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Radiofrequency Absorbance as a Novel
Concentration Indicator in Sucrose Aqueous
Solutions

La absorcion de radiofrecuencia como nuevo indicador de la
concentracion en soluciones acuosas de sacarosa

Javier Coronel-Gaviro ““'!, Virginia Yagiie-Jiménez ““2, and José L. Blanco-Murillo 3

ABSTRACT

Microwave-based methods have been used for years to monitor processes, tests, and substance mixtures. Solutions must preserve
sample integrity and avoid time-consuming procedures to scale inline industrial applications and promote on-field tests. Today,
testing procedures use portable, cost-effective devices operating on wide frequency ranges to perform low-power, wide-band
microwave dielectric spectroscopy. This paper describes a proof of concept using SDR technology to match all these requirements.
A prototype was tested for measuring sucrose-in-water solutions at different concentrations, which resulted in a novel concentration
indicator based on radiofrequency absorbance. This application is critical for in-line monitoring and on-field testing in the food and
beverage industries. The proposed method delivered robust, replicable, and reliable results. High levels of significance (> 99%)
were achieved in statistical tests in the frequency range of 4 125 to 4 410 MHz. The indicator was shown to be sensitive to
concentrations below those reported in the literature and could be easily integrated into non-destructive early chemical evaluation
for food quality and production monitoring or into on-field testing devices, to name some applications.
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RESUMEN

Los métodos basados en microondas se han utilizado durante afios para monitorizar procesos, pruebas y mezclas de sustancias.
Estas soluciones buscan preservar la integridad de las muestras y evitar procedimientos lentos para escalar aplicaciones industriales
en linea y promover pruebas en campo. Actualmente, los procedimientos de prueba emplean dispositivos portatiles y econémicos
que operan en amplios rangos de frecuencia para realizar espectroscopia dieléctrica de microondas de baja potencia y banda
ancha. Este articulo describe una prueba de concepto que emplea la tecnologia SDR para cumplir con todos estos requisitos. Se
evalud un prototipo para la medicion de soluciones de sacarosa en agua a diferentes concentraciones, lo cual derivé en un nuevo
indicador de concentracion basado en la absorbancia por radiofrecuencia. Esta aplicacion es crucial para la monitorizacion en linea
y la realizacion de pruebas en campo en la industria alimentaria y de bebidas. El método propuesto aportd resultados robustos,
replicables y confiables. Se alcanzaron altos niveles de significancia (> 99 %) en las pruebas estadisticas en el rango de 4 125 a
4 410 MHz. Este indicador demostrd ser sensible a concentraciones inferiores a las reportadas en la literatura y podria integrarse
facilmente en la evaluacion quimica temprana no destructiva de la calidad de los alimentos y el control de la produccion, o incluso
en dispositivos de prueba en campo, por nombrar algunas aplicaciones.

Palabras clave: radiofrecuencia, espectro de absorcion, radio definida por software, soluciones acuosas
Received: March 26t 2021
Accepted: June 10t 2022

Introduction differences and characteristic patterns. This quantifies the
measurable impact on field displacement (D) of an electric

field (E) in the presence of intrinsic polarity (P):

D(r,¢,0,f) =€(r,,0, f)-E(r,,0, f) + P(r,,6, f) (1)

Radiofrequency absorbance quantifies the physical and
chemical properties of samples from controlled mea-
surements of the perturbed electromagnetic (EM) field
(Wlodarczak, 2017). These methods are increasingly being

used for monitoring, testing, and quantifying productive
processes in different industries (Xia et al, 2019; Lu
et al, 2019; Pu et al, 2020). Industrial applications
tend to avoid high-energy fields that compromise sample
integrity (El-Mesery et al., 2019) while aiming for portable,
cost-effective technologies that mitigate time-consuming
processes (Lindon et al., 2017).

Characterizing EM properties is an ongoing task that has
drawn considerable attention. Most of the work is aimed at
estimating complex permittivity (¢) (Bindu et al, 2006;
Kaatze, 2013; Wlodarczak, 2017) as a way to describe the
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There is a similar equation for magnetic permeability (u),
which relates the magnetic field (H) and the magnetic flux
density (B), but requires higher power. Maxwell’s equations
connect these fields with geometries and interfaces etc., and
provide the means to derive different techniques that serve
multiple applications (Choi and Kim, 2009; Brovoll et al.,
2014; Naishadham et al., 2016).

The coefficient € = €,ep, with €, being the relative media-
specific permittivity, describes how the traversing field is
attenuated and delayed at different frequencies depending
on the material, the state of the matter, the geometry
(Kaatze, 2013), or the transmitted power level, according
to (Agilent Technologies, Inc., 2006; Heileman et al., 2013):

e Temperature: it affects atomic but mostly subatomic
mobility, microstructures, and state (e.g., solid);

e Mechanical properties, viscosity, etc.: macroscopic
properties are ultimately related to existing molecular
and atomic structures, interactions, and bonds;

e Electro-static and electro-dynamic properties are
affected due to bonds and interactions at a chemical
level, polarity, size, weight, and structure of
molecules, radicals, or ions.

Therefore, changes and differences in the media at
the molecular, atomic, and subatomic levels produce
characteristic responses in the EM field at different levels
and bands.

Depending on the specific method and the excited bands,
one can evaluate the presence of different substances,
estimate the geometry of the underlying structures (at
molecular and microscopic levels) or collect evidence on
the inner state of matter (e.g., temperature) (Meng, Wu,
and Gray, 2018). Although complex interactions still pose
a challenge, there is certainly room for improvement with
respect to instruments, setups, and indicators for field tests.

Different frequency ranges have been inspected. The visible
spectrum can be used for nondestructive spectrophotometry
or destructive spectrometry. Adjacent bands, such as
UV or IR, have gained attention and are now standard
(Becker et al,, 2020). High energy bands (e.g., X-ray and
above) were initially used for internal structure inspection
and diagnosis (Maier et al., 2018; Torres Castellanos and
Rodriguez-Torres, 2019). In recent decades, spectrometry
has reached these bands (Lindon et al, 2017), and
dielectric spectrometry has gained attention (Pirola et al,
2007; Agilent Technologies, Inc., 2006) regarding the
characterization of the physical properties of substances

(Konings et al, 2019) or complex interactions (Yao et al.,
2022).

Nondestructive dielectric characterization using radiofre-
quency measurements requires sensitive instrumentation
and subtle perturbations. It has been introduced to evaluate
highly conductive substances (Liu and Brady, 1996; Peri-
asamy and Ravi, 2020) and more challenging nonconductive
aqueous solutions such as sucrose in water (Gennarelli et al.,
2013; Harnsoongnoen and Wanthong, 2017, 2016), where
differences in the properties and sizes of the polarity of

the molecules (Figure 1) cause distinct and less prominent
effects.

2 INGENIERIA E INVESTIGACION 43(1)

Figure 1. Schematic of sucrose-in-water solution. One may identify
both sucrose and pure water molecules under an externally induced
EM field (gray). Molecules, ions, and radicals change their locations
and orientations as the EM field is perturbed.

Source: Authors

The detection of sucrose concentration is critical for the
food and beverage industries to adjust the sweetness of
the final product (Harnsoongnoen and Wanthong, 2016),
as well as for the improvement and monitoring of crops
(Kennedy et al, 2007). The continuous request for non-
intrusive, portable, non-contact, and easy ways of measuring
has received limited attention. Gennarelli et al. (2013)
use a resonant cavity and a 6 MHz bandwidth to measure
sugar/water concentrations starting at 500% wt in steps of
5 Kg/L. In (Harnsoongnoen and Wanthong, 2016, 2017), the
authors used coplanar open waveguides, achieving a 1 GHz
and 600 MHz bandwidth, respectively, reporting on 20% wt
mixes in steps of 0,2 g/mL, and from 4% in steps of 4 g/mL.

This paper aims to present a novel method for
radiofrequency absorbance evaluation that provides a novel
concentration indicator. It uses non-contact, portable,
low-cost, and wideband microwave Software-Defined
Radio (SDR) technology to compute amplitude and phase
contributions. It avoids costly, time-consuming procedures
and provides reliable measurements. This work tested it on
sucrose-in-water solutions, but it could be used on other
aqueous solutions.

Materials and methods

For our experiments, sugar was mixed in water at
concentrations of 0, 5, 10, 15, 20, and 25% in weight and
measured under normal conditions to ensure repeatability
and mitigate spurious temperature effects. These values
were selected to validate the proposed method and its
sensibility in a challenging scenario, expecting systematic

increases in absorbance levels as the solute concentration
increases.

The prepared samples were placed within our SDR-based
free space setup, as shown in Figures 2 and 3, halfway
between the antennas (inside the white recipient). The
placement was maintained throughout the experiment to
avoid spurious effects. EM field perturbations were induced
and measurements were taken with a commercial Ettus
Research™ B210 board (a National Instruments Company,
4600 Patrick Henry Drive, Santa Clara, CA, USA) on

a procedure specifically devised for the tests described
hereafter.

SDR technology was initially developed as a cost-effective
solution for end-to-end amateur communications (Pawlan,
2015; Nesimoglu, 2010). The boards were designed to



CoroNEeL-GAVIRO, YAGUE-JIMENEZ AND BLANCO-MURILLO

Transmitter

) Ii[n]
%{ TXA }ﬂ Sample 4[ RXA ]—[ H 1Q
! Frontend demodulator |-,
J Qiln]

Receiver 1: channel

Rx1 RF

o £l

Receiver 2: reference

I[n] r
1Q H Tx RF
modulator Frontend
Qln] \
I G
SDR
board

[ ) L[n]
Rx2 RF Q I
L Frontend Hdemodulator_—>
/) Qafn]

| |

Figure 2. Block diagram describing the proposed SDR configuration. It involves a single transmitter (TX) and a pair of synchronized receivers (RX;,
RXy). The outputs for the test sample (top) and the reference (bottom) pathways are to the right. TXA and RXA stand for the antennas connected to
the transmitter and receiver, respectively. The resulting outputs {I1, Q1, I, Q»} are compared afterwards with the corresponding input (I, Q). F-.
and {G, Gy, G,} are the carrier frequency and the gains assigned to transmitter and receivers amplifiers.

Source: Authors

facilitate signal transmission and reception, incorporating
configurable amplification and carrier recovery, etc. (Li,
2014).

An SDR board was used to produce (generate, modulate, and
transmit) and recover (receive, demodulate, and digitize) a
pre-specified signal perturbing the EM field. Rather than
looking at communication capabilities, degradation patterns
induced in the recovered signals were traced to successfully
connect observed patterns with traversed media properties
(in this case, sample concentration levels).

Figure 2 shows the block diagram of the proposed setup.
Conveniently selecting I[n] and Q[#n] input sequences (left)
while varying carrier frequency (F.) and adapting gain levels
in (G, G1, and Gy), we expected to produce controlled, time-
and energy-bounded, frequency modulated pulses. The
corresponding measures were used at the receiver antenna
(RXA, I1[n] and Q1[n], top) and the reference line (I;[n] and
Qz[n], bottom) to assess absorbance levels.

Radiofrequency absorbance assessment

The proposed method assumes a linear behavior. The input
to the transmitter antenna (TXA) should match the following
Equation:

xrx(t) = G- A - [I(t) cos(2mF t) + Q(t) sin(2mF t)] (2)

while a linear channel would produce an output behind the
receiver antenna (RXA) that follows

Xrx1 (£) = (B * x1x) (8) = (Mrxa*chan*hxa * x1x) (8) - (3)

The operator * stands for the linear convolution, and h(f)
represents the combined response of the channel (fchan)
and antennas (higga, 1xa).- Whenever the transmitted signal
is a modulated pulse (sweep), the received signal may be
reformulated as

rx(£) = H(fi()) - xx(t = T(fi($))) + 1(t) (4)

with f;(t) being the exciting frequency at t; H and 7 the
amplitude and phase responses, respectively; and 7(t) a
noise term.

Network analyzers use this model to derive channel-specific
parameters. For an SDR, one must work on the input
and output sequences to address the major technological
drawbacks before deriving the model parameters. Readers
may refer to (Blanco-Murillo et al.,, 2017, 2022) for details
on the use and processing of frequency-modulated chirps,
specifically in the characterization of EM response along a
transmission scheme.

After traversing the channel branch (top) and considering
the SDR scheme, the IQ demodulation of a pulse produces
the following outputs:

Irx(f) = KgxGA/2[I(t — Try) cos 0 + Q(t — Tgy) sin O]
Qrx(t) = KrxGA/2 [I(t — trx) sin 6 + Q(t — TrRx) cos 6](

5)

Figure 3. Setup used for the experiment. The enclosed SDR board is
shown in the lower part, and the antennas and the specimen are at the
top right corner. The laptop controls the board and stores the
recordings.

Source: Authors
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with Kl = Gl 'H(f), Kz = G2 . B, 1 = 1T, and T2 = To
for outputs corresponding to the channel (RX = 1) and the
reference (RX = 2). O represents a deviation term in the
received signal due to uncertainty in the IQ demodulation
process, B is the attenuation corresponding to this channel
and 7¢ is the reference delay. Noise terms have been
removed for the sake of simplicity. Ideally, we may achieve
6 = 0 and perfect synchronization, but it is not precisely
zero due to local oscillators. However, our objective is to
estimate the channel-characteristic attenuation H(f) (dB),
and phase ¢(f) (rad) along the inspected bandwidth. The
wider the inspected frequency band, the more information
we have to characterize the samples and underlying
processes.

Frequency-modulated (FM) pulses were used on the afore-
mentioned 1Q modulator (transmitter) and demodulators
(receivers) from digital sequences.

sin(p[n]),  Qlnl =

One must select a suitable phase sequence ¢[n] that
corresponds to some frequency profile. The simplest
one consists of a monotone.  Alternatively, one may
choose a linear or exponential sweep. Constant frequency
is mainly affected by noise and distortion in the band,
whereas exponential sweeps display convenient properties
for modeling broadband channels, as discussed in (Blanco-
Murillo and Yagtie-Jiménez, 2017). Linear sweeps present
an excellent trade-off for linear processes and a simple
formulation:

In] = cos(¢[n]) (6)

(f)[n]=27'((fo+|:f1;]f0]n)£+gb(), 0<n<N (7)

————
fi

where fy < fi < fi, Fs is the sampling frequency, N is the
sequence length (in samples), and ¢ is the initial phase. For
our experiments, the parameters were set to f, = 0,5 MHz,
fi = 15MHz, and F; = 30MHz. By varying the carrier
frequency, 1,8 GHz < F. < 5,0GHz, one may excite all
frequencies to be inspected, f = F. + fi. An 8 MHz overlap
between consecutive bands was established to ensure phase
continuity. The normalized amplitude was setto A = 0,7
in order to avoid saturation. Amplifier gains were set to
G = 30dB, G; = 55dB, and G, = 40dB, and the reference
channel attenuator introduced B = 6 dB losses.

In assessing the EM response based on the collected
measurements and Equation (5), the amplitude and angle
(phase) from the in-phase (Ix[n]) and quadrature (Qx[n])
components were studied according to the following:

Adnl = \JBIn] + Q2[nl,  ©4fn] = tan™ (Quln]/Lln) (@)

From these, the following is obtained:

A[n] = G1H[n]GA/2 - ¥ (n,, 0)

Aoln] = G2BGA/2 - W(n, 10, 6)

eilnl = tan (Wo(n,7,0)/¥(n,7,0) ¥
[n] =

®sfn] = tan"! (Wo(n, 0, 0)/¥i(n, 70, 0))
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with W2(n, 1, 0) = W2(n, 74, 0) + \I/ZQ(n, %, 0) and

Win,t,0) =In/Fs—1)sinO + Q(n/Fs — 1¢) cos O
Won,1,0) =I1n/Fs - tr)cos O+ Q(n/Fs — 1) sin 0
Wo /Wi (n, 1, 0) = tan(Pp[n] — d(ti) + 0)

(10)

Assuming that the reference line measurements are
consistent and synchronized, one may compute the
absorbance levels of a given sample by subtracting these
values from those from measurements collected with no
sample:

Phase delay:  A¢y
Magnitude:  |Abli

= ¢(f) = P(10)  (rad)

- GH()/G:B (@) TV

The Equations above describe absorbance level computation
from a single measurement. Regarding the calibration and
secure usage of this technology, the SDR-based setup must
ensure that

1. the generated carrier frequency F, matches the
specified value (i.e., negligible deviations are
expected);

2. the transmission power is low enough not to
cause damage (i.e., using non-ionizing, hazardless
radiation); and

3. carrier generation does not introduce significant
spurious terms along the inspected bandwidth (i.e.,
spurious radiation does not spoil our measurements).

In other words, (i) the difference between expected
frequency and carrier frequency must be negligible, (i) the
power level needs to be measured before experimentation
and be significantly below a given threshold, and (iii) the
ratio between the primary frequency content (the expected
signal) and other second-order terms (noise, distortion, etc.)
must be above a given threshold. All this was checked before
the test was conducted, while autocalibration of the SDR
device was ensured (Coronel-Gaviro et al., 2020).

The complete testing methodology requires that the entire
inspection bandwidth is covered, as follows:

1. Set the SDR configuration parameters.

2. Record {I1,Q1,, Q2} with no sample between the
antennas. Compute the reference estimates for H(f)
and A¢(f) (Equation (11)).

3. Place the sample between the antennas and repeat
steps 1 and 2. Compute the channel estimates for

H(f) and A¢(f) (Equation (11)).

4. Subtract measurements from the estimated attenua-
tion levels on the channel and reference to compute
the absorbance magnitude (in dB).

5. Subtract measurements from the estimated phases on
the channel and reference in order to compute the
absorbance phase (in radians).

To improve the signal-to-noise ratios of the collected
measurements, this procedure should be repeated M times.
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Figure 4. Magnitude and phase results for different sucrose-in-water solutions. A schematic legend is included which shows the concentration
levels reported (upper left). At the center and on the right (upper and lower) are the magnitude and phase responses.

Source: Authors

The carrier frequency can be tuned rapidly (less than 1s), and
the duration of the signal (1 ms) is negligible compared to the
setup time. A 5MHz step over the 1,8 GHz < F, < 5GHz
range (640 steps) took approximately 2 minutes to collect
M = 5 repetitions of a complete set of measures on a single

sample. The setup was validated in (Coronel-Gaviro et al.,
2020).

Statistical tests were conducted to evaluate the significance
of the computed radiofrequency absorbance levels
(amplitude and phase) across the reported concentration
levels and along the inspected bandwidth. On the one
hand, the Kruskal-Wallis nonparametric test quantified the
significance of the observed differences in concentration
levels. ~ On the other hand, the Jonckheere-Terpstra
test was introduced to evaluate the significance of the
levels’ ordering (increased absorbance levels should match
increased concentrations).

The proposed concentration indicator is the average

radiofrequency absorbance for the amplitude and phase
values.

Results

Figure 4 shows the magnitude and phase of the absorbances

computed in 1,8 GHz < F. < 5GHz. Zoomed versions are
shown at the bottom.

Magpnitude levels vary greatly with concentration throughout
the inspected bandwidth, while phase trends are more
intricate. ~ The characteristic and systematic patterns

identified are consistent with the results reported in the
aforementioned literature.

The observed trends could exhibit different significance
levels at the multiple frequencies inspected. The results
for the statistical tests on both magnitude and phase curves
are depicted in Figure 5. One may observe that:

1. The Kruskal-Wallis test achieved p < 107 (99,99%
significance).

2. The Jonckheere-Terpstra test identified frequency
bands displaying p < 10~ on magnitude and phase.

3. The colored regions in Figures 5a and 5b mark the
best suited band (high significance) for both tests.

The 4 125 to 4 410 MHz band showed very high significance
levels in terms of magnitude and phase for both tests in
prepared sucrose-in-water solutions. This band is also
marked in Figure 4. It differs from the one identified
by Coronel-Gaviro et al. (2020) for the detection and
quantification of honey fraud (2 150 to 3 250 MHz).
However, the authors reported on honey samples and only
addressed magnitude levels.

Finally, the proposed concentration indicator was calculated,
averaging the calculated absorbance levels in amplitude and
phase for the most representative selected bandwidth (4
125 to 4 410MHz). We used a polar visualization of the
computed frequency-dependent complex absorbance Ab(f)
(magnitude and phase in Equation (11):

INGENIERIA E INVESTIGACION 43(1) 5
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Figure 5. Significance levels (p-values) for the Kruskal-Wallis and the
Jonckheere-Terpstra tests on the magnitude and phase levels along the
inspected frequency range.

Source: Authors

Ab(f) = (AbI(f), A¢(f)) (12)

This indicator can be easily represented as a complex phasor
on a polar coordinate chart, with magnitude (attenuation)
providing the distance to the center (radius) and angle
(in grades) matching the phase (previously expressed in
radians). Thus, an attenuation of O dB represents a non-
attenuated field, while a decreasing angle (less than 360°) is
expected as the group delay increases.

Figure 6 shows the phasors computed in the selected
bandwidth for all samples at different concentration levels.
The Figure includes a) all absorbance levels and b) the
computed concentration indicator corresponding to the
averaged values. The larger the concentration of sugar, the
further out and lower the indicator.

Conclusion

This work presented the basis for a novel noncontact method
to evaluate concentration levels using SDR-based low power
radio frequency absorbance analysis while computing a
reliable concentration indicator. The indicator was derived
from the calculated absorbance levels and successfully
evaluated the significance of the reported results at different
concentration levels in sucrose-in-water solutions.

Compared to previous studies on sucrose in water
(Gennarelli et al, 2013; Guariti et al, 2013;
Harnsoongnoen and Wanthong, 2016, 2017), the proposed
methodology obtained statistically significant results at
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indicator (all samples), for the M repetitions (crosses), and for the
averaged values in all repeated measures (circles). A trend curve for
sucrose concentration has been computed and plotted in black.

Source: Authors

lower concentrations. The technology is affordable and
could be used for on-field tests, but it can still cover a wider
frequency range during inspection. It could be introduced
for food processing industries, such as beverage production,
as well as integrated for inline sensing. It can also be used
for on-field measurements, as well as in other aqueous
solutions, since the device is portable and noncontact.

Considering on-field measurement and inline monitoring,
(i) the measuring temperature, (ii) defective materials (e.g.,
sample containers), or (i) spurious electrical conditions
may impact EM measures, automatically affecting the
performance of the proposed indicator, which is why further
analysis is required.

Future work may be dedicated to delving into these aspects,
as well as developing a solution for the quantification
of the concentration level (Ballin and Laursen, 2019)
and generalizing it to other types of aqueous solutions.
Quantification may require linearization techniques, as
shown by the results obtained for the proposed indicator.
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Addressing aqueous solutions requires a larger number
of samples and more complex mixtures.  Although
the significance levels obtained (Kruskal-Wallis 99,99%,
Jonckheere-Terpstra p < 107°) favor our hypothesis, several
spurious effects need to be addressed. These include
measuring the impact of temperature and EM distortions
on absorbance measures and testing for the required EM
compatibility compliance.

Acknowledgements

The activities described in this contribution were partially
funded by the European Union’s Horizon 2020 Research
and Innovation Programme under grant agreement No.
101003750, the Ministry of Economy and Competitiveness
of Spain under grant PID2021-1284690B-100, and the UPM
Research Programme.

Author contributions

Author 1 built and programmed the device (HW and SW),
collected the data, did the background research, and wrote
the original draft. Author 2 conceptualized the tests, defined
the methodology, supervised the experiments, and the
data collection process; she also prepared the manuscript
including visuals review and editing. Author 3 participated in
the conceptualization of the work, supervised the research,
led the formal analysis of the application addressed, wrote
specific sections of the manuscript, reviewed the writing,
validated results, and provided critical feedback. All authors
contributed to the writing of the manuscript.

References

Agilent Technologies, Inc. (2006). Basics of measuring the
dielectric properties of materials. Agilent Technologies:
Santa Clara, CA, USA. (Application Note 5989-2589EN)

Ballin, N. Z., and Laursen, K. H. (2019). To target or not to
target? definitions and nomenclature for targeted versus
non-targeted analytical food authentication. Trends in
Food Science and Technology, 86, 537-543. https://
doi.org/10.1016/j.tifs.2018.09.025

Becker, F., Schwabig, C., Krause, J., Leuchs, S., Krebs, C.,
Gruna, R., Kuter, A., Langle, T., Nuessler, D., and
Beyerer, J. (2020). From visual spectrum to millimeter
wave: A broad spectrum of solutions for food inspection.
IEEE Antennas and Propagation Magazine, 62(5), 55-63.
https://doi.org/10.1109/MAP.2020.3003225

Bindu, G., Lonappan, A., Thomas, V., Aanandan, C. K., and
Mathew, K. T. (2006). Dielectric studies of corn syrup
for applications in microwave breast imaging. Prog.
Electromagn. Res., 59, 175-186. https://doi.org/10.2528/
PIER05072801

Blanco-Murillo, J.L., Yagiie-Jiménez, V., Coronel-Gaviro, J., and
Casajlis Quirds, F. (2022). A model-informed, single-
input method for amplifiers assessment from pruned
Volterra kernels collapsed projection. Measurement,
793, 110856. https://doi.org/10.1016/j.measurement
.2022.110856

Blanco-Murillo, J.L., and Yagiie-Jiménez, V. (2017,

JA method for informed selection of memory-

length and nonlinearity-order parameters in Volterra—
Wiener systems from exponential sweep excitations.
Multidimensional Systems and Signal Processing, 29,
1861-1893. https://doi.org/10.1007/s11045-017-0535
-3

Blanco-Murillo, J.L., Yagiie-Jiménez, V., and Casajus-Quirds,
F. J. (2017, 11). Assessment of nonlinearities for
precision DACs. [EEE Transactions on Instrumentation
and Measurement, 66(11), 2852-2857. https://doi.org/
10.1109/TIM.2017.2734019 ~

Brovoll, S., Berger, T., Paichard, Y., Aardal, A, Lande, T. S.,
and Hamran, S. (2014, 10). Time-lapse imaging of
human heart motion with switched array UWB radar.
IEEE Transactions on Biomedical Circuits and Systems,
8(5), 704-715.  https://doi.org/10.1109/TBCAS.2014
2359995

Choi, J. H., and Kim, D. K. (2009, 06). A remote compact
sensor for the real-time monitoring of human heartbeat
and respiration rate. [EEE Transactions on Biomedical
Circuits and Systems, 3(3), 181-188. https://doi.org/
10.1109/TBCAS.2009.2019628

Coronel-Gaviro, J., Yagiie-Jiménez, V., and Blanco-Murillo,
J. (2020, 12). Nonintrusive Honey Fraud
Detection and Quantification based on Differential
Radiofrequency Absorbance Analysis. Journal of Food
Engineering, 110448. https://doi.org/10.1016/j.jffoodeng
.2020.110448

El-Mesery, H. S., Mao, H., and Abomohra, A. E.-F.
(2019).  Applications of non-destructive technologies
for agricultural and food products quality inspection.
Sensors, 19(4), 846. https://doi.org/10.3390/s19040846

Gennarelli, G., Romeo, S., Scarfi, M. R., and Soldovieri, F. (2013,
May). A Microwave Resonant Sensor for Concentration
Measurements of Liquid Solutions. IEEE Sensors Journal,
13(5), 1857-1864. https://doi.org/10.1109/JSEN.2013
2244035

Guariti, G., Hofmann, M., Weigel, R., Fischer, G., and
Kissinger, D. (2013, June 2-7). Determination
of sugar concentration in aqueous solutions using
ultra-wideband microwave impedance spectroscopy
[Conference presentation]. In 2013 [EEE MTT-
S International Microwave Symposium Digest (MTT)
Seattle, WA, USA.  https://doi.org/10.1109/MWSYM
.2013.6697563

Harnsoongnoen, S., and Wanthong, A. (2016). Coplanar
waveguides loaded with a split ring resonator-based
microwave sensor for aqueous sucrose solutions.
Measurement Science and Technology, 27(1), 015103.
https://doi.org/10.1088/0957-0233/27/1/015103

Harnsoongnoen, S., and Wanthong, A. (2017). Real-time
monitoring of sucrose, sorbitol, D-glucose, and D-
fructose concentration by electromagnetic sensing. Food
Chemistry, 232, 566-570.  https://doi.org/10.1016/;
.foodchem.2017.04.054

Heileman, K., Daoud, J., and Tabrizian, M. (2013, .) Dielectric
spectroscopy as a viable biosensing tool for cell and
tissue characterization and analysis. Biosensors and
Bioelectronics, 49, 348-359. https://doi.org/10.1016/
j-bi0s.2013.04.017

Kaatze, U. (2013). Measuring the dielectric properties
of materials. ninety-year development from low-
frequency techniques to broadband spectroscopy and
high-frequency imaging. Measurement Science and
Technology, 24(1), 012005. https://doi.org/10.1088/
0957-0233/24/1/012005

Kennedy, J. F., Pimentel, M. d. C. B., Melo, E. H., and Lima-
Filho, J. L. (2007). Sucrose biosensor as an alternative
tool for sugarcane field samples. Journal of the Science
of Food and Agriculture, 87(12), 2266-2271. https://
doi.org/10.1002/jsfa.2982

Konings, A. G., Rao, K., and Steele-Dunne, S. C. (2019, .) Macro
to micro: microwave remote sensing of plant water
content for physiology and ecology. New Phytologist,
223(3), 1166-1172. https://doi.org/10.1111/nph.15808

INGENIERIA E INVESTIGACION 43(1) 7 [ |


https://doi.org/10.1016/j.tifs.2018.09.025
https://doi.org/10.1016/j.tifs.2018.09.025
https://doi.org/10.1109/MAP.2020.3003225
https://doi.org/10.2528/PIER05072801
https://doi.org/10.2528/PIER05072801
https://doi.org/10.1016/j.measurement.2022.110856
https://doi.org/10.1016/j.measurement.2022.110856
https://doi.org/10.1007/s11045-017-0535-3
https://doi.org/10.1007/s11045-017-0535-3
https://doi.org/10.1109/TIM.2017.2734019
https://doi.org/10.1109/TIM.2017.2734019
https://doi.org/10.1109/TBCAS.2014.2359995
https://doi.org/10.1109/TBCAS.2014.2359995
https://doi.org/10.1109/TBCAS.2009.2019628
https://doi.org/10.1109/TBCAS.2009.2019628
https://doi.org/10.1016/j.jfoodeng.2020.110448
https://doi.org/10.1016/j.jfoodeng.2020.110448
https://doi.org/10.3390/s19040846
https://doi.org/10.1109/JSEN.2013.2244035
https://doi.org/10.1109/JSEN.2013.2244035
https://doi.org/10.1109/MWSYM.2013.6697563
https://doi.org/10.1109/MWSYM.2013.6697563
https://doi.org/10.1088/0957-0233/27/1/015103
https://doi.org/10.1016/j.foodchem.2017.04.054
https://doi.org/10.1016/j.foodchem.2017.04.054
https://doi.org/10.1016/j.bios.2013.04.017
https://doi.org/10.1016/j.bios.2013.04.017
https://doi.org/10.1088/0957-0233/24/1/012005
https://doi.org/10.1088/0957-0233/24/1/012005
https://doi.org/10.1002/jsfa.2982
https://doi.org/10.1002/jsfa.2982
https://doi.org/10.1111/nph.15808

RADIOFREQUENCY ABSORBANCE AS A NOVEL CONCENTRATION INDICATOR IN SUCROSE AQUEOUS SOLUTIONS

Li, Y. (2014). In-phase and quadrature imbalance: modeling,
estimation, and compensation. Springer.

Lindon, J. C., Tranter, G. E., and Koppenaal, D. W. (Eds.). (2017).
Encyclopedia of spectroscopy and spectrometry. Elsevier:

Liu, Q., and Brady, J. (1996). Anisotropic solvent structuring
in aqueous sugar solutions. Journal of the American
Chemical Society, 118(49), 12276-12286. https://doi
.0rg/10.1021/ja962108d

Lu, M., Xie, Y., Zhu, W., Peyton, A., and Yin, W. (2019).
Determination of the magnetic permeability, electrical
conductivity, and thickness of ferrite metallic plates using
a multifrequency electromagnetic sensing system. [EEE
Transactions on Industrial Informatics, 15(7), 4111-4119.
https://doi.org/10.1109/T11.2018.2885406

Maier, A., Steidl, S., Christlein, V., and Hornegger, J. (Eds.).
(2018). Medical imaging systems: an introductory guide
(No. 11111). Cham: Springer Open.

Meng, Z., Wu, Z., and Gray, ). (2018, August). Microwave
sensor technologies for food evaluation and analysis:
Methods, challenges and solutions. Transactions of the
Institute of Measurement and Control, 40(12), 3433—
3448. https://doi.org/10.1177/0142331217721968

Naishadham, K., Piou, J. E., Ren, L., and Fathy, A. E. (2016, 12).
Estimation of cardiopulmonary parameters from ultra-
wideband radar measurements using the state space
method. [EEE Transactions on Biomedical Circuits and
Systems, 10(6), 1037-1046. https://doi.org/10.1109/
TBCAS.2015.2510652

Nesimoglu, T. (2010, August). A review of Software Defined
Radio enabling technologies. In IEEE (Eds.), 2070 10th
Mediterranean Microwave Symposium (pp. 87-90). IEEE.
https://doi.org/10.1109/MMW.2010.5605145

Pawlan, ]J. (2015, November 2-4). An introduction to
Software Defined Radio [Conference presentation]. In
2015 IEEE International Conference on Microwaves,
Communications, Antennas and Electronic Systems
(COMCAS), Tel Aviv, Israel. https://doi.org/10.1109/
COMCAS.2015.7360430

Periasamy, S., and Ravi, K. P. (2020). A novel approach to
quantify soil salinity by simulating the dielectric loss of
SAR in three-dimensional density space. Remote Sensing
of Environment, 251, 112059. https://doi.org/10.1016/
j.rse.2020.112059

Pirola, M., Teppati, V., and Camarchia, V. (2007, .) Microwave
measurements Part i: Linear Measurements. IEEE
Instrumentation and Measurement Magazine, 10(2), 14—
19. https://doi.org/10.1109/MIM.2007.364959

Pu, Y.-Y., O’'Donnell, C., Tobin, J. T., and O’Shea, N. (2020).
Review of near-infrared spectroscopy as a process
analytical technology for real-time product monitoring
in dairy processing. International Dairy Journal, 103,
104623. https://doi.org/10.1016/j.idairyj.2019.104623

Torres Castellanos, N., and Rodriguez-Torres, S. D. (2019,
May). Evaluation of internal curing effects on concrete.
Ingenierfa e Investigacion, 39(2), 37-45. https://doi.org/
10.15446/ing.investig.v39n2.76505

Wilodarczak, G. (2017). Microwave and radiowave
spectroscopy, applications. In J. C. Lindon, G. E.
Tranter, and D. W. Koppenaal (Eds.), Encyclopedia of
spectroscopy and spectrometry (pp. 803—-812). Elsevier.
https://doi.org/10.1016/B978-0-12-409547-2.11270-3

Xia, Y., Xu, Y., Li, J., Zhang, C., and Fan, S. (2019). Recent
advances in emerging techniques for non-destructive
detection of seed viability: A review. Artificial Intelligence
in Agriculture, 1, 35-47. https://doi.org/10.1016/j.aiia
.2019.05.001

Yao, H.-Y,, Wang, Y.-C, and Chang, T.-H. (2022,
May). Investigation of dielectric spectrums, relaxation

I 8 INGENIERIA E INVESTIGACION 43(1)

processes, and intermolecular interactions of primary
alcohols, carboxylic acids, and their binary mixtures.
Journal of Molecular Liquids, 353, 118755.  https:/
doi.org/10.1016/j.molliq.2022.118755


https://doi.org/10.1021/ja962108d
https://doi.org/10.1021/ja962108d
https://doi.org/10.1109/TII.2018.2885406
https://doi.org/10.1177/0142331217721968
https://doi.org/10.1109/TBCAS.2015.2510652
https://doi.org/10.1109/TBCAS.2015.2510652
https://doi.org/10.1109/MMW.2010.5605145
https://doi.org/10.1109/COMCAS.2015.7360430
https://doi.org/10.1109/COMCAS.2015.7360430
https://doi.org/10.1016/j.rse.2020.112059
https://doi.org/10.1016/j.rse.2020.112059
https://doi.org/10.1109/MIM.2007.364959
https://doi.org/10.1016/j.idairyj.2019.104623
https://doi.org/10.15446/ing.investig.v39n2.76505
https://doi.org/10.15446/ing.investig.v39n2.76505
https://doi.org/10.1016/B978-0-12-409547-2.11270-3
https://doi.org/10.1016/j.aiia.2019.05.001
https://doi.org/10.1016/j.aiia.2019.05.001
https://doi.org/10.1016/j.molliq.2022.118755
https://doi.org/10.1016/j.molliq.2022.118755

	Introduction
	Materials and methods
	Radiofrequency absorbance assessment

	Results
	Conclusion
	Acknowledgements
	Author contributions
	References



