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DISPERSED PASSIVE RF-SENSING FOR 3D STRUCTURAL HEALTH MONITORING

Abeer Ahmad?, Xiao Sha?, Akshay Athalye!, Samir R. Das?, Kelly Caylor3, Branko Glisi¢*, Milutin Stanaéevi¢!, Petar M.
Djuri¢?
Electrical and Computer Engineering, Stony Brook University, Stony Brook, NY 11794, 2Computer Science, Stony Brook
University, Stony Brook, NY 11794, 3Department of Geography, UC Santa Barbara, Santa Barbara, CA 93106, 4Civil and
Environmental Engineering, Princeton University, Princeton, NJ 08544,

NOTE: Corresponding author: Petar M. Djuri¢, petar.djuric@stonybrook.edu

Abstract - We propose a sensing system comprising a large network of tiny, battery-less, Radio Frequency (RF)-powered
sensors that use backscatter communication. The sensors use an entirely passive technique to ‘sense’ the parameters of the
wireless channel between themselves. Since the material properties influence RF channels, this fine-grain sensing can uncover
multiple material properties both at a large scale and fine spatial resolution. In this paper, we study the feasibility of the
proposed passive technique for monitoring parameters of material in which the sensors are embedded. We performed a set
of experiments where the sensor-to-sensor wireless channel parameters are well-defined using physics-based modeling, and
we compared the theoretical and experimentally obtained values. For some material parameters of interest, like humidity or
strain, the relationship with the observed wireless channel parameters have to be modeled relying on data-driven approaches.
The initial experiments show an observable difference in the sensor-to-sensor channel phase with variation in the applied
weights.
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1. INTRODUCTION

Crack Pores Spalling
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Our modern society depends critically on the sound and
steadfast functioning of a variety of engineering struc-
tures, such as bridges, buildings, pipelines, geotechnical
structures, aircrafts, wind turbines, and industrial facili-
ties [1, 2]. This leads to an increasing need for accurate
and reliable structural health monitoring for safety, se-
curity and performance reasons. The approaches to ad-
dressing these needs should be low cost, pervasive, scal-
able, low power, high resolution and suitable to being de-
ployed for long durations of time [3, 4, 5, 6, 7, 8]. Exist-
ing approaches offer discrete and widely spaced (sparse)
sensors such as strain gauges, vibrating wires, accelerom-
eters, and discrete fiber optic sensors. These sensors nei-
ther allow reliable and accurate early detection of anoma-
lies (damage or deterioration) atlocations at even modest
distances from the sensor locations, nor can they provide
advanced condition monitoring functionality such as lo-
calization and quantification of damages [9]. Distributed
fiber optic sensors feature improved spatial resolution
but face the same challenges as discrete sensors in the
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Fig. 1 - A sensing system for structural health monitoring comprising a
number of RF sensors embedded in a concrete structure.

low power operation are limited to temperature and ca-

cases where damage is not in a direct contact or in the
proximity of sensors [10]. These sensing modalities re-
quire batteries to operate and are not amenable to auto-
mated distributed measurements with fine spatial reso-
lution over long periods of time [10, 11].

To alleviate these caveats, wireless sensor nodes integrat-
ing discrete sensors and operating with ambient energy
harvesting have been developed [11, 12]. However, the
discrete sensing modalities that are amenable to ultra-

pacitive sensing [13]. A promising alternative is passive
RF-sensing [14]. The sensing is based on remotely mon-
itoring Electromagnetic (EM) signature of a customized
antenna [15, 16, 17, 18] or an antenna couple [19, 20] lo-
cated typically on the surface or embedded in the struc-
ture. The readout device conventionally used is a Radio
Frequency Identification (RFID) reader [21]. The deploy-
ment of costly RFID readers, however, limits the scalabil-
ity of this approach [22, 23, 24, 25, 26]. Additionally, the
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granularity of this solution in such a centralized system is
limited by the number of wireless reader-to-tag channels.

Channel estimation is a well established technique for
improving the performance of a wireless communication
link [27, 28]. It also enables monitoring of the
environment in the vicinity of the wireless channel.
RF sensors with active radio could provide granularity
based on sensor-to-sensor channel estimation, but the
power requirement for an active radio prohibits
self-powered operation of such sensors [29].

The RF tag technology bears some similarity to
conventional RFID systems that also use battery-free
tags communicating via backscattering [30, 31, 32].
The RF tags can communicate among themselves,
form a self- organizing network autonomously without
the presence of readers. The signal that is backscattered
comes from an external source, either ambient or
intentionally deployed exciter(s). This signal also
powers the tags, which use RF power harvesting
techniques. Our recent work has extended tag-to-tag
backscatter communication to RF- based sensing
making the tags behave like RF sensors [33, 34, 35].
While we have demonstrated that this technique for
passive wireless channel estimation can be used for
activity recognition [33], here we study the feasibility of
applying this method in monitoring structures in which
the sensors are embedded [36].

Structural health monitoring in the proposed system is
enabled by an innovative RF-sensing system composed
of a network of thousands of tiny battery-free RF
sensors, as illustrated in Fig. 1. The sensors are
randomly distributed in the structure (both
permanently embedded inside concrete and also
installed on the surface). They carry out local
estimation of the RF communication channels with their
neighbors, with the estimates containing information
about strain, temperature, humidity, and cracks. In this
paper, we performed a set of experiments where the
channel parameters could be obtained using
physics-based modeling and compared the theoretical
and experimentally obtained values. We also
demonstrate a response in the phase measurement to
the variation in a single material property strain.

2. BACKSCATTERING-BASED RF SENSOR
AND PASSIVE CHANNEL ESTIMATION

2.1 Backscattering-based RF sensor

The enabling technology for the implementation of the
proposed method, self-powered RF sensors, is based on
the backscattering communication paradigm. An initial
embodiment of this paradigm is found in RFID technol-
ogy, where an RFID tag has a similar architecture to the
proposed RF sensor [37]. An RFID tag comprises a modu-
lator and a demodulator that establishes a communica-
tion link with an RFID reader. The modulator enables
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Fig. 2 - An architecture of an RF sensor, (a) a multi-phase modulator and
(b) an envelope detector-based demodulator.

the RFID tag to reflect the incident RF signal at different
phases. The phase is set by the terminating impedance of
the antenna circuit. The modulated signal is received by
the RFID reader. The RFID tag implements a demodula-
tor based on envelope detection and resolves a modulated
Continuous Wave (CW) signal emitted by the RFID reader.
On the side of the RFID tag, this implementation of the
modulation and demodulation leads to ultra-low power
operation. At this power level, the RF sensor can harvest
from the incident RF energy for its operation. However,
the cost of RFID readers and the centralized system pose
significant limits to deployment and resolution of these
systems.

The backscattering-based RF tags eliminate the need for
an RFID reader and can communicate with each other in
the presence of a CW signal. Firstly, the RF tag integrates
a multi-phase modulator to alleviate phase cancellation
that appears in the passive communication link [38]. Sec-
ondly, amplification and filtering of the envelope signal in
the demodulator enable the RF tags to resolve a modu-
lated RF signal by another RF tag that has a low modula-
tion index [34]. The CW signal can be an ambient RF sig-
nal or can be generated by a dedicated exciter. To trans-
late the RF tags to sensors that can passively estimate the
wireless channel, the demodulator of the RF sensor in-
tegrates an Analog-to-Digital Converter (ADC) and digi-
tizes the processed envelope signal. The architecture of
the modulator and demodulator of the RF sensor is shown
in Fig. 2. In addition to the modulator and demodulator,
the RF sensor integrates an RF harvesting circuit that pro-
vides the voltage supply and digital control logic.

Our proposed IC implementation of the modulator and
demodulator designed in the 65 nm CMOS fabrication
technology consumes power lower than 1 pW [34]. This
means that the power budget for the sensor that can com-
municate with other sensors and measure the sensor-
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to-sensor channel can be as low as 2 yW depending on
the power of the control and computational logic. Such
power can be harvested instantaneously from the input
RF power on the order of -25 dBm. This leads to the au-
tonomous operation of the RF sensor solely on harvested
energy, eliminating the need for batteries as a power
source.

2.2 Passive channel estimation

We present a signal-level analysis of the sensor-to-sensor
channel in the presence of a dedicated exciter as a CW sig-
nal generator. The signals received at the two RF sensors,
along with their respective reflection coefficients are il-
lustrated in Fig. 3. In the analysis, we assume that the en-
vironment is static.

We first observe the signal at sensor b when sensor a is
modulating it's reflection coefficient. The input RF sig-
nal at sensor b is a combination of a direct-path signal
from the exciter and the signal that is first reflected of
sensor a before reaching sensor . We denote the ampli-
tudes of the direct path channels exciter — sensor a and
exciter — sensor b as A, and Apg,, respectively, while
the phases are denoted as 0, and 65;. As the sensors
integrate envelope detector as a receiver, the baseband
signal represents the amplitude of the received RF signal.
When the modulator of sensor « is terminated with 50 €,
half of the input RF signal at sensor « is reflected. This
termination at sensor a provides the baseline in the base-
band signal at sensor b and is labeled as 9, ,. We assume
that the reflection coefficient at sensor a is further modu-
lated with unity gain with the only change in the phase of
the reflection coefficient. For the phase of the reflection
coefficient, gzbmk, the baseband signal at the sensor b is de-
noted as v, ;.. The difference between these two baseband
signals at sensor b is

Vp e — Upo = ApaAap €0S(O0g, + 0, + G0 — Omp), (1

where A, denotes the amplitude of the channel
sensor a — sensor b and 6, is the phase [33]. These two
parameters characterize the sensor-to-sensor channel
and are independent of the location of the CW signal
generator. The ¢, ; is deterministic and fixed by the
sensor a modulator. Based on (1), we can perform the
following estimation. We vary the reflection phase of
sensor a, ¢, ;, in a span from —m to 7 n times, and record
Up ~Up, o at sensor b for each phase. From the n equations,
using the least-squares method, we obtain estimates of
the product of amplitudes Ay, A,;, and phase 6
—Opq —bap + Oy,

ab,est =

In order to obtain the estimates of the amplitude and
channel of the sensor-to-sensor channel, we repeat the
same procedure with reverse roles. Sensor b serves as
modulator and the baseband signal is recorded at sensor
a. The received signal at sensor a, ﬁa,k, for a reflection
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Fig. 3 - Passive estimation of the amplitude and phase, [A;,0,,], of a
sensor-to-sensor channel.

phase ¢y, ;. is obtained similarly to (1). i.e,,

Vgt — Vg0 = AppAay €080y, + bop, + by — Op,)- (2)
From n sampled voltages at sensor a, we obtain the esti-
mate of the amplitude A, A, and phase 0, .o = =0, —
eab + eEa'

Combining the estimated values for two directions of the
channel, we eliminate the phases of the direct-path chan-
nel from the exciter and isolate the phase of the sensor-
to-sensor channel, and we write

aa,b,est = 7(0ab,est + oba,est)/Q' (3)

The estimated sensor-to-sensor channel phase is inde-
pendent of the location of the exciter. This alleviates
one of the critical issues for the use of other passive RF-
sensing methods in structural health monitoring, as the
RF sensors and the exciter/reader are located in differ-
ent mediums. To obtain the estimate of A,;, we have also
to estimate the amplitudes of the direct-path exciter-to-
sensor channel, Az, and Ag,. However, the phase esti-
mate is conventionally more robust in applications like
distance measurement and localization [39].

3. SENSING OF MATERIAL PROPERTIES

We envision that the proposed RF sensors can be mixed
with binding structural materials (e.g., cement, geopoly-
mers, resins and plastic composites), or dispersed in the
media (e.g., soil). Then, they could be used to evaluate and
monitor material properties at the macro-level such as
integrity (presence of cracks and their propagation over
time), internal humidity (water content in pores and its
variability over time), strain and temperature.

It is critical to determine the imprints of the changes in
material properties from the signals exchanged by the RF
sensors. We first explore the relationships between the
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parameters of the RF channel and the material proper-
ties and/or their changes. The unwrapped version of the
sensor-to-sensor channel phase 6, is obtained from the
propagation model of the RF wave [37]

0

ab,est = ’/T%f - ’/Tka (4)
where k € Z to keep 6, within the range 0 to 7. The
phase unwrapping in the sensor-to-sensor channel has a
period of 7, as the channel phase is a sum of two estimated
phases in (3). The symbol d is the distance between the
sensors, and v is the velocity of the EM wave in the ma-
terial. The velocity is a function of the electromagnetic
parameters (permittivity and permeability) of the mate-
rial that surrounds the sensors [40]. This enables indi-
rect measurement of the material properties. It is impor-
tant to note that the electromagnetic parameters of the
medium are differently affected by factors like humidity
and temperature at different transmission frequencies.
The use of different transmission frequencies provides
a larger set of independent observations in terms of the
measured channel phases, leading to a more robust esti-
mation of the material properties.

For deployment of the proposed sensors in a real-world
scenario, intrinsic relationships between the parameters
of interest, like humidity or strain, and the observed
wireless channel, have to be modeled. Data analysis
can include both physics-based and data-driven (machine
learning) approaches. The modeling can be performed
through numerous tests in strictly controlled conditions
with a set of different parameters, distance between RF
sensors, depth in material, and exciting frequency. As a
first step, to demonstrate the feasibility of the proposed
approach, we first study the relationship between the in-
tegrity and strain of a material. While we control only a
single parameter in these experiments, we recognize that
in real-world settings this is not the case and all parame-
ters can change simultaneously leading to more complex
testing and modeling.

To perform the tests that demonstrate the feasibility of
the approach, the RF sensor is embedded in sand. Sand
is appropriate material for exploratory tests as, typically,
it has similar characteristics to concrete, a most common
binding material used in engineered structures. Both rel-
ative permittivity (3-6 in dry sand vs. 6-8 in concrete) and
velocity of electromagnetic waves (120-170 mm/ns in dry
sand vs. 55-112 mm/ns in concrete) have similar values.
Using sand instead of concrete also reduces the costs of
tests, as the RF sensors can be retrieved and reused after
each test.

4. RF SENSOR IMPLEMENTATION

The RF sensor is implemented using discrete compo-
nents on a Printed Circuit Board (PCB). The front and
back side of the PCB, which interfaces a dipole antenna,

Sl d s

> 2.5 Micro controller

Envelope

Fig. 4 - Discrete implementation of an RF sensor used in the experi-
ments.

are shown in Fig. 4. The multi-phase modulator inte-
grates a 10-channel RF switch (SKY13404). The chan-
nels of the switch are terminated with seven impedances,
which in addition to an open-circuit terminal, enable 8-
phase channel estimation. The phases are preselected
so that they are evenly spaced in a range of 27 with
a reflection coefficient close to unity. The demodula-
tor is based on an envelope detector, which is imple-
mented as a two-stage Dickson rectifier with Schottky
diodes, SMS7630. The envelope detector is followed by
a low-pass filter and a 16-bit 1 MSample/s Analog-to-
Digital Converter (ADC) ADS8860. A Microcontroller Unit
(MCU), STM32F205RETS6, is utilized to implement the
digital control logic. The MCU communicates with the
ADC chip via SPI communication and transfers the ampli-
tude of the input RF signal to a PC through a USB connec-
tion for data analysis. As the implemented RF sensor is
used as the data logger, the voltage supply to the board is
supplied through a USB connection.

5. EXPERIMENTAL RESULTS

To demonstrate the feasibility of the proposed method,
we performed a set of experiments. First, we demonstrate
how the phase of the channel depends on the distance be-
tween tags in two different mediums. In the second set of
experiments, we study the relationship between the in-
tegrity and strain of a material on the phase of the wire-
less channel. In our study the material is sand.

5.1 Distance measurements for different
mediums

The phase of the wireless channel was first measured as a
function of the distance between the sensors in air as the
medium between the sensors. The source generator was
connected to a circularly polarized antenna providing CW
signal at 915 MHz. The exciter antenna was positioned at
distances of 2 m from the sensors, with the incident RF
power at both sensors kept in the range from -20 dBm
and -15 dBm during the experiment. The RF sensors
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Fig. 5 - Phase of the channel in air as a function of distance between the
Sensors.
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Fig. 6 - Measured phase of the sensor-to-sensor channel as a function
of distance between the sensors when the sensors are buried in sand.

described in Section 4 were positioned on a rail, and the
distance was changed from 22 cm to 80 cm. For each
position, each sensor modulated the reflection phase
through the 8 values, and the digitized envelope signal
on the op- posing sensor was recorded on a PC for each
phase. The estimated channel phase was computed on a
PC. The plot of the phase as a function of distance
between the sensors is shown in Fig. 5. The dashed line
shows the ideal phase based on the velocity of the RF
wave in the air. As the distance between the tags was
increased, due to the re- flections in the environment,
the error in the phase measurement was increased. The
experiment demonstrates that the phase between the
tags is only a function of the sensor-to-sensor channel
and not on the position of the excitation signal.

In the second experiment, the sand was used as the
medium in which the RF sensors were placed. A stor-
age container of size 75.5cm x 50.8cm x 44.5cm was filled
with sand. The same exciter antenna was used as in the
previous experiment, while the distance from the antenna
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Fig. 8 - Phase of the channel in air as a function of distance between the
Sensors.

to the sensors was reduced to 1 m in order to keep the
same incident RF power at the sensors. The attenuation
of the RF signal for the same distance between the exciter
and the RF sensor was greater when the sensors were in
the sand due to the difference in the velocity of RF wave in
sand and air. The antennas of both sensors were buried
in the sand at the depth of 10 cm. One sensor was kept
at a fixed location, while the second sensor was moved so
that the distance between the sensors varied from 22 cm
to 55 cm. The variation of the channel phase with the
distance between the sensors is shown in Fig. 6. At each
distance, the envelope signal measurement was repeated
15 times and the standard deviation at each distance is
shown. We note that the measurement noise, with a max-
imum value of 2°, was much lower than the channel noise.
The dashed line shows the ideal phase as a function of the
distance when the velocity in the sand is 100 mm/ns.

5.2 Measurement of integrity and strain of
material

We wanted to find the relationship of the sensor-to-
sensor channel and the material properties, and so we
performed a set of experiments. The general set-up in-
volved two RF sensors installed at a predefined distance,
embedded in material at a predefined depth, excited with
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Fig. 9 - Experimental setup. Left: Side view of the antenna which is fixed to the side of the container. Right: Top view showing the air gap in the channel.

a predefined frequency, and subjected to changes of only
one observed parameter. We then investigated the rela-
tionship between the test parameters (distance between
RF sensors and exciting frequency), the controlled mate-
rial parameter, and the properties of the wireless chan-
nel between two RF sensors. Here, we present the study
of dependence of the wireless channel on the material in-
tegrity and the strain. The used material in these experi-
ments, as before, was sand.

In the first set of experiments, we controlled the air gap
in the sand in order to simulate the loss of integrity in the
structure, e.g., due to cracking or spalling. For precise con-
trol of the air gap, we first placed each RF sensor in a sep-
arate storage container of size 34.6cm x 21cm x 12.4cm.
The storage containers were filled with sand, and the an-
tenna of the sensor was placed at the depth of 10 cm. To
simulate a different air gap, only the distance between the
containers was varied, while the sensors were kept at the
same location within the container, as illustrated in Fig. 7.
The phase of the channel as a function of the distance be-
tween the containers, that is, air gap, is shown in Fig. 8.
From the figure, we note that the wavelength of the RF
wave propagation corresponds to the velocity propaga-
tion in air as expected, and the channel phase is linearly
dependent on the air gap.

For a more realistic experiment, we used the experimen-
tal setup shown in Fig. 9, where air gaps are introduced
in the sand. However the width of the air gap is harder
to control in this case. A storage container of size 75.5cm
x 50.8cm x 44.5cm was filled with sand. The sensor an-
tennas were fixed to the opposing walls of the container
where the distance between the antennas was 50 cm. The
exciter antenna with circular polarization was placed at a
distance of 1 m from the side of the container and at equal
distance from both sensor antennas. We first measured
the phase of the channel between the sensors when the
container was completely filled with sand. Next, we cre-
ated an air gap that was 5 cm wide in the middle of the
container and measured the channel phase. The exper-
iment was repeated with the air gap width increased by
5 cm until it became 20 cm. The phase of the channel as a
function of width of the air gap is shown in Fig. 10 demon-
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Fig. 10 - The phase of the RF sensor-to-sensor channel as a function of
the air gap width created between the sensors.

strating changes in the phase. To demonstrate the linear-
ity, the unwrapped phase is plotted. This large gaps do
not reflect real (small) sizes of cracks in real-world set-
tings; however, the aim of the tests was only to prove the
concept.

To determine the effect of the strain on the parameters
of the channel, we performed the following experiment.
We used the same storage container filled with sand as
in the previous experiment. The RF sensors were buried
10 cmin the sand at a distance of 50 cm. A weight of 2.3 kg
was placed on top of the sand and left for 15 minutes.
The weight was removed from the sand and the phase of
the wireless channel was sampled every 30 seconds 15
times. After the phase measurement, a weight of 4.5 kg
was placed on the top of the sand and left for 15 min-
utes. After removing the weight, the phase measurement
was repeated in the same manner. The last weight placed
on top of the sand was 6.8 kg with repeated phase mea-
surements afterwards. The estimated channel phase as
a function of the weight is presented in Fig. 11. The es-
timated phase shows dependence on the applied weight.
However, the variance of the estimate in this set of experi-
ments was much higher than in the previous experiments
due to the settling of the sand after applying and removing
the weight.
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Fig. 11 - The phase of the RF sensor-to-sensor channel as a function of
weight applied to the top of the sand.

6. CONCLUSIONS

We presented RF sensors that possess a unique RF-based
sensing ability; they are capable of measuring the char-
acteristics of the intermediate wireless backscatter chan-
nel. This, in turn, gives them the ability to localize them-
selves and to sense environmental and material proper-
ties inside structures based on the channel characteris-
tics they “observe.” These battery-less sensors are pow-
ered by an external RF signal and operate at a near-zero
power regime, which in turn enables them for a prolonged
lifetime. The proposed RF sensors can be pervasively em-
bedded and dispersed within the structural material pro-
viding the structure with self-sensing capability. These
sensors will, for the first time, enable advanced structural
health monitoring at high fidelity and on large scales. It
will have a transformational impact on structure man-
agement and will contribute significantly to the resilience
and sustainability of our society and environment.
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