Measurement 243 (2025) 116439

Contents lists available at ScienceDirect

| Measurement. |

Measurement

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/measurement

t.)

Check for

Encapsulated UHF antenna for early and long-term concrete monitoring e

N. Vidal ™, J.M. Lopez-Villegas®, I. Cair6 ", A. Garcia-Miquel ¢, J. Romeu , L.L. Jofre ¢

2 Department of Electronic and Biomedical Engineering, RF Group, University of Barcelona/UB, 08028 Barcelona, Spain
b WitekLab, 08223 Terrassa, Spain

¢ Institut de Neurociencia avan¢ada Barcelona/ INAB, 08039 Barcelona, Spain

4 CommSensLab, Technical University of Catalonia/UPC, 08028 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords:

Concrete Monitoring
Structural Health Monitoring
UHF antenna

This paper introduces a novel encapsulated 3D-printed UHF antenna system for early-stage and long-term
concrete monitoring. Our goal is to leverage the capacities of additive manufacturing techniques to enhance
antenna performance. We design and implement an encapsulated biconical geometry to mitigate medium losses
Sensor due‘ to being placed within concrete, .to improv.e r.adiative (?fﬁciency, and to enS}Jre st?ble antenna impedance.
Additive manufacturing Various antenna prototypes were designed, optimized, fabricated, and characterized via laboratory and mortar
RFID sample measurements. We succeeded in integrating our novel system with existing temperature and humidity
sensors, and interfaced it with an automatic data acquisition system for continuous concrete monitoring.
Comparison with previous acquisition systems was performed. Herein, we present the design process, laboratory
characterization, and field testing, including three case studies. Significant efforts were made to miniaturize the
antenna while maintaining performance. Full system integration is demonstrated. Measurements were taken
from antennas buried at depths of up to 30 cm; they showed good performance from an early start and up to long-
term operation. These promising results confirm that improved antenna design and proper encapsulation can

enhance system performance, especially in challenging and dynamic environments such as concrete.

1. Introduction

The versatility, affordability, and strength of concrete make it the
most widely used construction material in the world. In 2023 global
production was estimated at 3.8 billion metric tons [1]. However, its
true potential is only unlocked after proper curing, which is heavily
dependent on temperature and humidity [2]. By closely monitoring
these factors during hydration (the chemical process by which concrete
hardens), engineers can ensure the smooth running of this aspect of their
projects. This translates to a safe, durable final structure and allows for
better planning of construction timelines by predicting curing and dry-
ing rates. While temperature and humidity are crucial, other parameters
like corrosion rate, pH, and strain/stress/crack development are also
important for long-term performance [3].

Concrete testing techniques can be divided into two main categories:
destructive and non-destructive. Each offers advantages and drawbacks
depending on the information required and the stage of the lifecycle of
the concrete involved [4]. A specific testing method is chosen based on
the needs of the project and the information to be collected. In recent
years, interest in non-destructive techniques has increased, particularly
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for monitoring concrete in its early stages. Techniques using micro-
waves, which can penetrate concrete, have been devised to analyze the
hydration process [5], characterize dielectric and reflection properties
[6,7], and monitor the compressive strength [8], among other applica-
tions [4].

Radio frequency identification (RFID) systems use radio waves for
wireless communication between tags attached to objects and readers
that capture data. The reader emits radio waves that activate the tag,
which then transmits its stored information (like a unique ID or sensor
readings) back to the reader. These data are then sent to a computer
system for further processing. In this way, identification and tracking
can be performed automatically without the need for line-of-sight
scanning. In the context of concrete monitoring, RFID technology of-
fers a particularly promising tool since RFID tags can be designed to
withstand harsh conditions, such as extreme temperatures, corrosive
chemicals, and moisture. Therefore, while traditional RFID technologies
might not be directly applicable to monitoring concrete hydration,
specially designed tags can be embedded in the concrete and data can be
tracked wirelessly [9]. This potentially enables not only tracking and
data collection, but also fully autonomous external monitoring.
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Embedding sensors in concrete for structural health monitoring
presents numerous challenges [10]. Several highly promising proposals
have been presented recently showing good results for concrete moni-
toring, specifically using the UHF band. Some work focuses on moni-
toring structural integrity [11-14], while other research focuses on more
specific measurement of temperature, humidity or other characteristics
[15-18]. Some of the proposals focus only on early-stage monitoring
[19] and in this context, obtaining reliable readings from the start of the
hydration process presents major challenges due to significant changes
in attenuation losses and the electrical properties of the concrete.
Monitoring humidity and temperature within concrete during the early
stages, particularly during curing, is vital for several reasons directly
related to the final strength and integrity of the structure. Accurate
monitoring allows the hydration process to be controlled, cracking to be
minimized, and strength development to be optimized, as well as facil-
itating quality control and predicting future performance. Finally, recent
advances in embedded technologies and self-sensing concrete for
structural health monitoring have been presented [20], together with a
state-of-the-art review of monitoring enabled by RFID technology [21].

Within such a context, providing both early and long-term moni-
toring is a major challenge. The relative permittivity of concrete may
range from 20 to 4 in the UHF band [16,22,23], which means that the
design of the antenna attached to the sensor is a key factor. An ideal
antenna, when embedded, should function well regardless of these
variations in permittivity (dielectric constant) and conductivity. This
requires a good match (efficient power transfer) to be maintained across
a range of values and also the potential to adapt to temporal changes.
Some of the works cited point out the limitations regarding measure-
ments taken during the first hours after laying the concrete [15-17].
Encapsulating the antenna is a potential solution, as explored in previ-
ous research for applications other than concrete [24,25]. A recent
paper [26] discusses the challenges of antenna design for concrete-
embedded systems. Those authors propose a patch antenna design,
analyze different shielding materials, and highlight the challenge posed
by miniaturization while maintaining performance.

In light of the foregoing discussion, the aim of this study is to
enhance concrete measurement capabilities through the introduction of
a novel antenna design. The antennas employed in previous related
work have been planar in nature. In contrast, we propose a fully three-
dimensional conical antenna fabricated using additive manufacturing
(AM) processes. The production of antennas using modern AM tech-
niques has attracted the attention of different research groups [27]. The
initial antenna design presented in this paper originated from pre-
liminary general analysis of the state of the art [28]. By leveraging full
3D-printing techniques, in the present work we have been able to
overcome the limitations of planar designs and fabricate models that
exhibit increased compactness while enabling complete system inte-
gration. We present the design process and characterization of an
encapsulated miniaturized UHF antenna capable of providing both early
and long-term measurements to optimize structural health monitoring.
The antenna is entirely 3D printed and is designed to operate embedded
within concrete while fully integrated with a sensing module. This
embedded system allows continuous monitoring of temperature and
humidity inside concrete right from the start of the hydration process.
Furthermore, a specifically designed packaging solution incorporating a
dielectric coating is proposed to minimize impedance changes when the
antenna is embedded within concrete. It has been shown that confining
the reactive near-field within the packaging mitigates medium losses
and thereby maximizes radiation efficiency [29]. We specifically
address the whole design of the antenna and its characterization inside
concrete.

After an optimization process, the antenna is seamlessly integrated
with temperature and relative humidity sensors. This integrated system
is interfaced with an automatic data acquisition system designed for
continuous concrete monitoring. The system into which the new an-
tenna design was integrated is “MONSEC”, a new temperature and
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encapsulation radius 12 mm
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Materials
metal conductivity (bulk copper) 5.8 107 S/m
dielectric permittivity 2.9
dielectric loss tangent 0.02
mimicking concrete liquid permittivity [4-18
mimicking concrete liquid loss tangent | 0.3-0.6

Fig. 1. CAD model of the biconical antenna (a); and main design parameters
(b), together with single-ended to differential balun connector (c).

humidity sensor developed by “WitekLab” and “Smart Engineering”
[30,31]. The integrated system allows live monitoring of these magni-
tudes by embedding a network of sensors inside the maturing concrete.
Compared to previous acquisition systems, the new design incorporating
the novel antenna and sensors is capable of measuring temperature and
humidity as soon as it is deployed, for both extremely early and long-
term operation. The entire system has been tested in both laboratory
and field environments to assess its performance.

The rest of this paper is organized as follows. In Section 2 we present
the methodology, antenna design, characterization, and manufacturing
process, including an initial test of the prototype in mortar. Section 3
contains a discussion of the miniaturization process using 3D printing
techniques, including full integration of the system and measurements.
Finally, Section 4 presents our main conclusions.

2. Methodology and preliminary Investigations

This section details the design and characterization process of the
preliminary encapsulated UHF antenna for taking concrete measure-
ments. It is crucial to emphasize that the methodology employed
throughout this and the following sections, considers the subsequent
integration of the antenna with the electronics board and sensors of the
“MONSEC” system.

2.1. Methods

First, we designed a biconical antenna prototype to assess the
optimal radiation scenario, confirm the feasibility and impact of
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Fig. 2. a) the modeling and measurement set-up. b) simulated reflection coefficient as a function of frequency with the antenna immersed in different liquids

emulating the electrical properties of concrete at various stages of curing.

encapsulation, and establish a baseline for subsequent miniaturization
efforts. Unlike traditional planar designs (e.g., dipolar, loop, and patch
antennas) commonly used in UHF applications [11-15], a biconical
geometry was selected for its potential to retain the reactive near-field
within the packaging after encapsulation. This could mitigate medium
losses that affect radiative efficiency and ensure stable antenna imped-
ance when submerged in concrete. Cylindrical encapsulation was added
around the antenna. Based on prior theoretical analysis, we determined
the radio length, demonstrating the optimum radius for impedance
stability [25]. The final geometry and primary design parameters are
illustrated in Fig. 1a, b.

It is important to note that the electronic board in the “MONSEC”
system was designed to attach to a single-ended-fed antenna with a
reference impedance of 50 Q. However, the biconical antenna design is
intended for differential excitation; and the impedance of the biconical
antenna is not 50 Q. Therefore, to integrate the biconical antenna design
into the “MONSEC” system, some additional components were required.
The first of these was a balun to make the conversion from differential
excitation to single-ended excitation. We chose a monolithic balun, the

Low Temperature Cofired Ceramic (LTCC) Transformer NCS4-102 +
from Mini-Circuits, because of its reduced size and optimized perfor-
mance in the 700 MHz to 1 GHz frequency range, which includes our
target UHF frequency of 867 MHz. Note that while the balun is very
effective at converting differential excitation to single-ended excitation,
it does not adapt the single-ended impedance to the specified value of
50 Q. Accordingly, in addition to the balun, reactive components such as
capacitors and inductors were also required to ensure impedance
matching. For this, we used a parallel capacitor and series inductor
matching network, constructed with 0603 SMD devices. Fig. 1c is a
picture of the whole balun and matching network.

Full wave electromagnetic simulations were performed to model the
entire antenna, balun, and encapsulation assembly within a simulated
concrete environment. Various liquids emulating the electrical proper-
ties of concrete were considered. The simulation setup is illustrated in
Fig. 2a. The simulations examined relative permittivity values ranging
from 4 to 18, using electrical parameters derived from concrete
permittivity and conductivity data analyzed in a previous study [32].
The results, based on reflection coefficient analysis and overall radiation
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Fig. 3. Laboratory setup for measurements of the reflection coefficient of the antenna prototype and encapsulation inside the liquid mimicking concrete.

performance, are presented in Fig. 2b. The simulated reflection coeffi-
cient data for different electrical parameters of concrete exhibited good
stability, leading to the selection of the cylindrical encapsulation ge-
ometry for subsequent designs.

Once the 3D model assembly was numerically validated, we began
the manufacturing process with the fabrication of the antenna and
encapsulation. The parts were printed using an Objet260 Connex 1 3D
printer from Stratasys, Ltd. As the printing material, we used a photo-
polymer which, after UV curing, has a relative permittivity of 2.9 and a
loss tangent of 0.02. A silver ink was used as a seed to grow a layer of
copper by electroplating in the biconical parts. The same procedure has
previously been used by our research group to implement conical in-
ductors, 3D capacitors, broadband impedance transformers, and filters,
among other components. A detailed description of the fabrication
process can be found in [33]. The final prototype is shown in Fig. 3
together with the laboratory measurement setup.

To match the simulated conditions and take measurements in the
laboratory, a cubic container was filled with various homogeneous so-
lutions. Four solutions were formulated to mimic the time-dependent
changes in the electrical properties of concrete. The solution permit-
tivity and conductivity values were derived from previous analysis of the
concrete setting process [16]. The recipes themselves were based on
prior research on the dielectric properties of aqueous and organic liquids
[34], where the authors performed experimental analysis of effective
permittivity for a range of ethanol solutions. Inspired by that work, we
produced and tested different ethanol and xylene-based solutions to see
how they mimicked the electrical parameters of concrete. Character-
ization of the solutions was performed using an Agilent Technologies
85071E commercial complex permittivity measurement system, along
with an HP8720C vector network analyzer and the accompanying
software. The system utilizes a coaxial open-ended probe inserted into
the cuboid shell filled with the liquid solution. Calibration involves
measuring open, short, and water standards at 20 °C. The entire setup is
presented in Fig. 3. The experimental results of the antenna design for a
specific concrete stage (¢, = 18) are displayed alongside the corre-
sponding simulated data in Fig. 4. There is good agreement between the
measurements and the simulated data in this case; a similar degree of
agreement was found for the remaining concrete electrical values.

2.2. Integration with the “MONSEC” system

The “MONSEC” system incorporates a compact, silicon-based inte-
grated circuit (EM4325-IC [35]) capable of sensing both temperature

and relative humidity, a bow-tie broadband antenna, and a 3D-printed
PLA casing. It is crucial to note that the sensor unit is integrated into
the remaining electronic system, with particular attention paid to
ensuring that the placement of the sensor IC minimizes discrepancies
between the humidity and temperature conditions of the test environ-
ment and those surrounding the sensor. The influence of heat generated
by nearby devices or the sensor itself must also be considered [17]. The
sensor operates reliably in condensing environments, offering an oper-
ating range of [0, 100 % RH] and [-40, +125 °C]. Relative humidity and
temperature accuracies are + [1.5, 1.8 % RH] (30-70 % RH) and +
0.1 °C, respectively. For RH > 70 %, the accuracy tolerance is + [2, 3 %
RH]. A commercially available RFID reader system, equipped with a
circularly polarized patch antenna and a Nordic ID eNUR-10 W reader
[36], was positioned externally to systematically collect data from the
embedded sensors. In this study, as a preliminary test, the standard
antenna was replaced with our newly developed encapsulated antenna.
A coaxial cable with SMA connectors was used to establish the
connection.

2.3. Mortar setup and measurements

Mortar cubes were procured from PROCOMSA, a concrete contractor
specializing in construction concrete supply and pouring. The mortar
mix was formulated to replicate the typical composition of mortar sur-
rounding coarse aggregate in standard concrete. A dry-mixing procedure
outlined in reference [37] was followed that involved thoroughly dry-
mixing all the solid components (cement, sand, and gravel) before
incorporating the water. After mixing, the fresh mortar was cast in 80 x
80 x 80 cm molds.

The recording stations were positioned in alignment with the mortar
at various distances, as illustrated in Fig. 5a. The tests were conducted
concurrently with the company’s own routine testing procedures. In
other words, our prototypes were integrated alongside their standard
sensors within the mortar. The encapsulated antenna was connected
directly to the electronic board and sensors via a coaxial cable, as
depicted in Fig. 5b.

An enlarged view of the interior of the mortar illustrates the spatial
arrangement of the various devices (Fig. 5c). For this initial measure-
ment, we incorporated two of our new modules. The commercially
available “MONSEC” modules (indicated by red boxes in Fig. 5a) were
positioned at depths of 7.5, 15, and 30 cm. Our two newly designed
modules were placed at the deepest positions (30 cm) to assess the
worst-case scenario. It is important to note that metal bars were also
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Fig. 4. Simulated (dotted line) and measured (continuous line) reflection coefficient of the antenna for a surrounding liquid with an electric permittivity of 18.

inserted into the cubes to stabilize the units, as is typical in actual
construction uses, as such metal bars could potentially impact the per-
formance of the antenna assemblies. To address this concern, we simu-
lated different scenarios with one, two or three bars close to the antenna.
Different locations and orientations were tested. The modeling results
confirmed that the overall effect was minimal. Minor discrepancies were
observed compared to the baseline case without the metal bars.

For precise analysis and to isolate the performance of the proposed
new antenna assembly, only the biconical antenna and its encapsulation
were placed inside the mortar during this preliminary test: the electronic
board and sensing module were kept outside. Fig. 5c shows the initial
configuration, with our prototypes covered by white plastic and only the
antenna assembly embedded in the concrete. Finally, Fig. 5d shows the
final setup with the electronic board and sensors positioned outside the
cubes while the antenna is embedded in the mortar. To analyze the
impact of residual radiation from the electronic unit on measurement

accuracy, the new antenna was disconnected. No signal was recorded,
confirming that the antenna is the primary source of the signal.

In the complete system, the wireless sensor measures and transmits
temperature and relative humidity data for both fresh and hardened
concrete. The data are sent via a radio signal to a central recording
station which acts as an external reader, receiving sensor data, storing it
locally, and then forwarding it to a cloud server. The station can be
powered by the electricity grid or a battery with options for grid or solar
charging. According to the connectivity at the project location, the data
transmission method can be: a Wi-Fi network with internet access, a
GPRS/3G/4G/LTE modem, or manual downloading of data to a USB
device. Cloud-based information is accessible 24/7 and updates every
15 min. The reader unit utilizes the commercially available Nordic ID
eNUR-10 W reader to connect wirelessly to a computer system and
transmit processed data. The automatic data acquisition system supports
high-precision and real-time data monitoring. The data acquired by the
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sensors are automatically sent to the cloud, via a receiving station
connected to the data network. Once in the server, there are several
algorithms that treat the data and when a user is logged into a platform,
the processed data are shown in real time. Data are stored in a mySQL
database and will always be available for the user at any time.

Fig. 6 presents temperature measurements for two devices over four
days. The results of the company’s standard system are compared to the
performance of the new antenna system. While the regular system
yielded no results during the first 14 h of operation, the proposed new
module can take measurements from the beginning of the observation
period. The curves diverge because, as previously explained, it was
deemed appropriate to keep the sensor of the new system outside the
cube. Consequently, this preliminary measurement taken using the new
module does not reflect the behavior of the concrete but rather diurnal
and nocturnal temperature fluctuations. As mentioned earlier, we
considered it crucial to follow this methodology initially in order to
characterize the antenna, assess its performance, compare it to simula-
tions, and definitively isolate sources of error unrelated to the proposed

module. In the next section we present the completely integrated an-
tenna and sensor system operating within the mortar cube.

3. Full system integration
3.1. Miniaturization and measurements

Following the analysis reported in previous sections and prior to final
integration of the encapsulated antenna into the system, it was essential
to explore the feasibility of miniaturizing the device while maintaining
performance. Our target size matched the dimensions of the “MONSEC”
electronic board and case.

While preserving the biconical geometry, we integrated two sym-
metrical spiral radiators, as illustrated in Fig. 7a. These radiators
enabled the effective length of the antenna to be maintained while
reducing the overall size of the device. The encapsulation radius
remained identical to the first prototype for stability purposes. Applying
the methodology outlined in Section 2, the new antenna was optimized,
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Fig. 6. Temperature measurements over the first 4 days after deployment for the regular “M/'ONSEC” system (continuous line) and the new system with the biconical
antenna (dashed line). The green area indicates the measurement gap for the regular system covered by the new system. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

a balun was added, and laboratory measurements were taken. Fig. 7
presents the manufactured antenna module with its key geometric pa-
rameters. The modeled and measured reflection coefficients of the
prototype over the target frequency band are shown in Fig. 7c for a
relative permittivity of 18. Excellent agreement between simulations
and measurements was observed. Furthermore, the new spiral antenna
proved to be stable when immersed in liquids of varying dielectric
constant. As expected, miniaturization resulted in a significant band-
width reduction. However, the measured bandwidth across different
tests ranged from 140 to 190 MHz. This large bandwidth ensures sta-
bility in the face of variations in the relative dielectric constant that
occur at different stages of the concrete curing process, thus maintaining
long-term stability.

To assess the overall performance of the new prototype, we also took
measurements in mortar, again mirroring the methodology in Section 2.
As for the initial measurements, the sensor was positioned outside the
concrete while the antenna was embedded alongside the company’s
commercial sensors. The experimental data are presented in Fig. 8.
Again, excellent performance was confirmed, with measurements
available from the outset. Fig. 8 also highlights differences compared to
the regular commercial module. Variations in temperature ranges rela-
tive to the preliminary approach (Section 2.2) are attributed to seasonal
differences: the first experiments were conducted in October 2023, the
second in January 2024.

3.2. Final integration and measurements

Considering all the previous results, we next set about fully inte-
grating the new antenna into the “MONSEC” system. Our first proposal
minimized changes to the company’s standard system. So, we worked
under significant constraints in terms of size and maintaining the elec-
tronic board and sensors distribution the same. Fig. 9 presents a sche-
matic of this initial integration, accompanied by images of the modules
we prepared. The electronic board remained unchanged, while the an-
tenna and balun were directly soldered with a 90-degree bend. To ensure
waterproofing and corrosion resistance of the encapsulated antennas,
especially when employed for long-term applications, the enclosures
were IP67 compliant. In addition, we applied grease specifically to
protect the metal connectors from corrosion and used rubber washers to
make sure all the external connectors were well sealed.

In this case, no laboratory tests were conducted; instead, the proto-
type was directly tested in the field. Fig. 10 shows an image of the new
devices in yellow boxes at different depths inside the mortar cube.
Measurements were collected following the same methodology intro-
duced in previous sections. The temperature results over the first 24 h of
operation are presented for one of the prototypes. The tests were con-
ducted in July 2024. As can be observed, again we obtained measure-
ments from the very beginning of operation, so we now confirmed the
performance of the encapsulated antenna with the whole system inside
the concrete.

This was our first attempt at producing a commercial product and we
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Geometry
cone angle 30 degrees
encapsulation radius 12 mm
encapsulation lenght 50 mm
metal strip width 2 mm
pitch between turns 4 mm
Materials
metal conductivity (bulk copper) 5.8 107 S/m
dielectric permittivity 2.9
dielectric loss tangent 0.02
mimicking concrete liquid permittivity |4-18
mimicking concrete liquid loss tangent | 0.3-0.6
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Fig. 7. CAD model and manufactured spiral antenna (a); and main design parameters (b), together with simulated (dotted line) and measured (continuous line)
reflection coefficient of the antenna for a surrounding liquid with an electric permittivity of 18. (c).

believe the results were promising. Nevertheless, 2 of the 4 antennas we
deployed did not work properly and we decided to address some issues.
We believe that the distribution used was the simplest and quickest
option for initial industrial implementation, but clearly it was not
optimal and left significant room for improvement. We concluded that
trying to capitalize on the existing distribution was not the best
approach and that various changes could be introduced to enhance
performance. Specifically, the box design should be modified to allow
the antenna to be connected in the same plane as the board; in the initial
full prototype system used to take the previous measurements, it was
positioned at a 90-degree angle. Eliminating this abrupt change in
connection should be beneficial. Additionally, the battery should be
relocated away from the antenna. In the previous test it was directly
attached to the antenna, which could well interfere with its operation.
Moreover, the box components should also be adjusted to accommodate
the antenna encapsulation while minimizing the air gap. We also noticed
that for insulation purposes, epoxy resins were used in the area where
the board connects to the balun. It seems that these resins may have
come into contact with the balun, potentially altering the matching
network, which could explain the malfunctioning of some of the an-
tennas we observed. Despite these challenges, the prototype functioned,
and we believe there is considerable potential for improvement. The
company providing the “MONSEC” solution has informed us that these
tests have formed the basis for a next-step product improvement. Their
aim is to achieve good communication with sensors at deep locations, as
much as 40 to 50 cm deep, from the time the sensor is deployed.

4. Conclusions

In this work, we present a miniaturized encapsulated UHF antenna
for non-destructive early-stage and long-term structural concrete
monitoring. Novel 3D additive manufacturing techniques offer new
possibilities for improving the performance of electronic devices, espe-
cially antennas operating in challenging environments such as within
concrete. We designed, optimized, produced, and characterized various
antenna prototypes, conducting measurements in the lab and on three
mortar samples. We chose an encapsulated biconical geometry due to its
potential to confine the reactive near-field within the encapsulation, a
technique already proven to be effective in other applications though
not yet in concrete. This approach was expected to mitigate medium
losses, enhance radiative efficiency, and ensure stable antenna imped-
ance. A cylindrical encapsulation was added around the antenna. Proper
cylinder design paying special attention to the radius is essential to
minimize antenna detuning. To achieve miniaturization while main-
taining performance, we adopted a spiral geometry and tailored the
encapsulation accordingly. Due to their versatility and capacity to pro-
duce complex 3D structures, 3D printing techniques were employed to
fabricate the prototypes.

We modeled various scenarios during the design process and repli-
cated them in the laboratory. To simulate the time-dependent electrical
properties of concrete, we formulated liquid solutions with permittivity
and conductivity values derived from previous research. We also made
the necessary adjustments to integrate the antenna with the sensing unit,
which required a balun to convert from differential excitation to single-
ended excitation, together with the incorporation of reactive compo-
nents such as capacitors and inductors to ensure impedance matching.
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Fig. 8. Temperature measurements over the first 4 days after deployment for the regular “MONSEC” system (continuous line) and the new system with the biconical
antenna (dashed line). The green area indicates the measurement gap for the regular system covered by the new system. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Schematic and prototype images of the encapsulated spiral antenna integrated into the “MONSEC” system.
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Fig. 10. View of a mortar cube and the measurement setup (left) and results of temperature measurements for the first 30 h of one of the systems (right).

Simulated and measured data agreed well, confirming the stability of
the antenna under different conditions. At this point, we partially inte-
grated the antenna and encapsulation system with the temperature and
humidity sensors using a pre-existing module developed by the com-
panies “Witeklab” and “Smart Engineering”. While their module already
incorporated an antenna, it had encountered issues, particularly within
the first 24 h of operation. Our new antenna system improved mea-
surements and provided data from the beginning of operation, thereby
validating the feasibility and performance of our proposed geometry.
Additionally, our prototypes were placed at considerable depths, up to
30 cm inside the concrete, and demonstrated improved communication
ranges. Finally, automatic data acquisition was implemented to support
high-precision, real-time monitoring.

Preliminary full system integration was proposed with the goal of
minimizing modifications to the company’s existing system, resulting in
significant constraints on size and the need to maintain the electronics
unaltered. This initial implementation functioned correctly. However,
we identified several issues and determined that further development is
needed for robust system integration. Based on this collaboration, we are
glad to hear that our research has helped “Witeklab” improve sensor
performance in line with the goals announced before. That development
is currently under industrial protection.

Future work should focus on optimizing the system and addressing
the issues identified in the initial integration. This includes improving
the casing design and component layout. Additional testing at greater
depths is also needed. Finally, slightly larger antennas could enhance the
overall robustness of the system.

Our multidisciplinary approach, encompassing design, testing, and
full system integration, yielded promising results that support the initial
hypothesis. Proper antenna encapsulation can enhance system perfor-
mance, especially in challenging and dynamic environments like
concrete.
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