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Abstract

Moisture monitoring in historic masonry requires non-destructive solutions that can be
adapted to the characteristics and value of the asset, the spatial extent of the phenomenon,
and the need for repeated measurements over time. This work presents an integrated re-
flectometric methodology that combines accurate Frequency-Domain Reflectometry (FDR)
characterization with the development and validation of a custom-developed, compact,
portable, low-cost, and potentially scalable Time-Domain Reflectometry (TDR) prototype.
Resonant patch antennas operating at different frequencies were used with a Vector Net-
work Analyzer (VNA) to characterize Lecce stone, Carparo, and plaster applied to Carparo
during controlled drying. This configuration provides localized moisture information based
on sensor—material-specific calibration and is particularly suitable for valuable architectural,
monumental, or decorative surfaces, where measurement accuracy and detailed spectral
analysis are essential. The proposed TDR prototype extends the same reflectometric ap-
proach toward more accessible, low-cost, repeated, distributed, and potentially remotely
managed monitoring. Its performance was assessed against a reference PicoVNA using a
microstrip probe, selected as a representative application for monitoring broader masonry
regions and phenomena such as rising damp. The reflectograms acquired with the proto-
type were processed to reconstruct the corresponding complex Si1(f) responses, allowing
the two measurement systems to be compared on a common frequency-domain basis. The
results showed a consistent moisture-dependent resonance evolution and demonstrated
that the prototype preserves the principal temporal and spectral information observed
with the reference instrument. The proposed methodology therefore brings together com-
plementary measurement capabilities within a unified framework, enabling the sensing
configuration to be selected according to the required accuracy, spatial coverage, portability,
cost, scalability, and monitoring frequency.

Keywords: time-domain reflectometry; frequency-domain reflectometry; moisture monitoring;
historic masonry; patch antenna; microstrip probe; non-destructive testing; cultural heritage

1. Introduction

Moisture is one of the most persistent causes of deterioration in historic masonry [1,2].
Water entering through capillary rise, wind-driven rain [3-6], infiltration, condensation, or

Sensors 2026, 26, 5856

https://doi.org/10.3390/s26185856


https://crossmark.crossref.org/dialog?doi=10.3390/s26185856&domain=pdf&date_stamp=2026-09-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-9031-7690
https://orcid.org/0000-0002-8462-5563
https://orcid.org/0000-0001-8715-2303
https://orcid.org/0000-0002-1876-7555
https://orcid.org/0000-0002-8116-3703
https://doi.org/10.3390/s26185856

Sensors 2026, 26, 5856

2 of 30

defective drainage [7] can remain trapped within the porous network of stone, mortar, and
plaster, promoting salt transport [8] and crystallization [9-11], biological colonization [12],
freeze-thaw damage, mechanical disintegration [13], and the detachment of plaster [14]
and decorative layers [15,16]. Reliable moisture assessment [17] is therefore essential for
identifying active degradation processes, planning conservation interventions [18], evalu-
ating their effectiveness, and supporting preventive maintenance [19] through repeated
measurements over time [20]. In cultural-heritage structures, however, such monitoring
must be performed without removing or permanently altering the original material.

Conventional reference methods, such as gravimetric analysis [21] and core sampling,
provide quantitative information but are destructive [22] and cannot be repeatedly applied
at the same location. Several non-destructive techniques have consequently been inves-
tigated, including infrared thermography [23], electrical-resistivity measurements [24],
nuclear magnetic resonance [25], ground-penetrating radar [26,27], and dielectric and
microwave methods [28-30]. Recent studies have also investigated complementary non-
destructive and minimally invasive approaches for masonry and stone moisture assessment,
including comparative multi-method monitoring, electrical-tomography-based reconstruc-
tion, and optical-fiber sensing [31-33]. Their practical suitability depends not only on
sensitivity and investigation depth, but also on material heterogeneity, environmental con-
ditions, calibration requirements, instrumentation cost, repeatability, portability, and opera-
tor expertise. These aspects become particularly important when the objective is not a single
diagnostic inspection, but repeated, spatially distributed, or remotely managed monitoring.

In this context, electromagnetic reflectometric methods [34] are especially attractive
because water strongly modifies the effective dielectric properties of porous mineral materi-
als [28,35]. Moisture variations therefore affect propagation velocity, attenuation, character-
istic impedance, and reflection behavior [36-38]. These effects can be observed either in the
frequency domain, through the complex reflection coefficient Sq1(f), or in the time domain,
through the reflectogram generated by a fast-rising excitation. Although the two represen-
tations arise from the same interaction between the sensing structure and the investigated
material, they are generally acquired using different instruments and interpreted through
different parameters.

Frequency-Domain Reflectometry (FDR) measurements performed using a Vector Net-
work Analyzer (VNA) provide accurate and stable spectral information and are particularly
effective when resonant sensing elements are employed. An increase in moisture generally
increases the effective permittivity seen by the sensor, producing a measurable shift in
resonance frequency together with changes in resonance depth and bandwidth [28]. By
modifying the geometry of a patch antenna, its operating frequency can be selected and the
sensing element adapted to different material configurations and diagnostic requirements.
Resonant sensors combined with a VNA are therefore well suited to accurate, localized,
and material-specific moisture characterization [39-41]. Such an approach is particularly
valuable for architecturally significant surfaces, museum environments, decorative ele-
ments, and other applications in which measurement accuracy and controlled localization
are primary requirements.

However, even portable VNAs remain comparatively expensive and may be impracti-
cal for permanent installation, dense measurement networks, or continuous monitoring
of extended masonry surfaces. In these scenarios, a more compact and cost-effective ac-
quisition system is desirable, particularly for following widespread phenomena such as
rising damp. Time-Domain Reflectometry (TDR) represents a promising alternative be-
cause it relies on relatively simple pulse-generation and acquisition electronics [36,37]. In
TDR, a fast-rising voltage step propagates along a transmission structure coupled to the
material, and moisture-induced variations in dielectric permittivity modify the delay, am-
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plitude, and shape of the reflected waveform [38]. Originally developed for soil-moisture
assessment [37,42,43], TDR has subsequently been applied to porous construction materi-
als [44,45] and masonry using non-invasive and flat probe geometries [46,47], as well as to
diffused and spatially extended reflectometric monitoring architectures [48].

Several methodological elements underlying the present study were established in
previous works and should therefore be distinguished from the specific contribution of this
work. Earlier studies [49,50] developed time-to-frequency-domain processing procedures
for reconstructing frequency-dependent reflectometric information from TDR measure-
ments, primarily for dielectric characterization and quality monitoring of liquids. In the
field of Cultural Heritage materials, Ref. [39] compared different microwave reflectometric
probes for water-content estimation in stone materials and included the reconstruction of
the frequency-domain response of a patch resonator from measurements acquired using
a commercial TDR. In addition, Ref. [48] investigated elongated TDR sensing elements
for diffused monitoring applications, including building structures. Thus, the individual
principles of TDR, resonant FDR, and TD-FD transformation are not claimed as novel
contributions of the present work. Table 1 summarizes the main differences between these

previous studies and the present investigation.

Table 1. Comparison between selected previous works by the authors and the present study.

N . Sensing . TD-FD Main Scope/Distinctive

Work Application/Material Element(s) Instrumentation o o tion Contribution
Time-to-frequency-domain
dielectric characterization of

L . . . liquids, including compensation of
Liquid quality Immersive Commercial TDR P .

Ref. [49] monitoring coaxial probe and VNA Yes major processingand
experimental error contributions
and comparison with VNA
measurements.

Enhanced combined TD-FD
o . . . procedure including signal

Ref. [50] Egﬁ;&)g‘;‘aghty ?(l)‘;l;gls;‘;gbe %Brﬁllrggr;;fg VNA  Yes processing, calibration, system
modeling, and comparison with
direct VNA measurements.
Comparative microwave moisture

Water-content Open-ended assessment on gentile and Lecce
es?ir?fagi%rrz izrr: coaxial probe, Commercial Yes, for the stones using different probes and

Ref. [39] Cultural Heritage patch resonator, TDR100 and VNA Patch-resonator  measurement systems;

stones & and open-ended measurements  resonance-based relationships
waveguide were obtained from VNA and TDR
measurements.
Diffused monitoring Elongated Commercial Development and validation of
Ref. [48] N agpculture, distributed portable TDR No S11(f) elongated TDR se.nsmg—.elel.nent
pipelines, and sensing elements  instruments reconstruction  networks for spatially distributed
building structures & detection of dielectric variations.
Integrated multi-configuration
FDR characterization and
Two portable-TDR validation on
Moisture monitoring contact-based PicoVNA 108 and masonry; six sensor-material

Present 10 historicmasonry,  patch antennas custom- FDR datasets including a layered

work including (P1, P2) and developed Yes plaster-on-Carparo configuration;

rising-damp elongated planar  low-cost portable time- and frequency-domain
scenarios microstrip probe  TDR prototype comparison with the PicoVNA;

M1

and comparison of
moisture-resonance
calibration relationships.

Against this background, the contribution of the present work lies in the integration
and experimental validation of these established reflectometric principles within a unified
framework specifically developed for moisture monitoring in historic masonry, rather
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than in the introduction of the individual TDR, FDR, or TD-FD techniques themselves.
The first distinctive element is a multi-frequency FDR characterization performed using
two contact-based resonant antennas on three masonry configurations, including a layered
plaster-on-Carparo system, resulting in six sensor-material datasets and corresponding
moisture—calibration relationships. The second is the development and experimental im-
plementation of a dedicated compact and low-cost portable TDR prototype, combined
with an elongated planar microstrip probe intended for broader masonry regions and
rising-damp applications. Finally, the two branches are connected through a common
validation procedure in which the prototype response is compared with the PicoVNA
measurements in both the time and frequency domains and, ultimately, through the corre-
sponding moisture-resonance calibration relationships. The advancement of the present
work therefore resides in this masonry-oriented system integration and cross-domain vali-
dation, together with the dedicated portable instrumentation and sensing configurations.

The experimental activity is organized into two connected branches. In the first branch,
two contact-based patch antennas, denoted as P1 and P2 and designed to operate at different
resonance frequencies, are used with a PicoVNA 108 to characterize Lecce stone, Carparo,
and plaster on Carparo during controlled drying. The resulting six material-antenna
datasets are used to establish relationships between resonance frequency and gravimetric
moisture, thereby demonstrating the sensitivity and flexibility of resonant frequency-
domain sensing across different masonry configurations.

The second branch focuses on the developed TDR prototype, which integrates a fast
step generator, portable acquisition electronics, and dedicated software for waveform acqui-
sition, storage, calibration, and time-to-frequency-domain reconstruction. Its validation is
performed using a dedicated microstrip probe, denoted as M1. The elongated and scalable
geometry of M1 is particularly relevant to rising-damp applications, since the sensing
structure can be extended longitudinally along a wall section and used to investigate a
broader vertical region than a localized patch antenna. The experiments are conducted on
Carparo, a porous calcarenitic stone widely used in historic and traditional masonry in
Southern Italy and representative of structures affected by rising damp. The prototype is
evaluated against the PicoVNA 108 through complementary time- and frequency-domain
comparisons, including moisture-dependent reflectograms, reconstructed Sy; (f) responses,
and resonance-based calibration relationships.

Rather than claiming full metrological equivalence with the reference instrument, the
study assesses whether the developed prototype can reproduce the principal temporal and
spectral features associated with moisture variation, including resonance location, moisture-
dependent resonance shift, and calibration trend. In this way, the proposed framework
combines the accuracy of VNA-based spectral characterization with the portability, reduced
cost, and scalability of the developed TDR system.

The remainder of the paper is organized as follows. Section 2 introduces the rele-
vant reflectometric principles and describes the TDR-to-frequency-domain reconstruction
procedure. Section 3 presents the masonry specimens, sensing structures, instrumenta-
tion, moisture-conditioning protocol, experimental workflow, and data-analysis methods.
Section 4 reports the FDR moisture-dependent responses and calibration curves, followed
by the time- and frequency-domain validation of the portable TDR prototype. Finally,
Section 5 summarizes the principal findings, discusses their practical implications, and
outlines future developments.

2. Measurement Principles and Processing Framework

The proposed framework exploits the sensitivity of electromagnetic reflections to
moisture-induced variations in the dielectric properties of porous materials. As water
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progressively replaces air within the pore network, the effective complex permittivity of
the material changes, thereby modifying wave-propagation velocity, attenuation, charac-
teristic impedance, and reflection behavior. These effects can be observed either in the
frequency domain, through variations in the complex reflection coefficient S11(f), or in
the time domain, through changes in the amplitude, shape, and propagation delay of
the reflectogram.

Although the time- and frequency-domain representations originate from the same
sensor—material interaction, they provide different observables. Frequency-domain mea-
surements allow moisture-induced variations in resonance frequency and spectral shape to
be evaluated directly, whereas time-domain measurements describe changes in reflection
amplitude, waveform shape, and propagation delay. In the present study, the prototype
reflectograms are also processed and calibrated to reconstruct the corresponding com-
plex Sq1(f) response. The reconstructed spectra can therefore be compared directly with
those measured using the PicoVNA in terms of resonance position, spectral evolution, and
moisture-calibration behavior.

2.1. Frequency-Domain Reflectometry

FDR characterizes the interaction between a sensing structure and the investigated
material by measuring the complex reflection coefficient S11(f) over a selected frequency
range. When a resonant element, such as a patch antenna or a microstrip resonator, is
placed in contact with a porous material, part of its electromagnetic field extends into the
sample. Consequently, both the resonance frequency and the overall spectral response
depend on the effective dielectric properties of the combined sensor-material system.

For a simplified resonant structure, the resonance frequency can be approximated as

c

s 7 2Left\/Eett’ @

where c is the speed of light, L. is the effective resonant length, and e is the

effective permittivity experienced by the electromagnetic field. As moisture increases,

water progressively replaces air within the pore network and the effective permittivity

generally rises. This variation typically shifts the resonance toward lower frequencies and

may also modify the resonance depth, bandwidth, and phase response because dielectric
losses and electrical conductivity change together with permittivity.

The complex coefficient S11(f) describes the fraction of the incident electromagnetic
signal reflected by the sensing structure. Its magnitude and phase therefore contain infor-
mation on the electromagnetic interaction between the sensor and the investigated material.
Moisture-induced variations in the sample may affect not only the resonance frequency
fres, but also the overall shape of the spectral response.

Because the resonance shift is often regular over a controlled moisture range, calibra-
tion relationships can be derived between fres and gravimetric moisture. These relationships
provide a practical basis for non-destructive moisture assessment, although they remain
specific to the sensor geometry, operating frequency, surface condition, contact quality, and
material composition. In the present study, the resonance frequency extracted from |Sq1(f)|
is used as the primary FDR descriptor.

2.2. Time-Domain Reflectometry

TDR is a dielectric sensing technique based on the propagation of a fast-rising elec-
tromagnetic signal along a transmission line or sensing probe coupled to the material
under investigation [36-38]. Variations in characteristic impedance, caused by changes in
geometry or dielectric properties along the propagation path, generate partial reflections of
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the incident signal. The analysis of these reflections provides information on the location
and magnitude of the corresponding electromagnetic discontinuities and can consequently
be used to estimate moisture-dependent changes in the investigated material [38,42,43].

The output of a TDR measurement is the reflectogram, which represents the reflected
signal as a function of propagation time. It can be expressed in terms of the normalized
time-domain reflection coefficient

Orefl ( t)
olt) = Vine(t)” @
where vinc(f) and v,eq(t) are the incident and reflected voltages, respectively. The reflec-
togram may contain an initial reflection associated with the connection between the instru-
ment and the sensing structure, followed by additional features generated by impedance
variations along the probe and by the interaction with the material under test.

For interpretation purposes, the propagation time is often converted into an apparent
distance dapp, corresponding to the distance that the electromagnetic signal would travel
in vacuum during the same time interval. The actual physical distance d,., along the
sensing structure is related to the apparent distance through the apparent permittivity eapp
according to

Tor ©
V/Eapp

and, when the reflection associated with the end of a probe of known physical length dp,pe

d real —

can be identified, the apparent permittivity may be estimated as [36,43]

2
dapp
Fapp = (dprobe> . (4)

As moisture increases, water progressively replaces air within the pore network,

generally increasing the effective permittivity of the sensor-material system. The resulting
reduction in propagation velocity modifies the temporal position of the reflected features,
while changes in impedance and dielectric losses may also affect the amplitude and shape
of the reflectogram. These moisture-dependent variations can be interpreted directly in
the time domain or used, after suitable processing and calibration, to reconstruct the
corresponding frequency-domain response.

2.3. Reconstruction of S11(f) from TDR Measurements

Although TDR measurements are acquired in the time domain, the measured reflec-
togram contains broadband information that can be transformed into the frequency domain.
In the present study, this transformation establishes the link between the portable TDR
prototype and the reference VNA, since it allows the response reconstructed from the
time-domain waveform to be expressed in terms of the same complex reflection coefficient
S11(f) measured directly by the VNA. The aim is therefore not merely to represent the
TDR signal in a different domain, but to verify whether the portable system preserves
the moisture-dependent spectral information conventionally observed through frequency-
domain instrumentation [49,50]. The TDR measurement principle is schematically illus-
trated in Figure 1.

Let r[n] denote the sampled and preprocessed reflectogram acquired with sampling
interval At over a total observation window T = NAt, where N is the number of samples.
The natural frequency resolution associated with the observation window is

Af = % ®)
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When a finer frequency grid is required for visualization or feature extraction, the
sequence may be extended by zero-padding before Fourier transformation. This operation
increases the number of evaluated frequency points and provides a smoother representation
of the spectrum, although it does not add information to the original waveform or improve
the intrinsic spectral resolution.

TDR A Reflection coefficient p(t)

Instrument

. R?E::Td 0 \/-v/-\\_/ —

Incident
signal

Transmission line
(probe) Material under test

(or environment)

Y

0 Apparent distance dg),,

Figure 1. Schematic representation of the TDR measurement principle. A TDR instrument launches
an incident signal along the sensing transmission line (probe), and the reflected signal generated by
impedance discontinuities associated with the material under test is acquired and represented as the
reflection coefficient p(t). The corresponding TDR response can also be expressed as a function of the
apparent distance dapp.

Before transformation, the measured reflectogram is normalized to remove the baseline
offset introduced by the non-ideal step generator and to ensure that the step-like excitation
starts from a common reference level. The Nicolson ramp correction is then applied to
reduce spectral leakage and truncation errors associated with the finite observation window
before performing the discrete Fourier transform (DFT) [51,52]. The corrected discrete-time
sequence is subsequently transformed into the frequency domain according to

R[k] = DFT{r[n]}, (6)

where R[k] is the resulting complex discrete spectrum. Only the positive-frequency
portion within the usable bandwidth of the measurement system is retained for the
subsequent processing.

To reconstruct a calibrated reflection coefficient, the same normalization, Nicolson
correction, and Fourier-transformation procedure is applied to the waveforms acquired for
the open, short, load, and device-under-test (DUT) conditions. The corresponding complex
spectra are denoted as

Ropen [k]' Rshort [k} 4 Rload [k]/ RDUT [k] . (7)

The one-port Short-Open-Load (SOL) calibration implemented in the prototype soft-
ware is based on a three-term error-correction model. The complex frequency-domain
responses obtained from the Open, Short, and Load standards are used to calculate
three frequency-dependent error coefficients, following the calibration formulation previ-
ously adopted for the reconstruction of frequency-domain responses from TDR measure-
ments [49,50]. The coefficients are given by
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Aerr [k] = Ricad [k]/ 8)
Ropen [k] + Rshor’t [k] — 2Rj0ad [k]
Ropen [k} — Rghort [k} '

Cerr [k] — 2(Rload [k] _RlzgiszIET]Z(ﬁ::::[[kk]] - Rload [k]) ) (10)

The calibrated complex reflection coefficient of the DUT is subsequently obtained by

Berr [k] = (9)

applying these error-correction coefficients to the measured DUT spectrum as

_ R [k] — Aerr [k]
SlDlUT [k} o Berr [k] RDUT []I?]UE Aerr [k] Berr [k] + Cerr [k] ‘ (11)

The final result is the calibrated complex reflection coefficient S11( fx), from which the
corresponding magnitude and phase are obtained as

1S11(fk)| and  ZS11(fi)- (12)

The reconstructed frequency-domain response can then be compared directly with the
S11(f) measured by the VNA over the common usable frequency range. This comparison
makes it possible to determine whether the TDR-based processing chain reproduces the
principal moisture-dependent resonance behavior observed with the reference instrument
and, consequently, whether the portable prototype retains the spectral information required
for moisture assessment.

3. Materials and Methods

The experimental study included moisture-dependent measurements performed with
patch antennas P1 and P2 and validation tests conducted with microstrip probe M1 using
the PicoVNA and the developed TDR prototype. The materials, conditioning procedure,
sensing elements, instrumentation, acquisition protocols, and data-processing methods are
described in the following subsections.

3.1. Materials and Moisture-Conditioning Protocol

Three representative porous material configurations from the Apulia region were
investigated: Lecce stone, Carparo, and plaster applied to a Carparo substrate. Lecce stone
and Carparo are calcarenitic materials widely used in the historic built environment of
Southern Italy, whereas the plaster-on-Carparo configuration was included to reproduce a
layered surface condition commonly encountered in historic masonry. The Lecce stone and
Carparo specimens had dimensions of 12 x 12 x 5 cm?, while the plaster-on-Carparo speci-
men had dimensions of 12 x 12 x 4 cm?. The latter consisted of a Carparo substrate covered
by a single lime-based plaster layer approximately 3 mm thick. Carparo is characterized by
a real density of 2.72 g/cm3, a dry bulk density of 1.58 g/cm?, and a total porosity of 41.9%,
whereas Lecce stone has a real density of 2.72 g/cm?, an apparent density of 1.78 g/cmS3,
and a total porosity of 36.4%.

Carparo was selected for the TDR validation because, among the stone materials
investigated in this study, it exhibited the highest total porosity and represents a material of
particular relevance for historic and traditional masonry in Southern Italy, including struc-
tures affected by rising damp. Its use therefore provided a representative porous substrate
for investigating moisture-induced electromagnetic variations during the saturation and
drying process.

One specimen was considered for each material configuration. The same Carparo
specimen was used in both the FDR and TDR experimental campaigns.
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Before the electromagnetic measurements, each specimen was oven-dried at 105 °C for
24 h and subsequently allowed to cool before the oven-dry mass was recorded. The speci-
mens were then fully immersed in water at room temperature for 24 h and subsequently
monitored during natural evaporation. After immersion, they were removed from the
water, and excess surface water was gently removed using absorbent paper before the first
gravimetric and electromagnetic measurements were performed. The evaporation phase
was carried out under laboratory conditions at approximately 22 £+ 2 °C and 50 &+ 10%
relative humidity. At each selected measurement step, prior to gravimetric weighing and
electromagnetic acquisition, the specimens were temporarily wrapped in plastic film to
limit surface evaporation and promote moisture redistribution, thereby reducing moisture
gradients within the specimens. The specimen mass and the corresponding electromag-
netic response were then acquired at the same measurement step. Measurements were
performed at intervals of approximately 30 min during the initial evaporation stage and
at progressively longer intervals as the drying rate decreased. The monitoring procedure
continued until the specimen mass approached the initial oven-dry value or no apprecia-
ble variation was observed between consecutive measurements. The same oven-drying,
water-saturation, and natural-evaporation protocol was adopted for the Carparo specimen
in both the FDR and TDR experiments.

At the ith measurement step, the gravimetric moisture content was calculated with
respect to the oven-dry mass as

w; = MY 000, (13)
Mdry

where m; is the specimen mass measured at the ith step and mg,y is the corresponding
oven-dry mass. The specimen mass was measured using an ORMA BC laboratory bal-
ance (ORMA S.rl,, Sesto San Giovanni, Milan, Italy) with a maximum capacity of 8000 g
and a resolution of 0.1 g. Gravimetric weighing and electromagnetic acquisition were
performed at the same moisture-conditioning steps so that each measured reflectometric
response could be associated with the corresponding gravimetric moisture value [53]. The
investigated masonry material configurations are shown in Figure 2.

(a) (b)
Figure 2. Investigated masonry materials: (a) Lecce stone, (b) Carparo, and (c) plaster applied to a
Carparo substrate.

3.2. Patch Antennas and FDR Measurement Setup

Two rectangular patch antennas, denoted as P1 and P2, were fabricated on an FR-4
substrate with thickness h = 1.6 mm and designed to operate at different resonance
frequencies. The use of two resonant configurations was intended to investigate the
moisture-dependent response under different operating frequencies and electromagnetic
coupling conditions. The main nominal geometrical and electromagnetic parameters of the
two antennas are summarized in Table 2.
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Table 2. Nominal geometrical and electromagnetic parameters of the patch antennas.

Nominal Resonance Patch Dimensions .
Patch Frequency in Air W x L) Substrate Thickness h
P1 2.4 GHz 40 x 29.1 mm 1.6 mm
P2 1.57 GHz 45 x 45 mm 1.6 mm

The two antennas shared the same general layered architecture, consisting of a rect-
angular radiating patch and a microstrip feed line patterned on the upper surface of the
FR-4 substrate, with a conductive ground plane on the opposite side. The main geometrical
parameters are the patch width W, patch length L, and substrate thickness #, as defined in
Figure 3. The corresponding values for P1 and P2 are reported in Table 2.

Radiating patch

/

Microstrip 4
feed line

r i
=
A4

h FR4 dielectric (g,)

/

Ground plane

Figure 3. Schematic geometry of the rectangular patch antennas used as contact-based FDR sensors.
The main geometrical parameters are the patch width W, patch length L, and substrate thickness h;
the corresponding values for P1 and P2 are reported in Table 2.

Before the moisture experiments, both antennas were modeled and simulated using
CST Studio Suite 2019 (Dassault Systemes Deutschland GmbH, Stuttgart, Germany) and
subsequently characterized experimentally in air. The FR-4 substrate was represented using
the lossy material model available in the CST material library, with relative permittivity
&, = 4.3, relative permeability y, = 1, and dielectric loss tangent tand = 0.025. This
preliminary characterization was performed to verify the position, depth, and overall shape
of the principal resonance and to assess the consistency between the numerical model and
the fabricated antennas.

The simulated and measured responses exhibited comparable resonant behavior, as
shown in Figure 4. The remaining differences may be attributed to fabrication tolerances,
deviations between the nominal and actual dielectric properties of the FR-4 substrate,
uncertainty in conductor and substrate dimensions, connector and feeding effects, and
imperfections in the experimental measurement path.

Prior to the moisture-dependent experiments, the influence of specimen thickness on
the sensor response was preliminarily assessed under dry conditions using specimens with
progressively increasing thicknesses (approximately 1-5 cm). The measured S;; response
progressively stabilized as the specimen thickness increased, with no appreciable variations
in resonance position or overall spectral behavior beyond approximately 2 cm for P1 and
3 cm for P2. These observations indicated that the specimen thicknesses adopted in the sub-
sequent experiments were sufficient to minimize the influence of the rear sample boundary.
The different stabilization thicknesses are qualitatively consistent with the different operat-
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ing frequencies of the two sensing structures, with the lower-frequency P2 configuration
expected to interact with a comparatively larger material volume than the higher-frequency
P1 configuration. For the contact-based resonant structures considered here, however,
the effective sensing depth does not correspond to a sharply defined physical boundary,
but depends jointly on operating frequency, sensor geometry, and the electromagnetic
properties of the investigated material.

-101 ——Measurement
- = Simulation I
3 @ 15 l:
: : :
=<1 = -20 1 J
|
254 :'
-30 1 [
-50 A ——Measurement | !

- = Simulation -351
2 22 24 26 2.8 3 1 1.2 1.4 1.6 1.8 2
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 4. Comparison between the CST-simulated and experimentally measured |Sq1 (f)| responses
in air for (a) antenna P1 and (b) antenna P2.

The FDR measurements were performed using a PicoVNA 108 VNA (Pico Technology
Ltd., St Neots, Cambridgeshire, UK) connected to the selected patch antenna through a
coaxial cable. The instrument operates over a nominal frequency range from 300 kHz
to 8.5 GHz and was controlled through a Microsoft Windows 11 computer via Universal
Serial Bus (USB) using the PicoVINA software version 5. The analyzer supports complex
scattering-parameter acquisition, reference-plane offset and de-embedding, time-domain
transformations, and data export in tabular, graphical, and Touchstone formats. Its compact
and lightweight architecture makes it suitable for transportable laboratory measurements,
although the present experimental campaign was conducted under controlled labora-
tory conditions.

Only one-port reflection measurements were required in the present study. Before
each measurement session, a Short-Open-Load (SOL) calibration was performed using the
original Pico Technology calibration kit supplied with the PicoVNA 108. For the one-port
measurements, the short, open, and 50 () load standards were sequentially connected at the
end of the measurement cable. The calibration reference plane was therefore placed at the
cable connector subsequently connected to the patch antenna. This procedure compensated
for systematic contributions associated with directivity, source match, and the frequency
response of the coaxial cable and connection path.

After calibration, the antenna was connected without modifying the cable configura-
tion and was placed directly on the specimen surface, with the radiating patch facing the
material. The antenna was not bonded to the specimen and no intermediate coupling layer
was used; it was carefully positioned in direct contact with the surface so as to maximize
the contact area and minimize possible air gaps at the antenna—material interface. The
same nominal position and orientation were maintained throughout the drying sequence
to reduce variability associated with repositioning and contact conditions and to ensure
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consistency among measurements performed at different moisture levels. The FDR mea-
surement arrangement, including the PicoVNA 108, the SOL calibration standards, the
cable-end reference plane, and the contact configuration between the patch antenna and
the masonry specimen, is shown in Figure 5.

At each moisture level, the complex reflection coefficient S11(f) was acquired over
a frequency interval centered on the principal resonance of the selected antenna. To
improve measurement quality and reduce random fluctuations, the response associated
with each moisture-conditioning step was obtained by averaging 64 consecutive acqui-
sitions. The resonance frequency frs was identified as the frequency corresponding to
the minimum of |S11(f)| within a predefined frequency interval containing the principal
resonance. The extracted resonance frequencies were subsequently related to the corre-
sponding gravimetric moisture values to derive a separate calibration relationship for each
sensor—-material combination.

Laptop
(PicoVNA software)

PicoVNA 108

pPico
Technology

PicoVNA 108

2 3 4 s
Frequency (GHz)

B b6 & © o i Calibration
PicO  Vector Network Analyzer Ireference plane
: AT = 10MHzto8.5GHz v
Port1 ISy =Sn Patch antenna
500 | 5;-5p

S e o

SOL calibration standards
Short Open Load

55 8

LYY

Masonry specirﬁen

s S A

Figure 5. Schematic representation of the FDR measurement setup. The PicoVNA 108 was controlled
through a laptop and connected to the contact-based patch antenna by means of a coaxial cable. A
Short-Open-Load calibration was performed at the cable-end reference plane before connecting the
antenna and placing it directly on the masonry specimen.

3.3. Microstrip Probe and Portable TDR Prototype

The TDR validation experiments were performed using a dedicated planar microstrip
probe, hereafter denoted as M1, fabricated on an FR-4 substrate. As aforementioned, owing
to its elongated and scalable geometry, M1 is particularly suitable for applications involving
rising damp, since the sensing structure can be extended along a wall section to investigate
moisture variations over a broader vertical region than a localized patch antenna. The probe
consisted of a straight sensing conductor patterned on the upper surface of the substrate
and a continuous conductive ground plane on the opposite side. Its geometry was selected
so that the principal resonance fell within the usable bandwidth of the portable TDR
prototype and could therefore be recovered after time-to-frequency-domain reconstruction.

The sensing conductor had a nominal width W = 2 mm and an effective length
L = 101.5 mm, while the FR-4 substrate had a thickness # = 1.6 mm. The overall fabricated
length was approximately 113 mm, including the feeding and connection regions not
included in the effective sensing length L. Under free-space conditions, M1 exhibited
a principal resonance at approximately 852.22 MHz. The main nominal parameters are
summarized in Table 3. The geometry of M1 and the corresponding geometrical parameters
are illustrated in Figure 6.
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The approximately 11-cm overall length of M1 was selected in accordance with the
specific application scenario considered in this study and with the usable bandwidth
of the portable TDR prototype. In particular, the elongated geometry is intended for
monitoring extended masonry regions, such as wall sections affected by rising damp,
rather than for localized measurements on small surface areas. At the selected resonance
frequency of approximately 852 MHz, a conventional patch antenna would require a
comparatively larger surface area, whereas the elongated microstrip configuration provides
a more suitable geometry for the investigated specimens and the intended monitoring
application. For applications involving irregular, curved, or geometrically constrained
masonry surfaces, the sensing geometry can instead be specifically adapted to the available
contact area, for example by reducing the probe dimensions or by adopting alternative
planar configurations.

Table 3. Nominal geometrical and electromagnetic parameters of microstrip probe M1.

Probe Nominal Resonance Conductor Dimensions Substrate Thickness Ji

Frequency in Air (W x L)
M1 852.22 MHz 2 x 101.5 mm 1.6 mm
Conductor

Y

h Dielectric (g;)

/

Ground plane

Figure 6. Schematic geometry of microstrip probe M1. The conductor width W, effective conductor
length L, and substrate thickness  are defined in the schematic and reported in Table 3.

A similar preliminary thickness-sensitivity assessment was performed for M1 under
dry conditions. No appreciable changes in the measured response were observed for
specimen thicknesses greater than approximately 4 cm, indicating that the adopted Carparo
specimen thickness was sufficient to minimize rear-boundary effects.

As for P1 and P2, the electromagnetic design of M1 was assessed by comparing
the CST-simulated and experimentally measured |S11(f)| responses in air, as shown in
Figure 7. This comparison was used to verify the position and overall shape of the principal
resonance before the moisture experiments.

The time-domain measurements were acquired using a custom portable TDR proto-
type developed within the authors’ research activities. The system was assembled using
commercially available components and a simplified hardware architecture, with an esti-
mated hardware cost of approximately EUR 500. As illustrated in Figure 8, the prototype
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comprises a reference clock, a delay-generator/time-base unit, a fast step-pulse genera-
tor, the measurement path connected to the device under test (DUT), an equivalent-time
sampling and acquisition stage, and digital processing and display sections. Dedicated
software is used for instrument control, waveform acquisition, data storage, signal export,
and time-to-frequency-domain processing.

1S11] (dB)

—— Measurement

104 - = Simulation 1 I

‘15 T T T T T
0.7 0.75 0.8 0.85 0.9 0.95 1

Frequency (GHz)

Figure 7. Comparison between the CST-simulated and experimentally measured |Sq1 (f)| responses
in air for microstrip probe M1.

The generated step signal has a nominal rise time of approximately 300 ps and an
amplitude of 0.25 V, corresponding to an equivalent bandwidth of approximately 1.2 GHz.
The measurement path has a nominal characteristic impedance of 50 ). Signal acquisition
is performed using equivalent-time sampling, in which a progressively delayed sampling
instant is used over successive acquisitions to reconstruct the time-domain waveform.
The prototype provides a selectable observation window ranging from 200 ns to 1.5 ps,
with 1024 acquisition points, a 12-bit analog-to-digital converter (ADC), and a minimum
programmable equivalent-time increment of approximately 12 ps. The available bandwidth
includes the free-space resonance of M1 and therefore permits recovery of its principal
spectral feature from the measured time-domain response.

Following acquisition, the reconstructed reflectograms are processed through nor-
malization, Nicolson correction, discrete Fourier transformation (DFT), and one-port
Short-Open-Load (SOL) calibration, as detailed in Section 2.3, to obtain the corresponding
complex frequency-domain reflection coefficient S11(f).

The prototype architecture was conceived to support portable operation and possible
future integration into remotely controlled or distributed monitoring systems. Nevertheless,
the measurements presented in this study were performed under controlled laboratory
conditions, and no field or remote-monitoring validation was carried out.
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MAIN SPECIFICATIONS
» Step-pulse rise time:; ~300 ps
REFLECTIONS *+ Amplitude: 0.25 V
St * Equivalent bandwidth: ~1.2 GHz

3. STEP PULSE
GENERATOR

Rise time: ~300 ps
Amplitude; 0.25V

-

4. DUT
(CABLE / DEVICE
UNDER TEST)

1. REFERENCE
CLOCK

Q

* Equivalent-time sampling

+ Selectable observation window
200 nsto1.5 s

= + Minimum programmable
TEmATCH equivalent=time increment: ~12 ps
Refected 500 4 5
Signal * Acquisition points: 1024
+ ADC resolution: 12 bit
' * System impedance: 50 {1
2. DELAY GENERATOR / 5. EQUI‘MLEN}TIME SAMPLER
TIME BASE > Equivalent-time sampling
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S
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Figure 8. Block diagram of the developed portable TDR prototype. The system comprises a reference

Progressive Delay
(Equivatent-Time Scanning)

clock, a delay generator/time-base, a step-pulse generator, the device-under-test (DUT) measurement
path, an equivalent-time sampling stage including sample-and-hold, 12-bit ADC, and 1024-point
memory, followed by digital processing and display. The principal operating specifications of the
prototype are summarized in the figure. The arrows indicate the direction of signal generation,
propagation, acquisition, and subsequent processing through the measurement chain.

For the validation campaign, M1 was placed in contact with the selected Carparo
specimen and connected alternately to the PicoVNA 108 and to the portable TDR pro-
totype. Measurements with both instruments were performed at the same gravimetric
moisture levels during natural evaporation. The probe position, orientation, and nominal
contact configuration were maintained unchanged as far as practicable to limit differences
associated with coupling and repositioning.

The PicoVNA provided both the directly measured complex frequency-domain re-
sponse S11(f) and a corresponding time-domain representation obtained through its time-
domain function. The portable prototype directly acquired the reflectograms. For each
moisture-conditioning step, 128 consecutive reflectograms were averaged before the subse-
quent processing in order to improve the signal-to-noise ratio and reduce random acqui-
sition fluctuations. The averaged reflectograms were subsequently processed using the
reconstruction procedure described in Section 2.3. This arrangement enabled two comple-
mentary comparisons: a time-domain comparison between the PicoVNA and prototype
responses, and a frequency-domain comparison between the directly measured and TDR-
reconstructed Sq11(f) curves.

3.4. Experimental Workflow

The experimental workflow was organized into two connected branches: a VNA-
based frequency-domain characterization using the patch antennas P1 and P2, and the
validation of the developed portable TDR prototype using the microstrip probe M1. In both
branches, the electromagnetic measurements were associated with gravimetric moisture
values determined during the controlled drying of the masonry specimens. At each
acquisition step, the specimen mass was recorded and the corresponding gravimetric
moisture content was calculated according to the procedure described in Section 3.1. The
portable TDR measurement setup used for the validation experiments is shown in Figure 9.

In the FDR branch, patch antennas P1 and P2 were used with the PicoVNA 108 to
characterize Lecce stone, Carparo, and plaster on Carparo. For each antenna, the frequency-
domain response was acquired at successive gravimetric moisture levels while maintaining
the sensor position and contact configuration as consistently as practicable. This procedure

https:/ /doi.org/10.3390/s26185856


https://doi.org/10.3390/s26185856

Sensors 2026, 26, 5856

16 of 30

produced six material-antenna datasets, corresponding to P1 and P2 applied separately to
the three masonry configurations. The resonance frequency extracted from each acquisition
was subsequently associated with the gravimetric moisture content measured at the same
drying step.

Laptop
(TDR software)

Portable TDR

prototype Calibration

'/ ruference plane

Masonry specimen

Figure 9. Portable TDR measurement setup comprising the control laptop, developed TDR prototype,
coaxial connection, and planar microstrip probe M1 placed in contact with the masonry specimen.
The calibration reference plane is indicated at the cable-to-probe connection, while the inset shows
the prototype internal electronics.

The second branch was devoted to the validation of the portable TDR prototype using
the microstrip probe M1 on Carparo. The validation comprised a preliminary free-space
comparison and a subsequent moisture-dependent investigation on the masonry specimen.

Under free-space conditions, M1 was characterized using both measurement chains.
The time-domain response obtained using the PicoVNA in TDR mode was compared
with the reflectogram acquired directly using the portable prototype. The prototype reflec-
togram was then processed using the time-to-frequency-domain reconstruction procedure
described in Section 2.3, and the resulting frequency response was compared with that
measured directly using the PicoVNA.

The moisture-dependent validation was subsequently performed during controlled
drying of the Carparo specimen. At each selected gravimetric moisture level, four corre-
sponding responses were obtained:

1. The frequency-domain response measured directly using the PicoVNA 108;

2. The time-domain response obtained using the PicoVNA in TDR mode;

3. The reflectogram acquired directly using the portable TDR prototype;

4.  The frequency-domain response reconstructed from the prototype reflectogram.

These acquisitions enabled two complementary comparisons. In the time domain, the
moisture-dependent reflectograms obtained using the PicoVNA and the portable prototype
were examined in terms of their apparent-distance evolution and response ordering. In the
frequency domain, the responses reconstructed from the prototype measurements were
compared with those measured directly using the PicoVINA over their common usable
frequency range.

For each moisture level, the resonance frequency of M1 was extracted independently
from the PicoVNA-measured and TDR-reconstructed responses. The paired resonance-
frequency values were then used to quantify the agreement between the two measurement
chains according to the procedure described in Section 3.5.
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The complete workflow therefore comprised: (i) multi-material FDR characterization
using P1 and P2; (ii) free-space validation of M1 in the time and frequency domains;
(iii) moisture-dependent comparison of the PicoVNA and portable-TDR responses on
Carparo; and (iv) quantitative comparison of the resonance frequencies obtained from the
two measurement chains. A schematic overview is provided in Figure 10.

MASONRY SPECIMENS
Lecce stone — Carparo — Plaster on Carparo
¥
MOISTURE-CONDITIONING PROTOCOL
Controlled drying
2
GRAVIMETRIC MOISTURE CONTENT
w determined at each drying step
I
' * ™\ *
FDR BRANCH — FREQUENCY-DOMAIN TDR BRANCH — VALIDATION WITH
CHARACTERIZATION MICROSTRIP PROBE M1 (CARPARO)
Patch antennas P1 and P2 Microstrip probe M1 on Carparo J
applied to three masonry configurations ¥ I ¥
(Lecce stone, Carparo, Plaster on Carparo) -
PicoVNA (reference) Portable TDR prototype
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PicoVNA representation ¥
Measurement of Sy;(f) TD—FD reconstruction
+ (normalization + rise-time correction)
: L ]
Global-minimum extraction [ Reconstructed Sy, (f) ]
of [S11(f)] ¥
¥ COMPARISONS AT EACH MOISTURE LEVEL
[ Resonance frequency f,.. ] (a) TIME-DOMAIN COMPARISON 1 (b) FREQUENCY-DOMAIN COMPARISON
¥ PicoVNA vs portable TDR PicoVNA vs reconstructed Sy;(f)
Third-order polynomial m 1 -l 0
calibration curves w vs. fres é P = 5o W
g =
Example calibration curves = — PicoVNA A -40 — PicoVNA
(one per material-antenna combination) =1 — TDR (reconstructed) — TDR (reconstructed)
20 2 o 0 1 2 100 1 10

220 20 20 aibie Apparent Distance (m) | Frequency (GHz)
310 10 10
o 3 0 (c) CALIBRATION-CURVE COMPARISON
0 3 6 0 3 6 3 6 30 W vs. fres
fres (GHz) fres (GHz) fres (GHZ) = 20 # PicoVNA
g 4 TDR (reconstructed)
6 CALIBRATION DATASETS B9
0

i 0
(P1 & P2 on the three materials) Z i 73 z
fres (GHz)
( I J
h 4
[ Cross—domain validation ]
PicoVNA measurements vs TDR-reconstructed responses

Figure 10. Overview of the experimental workflow adopted for the VNA-based frequency-domain
characterization and the validation of the portable TDR prototype.

3.5. Feature Extraction, Calibration, and Cross-Domain Comparison

The acquired reflectometric responses were processed using procedures specific to
the FDR characterization and TDR-validation branches. For the FDR datasets, the analysis
focused on resonance-frequency extraction and gravimetric calibration. For the TDR
branch, the comparison was performed in both the time and frequency domains and was
completed by a quantitative evaluation of the resonance-frequency differences between the
two measurement chains.

For the FDR measurements, the resonance frequency of each patch antenna was
selected as the primary moisture-sensitive feature. For every combination of masonry ma-
terial, patch antenna, and moisture-conditioning step, frs was identified as the frequency
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corresponding to the minimum of the measured |Sq;(f)| response within a predefined
frequency interval containing the principal resonance. The extracted resonance frequency
was paired with the gravimetric moisture content measured at the same experimental step.

Separate calibration datasets were obtained for each combination of the three masonry
configurations and the two patch antennas, resulting in six material-antenna datasets. For
each antenna, ten measurement points were available for Lecce stone, eight for Carparo, and
seven for plaster on Carparo. More generally, recent TDR studies on porous building mate-
rials have highlighted the importance of calibration-model selection and data-processing
strategies for improving moisture-estimation accuracy [54,55].

In this context, a third-order polynomial regression was fitted independently to each
dataset to describe the nonlinear relationship between resonance frequency and gravimetric
moisture content:

W= a3frgzzs + aZfrzes + a1 fres + ao, (14)

where fres is expressed in GHz, w is the gravimetric moisture content expressed as a per-
centage, and ay, a1, az, and a3 are the regression coefficients estimated separately for each
material-antenna combination. The same polynomial order was adopted for all six datasets
to provide a consistent representation of the observed nonlinear calibration trends.

The goodness of fit was quantified using the coefficient of determination,

n ~\2
2 _ i1 (wi — ;)
R 71_"—*)2’

(15)
i1 (wi —w

where w; is the gravimetric moisture content measured at the ith experimental step, @; is
the corresponding value predicted by the fitted calibration curve, W is the mean gravimetric
moisture content, and # is the number of measurement points. The fitted coefficients and
corresponding R? values are reported with the FDR results.

For the TDR branch, the comparison was carried out separately in the time and
frequency domains. In the time domain, the moisture-dependent responses obtained using
the PicoVNA in TDR mode were compared with the reflectograms directly acquired using
the portable prototype. The analysis considered the apparent position of the principal
response features, their overall waveform evolution, and the ordering of the traces across
the investigated gravimetric moisture levels.

The prototype reflectograms were subsequently processed according to Section 2.3.
After baseline normalization, Nicolson correction, discrete Fourier transformation, and
one-port calibration, the reconstructed complex S11(f) responses were compared with
those measured directly using the PicoVNA over the common usable frequency range.
For each moisture level, the resonance frequency was identified as the minimum of the
corresponding |S11(f)| response within the predefined frequency interval containing the
principal resonance of M1.

The resonance-frequency difference at the ith moisture level was defined as

TDR VNA
Afres,i = fres,i ~ Jres,i / (16)

where fIPR and fVNA are the resonance frequencies obtained from the TDR-reconstructed
and PicoVNA-measured responses, respectively.
The agreement between the two measurement chains was summarized using the mean

resonance-frequency bias,

_ 12
Afres = E Z Afres,ir (17)
i=1
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the standard deviation SD of the differences,

sAf = \/n i 1 i(Afres,i - A7fres)2/ (18)

i=1

and the mean absolute error MAE and root mean square error RMSE.

1 -] ;TDR _ (VNA
MAEf = E Z resi ~ Jres,i |’ (19)
i=1
1¢ TDR VNA 2
RMSEf = \/1’1 Z( res,i  Jres,i ) : (20)

These indicators were calculated over all moisture levels investigated for M1 on
Carparo. The mean bias was used to identify any systematic frequency offset between the
two measurement chains, while the standard deviation quantified the variability of this
offset across the drying process. The MAE and RMSE described the overall magnitude
of the resonance-frequency discrepancies, with the RMSE assigning greater weight to
larger deviations.

The resulting metrics were interpreted as indicators of consistency between the
PicoVNA-measured and TDR-reconstructed responses under the investigated laboratory
conditions. They were not intended to establish full metrological equivalence, which would
require repeated independent acquisitions, a dedicated uncertainty budget, and validation
across additional probes, masonry materials, and environmental conditions.

4. Results
4.1. FDR-Based Moisture Characterization Using Patch Antennas

This subsection presents the moisture-dependent frequency-domain results obtained
using patch antennas P1 and P2 on Lecce stone, Carparo, and plaster on Carparo. The
analysis is first focused on the evolution of the measured |S11(f)| responses during drying
and subsequently on the resonance-frequency calibration relationships obtained for each
material-antenna combination.

4.1.1. Moisture-Dependent Frequency Responses

The frequency-domain measurements were examined to assess the evolution of the
resonant response of patch antennas P1 and P2 during controlled drying. Figure 11 presents
the six material-antenna datasets, with each curve associated with the gravimetric moisture
content determined at the corresponding acquisition step.

A clear and progressive displacement of the principal resonance is visible for both an-
tennas on all three masonry configurations. As the specimens dried, the resonance generally
moved toward higher frequencies, in agreement with the reduction in the effective dielectric
permittivity produced by the decreasing water content. The dry-state response was clearly
distinguishable from the moisture-conditioned responses, while the intermediate curves
described the gradual evolution of the sensor response throughout the drying process. The
two antennas provided complementary frequency-domain characterizations. P1 operated
within the higher-frequency range and exhibited a readily identifiable moisture-dependent
resonance shift for all three configurations. P2 showed the same overall trend at its lower
operating frequency, generally producing pronounced resonance minima and a clear sep-
aration among successive moisture conditions. The consistency of the shift observed at
two different operating frequencies confirms the robustness of resonance-based moisture
sensing and highlights the flexibility offered by antennas designed for different spectral
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ranges. Differences in resonance position, depth, and shape were observed among Lecce
stone, Carparo, and plaster on Carparo, reflecting the different electromagnetic response of
each masonry configuration. Accordingly, the resonance-frequency shift was calibrated sep-
arately for each sensor-material combination, rather than using a single relationship for all
configurations. The material is therefore assumed to be known a priori, and the observed
differences among the responses should not be interpreted as a material-identification
capability of the proposed approach. The resulting calibration curves were then used to
relate the measured resonance frequency to gravimetric moisture content.

— 0.00%
—— 1354 %

|S1] (dB)

1287% L
—— 11.88%
—r— 10.95%
——10.33%
—— . 29%
—t— 5, 89%
—5,38%
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16

|81] (dB)

1811 (dB)

1.5 1.75 2 2.256 2.5 1.2 1.3 14 1.5 1.6
Frequency (GHz) Frequency (GHz)

(e) (H

Figure 11. Moisture-dependent FDR responses measured using patch antennas P1 and P2: (a) Lecce
stone-P1; (b) Lecce stone-P2; (c¢) Carparo-P1; (d) Carparo-P2; (e) plaster on Carparo-P1; and
(f) plaster on Carparo—P2. Each panel shows the evolution of the measured |S11(f)| response at
successive gravimetric moisture levels during controlled drying.

Overall, the six datasets provide a coherent description of the moisture-dependent
spectral evolution of the investigated specimens. The resonance frequency could be con-
sistently identified from the minimum of each |S11(f)| response within the predefined
frequency interval containing the principal resonance and was therefore selected as the
calibration feature for the subsequent quantitative analysis.

4.1.2. Resonance-Based Calibration Curves

The resonance frequencies extracted from the moisture-dependent |S11(f)| responses
were associated with the corresponding gravimetric moisture contents measured at the
same drying steps. Separate calibration relationships were obtained for P1 and P2 on
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Lecce stone, Carparo, and plaster on Carparo, resulting in six material-antenna datasets.
A third-order polynomial model was fitted independently to each dataset, as described
in Section 3.5.

Figure 12 shows that the resonance-frequency shift observed during drying can be
represented by well-defined nonlinear relationships for all six material-antenna combina-
tions. In each case, increasing resonance frequency corresponds to decreasing gravimetric
moisture content, consistently with the reduction in effective dielectric permittivity as water
is progressively removed from the porous structure.
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Figure 12. Gravimetric moisture-resonance frequency calibration curves obtained using patch
antennas P1 and P2: (a) Lecce stone—P1; (b) Lecce stone-P2; (c) Carparo-P1; (d) Carparo—P2; (e) plaster
on Carparo-P1; and (f) plaster on Carparo-P2. Experimental data points are shown together with the
corresponding third-order polynomial fits. The fitted equation and coefficient of determination, R?,
are reported in each panel.

The calibration behavior remained material- and antenna-specific. Lecce stone exhib-
ited a smooth decrease in gravimetric moisture with increasing resonance frequency for
both P1 and P2. The corresponding coefficients of determination were R? = 0.9585 and
R? = 0.9902, respectively, indicating that both antennas captured the moisture-dependent
trend, with P2 providing the closest fit for this material. For Carparo, the calibration curves
showed a more pronounced nonlinear profile over the investigated moisture range. The
models obtained with P1 and P2 achieved RZ = 0.9618 and RZ = 0.9506, respectively.
These values confirm that the resonance frequency remained strongly related to gravimetric
moisture even for this highly porous calcarenitic material and across the two different
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operating-frequency ranges. The plaster-on-Carparo configuration provided the high-
est overall fitting coefficients. The calibration models reached R?> = 0.9903 for P1 and
R? = 0.9927 for P2, demonstrating a close correspondence between the extracted resonance
frequencies and the gravimetric moisture values throughout the controlled drying pro-
cess. The consistency obtained with both antennas confirms the capability of the proposed
contact-based sensing approach to characterize moisture variations in a layered masonry
configuration. The fitted coefficients and coefficients of determination are summarized
in Table 4.

Table 4. Third-order polynomial calibration parameters for the six patch-material combinations, with
fres expressed in GHz.

Material Patch n az ar a ag R?

Lecce stone P1 10 —122x10° 794x10° —172x10* 1.25x10* 0.9585
Lecce stone P2 10 —155x10° 6.06x10° —793x103 349x10° 0.9902
Carparo P18 471x10% -325x10* 748x10* —571x10* 09618

527 x 10  —232x10° 342x10° —1.67x10° 0.9506
152 %102 —1.05x10° 236 x10° —1.73x10° 0.9903
—191x10° 7.87x10° —1.09x10* 5.08x10° 0.9927

Carparo P2
Plaster on Carparo ~ P1
Plaster on Carparo P2

N N oo

Overall, all six polynomial models achieved R? values greater than 0.95, supporting the
use of resonance frequency as a robust moisture-sensitive feature within the investigated
laboratory conditions. The results also confirm that sensors operating at different resonance
frequencies can be used to obtain material-specific moisture calibrations, thereby providing
flexibility in the design of localized FDR monitoring systems.

The fitted curves represent empirical calibration relationships within the investi-
gated moisture and frequency ranges. Their application to different specimens, sur-
face conditions, or environmental scenarios would require dedicated recalibration or
independent validation.

4.2. Validation of the Portable TDR Prototype
4.2.1. Time- and Frequency-Domain Comparison in Air

Before testing the moisture-conditioned Carparo specimen, microstrip probe M1 was
characterized in air using both the PicoVNA 108 and the developed portable TDR proto-
type. This preliminary assessment provided a simplified and reproducible condition for
comparing the two measurement chains before introducing the additional effects associated
with the masonry material, moisture distribution, and probe-specimen coupling.

The comparison was first performed in the time domain. The PicoVNA 108 was
operated in TDR mode, while the portable prototype directly acquired the corresponding
reflectogram. Both responses were represented as functions of the apparent distance
defined in Section 2.2 and superimposed on the same axes. The reflectogram acquired using
the prototype was then processed through the time-to-frequency-domain reconstruction
procedure described in Section 2.3, and the resulting frequency response was compared
with that measured directly using the PicoVNA.

As shown in Figure 13a, the two reflectograms exhibit a closely corresponding se-
quence of reflection features along the apparent-distance axis. The principal transitions
occur at comparable apparent positions, and the overall waveform evolution is preserved
by the portable prototype. Differences are mainly observed in the amplitude of some local
maxima and minima, which can be attributed to the different instrumental responses, acqui-
sition chains, and processing procedures. The frequency-domain responses in Figure 13b
also show consistent overall behavior. Both measurement chains identify the principal
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resonance of M1 within the same frequency region, confirming that the time-to-frequency-
domain reconstruction preserves the main spectral feature of the probe.

—6— VNA measurement
= & -Prototype TDR measurement

.
S}

-

£ 0] _
=] m
2 =
2086 =
2041
o
(=1
0.2 4
0 —8— VNA measurement L
= & - Prototype TDR measurement
08 0.9 1 1.1 1.2 13 14 0.6 0.7 0.8 0.9 1 1.1

Apparent distance [m] Frequency [GHz]
(a) (b)
Figure 13. Free-space comparison of microstrip probe M1 using the PicoVNA 108 and the portable
TDR prototype: (a) superimposed reflectograms acquired using the PicoVNA in TDR mode and the
portable prototype, represented as functions of apparent distance; and (b) superimposed frequency-
domain responses measured directly using the PicoVNA and reconstructed from the prototype-
TDR reflectogram.

4.2.2. Time-Domain Comparison at Different Moisture Levels

Figure 14 compares the moisture-dependent time-domain responses obtained using
the PicoVNA 108 in TDR mode with the reflectograms directly acquired using the portable
TDR prototype on the Carparo specimen. The same colors and markers identify the
corresponding gravimetric moisture levels in the two panels, allowing the evolution of the
responses during controlled drying to be compared directly.

1.2 : : : 1.2
—e—0.00% —e— 0.00%
14 —r—22.53% 11
20.06%
—O—16.83%
@, ——14.41% | =~
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(a) (b)

Figure 14. Moisture-dependent time-domain responses of microstrip probe M1 on Carparo: (a) re-
flectograms obtained using the PicoVNA 108 in TDR mode and (b) reflectograms acquired using
the portable TDR prototype. The same colors and markers identify the corresponding gravimetric
moisture levels in both panels.

Both measurement systems reproduced a clear and systematic moisture-dependent
evolution of the reflectograms. As the gravimetric moisture content decreased, the principal
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rising transition shifted toward shorter apparent distances in both panels. The responses
therefore preserved the same ordering across the investigated moisture levels, with the
dry and low-moisture conditions occurring at the shortest apparent distances and the
highest-moisture condition occurring at the longest apparent distance.

The two instruments also exhibited a comparable overall waveform evolution, includ-
ing an initial low-amplitude region, an intermediate response associated with the probe
and connection structure, and the subsequent main transition. These common features
confirm that the portable prototype captured the same moisture-sensitive propagation
behavior observed using the PicoVNA reference measurement. The difference in the abso-
lute apparent-distance ranges of the two panels is mainly due to the different connection
cables used with the two measurement systems. M1 was connected to the PicoVINA 108
through a 30-cm N-to-SMA coaxial cable and to the portable TDR prototype through a
50-cm BNC-to-SMA coaxial cable. The resulting difference in electrical path length intro-
duces a systematic offset along the apparent-distance axis, while the moisture-dependent
displacement remains comparable in the two measurements. Nevertheless, the consis-
tent direction and ordering of the moisture-dependent displacement demonstrate that the
portable TDR prototype preserves the principal time-domain information associated with
moisture variation in the Carparo specimen.

4.2.3. Frequency-Domain Reconstruction at Different Moisture Levels

The reflectograms acquired using the portable TDR prototype were processed and
calibrated according to the procedure described in Section 2.3. The resulting frequency-
domain responses were then compared with those measured directly using the PicoVNA
108 at the corresponding gravimetric moisture levels, as shown in Figure 15.

The resonance frequencies measured directly with the PicoVNA exhibited a clear
monotonic shift toward higher frequencies as the gravimetric moisture content decreased.
The TDR-reconstructed resonance frequencies generally reproduced the same moisture-
dependent evolution, although local deviations from strict monotonicity occurred at the
intermediate moisture levels of 16.83%, 14.41%, and 12.58%. As will be shown in the
subsequent calibration analysis, these deviations did not prevent the reconstruction from
preserving the overall calibration trend. Since the TDR resonance is extracted from a
frequency-domain response reconstructed from the measured reflectogram, small variations
introduced by the reconstruction, calibration, finite spectral resolution, and resonance-
minimum extraction may locally affect its estimated position.

The reconstructed responses also retained the dominant resonance region observed
using the PicoVNA over the investigated bandwidth. Although differences remained in
the spectral background, resonance depth, and local curve shape, the portable TDR mea-
surement chain consistently recovered the principal moisture-sensitive frequency trend.

To quantify this agreement, the resonance frequency was extracted independently
from the PicoVNA-measured and TDR-reconstructed response at each moisture level. The
point-by-point differences and the corresponding summary metrics are reported in Table 5.

Across the eight investigated moisture levels, the mean resonance-frequency bias
was —2.136 MHz, indicating that the TDR-reconstructed resonance frequencies were, on
average, only slightly lower than those measured using the PicoVINA. The standard de-
viation of the differences was 3.090 MHz, while the MAE and RMSE were 3.315 MHz
and 3.594 MHz, respectively. Considering the investigated resonance-frequency range of
approximately 733-817 MHz, these values indicate a good overall agreement between the
two measurement chains. The limited difference between the RMSE and MAE suggests that
the pointwise deviations were relatively uniform, without the presence of pronounced out-
liers. Overall, the results confirm that the portable TDR prototype successfully preserved
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the moisture-dependent resonance behavior measured by the PicoVNA, supporting its
suitability as a compact and lower-cost solution for repeated masonry-moisture monitoring.

) =)
= =
8 —e—2253% | g . —e—2253%
8 20.06% 8 20.06%
—6— 16.83% —4— 16.83%
——14.41% —r—14.41%
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—t—3.97% ——397%
—h—2.60% ——260%
121 L 12
0.2 04 0.6 0.8 1 0.2 04 0.6 0.8 1
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 15. Comparison of the moisture-dependent frequency-domain responses of microstrip probe
M1 on Carparo: (a) responses measured directly using the PicoVNA 108 and (b) responses recon-
structed from the reflectograms acquired using the portable TDR prototype. The same colors and
markers identify the corresponding gravimetric moisture levels in both panels.

Table 5. Comparison between the resonance frequencies measured using the PicoVNA 108 and
reconstructed from the portable-TDR responses at the investigated gravimetric moisture levels. The

frequency difference was calculated as Afres = foR — fiuNA.
w (%) VNA (MHz) FIDR (MHz) A fres (MHz)
22.53 736.374 733.005 —3.369
20.06 754.223 751.005 —3.219
16.83 773.023 771.005 —2.018
14.41 773.773 778.005 4.232
12.58 776.323 771.005 —5.318
3.97 790.772 787.005 —3.767
2.60 803.522 804.005 0.483
0.00 817.121 813.005 —4.116
Mean bias SD of differences MAE RMSE
—2.136 MHz 3.090 MHz 3.315 MHz 3.594 MHz

4.2.4. Comparison of Moisture Calibration Curves

As a final step of the validation, two independent moisture-calibration relationships
were derived for microstrip probe M1 applied to the Carparo specimen. The first was ob-
tained from the resonance frequencies measured directly using the PicoVNA 108, whereas
the second was derived from the resonance frequencies extracted from the frequency-
domain responses reconstructed from the portable-TDR reflectograms. In both cases, each
resonance-frequency value was associated with the gravimetric moisture content measured
at the corresponding drying step. To ensure a consistent comparison between the two
measurement chains, the same third-order polynomial model adopted for the FDR char-
acterization was fitted independently to the PicoVNA-measured and TDR-reconstructed
datasets. Figure 16 superimposes the experimental points and the corresponding calibra-
tion curves, thereby enabling direct evaluation of the moisture-dependent trends obtained
using the reference instrument and the developed prototype.
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Figure 16. Comparison of the gravimetric moisture-resonance frequency calibration curves obtained
for microstrip probe M1 on Carparo. Experimental resonance frequencies measured directly using the
PicoVNA 108 and those reconstructed from the portable-TDR reflectograms are shown together with
the corresponding third-order polynomial fits. The fitted equations and coefficients of determination,
R?, are reported in the figure.

The two fitted curves remained close over most of the experimental interval, show-
ing that the TDR reconstruction preserved the principal moisture-dependent calibration
behavior observed using the PicoVNA. The third-order polynomial models achieved coeffi-
cients of determination of R* = 0.9724 for the PicoVNA dataset and R? = 0.9335 for the
TDR-reconstructed dataset. These values indicate that both calibration models provided
a suitable representation of the experimental relationship between gravimetric moisture
content and resonance frequency. The polynomial coefficients are summarized in Table 6.

Table 6. Third-order polynomial calibration parameters obtained for microstrip probe M1 on Carparo
using the PicoVNA-measured and TDR-reconstructed resonance frequencies, with fres expressed
in GHz.

Measurement Chain as as ay ap R?
PicoVNA 8 1241 x 10°  —2.900 x 10° 2255 x 10° —5.833 x 10* 0.9724
Prototype TDR 8 9.619 x 104  —2.246 x 10°  1.743 x 10°  —4.497 x 104 0.9335

Overall, the agreement between the two fitted trends confirms that the resonance
frequencies reconstructed from the portable-TDR measurements can be used to derive a
moisture-calibration relationship consistent with that obtained using the PicoVNA. This
result extends the validation beyond the comparison of individual frequency responses
and demonstrates that the developed prototype preserves the information required for
resonance-based moisture assessment.

5. Conclusions and Future Work

The results support the proposed integrated reflectometric framework, in which
different sensing structures and acquisition systems are selected according to the spatial
and operational requirements of masonry-moisture monitoring. In both experimental
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branches, the principal resonance shifted toward higher frequencies as gravimetric moisture
decreased, consistently with the reduction in the effective dielectric permittivity of the
sensor-material system during drying.

Within this framework, P1, P2, and M1 should not be regarded as interchangeable
probes tested under unrelated conditions, but as complementary sensing configurations
intended for different applications. The patch—-VINA configuration provides accurate and
localized moisture characterization based on sensor-material-specific calibration and is
particularly suitable for valuable or architecturally significant surfaces, where controlled
spatial localization and detailed spectral information are required. Conversely, the elon-
gated microstrip probe combined with the portable TDR prototype offers greater potential
for compact, repeated, distributed, and lower-cost monitoring of extended masonry ele-
ments, including walls affected by rising damp. The developed prototype is therefore not
intended as a universal replacement for VNA measurements, but as a scalable solution
for applications in which portability, installation cost, monitoring frequency, and spatial
coverage are decisive factors.

The measurements performed using patch antennas P1 and P2 demonstrated that the
moisture-dependent resonance response can be observed at different operating frequencies
and on different masonry configurations. All six material-antenna datasets produced
well-defined nonlinear calibration relationships, with R? values greater than 0.95. The
results obtained for plaster on Carparo are particularly relevant because they confirm the
applicability of the approach to a layered configuration representative of real masonry
surfaces. At the same time, the differences among the fitted curves show that calibration
remains specific to the sensor, material, and contact condition.

The second experimental branch focused on the validation of the developed portable
TDR prototype using M1 on Carparo. Its contribution within the present framework lies
in implementing the established TD-FD processing principles in the dedicated prototype
and experimentally validating the complete measurement chain for masonry-moisture
assessment against the PicoVNA reference system. The prototype reproduced the prin-
cipal moisture-dependent evolution observed using the PicoVNA in both the time and
frequency domains. The mean resonance-frequency bias was —2.136 MHz, with an SD of
the differences of 3.090 MHz, an MAE of 3.315 MHz, and an RMSE of 3.594 MHz. Moreover,
the PicoVNA-measured and TDR-reconstructed calibration curves showed comparable
nonlinear trends, with R? = 0.9724 and R? = 0.9335, respectively.

These results indicate that the prototype preserved not only the principal resonance
region, but also the progressive frequency evolution required for moisture calibration.

The present study establishes a solid laboratory validation of the proposed integrated
framework, demonstrating consistent moisture sensitivity across different sensing configu-
rations and a close correspondence between the PicoVNA measurements and the responses
reconstructed from the portable TDR prototype. The obtained results provide a reliable
basis for extending the approach to a broader range of materials, specimens, and operating
conditions, including repeated wetting—drying cycles, different contact configurations, sur-
face roughness levels, environmental conditions, and salt contents. In this context, future
investigations will also consider amplitude-related characteristics of the reflectometric
response, including resonance depth and changes in the overall |S11| response. Since dis-
solved salts can modify the electrical conductivity and dielectric losses of porous masonry
materials, these features may provide complementary information on salt content when an-
alyzed together with the resonance-frequency shift. Dedicated experiments with controlled
salt concentrations will be required to assess this potential and to separate salt-related
effects from those primarily associated with moisture content. Future developments will
build on this validated framework through the design of probes with different lengths
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and resonance frequencies, improved and repeatable mounting solutions, multichannel
interrogation, and automated or remote acquisition. Future developments may also include
flexible or conformal planar sensing elements designed to adapt to irregular or curved
masonry surfaces, while preserving a stable and reproducible electromagnetic coupling
with the investigated material. In parallel, extending the usable bandwidth of the portable
TDR system would enable operation at higher frequencies and facilitate the design of
more compact sensing elements. These advances could enable scalable and distributed
monitoring of moisture evolution along extended masonry walls, while preserving the
possibility of using VNA-based measurements for detailed characterization, calibration,
and periodic reference assessment.
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