Radar interferometry as a tool for structural health monitoring:
current situation and perspectives of the technique for the next decade
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ABSTRACT: The development of interferometric radar sensors for the application to Civil Engineering struc-
tures took place in the last fifteen years, and the effectiveness of this technique has been demonstrated in dif-
ferent case studies. In this paper, after a brief introduction dedicated to the working principle, the main char-
acteristics of the currently available sensors are summarized and the results of two tests are used to
demonstrate how the main technical features of the radar sensor are linked to the final performances of the
measurement in terms of spatial and temporal resolution. Furthermore, the potential improvements achievable
using an updated technology nowadays available off-the-shelf are discussed as well. Some comments are also
dedicated to the few advanced sensors recently described in literature, their potentials and limits. The overall
analysis is carried out with the goal of evaluating the limits and advantages of this technique from the view

point of the user communities.

1 INTRODUCTION

The development of Interferometric radar sensors
for the monitoring of Civil Engineering structures
dates back to the nineties. The effectiveness of the
working principle has been demonstrated and specif-
ic equipment, including the basic processing and an-
alysing tools, are nowadays available in the market.
Different case studies on measuring the vibration
characteristics of civil structures have been present-
ed, and published papers are available in interna-
tional journals from both radar and SHM communi-
ties.

To the authors’ knowledge, the first use of an in-
terferometric radar to measure the dynamic response
of a structure dates back to 1999 (Farrar et al. 1999),
when off-the-shelf electronic and microwave com-
ponents measured the displacement response of tar-
get surfaces belonging to a bridge during forced vi-
bration tests. In the following years, various
experiments were carried out developing an appa-
ratus initially not user friendly and based on costly
and bulky microwave laboratory hardware (e.g.
Pieraccini et al. 2000-2003). Later on, papers deal-
ing with ambient vibration testing of structures using
specific radar systems, devoted to this application,
were published about bridges (Gentile & Bernardini
2008, Stabile et al. 2013), cables (Gentile and Uber-
tini, 2012), wind turbines (Pieraccini et al., 2008),
historical towers (Atzeni et al. 210), tall towers
(Luzi et al. 2013), chimneys (Rodelsberg et al. 2010)
and buildings (Negulescu et al. 2013).

analysis after associating the “good” radar bins to
part of the vibrating scenario.

i o s s

| e

By ety
Figure 2. Scheme of an interferometric radar measurement:

Acquisition of a range profile (left). Selection of the radar bin
(right-down). Retrieval of displacement time history (right-up).

The first procedures are based on the use of radar
processing tools like Fourier Transform and win-
dowing, aiming at providing displacement histories
for different parts of the monitored structure. The
second step aims at the presentation of an operation-
al product as a spatial modal description to support
the dynamical test interpretation; standard tools of
spectral analysis, as the auto-spectral densities
(ASD) and specific algorithms dedicated to the
modal analysis are used. The main vibration fre-
quencies are determined analyzing its power spectral
density, and usually for extracting the modal param-
eters from ambient vibration data different tech-
niques are used: the Frequency Domain Decomposi-
tion (FDD) (e.g. see Brincker et al. 2000) and the
Stochastic Subspace Identification (SSI) (Van Over-
schee and De Moor, 1996), as implemented for ex-
ample in the commercial software ARTeMIS (SVS
ARTeMIS Extractor, 2011). Despite the fundamen-
tal importance of the processing, which demands
specific analysis tools, in this paper we do not deal
with this topic, dedicating our considerations only to
the pure instrumental and technical issues.

2.3 The radar characteristics and the
measurement performances

On the bases of the fundamental equations re-
called in the previous paragraph, the main radar
characteristics affecting its performances when used
as a displacement gauge can be here resumed as:
working frequency, radiofrequency band and, of
main concern from a marketing point of view, the
problem of electromagnetic spectrum allocation and
the maximum emitted power, regulated by govern-
ments in most countries. An example of a commer-
cial systems available from the market is the Ibis-S
manufactured by the IDS company, which operates

Radar interferometry demonstrated to provide dis-
placement samples of any structure with submillime-
tre accuracy and from large ranges, with the limita-
tion, due to the nature of the method, that only the
component along the line of sight (LOS) of the radar
can be measured.

Recently some papers tried to propose advanced
sensors, taking profit from the present on the shelf
microwave sensors, aiming not only at improving
performances and capabilities of interferometric ra-
dar but also at proposing instrumentation with re-
duced costs. Currently no novel system has been
definitely commercialized, and expected improve-
ments have been only achieved in demonstration or
trivial examples and not in real cases.

In this paper, the authors summarize the main
technical features of the available radar sensors, how
they are linked to the final performances of the
measurement in terms of spatial and temporal reso-
lution, and discuss the possible improvements
achievable using an updated technology. Based on
the state of the art, a crucial aspect for the design of
an “optimal” new sensor stems from the different
experimental conditions, i.e. the range, the size and
characteristics of Civil Engineering structures,
which strongly affects the measurement require-
ments. For this reason the development of advanced

at Ku band (17 GHz), i.e. with a wavelength lower
than 2 centimeters and with a maximum band of 300
MHz (in Europe). The system is also prepared to al-
low the use of different antennas too, to better adapt
the measuring condition to different geometries. A
summary of its main characteristics are reported in
Table 1.

The system was born almost ten years ago repre-
senting a fine trade-off among the discussed issues.
In the last years the costs of microwave technology
drastically lowered and the performances of the on-
the shelf devices have strongly improved. This fact
and the proposal of novel prototypes presently is-
sued in literature (see for example: Cunlong et al.
2014, Grazzini et al. 2009 and Papi et al. 2014) and
deserve an analysis about the effectiveness of im-
proved radar interferometer sensors for civil struc-
ture vibration monitoring. The first step of this anal-
ysis starts from the characteristics of the present
systems to be improved on the bases of some results
obtained from literature.

Table 1. Main characteristics of the Ibis-S

Parameter Value

Operating frequency 17.2 GHz (Ku band)
Maximum operational distance * 100 m

Range resolution 0.5m

Nominal Displacement sensitivity 0.01 mm

Weight of the whole system 12 kg
Battery Autonomy 5 hours

* @ 40 Hz sampling frequenc

3 TWO EXAMPLES

To show the importance of improving some the per-
formances of the presently available apparatus, we
exemplify through two case studies. In the first case
rises the evidence of refining the range resolution to
obtain an exhaustive monitoring of some structures,
improving the monitoring of some suspended cables
of a cable-suspended bridge. In the second case, fo-
cused on the monitoring of an urban building, where
the displacements of the monitored structure are of
the same order of the system accuracy, the analysis
suggests improving the sensitivity and accuracy.

Here below we only recall specific issues: for an
exhaustive description of the two studies we refer
the readers to the original paper.

3.1 The suspended cables of a bridge

In Gentile et al. (2014) is described an example of
the monitoring of a cable-suspended bridge carried
out using an interferometric radar, aimed at an ambi-
ent vibration test. The investigated bridge crosses
the Ebro River at Amposta, Spain. It consists of a
main span of 134.0 m and two side-spans of 46.90 m
each. The bridge was originally designed in 1913,

systems able to provide an optimum configuration of
the proposed technology demands a strong interac-
tion with the user communities.

2 THE TECHNIQUE AND THE INSTRUMENT
2.1 The link between Microwaves and vibrations

A radar uses the time elapsed between the trans-
mitting and the receiving of an electromagnetic
waveform to locate targets included in the illuminat-
ed area, and reflecting the radiation with sufficient
strength to provide a sufficient signal to noise ratio.
The output from the radar survey is a 1D range pro-
file, the range profile, where different peaks corre-
spond to contributions coming from targets located
at different distances. When different targets are pre-
sent, the radar is able to provide their displacement
history using specific waveforms sweeping a finite
band composed of different frequencies, B. Usually
radar based on Frequency Modulated Continuous
Wave (FMCW) or Step Frequency Continuous
Wave (SFCW) instead of the standard pulse radio
radar are used to assure coherent signals (Skolnik,
1990) and a capability of a sub-meter range resolu-
tion.

If the radar is coherent, also a phase value can be
associated to the response of each target, and the
minimum measurable displacement is of the order of
small fractions of the transmitted wavelength. The
range resolution AR, i.e. the minimum distance be-
tween two targets along the LOS at which they can
still be detected individually is related to the swept
band, B, according to the following equation:

c
AR 28 1)
Also the characteristics of the used antennas de-
termine the elementary sampling volume of a radar
measurement, usually called radar bin. Equation (2)
states the relationship between the antenna size, D,
and its field of view (FOV).

y
FOV = 5 )

The use of an interferometric radar to detect the
vibration of an object is based on the capability of a
coherent radar working at microwave frequency, to
measure variations in time of the differential phase
of the received echo with respect to the transmitted
signal. Remembering that the wavelength in vacu-
um, %, and the central frequency, f, of the swept
band are related by equation (3):

c
A=t ®

a higher operating frequency means in general a
higher sensitivity to displacement variation.

destroyed in 1938, during the Civil War, and rebuilt
in 1941 according to the original design. Subse-
quently, the bridge underwent two important
strengthening interventions, in 1972 and 2007. The
main span is supported by inclined stay cables and
two series of 8 suspension cables. The Amposta
bridge and [to be completed]

The dynamic tests were performed in operational
conditions, with the sensor being placed in two dif-
ferent positions that were aimed at measuring the re-
sponse of both the steel deck and each array of sus-
pension elements. After the measurement of the
response of the steel deck, the authors report on a
second acquisition geometry, aimed at recording the
response of each array of inclined stays and suspen-
sion cables, the radar was placed, at the level of the
bridge deck, in the close neighbourhood of each side
of the two towers (Fig. 3). The experimental set-up
has been repeated for both sides of the two towers,
for a total of four measurement positions.

Figure 3. Ibis-S system installed close to the masonry pier to
measure the of stays and cables of
the Amposta bridge. (after Gentile et al. 2014).
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Figure 4. Radar range profile of the test scenario provided by
the stays and the main suspension cables (after Gentile et al.
2014).

Observing the arrays of suspension elements, the
range profile contains a few peaks since few reflect-
ing elements, corresponding to the stays and the

Considering that presently available apparatus us-
es a wavelength of the order of two centimeters, we
can appreciate variations down to tens of microns.
The vibration is seen by the radar as a range varia-
tion between the radar and the vibrating objects: in
Figure 1 a simple scheme is depicted in the case
where a single target is monitored. In this case the
simple relationship between the measured differen-
tial phase and the displacement occurred along the
LOS is expressed by the following equation (4).

4 (O]
d 4z ap
The achievable accuracy is mainly determined by
the signal to noise ratio of the acquisition which, in
turn, depends on the intensity of the reflected signal.
According to the radar equation (Skolnik, 1990), the
intensity of the received radar signal, is affected by
the radar reflecting properties of a target, the trans-
mitted power, the distance, geometric factors (shape
and orientation) and finally the dielectric character-
istics of the target: a discussion about some of these
issues can be found for example in Luzi et al.
(2012), Coppi et al. (2010) and Cunlong et al.
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Figure 1: a scheme explaining the functioning principle of the
radar Interferometry for vibration measurement. The target
moves along the radar LOS inducing a variation in time of the
measured interferometric phase.

In a more general case interferometric radar can
provide sample of displacement time series follow-
ing the procedure depicted in figure 2.

2.2 The data processing

The acquired radar signal processing can be divided
into two separate subsequent steps: the first is aimed
at retrieving the displacement samples from the re-
ceived signal, and the second is dedicated to the in-
terpretation of the entire measurement and the data

suspension cables, are encountered along the path of
the electromagnetic waves: see figure 4. Only the
first two stay cables were clearly detected in the
range profiles of each array. The reason is related to
the distance of the stay cables along the radar LOS.
The two stays closer to the tower, about 2.0 m apart,
are clearly distinguishable through a couple of well-
defined and well separated peaks while the succes-
sive three stays, only 1.0 m apart, are not individual-
ly detected. Hence, the experimental evidence shows
that, although the minimum range resolution of the
radar interferometer is in principle equal to 0.5 m,
the minimum distance required in the practice to in-
dividually detect two targets in a range profile needs
to be larger than twice the minimum range resolu-
tion (i.e. 1.20-1.5 m).

The first two inclined stay cables of each four ar-
rays were clearly identified in the radar survey: fig-
ure 5 shows the ASD associated to the ambient re-
sponses of stay cable 2 on one of the arrays. From
the radar measurements the natural frequencies of
each stay cables were estimated.
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Figure 5. Auto-spectra (ASD) of the displacement measured
from one of the stay cable (After Gentile et al., 2014).

The situation could improve with a radar operating
over a wider bandwidth, as a sensor working at K
band (24 GHz) which can usually provide bandwidth
up to 1.5 GHz that translates into a nominal range
resolution of 10 c¢m, instead of the 50 cm of the used
radar. In this case all the stay cables could be detect-
ed and monitored.

It is worth noting that in the case where the radar
data are used for estimating the tension force of the
cable as in Gentile & Ubertini (2012), it is of main
concern to distinguish each cable separately.

In addition, at this band low-cost high-
performance radar transceiver are available, as
commented in Cunlong et al. 2014,

3.2 Achallenging measurement

To measure the vibration displacements expected
from a building under ambient test, whose values
can be down to a few microns, a very high sensitivi-
ty is necessary. In Negulescu et al. 2013, the authors



compare radar measurements, conventional contact
sensors and modelling acquired during the monitor-
ing of an urban building. The investigated building
gets a reinforced concrete (RC) wall structure and it
includes a double-basement, a ground floor and 10
storeys. The structure has a curved form consisting
of a central building and two asymmetric wings,
with different lengths and inclinations. The load-
resistant structure consists of RC walls. The thick-
ness of the RC walls varies between 25 and 70 cm.
The walls are made of reinforced concrete C 20/25
that was cast in place. The height of each floor is 2.8
m except for the ground floor (4.5 m), and the total
height of the building is 33 m (excluding the base-
ment). The basement has two levels (2.8 m in height
each).

Figure 6. Photo (;f-\h;! m‘easured building (After Negulescu et
al. 2013).

The foundation is continuous on the building con-
tour and under the RC walls. Observing figure 7,
where the range profile is compared to the simplified
scheme of the building, only two bins have been se-
lected for displacement retrieval, due to the not ade-
quate signal to noise ratio of the other bins. These
make the comparison among radar data and conven-
tional sensor limited. The following figure 8, where
the first mode reconstruction is shown for the three
approaches, can benefit only of two points in the ra-
dar case.

Figure 7. Range profile and building scheme identifying the
analyzed radar bins (After Negulescu et al. 2013).
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Figure 8: Mode shape of the structure for the based on seis-
mometer, radar records and numerical modelling (After
Negulescu et al. 2013).

In this second case, we can underline that due to
the small amplitude of the displacements, the num-
ber of useful radar bins is limited. The use of a high-
er frequency could increase the signal to noise ratio,
also thanks to the possibility to use antenna with
higher gain without compromising the handiness of
the sensor. In addition the sensitivity and accuracy
of the measurement could be also improved decreas-
ing the measured wavelength, i.e. increasing the fre-
quency.

4 ADVANCED SYSTEMS

In the last years some attempts have been made to
improve the performances and capability of radar
sensors dedicated to vibration monitoring. Reducing
the costs of the systems, and making a more user
friendly apparatus are the main objectives of two re-
cent papers. Here we recall two papers from recent
literature.

In the first one, Cunlong et al (2014) present a
prototype working at K band (frequencies belonging
to the interval 18 GHz - 27 GHz), a frequency a bit
higher of the Ku ones. The authors claim the goal of
a FMCW radar prototype that is designed and fabri-
cated based on an off-the-shelf radar frontend: in
fig.8 a simple scheme taken from the paper is
shown. Although they use higher operating frequen-
cy, the bandwidth is not augmented (300 MHz); they
analyze the joint use of a net of different sensors
which could allow an estimate of the displacement
from different direction, achieving a vectorial meas-
urement of the displacement.

Van Overschee P., B. De Moor (1996), Subspace identification
for linear systems: Theory, implementation, applications,
Kluwer Academic Publishers 1996,
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Figure 9. Scheme of the prototype discussed and developed
in Cunlong et al. 2014 (After Cunlog et al. 2014).

This aspect is of very important for the study of the
dynamic response of structures but demands an ac-
curate synchronization. The experimental test is con-
fined to a field test based on artificial targets, a sit-
uation apt for sensor characterization but far from a
real monitoring.

A different approach is the one proposed by Papi
et al. 2014. Here the authors report on the develop-
ment and test of a handy, user friendly an moderate
cost system for monitoring structures as bridges,
towers, streetlight and floors. A simple measurement
procedure is developed to provide a portable equip-
ment for the engineering studies. The prototype has
been tested in laboratory conditions and in a prelim-
inary in-field measurement session on a streetlight.
The sensor operates at X band, a frequency lower
than that of Ibis-S the system by IDS

The data acquisition and processing is made us-
ing analysis cheap 8-bit analog to digital converter
and a tablet controls the radar through a Bluetooth
link. An Android app gives the start and the end of
measurement, it saves the acquired data, and it cal-
culates the FFT and plots the result. A more ad-
vanced processing has been implemented with a
Matlab GUI, which provides the targets displace-
ment with respect its equilibrium position and its os-
cillation frequency.

The system has been developed with the objec-
tive of maintaining a low cost, addressing towards
the goal of a commercial apparatus whose perfor-
mances are not improved with respect to those of the
presently available systems. In addition, as in the
previous case, the tests is carried out in laboratory
and in the simple case of a streetlight. In this case
the measurement conditions are not challenging
from the radar point of view: a single target and with
large displacement amplitude is monitored, where
accuracy and spatial resolution issues are not
stressed. A picture of the proposed equipment under
test is shown in figure 10.

m

Figure 10. Scheme of the prototype discussed and developed in
Papi et al., 2014 (After Papi et al. 2014).

5 CONCLUSIONS

In this paper a brief summary of the state of the art
of the instrumentation available for the monitoring
of Civil Engineering structures based on radar inter-
ferometry is first introduced, and a description of the
working principle of the technique follows. The au-
thors try to summarize the main technical features of
the available radar sensors, how they are linked to
the final performances of the system in terms of spa-
tial and temporal resolution achievable through this
technique. Two experimental tests related to a bridge
and an urban building taken from recent literature
have been analysed to underline the need to improve
the performances of the available systems.

Finally two advanced sensors recently described
in literature have been discussed. As far as these
novel systems presented in recent literature is con-
cerned, although the innovative characteristics, they
seems not to introduce significant improvements
from the application point of view. In particular,
they do not disclose all the potential of the currently
available microwave technology, leaving room for
further improvements in terms of better accuracy
and data analysis for the use of these systems for
ambient tests.
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