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Abstract—This article proposes a magnetic-field-
based backscatter communication method that enables
ultralow-power wireless communication. In this approach,
a client node extracts energy from a magnetic field for
wireless power transfer (WPT) and backscatters it while
embedding information. The client node modulates the
magnetic field for WPT by chopper-controlling the current
in its power-receiver coil, eliminating the need for power-
hungry oscillators. As a result, communication is achieved
using only the energy required to drive the gate of a MOSFET,
leading to significant power savings. Experimental validation
with a prototyped system demonstrated a receivable power
of 1.52 mW, a 38% increase over existing chopper-based
methods, at a distance of 50 cm. In addition, simulations
using a TSMC 180-nm process revealed that communication
energy can be reduced to 0.36 pJ/bit, achieving more than
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a 90% reduction compared with conventional approaches. These results confirm that the proposed method greatly
enhances energy efficiency, making it suitable for submeter-range, low-power wireless communication in embedded

sensor applications, such as infrastructure monitoring.

Index Terms— Backscatter communication, current chopper, inductive coupling, wireless communication, wireless

power transfer (WPT).

[. INTRODUCTION

EINFORCED concrete (RC) has been used as a common
bridge deck material for over a century due to its
low cost, wide availability, and versatility in construction.
As cracking are well-developed for RC structures due to aging,
inspections shall be regularly carried out to promote preventive
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maintenance resulting in reduction of structural risks and
maintenance cost.

Current methods, such as visual inspections and tap-
ping tests, are labor-intensive and require skilled specialists,
increasing the overall cost. A declining birthrate and resultant
increase in aging population have reduced the number of
skilled workers and lowered tax revenues, implying the neces-
sity to develop autonomous inspection technique to address
those challenges as not to disrupt logistics and economic
activities with road infrastructures [1], [2].

To address these challenges, we propose and are devel-
oping a system that uses embedded sensors in RC during
construction to detect cracks efficiently. Fig. 1 illustrates an
overview of the proposed detection framework under devel-
opment. An inspection vehicle induces vibrations in the RC,
and the embedded sensors detect these vibrations to estimate
crack locations. This system requires four key components:
1) crack detection by embedded sensors; 2) localization of
embedded sensors, 3) wireless power transfer (WPT) to the
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Fig. 1. Overview of the RC crack detection system.

sensors; and 4) wireless communication from the sensors to
the vehicle. Among these, components 1) and 2) have been
widely studied in research that is directly applicable. For
crack detection, acoustic emission-based methods have been
extensively studied [3], [4], [5] and can be adapted for this
research. To localize the sensors, the dc magnetic-field-based
approach proposed in [6], [7], and [8] achieves localization
accuracy of less than 1 cm. Finally, magnetic-field-based WPT
methods [9], [10], [11], [12], [13] provide power wirelessly
over several tens of centimeters.

Wireless communication from the sensors, the remaining
key component, is required to transmit the detected crack
locations to the inspection vehicle. For this wireless com-
munication, available options include Bluetooth Low Energy
(BLE) [14], [15], [16] and Wi-Fi [17], [18], [19], both of which
use oscillators to generate carrier waves. However, oscillators
consume significant power during start-up, requiring energy
storage components such as supercapacitors or batteries. These
components, however, are unsuitable due to their vulnerability
to thermal degradation during concrete casting [20], [21], [22].

To overcome this limitation, backscatter communication,
which transmits information by modulating the reflection
of ambient RF signals, has been investigated [23], [24],
[25], [26], [27]. Although backscatter communication is
energy-efficient and does not require energy storage, this
method requires large antennas for impedance matching, mak-
ing it impractical for small sensors.

In pursuit of antenna-free communication, magnetic-field-
based wireless communication has been explored [28], [29],
[30], [31], [32], [33], [34]. This method relies on induc-
tive coupling between coils implemented in the transmitter
and receiver. However, generating a magnetic field strong
enough for wireless communication requires a high current,
resulting in significant power consumption. To reduce the
current consumption for generating magnetic field, magnetic-
field-based backscatter communication is widely used as a
low-power wireless communication method in which a client
node transmits data by modulating its interaction with the
alternating magnetic field generated by a host node. In this
system, the host node is responsible for both WPT and
communication, while the client node remains passive, thereby
eliminating the need for active power-hungry components.
The client node receives power from the host node’s mag-
netic field and transmits data by altering its coil impedance,
a technique known as “load modulation.” This method has
been studied and is already used in practical applications
such as near-field communication (NFC) and radio frequency
identification (RFID) [35].
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Fig. 2. Overview of the proposed system.

Conventional magnetic field-based backscatter communica-
tion relies on load modulation, where the impedance of the
client coil is switched to induce detectable fluctuations in
the current of the host coil. However, when the coupling
coefficient is extremely low, these fluctuations become too
small to be detected, making conventional methods impractical
for tens-of-centimeter-range communication required for our
RC crack detection application [36].

To address this limitation, this article proposes a magnetic-
field-based backscatter communication method that enhances
communication reliability even under ultralow coupling con-
ditions. Unlike conventional methods, the proposed system
uses current chopper control to modulate the induced current
in the client coil at its peak, optimizing the interaction with
the ac magnetic field for WPT. This technique significantly
improves the detectability of the backscattered signal, enabling
communication even at extremely low coupling coefficients.
The proposed method is well-suited for integration with WPT
in small-volume sensors, providing reliable wireless commu-
nication with minimal power consumption.

Il. PROPOSED METHOD
Fig. 2 shows an overview of the proposed magnetic-field-
based backscatter communication system. The host node on
the inspection vehicle generates an ac magnetic field to wire-
lessly power the client nodes, which are sensors embedded
in RC structures. The client nodes then transmit information
using the proposed backscatter communication method.

A. Client Node Design

Fig. 3 illustrates the circuit structure of the proposed client
node. The client node consists of an LC tank (C.;, C.,, and
L.), a full-wave rectifier, energy storage capacitors (Cy; and
Cy»), a load circuit (modeled as R;), a MOSFET switch
(Q1), and a controller. During WPT, the LC tank captures
energy from the ac magnetic field generated by the host node.
The full-wave rectifier converts the induced ac voltage at the
LC tank into dc, which is stored in Cy; and Cy,. The load
circuit represents the sensor’s power consumption. For the
proposed backscatter communication, the controller adjusts
the gate voltage of QI to change the resonance frequency of
the client node. This frequency adjustment alters the current
flowing through the LC tank, affecting its interaction with the
power transmission coil in the host node. As the client node
modulates this interaction through the gate voltage, the host
node perceives the modulation, enabling data transmission.
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Fig. 3. Circuit diagram of the proposed client node.
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Fig. 4. Structure of the proposed host node.

B. Host Node Design

Fig. 4 shows the circuit structure of the host node, which
comprises an oscillator for power transmission and a demodu-
lator for signal extraction. The oscillator includes a dc power
source, an LC resonator (C;, and Lj;), MOSFETs, and choke
coils. The dc power source supplies current through the
choke coils. The two MOSFETs are controlled to achieve
zero-voltage switching (ZVS) to minimize switching losses.
Reducing switching losses allows a large resonant current to
flow through the power transmission coil (L), thereby gen-
erating a strong ac magnetic field for WPT. The demodulator
consists of a coupling coil, an AM demodulator, an amplifier,
and a low-pass filter (LPF). The coupling coil is magnetically
coupled with the choke coil in the oscillator circuit to extract
variations in the magnetic field caused by the client node
for backscatter communication. The detailed signal processing
method will be explained in Section II-C.

C. Proposed Backscatter Communication

In the proposed backscatter communication, the client node
transmits data to the host node by modulating the ac magnetic
field used for WPT. This modulation is achieved by adjusting
the resonant frequency of the client node through the control of
the gate voltage of a MOSFET. Fig. 5 illustrates the resonance
frequencies of the client node under different states of switch
Q1. When Vg is set to a low voltage, QI acts as an open
switch, and the client node resonates at the frequency of f,,
which matches the power transmission frequency fj, as shown
in Fig. 4. When Vg is set to a high voltage, Q1 shorts C,,
shifting the resonance frequency to f,,. Consequently, the cur-
rent I;_ flowing through L. decreases since f., significantly
differs from the power transmission frequency fj,.

During WPT operation, Vg is set to a low voltage and Q1
remains open, allowing the client node’s resonance frequency
to match f,. This enables sufficient current /;, to flow through
L., which is rectified by the full-wave rectifier to charge the
capacitors. Even if the energy stored in the capacitors depletes,
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2m Lo - 21\/L.Coy

Fig. 5. Switching of resonance frequency in the proposed client node.
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Fig. 6. Expected behavior of the proposed client node.

Q1 defaults to an open state, ensuring continuous power supply
from the host node to the client node. This feature also allows
sensors to have cold-start capability.

In the proposed backscatter communication, the client node
modulates the magnetic field generated by the host node by
chopping the current [;_ . This is achieved by changing the
voltage applied to the gate of Q1, which alters the interaction
between the LC tank and the ac magnetic field for WPT. As a
result, variations in the magnetic field cause fluctuations in the
current flowing through the host coil. By monitoring these fluc-
tuations, the host node can detect the switching state of Q1 and
decode the transmitted data. Fig. 6 shows the waveform of I,
during the switching operation of Q1. Initially, Vg is low, and
an ac current with a frequency of fj, flows through L.. When
I;, reaches its peak and is detected by the microcontroller unit
(MCU), Vg is immediately switched to a high. This shift in
resonance frequency gradually reduces the amplitude of I .
As a result, the frequency of I, drops significantly, generating
a low-frequency component superimposed on the ac magnetic
field for WPT. The host node extracts the signal applied to
the gate of QI by detecting this low-frequency component
from the superimposed magnetic field. Notably, the proposed
method is well-suited for sensors without energy storage, as it
requires power only for MOSFET gate control, enabling a cold
start capability.

The demodulation process at the host node uses the varia-
tions in the current flowing through the power transmission
coil. These variations can be detected by monitoring the
output current of the power source. In addition, the low-pass
characteristics of the choke coil facilitate the detection of
low-frequency baseband signals. Signals are extracted from
the coil coupled with the choke coil and processed through
an AM demodulator, amplifier, and LPF. The key mechanism
enabling AM demodulation is as follows: When the client node
switches its MOSFET, it alters the resonance condition of its
LC tank circuit, thereby changing the amplitude of the current
flowing through the client coil. This amplitude variation affects
the degree of interference with the ac magnetic field generated
by the host node, modulating the local magnetic field strength.
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Fig. 7. Prototyped host node and client node.

Consequently, the current amplitude in the host coil varies over
time, creating an envelope that follows the switching pattern of
the MOSFET. Since this envelope carries the transmitted data,
AM demodulation is used to extract the transmitted signal.

I1l. EVALUATION

This section presents the experimental evaluation of the
proposed magnetic-field-based backscatter communication
system. Both WPT and backscatter communication perfor-
mances are evaluated because the proposed communication
method relies on the magnetic field used for WPT.

A. Setup

This section describes the experimental setup. Hardware
prototypes of the host node and client node were implemented
based on the structures shown in Figs. 3 and 4. Fig. 7 shows
the prototyped devices and experimental setup.

For the client node, L. has a diameter of 33 mm and
comprises 26 turns of copper wire with a thickness of
0.8 mm. Cg; and Cg, are implemented using 0.1-uF capaci-
tors. IRFMLS8244 is used for MOSFET Q1. The sensor device
for RC crack detection is assumed to have power consumption
characteristics similar to those of a microcontroller (PIC12LF
1822), and an elastic wave sensor (ADXL1001), consuming
approximately 0.9 mW at 3 V. This power consumption is
equivalent to a load resistance of approximately 10 k€2, which
is used as the value of R, in the experiment.

For the host node, Lj, has a diameter of 600 mm and consists
of a single turn. The power transmission frequency fj, is set to
318 kHz to match the resonance frequency of the L C resonator
in the host node. The AM demodulation stage is implemented
using an envelope detector circuit with a Schottky barrier diode
(BAT54). The BATS54 diode is selected due to its low forward
voltage drop and fast switching characteristics, which enhance
the detection efficiency for weak amplitude-modulated signals.
The amplification stage in the demodulator section in Fig. 4
consists of three cascaded noninverting amplifier circuits, each
providing a voltage gain of 26.4 dB, and one additional
noninverting amplifier with a voltage gain of 20.8 dB. These
amplifiers are implemented using LT1013 operational ampli-
fiers, which offer low offset voltage and low input bias current,
making them suitable for precise signal amplification. A
second-order Sallen—Key LPF is used to extract the baseband
signal while attenuating the power transmission signal. Since
their frequencies are relatively close, the Sallen—Key topology,
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Fig. 8. Experimental setup incorporating an RC block.
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Fig. 9.  Photograph of the experimental setup with an RC block:
(a) overall view and (b) side view.

with its steep cutoff characteristics, ensures effective separa-
tion and stable frequency response. The Vcc node labeled in
Fig. 4 is connected to the power source.

Fig. 7 shows the experimental setup. The client and host
coils are positioned facing each other at a distance of 50 cm,
representing the maximum communication range. This dis-
tance is based on a typical road thickness of approximately
30 cm and a 20-cm gap between the inspection vehicle’s
floor and the road surface, simulating a realistic deploy-
ment scenario. While Fig. 7 depicts the setup without RC,
we also conducted experiments using an actual RC block,
as shown in Figs. 8 and 9. Fig. 8 presents the experimental
setup incorporating the RC block, while Fig. 9 provides a
photograph of the installed RC block, host coil, and client coil.
As illustrated in Fig. 9, multiple cables are protruding from the
RC block because additional wired sensors were embedded for
separate experiments, which are not related to this study. In the
following experiments, the output voltage is evaluated using
an oscilloscope (GDS-2204A).

B. Evaluation of Coupling Coefficient

We first evaluate the coupling coefficient between the host
and client coil, as the proposed method relies on inductive
coupling. The evaluation was conducted in two setups: without
an RC block, as shown in Fig. 7, and with an RC block,
as depicted in Fig. 8. To measure the coupling coefficient,
we measured the voltage across both the host (L;) and client
(L.) coils. The coupling coefficient k is related to Lj, L., and
the mutual inductance M as follows: M = k+/LjL.. From the
equivalent circuit shown in Fig. 10, the voltage V, satisfies

JoMV, M L.
Vo =~ - =—Vi=k/|/—Vi. (1)
]a)(Lh — M) + ja)M Lh Lh

Thus, k is obtained from the measured inductances L;, and L.,
and the voltages V| and V, as

Vo [Ly
k=—|—. 2
ViV L. 2
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system. The client node must receive sufficient power to
operate the sensor device and maintain gate voltage control
for backscattering. The evaluation was conducted under the
condition where Vg = 0. The results showed that the client
node received 1.52 mW of power at a distance of 50 cm,
sufficient to operate the sensor device consuming 0.9 mW.
The proposed system can receive power even when the energy
in the device is completely depleted and the gate voltage
cannot be applied, thereby providing a cold-start capability.
This contrasts with the method described in [10], which fails
to supply power when the device’s internal energy is depleted.

D. Evaluation of Backscatter Communication
Performance

We finally evaluate backscatter communication by applying
a 0.89-kHz baseband pulse to the gate of MOSFET Q1 at the
client node. Fig. 11 shows the waveforms of V at the client
node and the demodulator output at the host node. The results
show that the demodulator output changes in response to V.
This indicates that the host node can detect the switching
state of Q1 by observing the demodulator output. We thus
confirm that the proposed magnetic-field-based backscatter
communication is feasible and satisfies the communication
distance requirement of the crack detection system.

To further evaluate the communication performance of the
proposed system, we measured the signal-to-noise ratio (SNR)
using the hardware prototype. During the experiment, the
signal at the host node fluctuated continuously, causing the
SNR of the received signal to vary over time. The client node
transmits data in the form of pulses, as shown in Fig. 11.
SNR was calculated as SNR = 201log(Vyig/ Vi), where Vg
is the detected pulse amplitude and Vs is the amplitude of
background noise, which was 7.6 Vpp as shown in Fig. 11.
The measurement results showed that the maximum and
minimum SNR values were 5.8 and 3.8 dB, respectively.

Furthermore, we conducted bit error rate (BER) measure-
ments using the prototype system. In the experiment, the client
node transmitted 957-bit pulses to the host node. Out of these,
883 bits were received with an SNR exceeding 3.5 dB, which
is the minimum threshold for successful demodulation with the
prototyped receiver. From these results, the calculated BER of
the prototype system was 7.73 x 1072

-60

Fig. 12. Heatmap and contour lines of the coupling coefficient distribu-
tion between the host and client coils.
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Fig. 13. Magnetic field vectors at various positions around the host coil.

Here, it should be noted that the measured SNR and BER
values were obtained using a preliminary receiver design
with a basic demodulation circuit. There remains significant
room for improvement in reception performance through the
design of appropriate amplifiers, demodulation circuits, and
filtering circuits. Future work will focus on optimizing these
components to further enhance the communication reliability
of the proposed system.

IV. DISCUSSION

A. Coupling Coefficient Distribution and Dynamic
Scenario Feasibility

To evaluate the feasibility of the proposed backscatter
communication in dynamic scenarios, we numerically ana-
lyzed the coupling coefficient distribution around the coils,
as shown in Figs. 12 and 13. As described in Section III-B,
the coupling coefficient k satisfies the following relationship:
k = M//L,L.. The mutual inductance M is determined
by the total magnetic flux passing through L, when a unit
current is applied to L;. Hence, the coupling coefficient can
be numerically computed using the following equation:

k ,-e..dS 3)

1

- / B

VLiLc Js,
where S, represents the cross-sectional area enclosed by L.,
and e;_is the unit vector aligned with the axis of L.. B,
represents the magnetic flux density at the point p in the area
enclosed by L. and is calculated using the Biot—Savart law.

Fig. 12 presents a heatmap and contour lines representing
the spatial distribution of the coupling coefficient. For instance,
the contour lines at z = 60 [cm] indicate that the coupling
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coefficient remains relatively stable over a broad lateral area
under the host coil. This suggests that the proposed system
can maintain communication and WPT over a certain period,
even when the host node is in motion, as in vehicle-mounted
inspection applications. However, the figure also reveals that
the coupling coefficient exhibits a local minimum in the lower
diagonal region of the coil. This is because the magnetic
field is predominantly horizontal, reducing perpendicular flux
through the client coil as shown in Fig. 13. Since the com-
municable and powerable range depends on factors such as
vehicle speed and data transmission rate, future applications
will require coil design optimizations, such as geometry mod-
ifications, to enhance stability in dynamic scenarios.

B. Comparison and Analysis of Power Receiver Circuits

The proposed system uses a full-wave rectifier instead of
a current chopper-based power receiver proposed in [10],
as described in Section II. This is because, under the
proposed system configuration, omitting current chopper
control improves receiving power and cold-start capability.
This section verifies this reasoning through qualitative
circuit analysis.

First, we analyze the performance of current chopper-based
WPT. Fig. 14 shows the circuit structure and operation of
the current chopper-based WPT method proposed in [10].
The power receiver consists of a half-wave rectifier with an
additional switch. Once the switch is closed, the LC tank
stores energy. As soon as the current flowing through the
power receiving coil reaches its peak, the switch is opened.
As a result, the receiving coil tries to keep current flowing,
and therefore, a sufficiently high voltage is generated at the
coil to charge the storage capacitor.

Fig. 15 illustrates how current chopper control improves
power transfer efficiency. The normal half-wave rectifier with-
out a switch rectifies only the positive half-cycle of ac current
in the receiver coil to charge the capacitor. Consequently, the
energy of the negative half-cycle of the ac current is discarded.
In a current chopper-based WPT, shorting the circuit with the
switch enables the storage of energy corresponding to the
negative half-cycle of the ac current in the LC tank. When
the switch is opened, the stored energy in the LC tank is
transferred as positive current to the capacitor. As a result,
current chopper control improves power transfer efficiency by

Current chopper-based
WPT receiver [10]

Half-wave rectifier

Extract energy as positive current

Utilized energy from LC tank

PEATA

—
‘ t

Discarded energy LC tank stores these energy

Fig. 15. Current flow through receiver coil in each WPT method.

capturing and using energy from the negative half-cycle of ac
current.

In contrast, the full-wave rectifier uses two diodes to rectify
both the positive and negative half-cycles of ac current, extract-
ing energy from both to charge the capacitors. Thus, whether
the current chopper-based wireless power receiver [10] or
the full-wave rectifier achieves higher power transfer effi-
ciency depends on specific factors such as the current level
and losses caused by diodes, which vary depending on the
application. To compare the receivable power of the current
chopper-based receiver [10] with that of the full-wave rectifier,
we implemented the method proposed in [10] and conducted
experiments under the same conditions as in Section III-C.
The results showed that the current chopper-based WPT [10]
achieved received power of 1.10 mW, which is lower than the
1.52 mW achieved with the full-wave rectifier. This confirms
that the full-wave rectifier is more suitable for our application.

C. Comparison to State-of-the-Art

This section compares the energy consumption per bit
of the proposed method with the state-of-the-art focusing
on the tradeoff between communication distance and energy
consumption per bit.

While the feasibility of the system was validated in
Section III with discrete components, further improvements
in power efficiency are expected by custom CMOS chip
design. We conducted simulations using the TSMC 180-nm
process to examine the relationship between the maximum
achievable communication distance and the energy required
to transmit a single bit. By adjusting the MOSFET gate width
to modify the on-resistance, we evaluated the communicable
distance for varying gate capacitances, which directly impact
the energy consumption per bit. When the on-resistance of the
MOSFET increases, the losses at the client node also increase,
thereby reducing the communicable distance. Communication
feasibility was determined by ensuring that the demodulated
output exceeded 6 V. Given that the noise amplitude was 4 V,
the SNR was calculated to be 3.5 dB. This relatively low SNR
is attributed to the use of a preliminal prototype demodulation
circuit, and improvements are expected with more advanced
noise filtering designs.

Fig. 16 shows the simulation results, along with compar-
isons to state-of-the-art studies. As the distance becomes
shorter and the coupling coefficient between coils increases,
higher voltages are induced in the coil L.. For short com-
munication distances, where the coupling coefficient is high,
the induced voltage at receiver coil may exceed the MOSFET
breakdown voltage. To address this issue, configurations with
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per bit.

two or three vertically stacked MOSFETSs were also simulated,
as shown in Fig. 16. The dotted sections in the figure indicate
cases where the voltage between the drain and source of the
MOSFET exceeds the 5-V limit [37], suggesting that such con-
figurations may not be feasible. It should be noted that when
stacking MOSFETs vertically, a bootstrap circuit becomes
necessary to maintain proper gate control. The simulation
results confirm that the proposed system achieves superior
energy efficiency compared with state-of-the-art methods. The
communication distance with the proposed method can be
extended at the cost of increased energy consumption per bit.

V. CONCLUSION

This article proposed a magnetic-field-based backscatter
communication method that achieves ultralow-power commu-
nication by modulating the ac magnetic field for WPT. The
proposed circuit enables the client node to share a single coil
for both communication and power reception, contributing to
device miniaturization and circuit simplification. The client
node modulates the magnetic field for WPT through chopper
control of the current in its power receiver coil, enabling
communication without oscillators or energy storage compo-
nents. The proposed method demonstrated a receivable power
of 1.52 mW and a communication energy of 0.36 pJ/bit at
a distance of 50 cm, outperforming state-of-the-art methods
in long-range communication scenarios. These results confirm
the method’s potential for scalable, energy-efficient applica-
tions such as embedded sensors in RC structures.
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