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ABSTRACT

Accurate determination of permittivity is a crucial factor for successfully developing new food processing
technologies at radio frequencies. An improved measurement test fixture based on an open-ended coaxial
probe was developed to determine the permittivity of lossy food products at radio frequencies as a function
of temperature. In order to increase the sensitivity of the permittivity measurements at these frequencies,
especially when using a vector network analyzer as a measuring device, the dimensions of the coaxial cell
were carefully modeled to consider the range of dielectric losses estimated for food materials. The
electromagnetic model was used to retrieve permittivity values from reflection measurements where the
entire geometry of the test fixture was considered assuming there was no open radiation or infinite flanges
and without the need of reference materials to calibrate the probe. The new cell was validated through
permittivity measurements of six saline solutions and then, employed to determine the dielectric properties
of cheese sauces and commercial milk samples at 40.68MHz up to 120°C. The ionic content and

temperature had a limited influence on the dielectric constant but highly determined the loss factor.
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1. INTRODUCTION

Around 30% of the world’s total energy consumption comes from the food sector (Food and Agriculture
Organization of the United Nations (FAO), 2011). Moreover, a 60% increase in food demand is expected
by 2050 due to the growing population (Ladha-Sabur et al., 2019), which will significantly increase the
energy demand. Radio frequency (RF) electromagnetic (EM) radiation (3kHz to 300 MHz) has been
broadly investigated to replace less efficient traditional heating systems, such as baking and roasting
(Awuah et al., 2014), blanching (Zhang et al., 2020), drying (Wang et al., 2020), pasteurization (Li et al.,
2017a; Yang et al., 2019), thawing (Erdogdu et al., 2017), cooking (Rincon et al., 2015) or sterilization (Y.

Wang et al., 2003).

Unlike traditional heating technologies, where heat transfer is based on radiation, surface convection, or
internal conduction (Macana and Baik, 2018), EM heating technologies involve the direct transfer of energy
to the food product through the displacements of the elementary particles — electronic, atomic, ionic, and
molecular — that constitute the material (Piyasena et al., 2003). In particular, RF heating is mainly affected
by dipole rotation and mobility of dissolved ions in the presence of a high-power alternating electric field
(Marra et al., 2009; Piyasena et al., 2003), the latter being the primary factor in heat transfer at RF (Jiao et

al., 2018).

Permittivity is the most important material property explaining the behavior of food products when exposed
to EM energy (Jiao et al., 2018). Hence, it is a key parameter for the design and optimization of RF heating
processes. Other critical factors to be considered during EM and thermal analyses of RF heating
applications, such as penetration depth, power density, heating rate, or conductivity, are also directly related
to permittivity (Piyasena et al., 2003). Permittivity depends on the frequency, temperature, moisture
content, chemical composition, density, physical structure, and state of the material (Venkatesh and
Raghavan, 2004). The size and shape of the material also influence the selection of an appropriate
measurement approach (Krupka, 2006). At microwave frequencies, a wide variety of measurement methods
and permittivity data are available for a vast number of materials (Catala-Civera et al., 2015; Garcia-Bafios
et al., 2006, 2005; Krupka, 2006), including food products (Datta and Anantheswaran, 2001; Gutiérrez-
Cano et al., 2018; Gutiérrez et al., 2017; Meda et al., 2017). However, permittivity data of food products

remains scarce on RF heating as compared to microwave frequencies.
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In this low frequency range, Sacilik and Colak (2010) designed a coaxial sample holder connected to an
impedance analyzer to determine the dielectric properties of corn seeds with different moisture contents at
a low-frequency range, from 1 to 100MHz. Yu et al. (2015) used a liquid test fixture from Agilent (16452)
and an impedance analyzer to calculate the permittivity values of bulk canola seeds as a function of
temperature and moisture content from 5 to 30MHz. Nelson and Bartley (2002), for their part, developed a
system based on a small HP-85070B open-ended coaxial probe in combination to a vector network analyzer
(VNA) or an impedance analyzer to measure the dielectric properties of food products up to 95°C at
different RF and microwaves frequencies. The materials were inserted into a stainless-steel sample cup
mounted in a Delrin water jacket connected to a constant—temperature liquid circulator to set the desired
temperature. This system was later used to determine permittivity values of fruit and vegetable tissue
samples (Nelson, 2003) or uncooked chicken breast muscles (Zhuang et al., 2007). Wang et al. (2003) built
a similar system, also based on the HP-87070B probe, which was part of a stainless-steel pressure-proof
test cell surrounded by a temperature-controlled water jacket able to perform measurements up to 130°C,
to encompass the temperatures needed in pasteurization and sterilization processes. The coaxial probe was
connected through a high-temperature coaxial cable to an impedance analyzer to cover different RF and
microwave frequencies. In this last work, the authors studied the dielectric properties of whey protein
mixture/gel, macaroni, and cheese, and, subsequently, other authors used this system with other foodstuffs
such as mashed potatoes (Guan et al., 2004), bread (Liu et al., 2009), dried fruit (Alfaifi et al., 2013), or
almond kernels (Li et al., 2017b). Analogous systems with open-ended coaxial probes and VNAS were also
employed to measure the permittivity values of other food products at RF (Guo et al., 2011; Ling et al.,
2015; Zhu et al., 2014; Zhu and Guo, 2017). A common feature in all these studies was the application of
the open-ended coaxial probe method; in particular, the high-temperature coaxial probe from Keysight
(Keysight Technologies, 2014). However, the small size of this probe could lead to some drawbacks when
determining precise permittivity values at RF (Gregory and Clarke, 2007), as well as to noticeable
uncertainties when the loss factor was considerably higher than the dielectric constant (Keysight
Technologies, 2014), which is to be expected in materials with high ionic content as is the case of food
products. Furthermore, these assumption of these models considering an open radiation with infinite flange
can cause inaccuracies due to the reflection measurements of metallic walls containing the food material

(Mufioz et al., 2018).
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In this paper, we describe an improved coaxial test fixture to determine the permittivity of lossy food
products at RF as a function of temperature (up to 120°C). The method is based on an open coaxial cell
radiating in a heated pressure-proof stainless-steel cylindrical vessel of appropriate dimensions to improve
the accuracy of measurements at these frequencies. Unlike other methods, this vessel was included in the
electromagnetic model to increase permittivity precision in order to take into account the longer
wavelengths and penetration depth of RF. We assessed the increased sensitivity of this coaxial probe
through a detailed uncertainty analysis of the parameters involved in the measurements and validate the
measurement method through measurements of saline solutions. Finally, the permittivity values of some
commercial foodstuff, such as food sauces and milk, were obtained to demonstrate the convenience of this

new set-up.

2. MATERIALS AND METHODS

2.1. MATERIALS

Cheese dipping sauces and commercial ultra-high temperature-treated (UHT) milk samples were selected
as representative of high-loss food materials. All of them were purchased from a local store in Valencia
(Spain). The skimmed and whole UHT milk samples were produced by Lidl (Lidl Supermercados, S.A.U.,
Barcelona, Spain), while the cheese sauces were produced by Mission (Mission Foods Iberia S.A.U.,
Madrid, Spain) and Santa Maria (Santa Maria AB, Mdlndal, Sweden). Table 1 reproduces the nutritional
content of the measured food materials as listed in the manufacturers’ packaging. The salt content
reproduced in the table corresponds to the sodium chloride content of the food product. In addition, the ash
content (minerals or inorganic constituents) determined according to AOAC 945.46 is also presented. All
materials were stored unopened at room temperature until the time of measurement to avoid material

degradation.

In addition, to validate the measurement method, six saline solutions with salinities ranging from 0% to
3.5% weight/volume were prepared by weighing the appropriate amounts of pharmaceutical grade sodium
chloride (141659.1210, Panreac Quimica, Barcelona, Spain) and mixing them with water (361074.1612,
Panreac Quimica, Barcelona, Spain) in a 50ml volumetric flask. The lower sodium chloride concentration

corresponded to pure water and the higher to the salinity levels of seawater (Klein and Swift, 1977). A
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digital scale with a resolution of 0.01mg (SM1245Di, VWR International, Leuven, Belgium) was used for

weighing the sodium chloride quantities.

Table 1. Nutritional contents (Carbohydrates, Protein, Fat and Salt) of the four commercial food samples
used in the study as listed in the packaging, in grams per 100g for the cheese sauces and in grams per

100ml for the milk samples. Measured ash content in grams per 100g (Ave£STD over three replicates).

Sample Carbohydrates Protein Fat Salt Ash

Mission cheese sauce 6.0 2.2 9.0 1.5 1.79 £ 0.04
Santa Maria cheese sauce 7.4 2.5 9.9 2.0 2.56 = 0.06
Whole milk 4.6 3.0 3.6 0.13 0.68 =0.01
Skimmed milk 4.8 3.1 0.3 0.13 0.72 £0.01

2.2. DIELECTRIC PROPERTIES MEASUREMENT SYSTEM AND EXPERIMENTAL SET-UP

The dielectric measurements were conducted using a custom-built fixture depicted in Figures 1 to 3. The
cell consists of an open-ended coaxial probe with a built-in heat sink connected to a cylindrical
measurement vessel to locate the material. The dimensions of the open-ended coaxial probe were
determined to improve the measurements’ accuracy at the ISM frequencies of the RF band. PEI1000 was
employed as the filler material (beads) for the coaxial probe (next section). This amorphous and translucent
amber thermoplastic material offers excellent heat resistance with a negligible coefficient of linear thermal

expansion and consistent dielectric properties over a wide frequency and temperature range.

The sample was placed inside the heating chamber and pushed towards the coaxial aperture by means of a
metallic piston that had a recess to collect the excess food material, ensuring that the cylindrical
measurement vessel was completely filled with the material to avoid any air gaps. The diameter of the
piston was slightly smaller than that of the heating chamber to allow the air to escape from the structure
and the sample to rise to the recess to collect the excess material. The chamber was heated by two external

heating resistors, regulated by a temperature controller (E5CSV, Omron, Kyoto, Japan) and a type-K
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thermocouple. Two O-ring elements, on the top and the bottom of the heating chamber, sealed the pressure

inside the heating chamber.

To avoid any damage and calibration drifts of the VNA used to measure the reflection coefficient of the
cell, a thermally insulated coaxial section with a built-in heat sink and an air fan coupled to it was employed
to reduce the temperature before connecting the coaxial cable to the VNA. As a result, the temperature
decreased below 30°C in the output port of the N transition in both the inner and outer conductors of this

coaxial section.

All pieces in contact with the material were made of stainless steel to increase their durability and avoid
long-term wear and corrosion. Two polyether ether ketone (PEEK) plates held the heating chamber and
provided thermal insulation with the frame of the structure. The heating chamber was finally covered with

rock wool to provide additional thermal insulation and protect the user from burns.

2.3. ELECTROMAGNETIC MODEL

The electromagnetic response of the measurement device described in section 2.2 was modeled by circuit
analysis and mode matching, a well-known technique commonly applied to the analysis of circuits at
microwave frequencies (Gutierrez-Cano et al., 2020; Pefiaranda-Foix and Catala-Civera, 2010). The
method is based on the segmentation of a complex structure into canonical building blocks that can be
analyzed separately as N-port networks, which reduces the complexity of the whole problem (Pefiaranda-

Foix et al., 2012), and which are then rejoined to characterize the complete geometry.

The analysis of open-coaxial cells is normally addressed by matching the electromagnetic fields at the
aperture of a coaxial element radiating towards a dielectric medium, assuming an infinite ground plane and
a semi-infinite sample size (Baker-Jarvis et al., 1994; Bakhtiari et al., 1994; Blackham and Pollard, 1997).
This approach has also been employed to model coaxial apertures in more complex circuits or resonators
using circuit analysis (Cands Marin et al., 2013). However, given that here we have a structure confined by
metal walls, we took into account the specific electromagnetic geometry and solved the transition between
the coaxial line and the loaded cylindrical waveguide (the cylindrical measurement vessel), assuming there
was no radiation nor any infinite flanges. Moreover, by modeling all the elements that make up the geometry

of the cell fixture, we could measure at Port 1 performing a classic VNA calibration (open, short, load)
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without the need of further calibrations using materials of known permittivity (the typical open, short, water

calibration on the aperture of a coaxial probe).

Figure 3 shows the separation of the measurement set-up into canonical elements. From port 1, we
established 2 coaxial waveguide sections: the first one is an air-filled coaxial line (Marks and Williams,
1992), which corresponds to the thermally insulated coaxial section, and the second one represents the
PEI1000 filled coaxial segment. Next, a circular waveguide filled with a dielectric material, representing
the cylindrical measurement vessel, was connected to the second coaxial line. The geometry finishes with

a lossy short circuit (Collin, 1990) corresponding to the bottom of the metallic piston.

After computing all the building blocks separately, the reflection coefficient at Port 1, Sy1, can be retrieved
by joining the different networks. From the Sy calculation, an optimization process was carried out to
determine the dimensions that would maximize the sensitivity of the electromagnetic response of the test
fixture in contact with the high-loss materials at RF. Even though coaxial probes can determine permittivity
over a broad frequency range, for thermal food processing, only the frequencies selected for industrial,
scientific, and medical applications (ISM) in the RF bands 13.56, 27.12, and 40.68 MHz were considered
(Jones and Rowley, 1996). The final size of the different parts that make up the probe structure resulted in
(see Fig. 3): di = 3mm, d2 = 6.9mm (N size), and h; = 115mm for the coaxial line 1; d; = 3mm, ds =
12.73mm, and h, = 10mm for the coaxial line 2; and hz = 40mm and ds = 32mm for the cylindrical material

housing.

To assess the performance of the above-described measurement set-up, with those dimensions, figure 4
shows the simulation of the reflection coefficient in Port 1 at the ISM frequency of 40.68MHz for a set of
dielectric materials ranging from 1 to 200 in the dielectric constant (¢’) and from 5 to 2500 in the loss factor
(¢"). For a given loss factor, the simulated reflection coefficient as a function of the dielectric constants
described an arc whose values are equally spaced in phase. For a fixed dielectric constant, the reflection
coefficient formed a straight line with loss factor values, with the spacing decreasing as the loss factor
increased. The overall response of the probe diminished as the losses of the materials increased; therefore,
a reduced resolution of the dielectric constant is expected for very high-loss materials. As the figure shows,
the probe’s response offers a wide mapping area providing good sensitivity to discriminate between the

permittivity values and the measurement values of the reflection coefficient.
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For comparison purposes, figure 4 also depicts the reflection coefficient of an open-ended coaxial aperture
with the dimensions of the Keysight 85070B probe, which was calculated for the same set of materials and
frequency following the procedure by Baker-Jarvis et al. (1994). As the figure shows, the area of the Smith
chart covered by our probe is about 6 times larger, compared to that of the smaller probe for the same set
of materials and frequency, what makes it more sensitive to changes in the material’s permittivity. The
rotation of the mapping is due to the offset added by the coaxial lengths considered in our model. This
behavior positively affects measurement uncertainty and demonstrates the suitability of a larger aperture

for measurements of lossy food materials at such low frequencies.

From measurements, permittivity was calculated numerically by minimizing Equation (1), which evaluates
the absolute difference between the measured (S11m) and the simulated (S11) reflection coefficients using the
Nelder-Mead simplex method proposed by Lagarias et al. (1998), available in the fminsearch function of

Matlab (The MathWorks Inc., Natick, USA).

Sll(f’gr’:ur)_sllm(f’gr’:ur)
Sllm(f’gr’:ur)

)

where ¢= complex permittivity (dimensionless), = complex permeability (dimensionless), and f =
resonant frequency (s*). For food materials, the relative permeability is generally equal to that of free space,

pr=1 (Datta and Anantheswaran, 2001).

2.4. UNCERTAINTY STUDY

The total uncertainty of the calculated permittivity was assessed through numerical methods determining
the combined standard uncertainty for uncorrelated input quantities as presented in Joint Committee for

Guides in Metrology (2008), whose equation is reproduced below:

2
0S
u.(e)= Z 8_xll u?(x) @)

where Sy1 is the simulated reflection coefficient, x; are the magnitudes involved in that equation showing a
noticeable uncertainty contribution, and u(x;) is the standard uncertainty of those magnitudes. The sources

of uncertainty analyzed were the following: dimensional errors due to manufacturing tolerances (+10um
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for di and ds; £20um for ds; and £10um for hg); errors in the permittivity value of the coaxial bead (+0.05
for €”); and errors in the measured reflection coefficient, evaluated by estimating the Type A standard
uncertainty (Joint Committee for Guides in Metrology, 2008) using 5 independent repeated observations of
the reflection coefficient for materials with different losses to cover the mapping of the probe (£0.2° to 5°
in phase and £0.005 in magnitude). The uncertainties due to the length of the coaxial lines (h1 and hy) were
disregarded since these magnitudes only induce a phase shift that can be easily countered by matching the

length of the coaxial lines with the phase of the empty cell.

Figure 5 shows the uncertainty evaluation of the proposed test fixture for the same set of dielectric materials
examined in section 2.3. The uncertainty results were superimposed on the corresponding mapping of the
reflection coefficient simulated from this set of materials. The cell described here displayed an uncertainty
below 5% for the measurement area comprising dielectric constant values above 20 in almost the entire
simulated range. Uncertainty increased slightly as the losses increased due to the narrowing of the
permittivity map. Uncertainty in the loss factor shows the opposite trend, with uncertainties decreasing as
the loss factor values increased, showing a loss factor uncertainty below 5% for the loss factor values above

100 and an uncertainty below 2% for the loss factor values above 250.

The uncertainty analysis allowed us to conclude that the main source of uncertainty derives from the
reflection coefficient measurement: we found that phase uncertainty has a significant impact on the
uncertainty of the dielectric constant, while magnitude uncertainty basically affects the uncertainty of the
loss factor. The magnitude uncertainty also showed a noticeable influence on the dielectric constant

uncertainty in the mapping areas close to the center of the Smith chart.

For comparison purposes, Figure 5 also shows the uncertainty obtained for the smaller coaxial aperture
using the same sample container and the same sources of uncertainty considered above. This smaller cell
exhibited considerably higher uncertainty values than the proposed cell, above 10% in the entire simulated
range, being higher than 20% for all values with a dielectric constant below 100. As expected, the
uncertainty in the loss factor was also higher, with an uncertainty of about 10% for the loss factor values
above 250. It should be noted that using reference materials within the calibration and calculation
algorithms could reduce these uncertainties in both cell sizes, but in any case, measurement uncertainties

should be taken into consideration.
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2.5. MEASUREMENT PROCEDURE

The proposed measurement technique was employed to determine the dielectric properties of the food
materials described in section 2.1 at the ISM frequency of 40.68MHz. The structure’s reflection coefficient
was measured by means of a VNA (ZVA50, 2 ports 50GHz, Rohde & Schwarz USA, Inc., Columbia, MD).
One hour was allowed to stabilize the VNA prior to calibrating within a range from 10 to 50MHz using a
standard OSM calibration procedure with a Type-N calibration kit (53K36R-MSON3, Calibration kit N,
50Q, Rosenberger, Tittmoning, Germany). The modelling of the reflection coefficient at Port 1, Si1 in
Figure 3, allowed this kind of calibration, avoiding the typical open, short, water calibration of coaxial
probes. The cable connecting the VNA and the measurement system remained undisturbed during

measurements to avoid calibration drifts (Blackham and Pollard, 1997).

A sample of 35ml of food was put inside the device to fill the measurement vessel and nearly all the housing
for excess material, what avoided disturbances from air gaps. The metal piston was tightened with 4 screws
applying a torque of 5Nm to avoid leakage and to maintain the pressure of the material inside the chamber
during heating. The setpoint of the temperature controller was raised from room temperature (23°C) up to
120°C in steps of 20°C. The thermal stabilization of the material under test was achieved by waiting at least
30 minutes between measurements and verifying that the reading of the reflection coefficient had stabilized.
After each set of measurements, the coaxial aperture and the sample vessel were cleaned with deionized
water and dried with disposable paper towels. For each plotted point, three heating experiments were carried

out with a different sample material, having a total of three replicates at each selected temperature.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. SALINE SOLUTIONS

Figure 6 shows the average dielectric constant and loss factor results at room temperature of the six saline
solutions as a function of their salt content. Results in the figure represent the mean value of the three

replicates, while the error bars correspond to the uncertainty analysis described in section 2.4.

For comparison purposes, Figure 6 also displays reference values calculated from the Debye equation
reproduced below, which contains an additional term (o/weo) to include the contribution of ionic

conductivity in the dielectric losses (Klein and Swift, 1977):
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where w is the angular frequency, t is the relaxation time, a is a parameter to describe the distribution of
relaxation times, o is the permittivity of free space, s and &, are the lower and upper limits of the dielectric
constant respectively, and ¢ is the ionic conductivity. For saline water, the dependence of these parameters
on frequency, temperature, and salinity was provided by Klein and Swift (1977). As the dielectric losses of
a sodium chloride water solution at 40.68MHz are mainly affected by ionic dissipation, while the influence
of dipole polarization is negligible (Barba and D’Amore, 2012), the loss factor could also be determined
from conductivity measurements using the ionic term in Equation (3) (Luan et al., 2015). The conductivity
of the six saline solutions was measured by means of a PCE-PHD 1 Multifunction Conductivity Meter
(PCE Ibérica S.L., Albacete, Spain) and the calculated loss factor values were included in Figure 6. The
presented values are the mean of three replicates and the error bars were determined from the accuracy

stated in the manual of the instrument.

Both the dielectric constant and loss factor values showed good agreement with the reference data, having
uncertainties below 5% in almost all the measurement range, which validates the performance of the

measurement technique at RF.

The dielectric constant of the saline solutions decreased slightly as the salt content increased, in agreement
with previous measurements of food samples (Guan et al., 2004). Studies on food materials have
highlighted the minor influence of the salt content on the dielectric constant at RF, as dissolved ions reduce
polarization and consequently the dielectric constant of water (Ling et al., 2015). However, salt content
does have a major impact on the loss factor values at RF. At microwave frequencies, the dielectric losses
and, thus, dielectric heating are mainly affected by dipole rotation, while at RF, the ionic mobility of
dissolved ions plays the key role (Jiao et al., 2018; Piyasena et al., 2003). The dielectric losses obtained for
pure water at 40.68MHz were practically zero, but they increased significantly in the presence of dissolved
ions. Hence, the measured loss factor increased from 204.5, for a salt content of 0.25%, to 2312.9, for a salt
content of 3.5%. This trend was similar in other works with food materials (Guan et al., 2004; Ling et al.,
2015), although the published absolute values of permittivity differ considerably from those of the saline

mixtures. The influence of salt content on permittivity depends on how it is bound to other components of
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the foodstuff that change the mobility of the salts (Icier and Baysal, 2004). Therefore, the characterization

of the specific mixed final compound is recommended.

These results show the importance of dielectric characterization at RF, since slight variations in the salt
level and in the mixture with other base components considerably affect the loss factor values and,
consequently, the heating capabilities of food materials using electromagnetic energy. It is also interesting
to remark the considerable differences among the loss factor values of these saline solutions at microwave
frequencies, given that they increase from 9.6 (0%) to 46 (3.5%) at the ISM frequency of 2.45GHz (Klein
and Swift, 1977), which demonstrates the infeasibility of using dielectric properties measured at microwave

frequencies in studies at RF.

3.2. CHEESE SAUCES

Figure 7 shows the measured average dielectric constant and loss factor values of the two cheese sauces
analyzed as a function of temperature. Although the overall composition of the sauces was different, the
loss factor was also found to be directly related to the salt content. At room temperature, the dielectric losses
of the Mission sauce (1.5¢9/100g salt and 1.79g/100g ash) and the Santa Maria sauce (29/100g salt and
2.560/100g ash) were 840.5 and 976.7, respectively. Both curves are nearly parallel as a function of
temperature, reaching very high values at 120°C, 2365.5 and 2639.2, respectively. This trend is similar to
the values reported by Wang et al. (2003), who measured a cheese sauce with an ash percentage of 1%
(mass basis), half the ash content than in our sauces, but obtaining, at 40MHz, higher loss factor values

over the entire temperature range, from 885.6 at 20°C to 2985.5 at 121.1°C.

Results of the dielectric constant measurements as a function of the temperature were quite similar for both
sauces, although the sauce with the highest salt content showed slightly lower values, probably due to the

reduction in polarization caused by the large number of ions (Ling et al., 2015).

3.3. UHT MILK

Figure 8 shows the temperature dependence of the average dielectric constant and loss factor of the whole
and skimmed UHT milk samples. The dielectric constant of both milk samples was very similar, although

it was slightly higher in the sample with the lower fat content. A decreasing trend was observed regarding
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temperature, close to the results presented in section 3.2. Nevertheless, due to the lower loss factor values
of milk samples, these measurements were in the broadest part of the probe’s response and showed reduced

uncertainties, which bolstered our confidence in the results obtained.

The loss factor measurements on the skimmed milk provided higher values than the whole milk (225.2 and
205.4 respectively, at room temperature). This was probably influenced by a higher ionic content in the
milk (Moreiras et al., 2013), as the ash content of both samples suggests, and has also been reported by
other authors (Guo et al., 2010; Zhu et al., 2014). Once again, both milk samples followed an increasing

trend regarding the temperature, reaching values of about 600 at 120°C.

Nunes et al. (2006) reported the permittivity of UHT milk samples at room temperature for frequencies
between 1 and 20 GHz. Their dielectric constant results are in good agreement with our measurements,
ceiling the dielectric constant of milk samples to the static dielectric constant of pure water, and obtaining
lower dielectric constant values as the fat content increased. They also found a Debye equation for the
samples with an additional term for ionic conduction losses, which allows the calculation of permittivity
values at 40.68MHz. The loss factor values given by this equation provided 220 for skimmed milk and

225.8 for whole milk, very close to the results shown in Figure 8.

Other studies on permittivity examining different milk samples at RF and performing measurements with
an 85070B coaxial probe in combination with a VNA have obtained dissimilar results (Guo et al., 2010,
Zhu et al., 2014, Mufioz et al., 2018). At 40.68MHz, some of the trends and permittivity values agreed with
our results (Guo et al., 2010, Zhu et al., 2014), whereas others differed (Mufioz et al., 2018). The variability
in these published results might be due to uncertainty issues related to the use of small-sized coaxial cells,

as described in section 2.4, especially if measurements are carried out with a VNA.

4, CONCLUSIONS

An improved open coaxial test fixture for temperature-dependent permittivity measurements of high loss
food products at radio frequencies (RF) was developed. In contrast with previous studies, here, the
dimensions of the coaxial cell were carefully modeled to increase the sensitivity of the permittivity

determination at RF especially when using a VNA as a measuring device.
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The electromagnetic model utilized to retrieve permittivity values from the reflection measurements
considered the entire geometry of the test fixture, assuming there was no open radiation or infinite flanges,

and without having to use reference materials to calibrate the probe.

The uncertainty analysis undertaken demonstrated the greater accuracy of the used cell compared to most
other approaches employed in previous works. The uncertainties in the reflection measurements were found
to be the most critical factor in the overall uncertainty. The method’s accuracy was also validated by

measuring different saline solutions covering the measuring range of the probe with excellent results.

The permittivity of commercial cheese sauces and UHT milk samples was obtained as a function of
temperature at the ISM frequency of 40.68MHz. The ionic content and temperature were shown to strongly
influence permittivity, particularly the loss factor results. The measured results agree well with those
reported by some authors for similar materials, while they differ from the trends found by others. The
disparity in the permittivity values reported for similar materials in different works using a similar open-
coaxial technique highlights the importance of using a suitable cell size customized for the frequency under
study. The use of larger coaxial apertures would be an advisable option to obtain accurate dielectric

properties measurements of high-loss materials at RF.
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Fig. 1. Schematic view of the open-ended permittivity measurement fixture designed at radio frequencies,

(a) rendering image of the external appearance and (b) cut out cross-section of the system.
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Fig. 2. Picture of the test fixture developed to measure the dielectric properties of food materials at radio

frequencies up to 120°C.
535



CYLINDRICAL
LINE
________ | ppp———

COAXIAL
LINE 2

______ i

COAXIAL
LINE 1

Fig. 3 (a) Geometry diagram of the RF coaxial cell, hi=115mm, hy=10mm, hs3=40mm, d;=3mm,
d>=6.9mm, d3=12.73mm and ds=32mm. (b) Circuital representation of the coaxial structure used for

mode-matching modelling
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Fig. 4. Mapping of complex permittivity onto the complex reflection coefficient plane (Smith chart) at
40.68MHz for (a) RF coaxial cell with hi=115mm, hy=10mm, hs3=40mm, d;=3mm, d=6.9mm,
ds=12.73mm, d4s=32mm and bead permittivity 3 and (b) a coaxial aperture with inner diameter= 0.66mm,

outer diameter=3mm and bead permittivity 3.3.
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Fig. 5. Uncertainty maps (%) at 40.68MHz for (a) an RF coaxial cell with inner diameter=3mm, outer
diameter=12.73mm, bead permittivity 3, hj=115mm, ho=10mm, h3=40mm and d4=32mm and (b) an RF
coaxial cell with inner diameter= 0.66mm, outer diameter=3mm, bead permittivity 3.3, hj=h=0mm,

h3=40mm and d4=32mm.
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Fig. 7. Dielectric properties of two cheese sauces as a function of temperature at 40.68MHz.
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Fig. 8. Dielectric properties of whole and skimmed milk as a function of temperature at 40.68 MHz.

541



