken to allow it to evenly settle
inside the enclosure, and more salt was added until the box
was fully covered with salt, as shown in Fig. 9. The complex
permittivity of salt was calculated and compared for copper
and aluminum boxes. Fig. 10 displays €, and tand for salts
with and without iodine and compares the values for copper
and aluminum sensors.

Although there is a small difference in the values of the
dielectric constant between the two materials, we were not sure
whether this was due to the small iodine content in the salt
(around 0.2%). Other uncontrolled factors such as salts’ purity
and environment humidity might cause such minor effects.
It is worth noting that with a higher iodine content, the values
would likely differ more substantially.

Howeyver, a distinct deviation was noted when the aluminum
sensor was filled with iodine-laced salt, prominently within the
8—11-GHz frequency range. This behavior could be linked to
aluminum’s inherent oxidation in air, leading to the formation
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Fig. 9. Small aluminum box filled with salt.
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Fig. 10. Measured real (left y-axis) part of permittivity and loss tangent
(right y-axis) against frequency for salt with and without iodine. In this
experiment, small size boxes made of aluminum and copper are used.

of an aluminum oxide layer on the surface of the sensor [60].
Within the specified frequency range, a resonant interaction
might occur between this oxide layer and the iodine in the
salt, amplifying their dielectric interactions. While these initial
findings hint at the aluminum sensor’s potential for iodine
detection in salt, further research, particularly focusing on res-
onance effects and dielectric interplay, is crucial for validation.
Therefore, copper sensors are preferred for common complex
dielectric constant measurements.

In a previous work, Liu et al. [61] determined the permit-
tivity of NaCl with varying moisture levels, finding that the
real part ranges between 2 and 5. Our results are comparable
to these findings. Moreover, tané of the salts is slightly higher
for aluminum sensor than that for the copper sensor, indicating
that the aluminum sensor absorbs more energy from the wave
than the copper sensor. This can be attributed to the fact that
aluminum has a higher resistivity than copper, which leads to
more energy dissipation.

C. Silica (SiO»)

SiO, powders are widely used in high-frequency technol-
ogy. Their dielectric properties and thermal stability make
them essential in the production of electronic components
such as capacitors, resonators, and integrated circuits. Their
insulating properties also prevent unwanted electrical conduc-
tion, ensuring reliable performance in high-frequency devices
across industries such as telecommunications and electronics.

Hence, studying silica’s permittivity, particularly at high
frequencies, is important. Hotta et al. [62] examined SiO, with
varying relative densities across 3-13.5 GHz using silica

3 T T T T T 1
o [——Real permittivity - Silica (small sensor) 0.8 =

v =—=Real permittivity - Silica (big sensor) . :‘u

- 28F [——Real permittivity - Hotta et al. -

% — =-Imaginary permittivity - Silica (small sensor)§ 0.6 =

i‘;; — =Imaginary permittivity - Silica (big sensor) E

= — -Imaginary permittivity - Hotta et al. 2

S 26 104 &

© & — gp'é o

< 3]

- —
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Fig. 11.  Comparison of the measured real (left y-axis) and imaginary
(right y-axis) part of permittivity against frequency for silica powder with
the results from Hotta et al. [62]. In this experiment, small and big-sized
copper sensors are used.

powder (average particle size of 36 um) and relative densities
of 46%—70%.

For our experiment, we used silica powder (particle
size 40 um, relative density 60%) as a dielectric in the medium
and large boxes and measured the real and imaginary permit-
tivity from 3 to 14 GHz, as depicted in Fig. 11. The filling
process involved strongly shaking the powder to eliminate any
air gaps, with successive rounds of refilling and shaking to
densely occupy any remaining space within the enclosure. This
approach was consistently applied to all the tested powders and
crystals. Dielectric constants were compared with the results
from Hotta et al. [62] for SiO, powder with 59.6% relative
density.

We observe good agreement in €, with Hotta et al.’s results,
especially beyond 6 GHz. However, for €/, our findings
appear to be more dependable. A peculiar observation in
the result from Hotta et al. [62] is the presence of a gain,
indicated by a negative loss value, at higher frequencies. Such
a phenomenon is not typically expected in these measurements
and could point to potential anomalies or inconsistencies in
their methodology or instrumentation. Our results, in contrast,
do not exhibit this anomaly, increasing the reliability of our
method.

D. Polyethylene Terephthalate

Polyethylene terephthalate (PET) is a versatile plastic used
in various applications, including food packaging, textiles,
and electronics. In electronics, PET is favored as a substrate
for flexible printed circuits (FPCs) due to its lightweight,
durability, and resistance to heat and moisture. We used a
PET block from Rochling Group and it was cut to match the
medium enclosure size, serving as a dielectric (Fig. 12).

We measured the complex permittivity of PET
from 3 to 14 GHz, as depicted in Fig. 13. In a related study
by Geryak et al. [63], the complex permittivity of PET sheets
was investigated, covering a range of thicknesses from 1 to
10 mils and frequencies spanning 5-20 GHz. We compared
our room temperature measurements, obtained from a
14-mm-thick PET with the results from Geryak et al. [63]
for the thickness of 10 mils in Fig. 13. Our values align
within their range of values, reinforcing the accuracy of our
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Fig. 12.  PET block placed in the enclosure of medium-sized sensor
made of copper.
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Fig. 13.  Comparative analysis of real (left y-axis) and imaginary
(right y-axis) permittivity components across frequency for PET, with
reference to Geryak et al.s [63] findings for a 10-mil-thick PET block.
The measurements were conducted using a 14-mm PET block within
the medium copper sensor.

measurements. However, it is imperative to acknowledge
that direct comparisons may be limited due to the different
thicknesses and purity levels inherent to PET samples.

E. Polymethyl Methacrylate or Plexiglass

Plexiglass is useful in thin-film form for high-frequency
applications where its impact due to the high loss is reduced
by thinner material. A Plexiglass block from RS Components
International was cut to match the medium enclosure size and
used as a dielectric. We measured the complex permittivity
of polymethyl methacrylate (PMMA) from 4 to 14 GHz and
compared them with the results from other method, as shown
in Fig. 14.

We observed that €. is slightly smaller compared with
the results from the Nicolson—Ross technique [65]; however,
our results have a better agreement with those of Desh-
pande et al. [64].

F. Magnesium Sulfate Heptahydrate (MgSQOy4-7H20)

Magnesium sulfate crystals (epsom salt), with formula
MgSOy, are used in medical and industrial settings. They are
used as laxatives, for muscle cramp treatment, in agriculture,
textiles, and paper production.

Our experiments used MgSO4-7H>O crystals (molar mass
246.48 g/mol) of high purity and size. The tests involved
the small and large copper sensors, plus the small aluminum
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Fig. 14. Comparison of the measured real (left y-axis) and imaginary
(left y-axis) parts of permittivity against frequency for PMMA filled in the
medium copper sensor with the results of [64] and [65].
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Fig. 15. Comparative analysis of real (left y-axis) and imaginary (right
y-axis) parts of permittivity against frequency MgSO,4-7H»0 in various
sensors. This experiment used both small-sized sensors, made from
copper and aluminum, and large copper sensors.

sensor. Complex permittivity of MgSQO4-7H,0 was measured
from 3 to 14 GHz, as shown in Fig. 15.

The comparative analysis of sensors provides consistent
performance in terms of real permittivity measurements across
the sensors. However, discrepancies become apparent when
evaluating the imaginary components of permittivity. One
plausible explanation for this deviation lies in the modal
characteristics of the sensors. While our method predominantly
considers the dominant mode, TE;, it is necessary to rec-
ognize that in practical applications, the presence of higher
order modes is unavoidable. These higher order modes exhibit
loss characteristics. For sensors with larger dimensions, the
propagation of a greater number of other modes is present
when compared with the smaller ones. Consequently, the loss
magnitude for larger sensors is slightly higher than that of
smaller sensors at specific frequency bands.

G. Sugar

The study investigated fine sugar powder’s permittivity
using small and big copper sensors. “Feiner Zucker” from
Nordzucker AG was used. We measured the complex permit-
tivity of sugar from 3 to 16 GHz, as shown in Fig. 16.

The real part of the permittivity exhibits close alignment
between the two sensors at higher frequencies; however,
disparities can be observed for frequencies below 8 GHz.
This difference arises primarily from the distinct resonance
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and big copper sensors.
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Fig. 17. Measured real (left y-axis) and imaginary (right y-axis) parts of
permittivity against frequency for flour using the big copper sensor.

characteristics of the two sensors. Notably, the large copper
sensor has its first resonance frequency at 4 GHz, while the
small copper sensor has its first resonance at 8 GHz, thus
contributing to the differentiation in the real part. Furthermore,
the big sensor demonstrates a marginally higher imaginary
component, attributed to the other propagation modes previ-
ously discussed in the context of MgSO4-7H,0 results.

H. Flour

The flour’s permittivity was investigated using the large cop-
per box. The dielectric constant was studied from 3 to 15 GHz.
The results in Fig. 17 show the frequency-dependent com-
plex permittivity. The real part rises and the imaginary part
decreases with increasing frequency. Flour’s tand around
0.2 indicates moderate lossiness at these frequencies.

V. SENSOR PROPERTIES AND PERFORMANCE ANALYSIS
A. Comparison Based on Sensor’s Dimension

This study investigated complex permittivity in solid, pow-
der, and crystal forms using sensors with different dimensions
and materials. The width of the enclosure has been set to
20 mm aligning with the length of the SL on top of the
lid. In addition, the height of the sensor’s enclosure was
arbitrarily fixed at 40 mm, while variations in dimensions were
introduced by altering the lengths to evaluate differences in the
results.

One key observation was that complex permittivity values
exhibited similarity above 6 GHz for the medium-sized sensor
and 8 GHz for the small sensor. However, those sensors were
less reliable at lower frequencies, primarily because of the
absence of resonance below the above-mentioned frequencies,
as shown in Figs. 10 and 15. It was noted that larger sensors
demonstrated higher reliability at lower frequencies (Fig. 15).
This advantage stemmed from their first resonance occurring
at 4 GHz, a frequency range that was unattainable for smaller
sensors. This implies that larger sensors may be more adept
at providing more reliable measurements in scenarios where
lower frequencies are of particular interest. Moreover, we have
the flexibility to adjust the depth of the sensor’s enclosure
based on the frequency of interest, considering that the com-
plex permittivity is more reliable at frequencies above the
cutoff frequency of the enclosure. Hence, both the length
and depth of the enclosure can be changed to align with the
minimum required frequency of interest.

However, as observed in Figs. 15 and 16, bigger sensors
exhibit higher loss due to the presence of higher modes
compared with the smaller sensors. It should also be noted
that larger sensors typically require more material, potentially
making them less economical or convenient to handle in
certain situations. Therefore, the choice of sensor size should
be considered in the context of the specific application’s
frequency requirements, material availability, and ease of
handling.

B. Comparison Based on Sensor’s Material

The results were compared between the small copper and
aluminum sensors to determine the difference in complex
permittivity of dielectric based on the material used. Notably,
aluminum sensors consistently showcased slightly higher loss
levels (Fig. 10). This increased loss can be attributed to the
higher resistivity of aluminum, compared with copper, which
might have led to some energy dissipation at those particular
frequencies in Fig. 10.

Moreover, we also examined the S-parameters for both
empty and filled aluminum and copper sensors of identical
dimensions, as illustrated in Figs. 18 and 19. Notably, despite
measuring the same dielectric on sensors of the same sizes,
we detected variations in frequency shifts. This variation can
be attributed to a combination of factors. One of the predom-
inant reasons might be the inherent measurement accuracy of
the measurement facility including the VNA. Specifically, the
loss inherent to each material may fall within the precision
tolerance of the instrument used, making it challenging to
distinguish between the two. Moreover, aluminium’s inherent
tendency to oxidize rapidly in ambient conditions results in the
formation of a thin aluminum oxide layer. This oxide layer,
particularly resonant at specific frequencies, can introduce
added losses. Microstructural differences, grain boundaries,
and impurities inherent to aluminum can further amplify
dielectric losses at these resonant points. The difference is
more visible when the sensors are filled with a dielectric
material (Fig. 19), reinforcing the factors related to oxidation
and dielectric interaction. Nevertheless, aluminum presents
several advantages as well. Foremost, it has a lower density
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Fig. 18. Comparison of the de-embedded Sp¢ for small-sized empty
copper and aluminum sensors.
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Fig. 19. Comparison of the measured de-embedded S, for small-sized
copper and aluminum sensors for salt with iodine.

TABLE Il
COMPARISON OF SUITABILITY OF SENSORS FOR DIELECTRIC
PERMITTIVITY MEASUREMENT

Suitable Sensor

Small Aluminium or Copper Sen-
sor

Big Copper Sensor

Small Aluminium or Copper Sen-
sor

Big Copper Sensor

Requirement
Compact size

Low Frequency
High Frequency

Broader frequency range

than copper, making it significantly lighter. Economically,
aluminum is often more cost-effective than copper. In addition,
the fabrication process for aluminum is relatively straightfor-
ward, enabling swift production and scalability.

Given the insights from our study on resonance frequen-
cies and the effects of material-based losses over different
frequency ranges, it becomes essential for researchers and
engineers to carefully choose sensor materials for dis-
tinct applications, considering the balance between various
performance characteristics. To further assist in this decision-
making, we have provided a detailed comparison in Table II,
highlighting the distinctions between various performance
characteristics of each sensor.

C. Accuracy and Reliability

We averaged 32 measurements in the VNA to mitigate noise
and enhance accuracy. This averaging strategy substantially
reduces the potential for errors and noise, ensuring that our
results are not only reliable but also highly accurate. We also
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Fig. 20. Sy versus frequency for the calibrated load on port 1. The
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Fig. 21. Si1 versus frequency for calibrated through after de-

embedding. The values are de-embedded up to the aperture edges.

performed short, load, open, and through (SLOT) calibrations
to correct systematic measurement errors.

After calibration, S1; measurements for the 50-Q match
showed values below —50 dB, as shown in Fig. 20, indicating
successful impedance matching. The through measurement
also showed low values (below —30 dB), as shown in
Fig. 21, indicating minimal transmission loss. These results
confirm accurate calibration and negligible transmission losses
in measurements. In addition, the enclosure’s lid is tightly
fastened with six screws (Fig. 7), minimizing the influence
of potential air gaps between the enclosure edge and the
lid during measurements. Moreover, each of the experimental
results is compared with the results from other researchers in
Section IV, ensuring accuracy and reliability.

D. Variation in Permittivity With Temperature

We conducted experiments to analyze the variation in
permittivity with temperature using MgSO4-7H>,O material
and the small aluminum sensor. The S-parameters for both
empty and filled sensors were extracted at three different
temperatures: 18.5 °C, 30 °C, and 50 °C.

When analyzing the S-parameters of the empty sensor
across varying temperatures, it is apparent that while minute
differences might not be immediately visible, they are notably
evident when one closely examines or zooms in on the graph,
as shown in Fig. 22. Moreover, as the temperature increases,
a slight deviation in €, of MgSO4-7H,0 is observed, as shown
in Fig. 23. The most distinct observation is the behavior of the
loss tangent in Fig. 23. It is observed that the loss tangent
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Fig. 22.  Spq at different temperatures for the empty small aluminum
sensor. along with a zoomed-in figure to show the small differences in
the values with temperature.
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Fig. 23.  Comparison of the real part of permittivity (left y-axis) and
loss tangent (right y-axis) against frequency at different temperatures
for MgSO4-7H0 filled in the small aluminum sensor.

escalates with temperature, with the trend being especially
prominent at elevated temperatures and frequencies, indicating
increased dielectric losses.

E. Liquids

Our experimental results, particularly with ethanol, iso-
propanol, and ethyl acetate, underscore the strong electromag-
netic absorption properties of liquids. The S-parameters were
measured by placing the liquids in small and medium-sized
copper sensors. However, as shown in Fig. 24, the high
dielectric constants and conductivity in these liquids led to
significant wave absorption, effectively suppressing the res-
onant behavior. As a result, our method has limitations for
measuring complex permittivity from S-parameters primarily
due to the absence of resonance.

Further study is needed to accurately measure the com-
plex permittivity of liquids using our method. One possible
approach is to use a different type of sensor that is specifically
designed for liquid materials. In addition, other measurement
techniques, such as quality factor calculation, may need to be
used to accurately measure the complex permittivity of liquids.

VI. CONCLUSION
A novel sensor was proposed for measuring the complex
permittivity of solid, crystal grains, and powder dielectrics for
a frequency range of 3—-15 GHz. It comprises of an enclosure
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Fig. 24. Magnitude of de-embedded S»1 versus frequency for copper
sensors filled with ethanol, isopropanol, and ethyl acetate.

made of copper or aluminum, covered by a lid with an aper-
ture, over which is an SL. Experiments conducted on seven
different materials using four different sensors of different
dimensions and materials demonstrated that the sensors can
measure complex permittivity across a wide frequency range.

Our analyses highlighted that sensors, even with varied
sizes, produce consistent readings. Minor discrepancies were
observed in resonance frequencies and complex permittivity
metrics, but these differences were minimal in most practical
contexts. The complex permittivity was comparable above 6
(medium sensor) and 8 GHz (small sensor), with slightly larger
deviations at lower frequencies.

Moreover, our examinations revealed a distinct inverse cor-
relation between the enclosure’s dimensions and the operative
frequency range, with larger sensors exhibiting resonance
near 4 GHz, thereby enabling reliable evaluations commencing
from this frequency. An extensive study of temperature effects
was also conducted, using MgSQO4-7H;0 as a representative
dielectric. This disclosed interesting results, particularly with
dielectric loss. It was observed that both the temperature and
frequency play a pivotal role in increasing the rate of increase
in dielectric loss, showcasing the intricate interdependencies
between these variables.

In conclusion, this study highlights the strength and flexi-
bility of our proposed method and sensor design and shows its
effectiveness in measuring the complex permittivity of various
materials. By systematically comparing our findings with those
from prior studies, and experimenting with sensors of varying
sizes and materials, we have provided a thorough and reliable
method. This not only enhances our current understanding but
also paves the way for further explorations into the nuanced
properties of materials in electromagnetic realms and other
closely aligned disciplines
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