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Abstract— This work addresses the lack of moisture content 

estimation models for food products in the millimeter-wave 

frequency range and showcases the potential of this range for 

designing compact, cost-effective and in-line food moisture 

sensors. The moisture content estimation models developed in 

this study are intended for flour-based mixtures in the 67-110 

GHz frequency range and are derived by means of a non-

destructive and contactless monitoring system. To this aim, data 

obtained by continuous-wave (CW) vector network analyzer 

(VNA) spectroscopy is used to create two different models, both 

with a coefficient of determination (𝑹𝟐) of 0.97. One model is 

based on the theoretical response obtained by means of the 

Looyenga effective medium theory (EMT) model, while the other 

is based on measured data. Both models have been 

experimentally validated with root mean square error (RMSE) 

values of 0.4 and 0.35% respectively. These small estimation 

errors show the potential of this frequency range to design 

compact, cost-effective and in-line food moisture sensors. This 

research contributes to improving quality control and monitoring 

of moisture levels in flour-based mixtures. 

 
Index Terms—food products, millimeter wave technology, 

modeling, moisture measurement, nondestructive testing, 

permittivity, scattering parameters, spectroscopy. 

 

I. INTRODUCTION 

OWADAYS, there is an increasing concern for the 

production of safe food for consumers. In this 

context, monitoring moisture content in food products 

is crucial to assess their quality and durability. The moisture 

content of a product directly influences its texture, mechanical 

strength, taste and microbial growth, thereby significantly 

impacting the quality and shelf-life of the final food material 

[1]. Another important parameter related to food quality is the 

water activity that represents the amount of free water 
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available for microbiological reactions with bacteria, yeasts 

and molds [2]. Although both water activity and total moisture 

content are closely related, this relationship is complex and 

depends on the specific food product [3]. Moisture content is 

usually expressed as a percentage of the total weight of a 

substance, representing the amount of water present. Water 

activity, on the other hand, is measured on a scale ranging 

from 0 to 1, with higher values indicating higher availability 

of free water. Moisture content and water activity must be 

lower than approximately 10% and 0.60-0.65 respectively in 

order to reduce the microbiological reactions of the food 

material [4]. 

There are different techniques to monitor food water 

content, which can be primarily categorized as direct or 

indirect approaches [5]. Direct techniques, such as gravimetric 

[6] and chemical methods [7], are usually destructive and 

time-consuming, and therefore they cannot be used in food 

production lines in order to measure water content in real time. 

Although indirect techniques need to measure an intermediate 

variable in order to estimate moisture content, which implies a 

previous calibration, they are often non-destructive and need a 

shorter measurement time. This makes them an ideal solution 

for in-line estimation of food moisture content [5]. Indirect 

techniques include conventional approaches, such as the 

resistance [8] and capacitance methods [9], nuclear magnetic 

resonance (NMR) [10], ultrasonic spectroscopy [11], [12], 

hygrometric methods [13], near infrared (NIR) spectroscopy 

[14], [15] and microwave [16-25], millimeter-wave [26] and 

terahertz (THz) approaches [27-31]. Among all of these 

indirect techniques, only microwave and millimeter-wave 

methods provide a contactless, non-destructive, cost-effective, 

instantaneous and in-line monitoring system with sufficient 

depth of penetration to obtain representative values of the total 

food moisture content [5]. The other two high-frequency 

techniques, i.e. NIR and THz spectroscopy, require expensive 

equipment and, in addition, the infrared approach features 

penetration depths in the micrometer range, leading to a poor 

representativeness of the total water content [32], [33]. The 

operating principle of these electromagnetic sensors [14-31] is 

based on the interaction of the food material with the applied 

electromagnetic field. As the magnetic response is negligible 

in most cases, this interaction is commonly quantified by the 

dielectric permittivity of the material, whose real part 

represents its ability to store the energy of the applied electric 

N 
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field and the imaginary part represents the electromagnetic 

energy converted into heat [22]. Due to the larger wavelength 

of the microwave devices used to monitor food moisture 

content, monitoring of small food products could be improper 

and inaccurate. For instance, the vacuum wavelength at a 

typical monitoring frequency of 2.45 GHz is 12.24 cm, much 

larger than the dimensions of most food products. In view of 

this shortcoming, the millimeter-wave range seems to be the 

best option in order to implement contactless, cost-effective 

and on-line sensors to monitor the water content of food 

products in the range of a few centimeters in any of their 

dimensions. In addition, the absorption coefficient of liquid 

water in the microwave and millimeter-wave ranges increases 

with frequency [34]. This makes the millimeter-wave range 

more sensitive to water content than the microwave range. 

Food moisture content with millimeter waves has only been 

studied in [26], where a real-time, contactless and non-

destructive sensor methodology to monitor the drying and 

freezing process of potato slabs by means of changes in the 

transmission coefficient of the samples in the 57-64 GHz 

frequency range was proposed. Considering the reduced 

thickness of the samples in this study (1.5 mm) and the 

comparatively smaller range of moisture variation than in 

reference [26], it is beneficial to decrease the radiation 

wavelength. This allows for more representative and accurate 

moisture results. Therefore, the operation frequency explored 

in this work spans from 67 to 110 GHz, as it offers smaller 

wavelengths than in [26] (5 mm at 60 GHz) to improve 

measurement accuracy. In addition, [26] does not present any 

model for estimating moisture content in food products. 

In this work we analyze flour matrices and estimate their 

moisture content. To this aim, data obtained by continuous-

wave (CW) vector network analyzer (VNA) transmission 

spectroscopy at millimeter-wave frequencies are used to create 

and validate two different estimation models, in which the 

resulting transmission levels through the samples are 

correlated with gravimetric water content. The proposed 

frequency range, 67-110 GHz, includes the automotive radar 

band (76-81 GHz), where fully integrated and off-the-shelf 

radar transceivers are being developed. Therefore, this 

frequency range represents a challenging and invaluable 

opportunity to design compact, cost-effective and in-line food 

moisture sensors. Due to the excellent agreement achieved in 

the correlation with gravimetric data, this work constitutes the 

first step towards the design of a contactless and cost-effective 

moisture sensor with millimeter waves directly applied to a 

food production line. 

 This paper is organized as follows. Section II introduces 

the most important theoretical aspects related to the 

permittivity calculation of materials composed of a mixture of 

different macroscopic components. Section III includes the 

measurement methodology and setup used in this experiment. 

Section IV presents the most remarkable experimental results 

together with the theoretical calculations and, finally, Section 

V concludes this research work. 

II. BACKGROUND 

A. Permittivity of Food Mixtures 

Some foods such as vegetables, fruits and products derived 

from flour, among others, contain a significant amount of 

water. Because of its particular charge distribution, the water 

molecule possesses a permanent electric dipole moment and 

responds readily to the application of an electromagnetic field. 

On account of this, pure water in liquid phase has a dielectric 

constant significantly higher than other substances found in 

food products [35]. Because water is a strongly polar solvent 

for the frequency range considered in this work, permittivity 

of the food under test will be dominated by its water content, 

which in turn depends on the specific frequency, temperature 

and phase state [36], [37]. 

When the wavelength of the radiation used to characterize 

the sample is relatively long compared to its components, 

effective medium theory (EMT) models have been proven 

successful to estimate the sample permittivity on a 

macroscopic scale from the dielectric permittivity of each of 

its individual constituents. Among the different EMT models, 

it is possible to find approaches that develop different 

mathematical expressions depending on the geometry of the 

particles such as the Bruggeman model [38], [39]. On the 

other hand, other solutions such as the Birchak [40] and 

Looyenga [41] models do not consider the shape of the 

particles inside the composite. Since the main constituent of 

the food tested in this study is flour and its particles are 

irregular in shape and size, the first type of approach was 

directly discarded. Among the solutions included in the second 

group, Looyenga model is the one that best fits the 

experimental results obtained in this work. This model 

estimates the complex permittivity of the mixture (𝜖) by 

means of the following equation [41]: 

 𝜖1/3 = ∑ 𝑣𝑖(𝜖𝑖)
1/3

𝑛

𝑖=1

, (1) 

where 𝑣𝑖 and 𝜖𝑖 are the volume fraction and complex 

permittivity of the component 𝑖 respectively. According to 

[42], the Looyenga model yields accurate enough estimations 

when the particles are larger than 50 m. In the samples used 

in this work, even though the granularity of the samples was 

not measured, given the similarity of the used flour with 

respect to [43], the particle size is estimated to be between 75 

and 85 μm. 

In the specific case of this paper, the three main constituents 

of the food matrices under test are corn flour, liquid water and 

air. The complex permittivity of corn flour in the 67-110 GHz 

frequency range was experimentally estimated following the 

measurement procedure explained in Section II-B. The 

complex permittivity of pure water (𝜖w) was estimated by 

using the single Debye model [44], expressed as: 

 𝜖𝑤 =
𝜖0 − 𝜖∞

1 − 𝑗(2𝜋𝑓𝜏)
+ 𝜖∞, (2) 

where 𝑓 is the operating frequency in hertz, 𝜖0 and 𝜖∞ are the 

static (𝑓 → 0) and high frequency (𝑓 → ∞) dielectric 
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constants of pure water respectively and τ is the relaxation 

time constant of pure water. As 𝜖0, 𝜖∞ and τ depend on 

temperature, the permittivity of pure water will be a complex 

value that depends both on temperature and frequency. 

B. Measurement of Complex Permittivity 

Free-space measurement techniques constitute a simple and 

fast solution to estimate the dielectric properties of food 

materials. This method is particularly useful at millimeter-

wave frequencies, as it overcomes the limitations posed by the 

small size of guided devices and resonant cavities. As shown 

in Fig. 1, the food sample is placed between two antennas for 

a non-contact and non-destructive measurement. Depending 

on the type of sample under test and the final application for 

which the sensor is intended, different setup configurations 

can be used, such as reflection [45], transmission [46] or 

reflection/transmission [47]. In the specific case of this work, 

the transmission configuration has been chosen. 

 
Fig. 1. Free-space measurement of complex permittivity. 

 

The complex permittivity extraction performed in this study 

is based on the work by Duvillaret et al. [46]. We assume that 

the sample is a slide of homogeneous material of thickness 𝐿 

with two flat and parallel sides and magnetically isotropic with 

no surface charges and linear electromagnetic response. It is 

inserted between two media, which are air in this study. The 

sample is illuminated by a plane wave at normal incidence, 

whose polarization is linear. With these assumptions, the 

transmission coefficient (T(𝜔) = Ssample(𝜔)/Sref(𝜔)) of the 

sample is obtained by dividing the spectral component of the 

electric field of the wave transmitted through the sample at the 

angular frequency 𝜔 (Ssample(𝜔)) by the spectral component 

of the electric field transmitted without the sample at the same 

frequency 𝜔 (Sref(𝜔)). Assuming that the refractive index of 

the air is 1, the final expression of the complex transmission 

coefficient is as follows [46]: 

 𝑇(𝜔) =
4�̃�

(�̃� + 1)2
∙ 𝑒−𝑖(�̃�−1) 

𝜔𝐿
𝑐 ∙ 𝐹(𝜔), (3) 

where �̃� is the complex refractive index of the sample, 𝑐 is the 

speed of light in vacuum and 𝐹(𝜔), which represents the 

Fabry-Pérot effect inside the sample, is calculated as [46]: 

 
𝐹(𝜔) =

1

1 − (
�̃� − 1
�̃� + 1

)
2

𝑒−2𝑖�̃� 
𝜔𝐿
𝑐

∙ 
(4) 

For non-magnetic samples, such as corn flour, �̃� is related 

to the relative permittivity of the sample 𝜖𝑟 with the relation 

�̃� = √𝜖𝑟. In the specific case of this work, 𝑇(ω) has been 

obtained by measuring the 𝑆21 parameter of the sample by 

means of a VNA using the setup described in Section III-B. 

Then, by using (3) inside an iterative process with an initial 

value of 𝜖𝑟 close to its real value, the final estimation for the 

relative permittivity of the sample is achieved. 

III. MEASUREMENT SETUP 

A. Sample Preparation 

The two kinds of samples analyzed in this research work, 

corn flour and corn tortillas, are both industrial food products. 

The corn tortillas produced for this project correspond to four 

different water concentrations: 31, 35, 37.5 and 39.5%. These 

values correspond to standard water concentration levels 

found during production of commercial tortillas. Despite the 

nominal water concentration of each tortilla under test is 

known a priori, the moisture content of all samples has been 

determined by a gravimetric method. To this aim, all samples 

have been dehydrated inside an oven at about 60 ºC for 24 

hours. By weighing the samples just before the millimeter-

wave measurement and just after the dehydration process, the 

estimation for the water content of each sample is obtained in 

order to detect possible errors in the initial nominal 

concentrations or losses of moisture in the transportation and 

storage processes. The same gravimetric technique has also 

been employed for the corn flour. 

B. S-Parameter Experimental Setup 

The technique used to characterize the different samples of 

this work is the CW VNA spectroscopy. This method makes 

use of a VNA to obtain the scattering parameters of the sample 

under test within a broad bandwidth at millimeter-wave 

frequencies (67-110 GHz). 

In our VNA based setup, a CW signal at microwave 

frequencies is generated by a microwave source included in 

the Agilent N5242A VNA. This signal is multiplied by non-

linear devices (e.g., Schottky diodes) in order to convert it up 

to millimeter-wave frequencies. These non-linear devices are 

included in the VDI W-band VNA extenders. The average 

output power level is 2.5 dBm. By means of a 20 dBi standard 

gain horn antenna (Flann 27240-20), attached at the end of the 

transmitter extender, the beam is directed toward the antenna 

of the receiver extender after passing through the sample. The 

receiver antenna has the same technical characteristics as the 

transmitter antenna. At the receiver, a reverse process converts 

the signal into microwave frequencies before being introduced 

into the VNA again. In order to illuminate the sample, four 

115 mm focal length plano-convex LAT100 lenses from 

Thorlabs Inc. are used to collimate the beam, two between the 

transmitter antenna and the sample and two others between the 

sample and the receiver antenna. The optimized symmetrical 

distances between the antenna and the first lens, between both 

lenses and between the second lens and the sample are 92.2, 

190 and 92.2 mm respectively, which correspond to 𝑓, 2𝑓 and 

𝑓, being 𝑓 the focal length. The beamwidth of the beam spot 

generated at the sample position ranges from 17 mm at 75 

GHz to 19 mm at 110 GHz. Before starting the 

characterization process, a measurement without the sample is 

carried out to calibrate the measurement setup. Fig. 2 shows a 

detailed photograph of the used measurement system. 
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Fig. 2. Measurement Setup. 

 

To position the samples, a 180 mm  155 mm  19 mm 

rectangular 3D-printed holder was designed to house inside 

the sample under test. Since different parts of a tortilla may 

differ slightly in terms of water concentration, flatness and 

roughness, an XY sample positioning system was used in 

order to measure the 𝑆21 parameter at different points of the 

sample. This is achieved by using two precision step motors. 

In total, the 𝑆21 parameter was monitored at 81 points of each 

tortilla and the average of all these values is calculated and 

recorded as the final datum of the sample. With the objective 

of keeping the sample flat and perpendicular to the beam and 

after checking that the influence of the expanded polystyrene 

on the measurement process is negligible, the sample was 

sandwiched between two 0.5 cm thick sheets of this material. 

This can be seen in Fig. 3. 

 

 
Fig. 3. 3D-Printed holder together with the sample and the two 

sheets of expanded polystyrene. Each tortilla is approximately 

an ellipse of semi-axes 7 and 5.8 cm, and thickness 1.5 mm. 

 

In the case of the corn flour, a rectangular case of expanded 

polystyrene was used to house inside the sample, which was 

compressed before the measurement in order to remove some 

of the air inside it. According to the dimensions of this case, 

the beam passes through a thickness of flour of about 23 mm. 

Even though in this case a rectangular container was used any 

geometry that keeps the sample limited by two flat surfaces 

and illuminated at normal incidence, and whose size allows 

the radiation beam to be completely contained in the sample, 

could be used. 

IV. RESULTS 

A. Corn Flour Dielectric Constant 

The starting point for the estimation of the dielectric 

constant of the flour matrices is the determination of the flour 

dielectric constant. Since no permittivity measurements were 

found in the literature for corn flour at the working frequency 

range, its complex permittivity was determined experimentally 

by means of the method described in Section II-B. The 

resulting real (𝜖𝑟
 ) and imaginary (𝜖𝑟

) parts are shown in Fig. 

4. This measurement was performed by means of the setup 

described in Section II-B, in which the selected corn flour 

featured a moisture of 8.4% at 22 ºC. This value was estimated 

by thermogravimetric techniques, heating the sample at about 

60 ºC for 24 hours. As shown in Fig. 4, the relative 

permittivity is nearly constant, being the average value of its 

real and imaginary parts around 2.26 and 0.15 respectively. 

 
Fig. 4. Real (𝜖𝑟

 ) and imaginary (𝜖𝑟
) parts of the 

experimentally measured relative permittivity of the corn flour 

used to produce the tortillas. 

B. Sample Moisture Estimation 

By incorporating the obtained relative permittivity of the 

corn flour, the weight measurements of each tortilla before 

and after dehydration, the moisture content of the corn flour, 

the total volume of each tortilla and the complex permittivity 

of pure water as described in Section II-A, the complex 

dielectric constant of each tortilla can be derived from (1). It is 

important to note that the relative permittivity of air is 

assumed to be 1, and the volume fraction of air in each tortilla 

is approximately 0.32 [48]. This value averages the air gaps in 

the tortillas. Concerning the calculation of the total volume of 

each sample, the same value has been used for all of them, 

assuming that each tortilla is approximately an ellipse of semi-

axes 7 cm and 5.8 cm, and thickness 1.5 mm. 

Once the relative permittivity of a tortilla has been 

estimated, the corresponding 𝑆11 and 𝑆21 parameters can be 

obtained by [49]: 

 𝑆11 =
𝛤(1 − 𝑇2)

1 − 𝛤2𝑇2
 , (5) 

 𝑆21 =
𝑇(1 − 𝛤2)

1 − 𝛤2𝑇2
 , (6) 

where 𝑇 is the transmission coefficient inside the tortilla and Γ 

is the reflection coefficient in the air-sample interface for a 
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normally incident plane wave, given by [49]: 

 𝑇 = 𝑒−𝛾𝑑 , (7) 

 𝛤 =
(1 − √𝜖𝑟)

(1 + √𝜖𝑟)
 , (8) 

where d is the sample thickness and 𝛾 is the complex 

propagation constant [49]: 

 𝛾 =
𝑗2𝜋𝑓

𝑐
√𝜖𝑟 . (9) 

Note that equation (6) is equivalent to (3), but this new 

formulation is considered in order to include the information 

about the reflection caused by the samples.  

The theoretical 𝑆21 values calculated following this method 

are then compared with the experimental results in order to 

obtain a moisture content estimation model. 

As an example, Fig. 5 shows the theoretical and 

experimental values of the magnitude of 𝑆21 for a sample of 

each moisture concentration as a function of frequency. 

 
Fig. 5. Theoretical and measured values of |𝑆11| and |𝑆21| for 

a tortilla of each nominal moisture concentration. 

 

As indicated in Fig. 5, both the theoretical value and the 

measured value of |𝑆21| decrease with frequency and show 

satisfactory agreement over the whole frequency range. If the 

theoretical value of |𝑆11| is represented too, it can be noticed 

that it also decreases with frequency. This means that both the 

reflectance and transmittance decrease with frequency, 

indicating that the absorbed power increases with frequency. 

This power absorption at millimeter-wave frequencies is 

mainly caused by the water contained in the tortilla and, more 

specifically, by its relatively high 𝜖𝑟
  value (18.53 at 67 GHz 

and 22 ºC according to (2) for the 35% moisture sample). This 

result has been verified with the electromagnetic simulation 

software CST Studio Suite, taking as input the complex 

permittivity of the 35% moisture tortilla calculated by (1). Fig. 

6 presents |𝑆11| and |𝑆21|, and the absorbance calculated as 

𝐴(𝑓) = 1 − |𝑆11|2 − |𝑆21|2, where |𝑆11|2 represents the 

reflectance and |𝑆21|2 the transmittance. The values of |𝑆11| 
and |𝑆21| are the same as the ones in Fig. 5 and show that the 

absorbance also increases with frequency as mentioned above. 

 
Fig. 6. Theoretical values of |𝑆11|, |𝑆21| and absorbance only 

for the 35% moisture sample of those represented in Fig. 5 

obtained by means of the electromagnetic simulation software 

CST Studio Suite. 

 

Based on the experimental results of transmission through 

the samples and on the theoretical results obtained by using 

(6), two different models have been created for moisture 

content estimation. The first model, depicted in Section IV-C, 

is obtained by means of the theoretical 𝑆21 of all tortillas at a 

specific frequency, and then compared to the measured 𝑆21 at 

the same frequency. To create the second model, presented in 

Section IV-D, the sample space is divided into two groups of 

24 and 16 tortillas. The first group is used to create the model 

and the second group to validate it. 

C. Model Based on Theoretical Data 

The first model to evaluate the moisture content of flour 

matrices is based on the theoretical model for complex 

permittivity described in Section II, whose value allows the 

calculation of the 𝑆21 parameter by means of (6). 

To start with, the magnitude of the 𝑆21 parameter measured 

for each sample at 67, 90 and 110 GHz is correlated with its 

water content measured by thermogravimetric techniques and 

the result is shown in Fig. 7. 

 
Fig. 7. Scatter plot of |𝑆21| measured for each sample at 67, 90 

and 110 GHz and its moisture content measured by 

thermogravimetric techniques. Note that each value of |𝑆21| 
corresponds to the average value of this parameter measured at 

81 points of each sample. The standard deviation of |𝑆21| has 

been included as an error bar for each sample. The largest 

standard deviation is 0.032. 
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As shown in Fig. 7, |𝑆21| is well correlated to moisture 

content with a coefficient of determination (𝑅2) of about 0.97 

for the three considered frequencies. These results also 

confirm the inversely proportional relationship between both 

magnitudes. The lower the moisture content of the sample, the 

lower its absorbance and the higher its transmittance. In 

addition, as discussed in Fig. 5, for a fixed moisture 

percentage, the magnitude of 𝑆21 decreases with frequency. 

Fig. 8 shows the magnitude of the theoretical 𝑆21 parameter 

estimated at 77 GHz by (6) for each sample and correlated 

with its water content measured by thermogravimetric 

techniques. In addition, the measured values of |𝑆21| at the 

same frequency for each tortilla are also represented. 

 
Fig. 8. Scatter plot of the magnitude of the theoretical and 

measured 𝑆21 parameter at 77 GHz for each sample and its 

moisture content measured by thermogravimetric techniques. 

 

By using the theoretical data of Fig. 8, a model that enables 

the estimation of the water content of a corn tortilla from the 

value of |𝑆21| calculated by (6) at 77 GHz has been created 

with a coefficient of determination of approximately 0.97. If 

the measured data are used to validate the model, a root mean 

square error (RMSE) of about 0.4% is achieved. 

In the measurement process of each sample, the value of 

|𝑆21| corresponds to the average value of this parameter 

measured at 81 points of the sample under test. Each sample 

has been measured only once since it has been found that the 

maximum standard deviation due to the repeatability of the 

measurement of a sample is negligible compared to the 

standard deviation due to the measurement of the same sample 

in 81 different points. This is due to the use of a rigid sample 

holder and a very accurate micrometer positioning system. 

Fig. 9 shows the measurement of 8 tortillas at 67, 90 and 110 

GHz, two of each nominal moisture concentration, each 

measured 5 times. It can be observed that the variations of 

|𝑆21| in the repeatability measurements of the same sample are 

almost imperceptible. Table I shows the mean and standard 

deviation of the measurements performed at 90 GHz. When 

comparing the maximum standard deviation of these 

measurements with the maximum standard deviation due to 

the measurement at the 81 points in each sample (0.032), it 

becomes evident that the variations generated by repeatability 

are approximately 100 times smaller. 

TABLE I 

MEAN AND STANDARD DEVIATION OF REPEATABILITY 

MEASUREMENTS AT 90 GHZ 

 Sample 1 2 3 4 5 6 7 8 

Mean 0.165 0.164 0.187 0.186 0.217 0.223 0.272 0.274 

STD/10-4 2.89 1.49 3.18 3.08 2.09 1.39 3.19 2.19 

Abbreviations: STD: Standard deviation. 

 

 
Fig. 9. Scatter plot of |𝑆21| repeatability measurements of 8 

samples at 67, 90 and 110 GHz, two of each nominal moisture 

concentration, each measured 5 times. Note that each value of 

|𝑆21| corresponds to the average value of this parameter 

measured at 81 points of each sample. 

 

D. Model Based on Experimental Data 

The second proposed model relies only on measured data. 

The same data used to validate the previous model at 77 GHz 

will now be used to build and validate the experimental model. 

These results are correlated with gravimetric water content 

and presented in Fig. 10. 

 
Fig. 10. Scatter plot of the magnitude of the 𝑆21 parameter 

measured at 77 GHz for each sample and its moisture content 

measured by thermogravimetric techniques. Note that each 

value of 𝑆21 corresponds to the average value of this 

parameter measured at 81 points of each sample. 

 

 

 

 

This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIM.2023.3334358

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIV PUBLICA DE NAVARRA. Downloaded on November 30,2023 at 22:14:01 UTC from IEEE Xplore.  Restrictions apply. 



7 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

In order to create a model based on these experimental data, 

a variant of the Kennard-Stone algorithm [50] has been used 

by eliminating the samples selected to build the model 

between each iteration and the next and dividing the sample 

space into four subsets by nominal moisture content. As the 

samples are selected in pairs, it has been necessary to choose 

24 samples to create the model and 16 samples for its 

validation. With the selected samples, a model based on 

experimental data is achieved with a coefficient of 

determination of about 0.97. This model allows the estimation 

of the water content of a corn tortilla from the value of |𝑆21| 
measured at 77 GHz. If the remaining data of Fig. 10 are used 

to validate the model, a value for RMSE of approximately 

0.35% is obtained. 

Table II shows a comparison of this work with other state-

of-the-art references. The first columns indicate whether or not 

the technologies used satisfy certain relevant properties: non-

destructive, contactless, in-line, real-time and low-cost. The 

last two columns compare this work with the other references 

by using two factors of merit, the coefficient of determination 

(𝑅2) and the estimation error. Although the comparison of the 

prediction error of the direct techniques with the indirect ones 

does not make sense since the indirect techniques make use of 

an intermediate variable to estimate the moisture content, if 

the comparison is focused only on the indirect techniques, it is 

worth mentioning that the two factors of merit for this study 

are similar to the values established by the state of the art. 

V. CONCLUSIONS 

This experimental study concludes that it is possible to 

estimate the moisture content of flour matrices with an RMSE 

lower than 0.5% by using CW-VNA spectroscopy at 

millimeter-wave frequencies (67-110 GHz). In order to 

perform this estimation, two different models have been 

developed, one based on purely experimental data and the 

other completely theoretical, achieving a lower validation 

error (0.35%) for the first one. 

The theoretical model first estimates the relative 

permittivity of each sample by using the Looyenga model, one 

of the EMT models to estimate the sample permittivity on a 

macroscopic scale from the dielectric permittivity of each of 

its individual constituents. Among these constituents, the 

dielectric constant of the flour must be determined. It has been 

shown that, for the analyzed corn tortillas, the dielectric 

constant of the corn flour can be obtained by millimeter-wave 

spectroscopy. From this value, the 𝑆21 transmission parameter 

can be calculated for different moisture levels and high 

correlation with its gravimetric moisture content can be found. 

The small estimation errors achieved in this study pave the 

way towards the use of millimeter-wave frequencies to 

estimate the moisture content of food products. The 

development of cost-effective and in-line food moisture 

sensors can be facilitated by the already, off-the-shelf and 

fully-integrated automotive radar transceivers at 77 GHz.

 

TABLE II 

COMPARISON OF THIS WORK WITH OTHER REFERENCES  

Ref. Technique Non-destructive Contactless In-line Real-time Low-cost R2 Error 

[6] Gravimetric      N/A RE = 0.37% 

[7] Chemical      N/A RE = 0.19% 

[9] Capacitive      0.98 RMSE = 0.71% 

[10] NMR      0.99 N/A 

[11] Ultrasonic      0.9 N/A 

[14] NIR spectroscopy      0.92 RMSE = 0.48% 

[20] Microwave      0.98 RMSE = 2% 

[26] Millimeter-wave      N/A N/A 

[27] Terahertz TDS      0.97 RMSE = 2.2% 

This work Millimeter-wave      0.97 RMSE = 0.35% 

: Cost is lower than for other techniques but depends on the degree of precision to be achieved. 

: It indicates that the technique satisfies the specific property. 

Abbreviations: NIR: Near infrared, NMR: Nuclear magnetic resonance, RE: Relative Error, RMSE: Root mean square error, TDS: Time-

domain spectroscopy. 
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