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Abstract: Interferometric radars are widely used sensors for structural health monitoring. They are
able to perform dynamic measurements of displacement with sub-millimeter precision. Today, the
Ku-band is the most common, due to the spread of commercial systems operating in this band. At
the same time, W-band sensors are gaining ever more interest. Other popular systems work in the
X-band. Since the characteristics of the measurements dramatically depend on the operative fre-
quency, it is essential to highlight their differences. For instance, higher frequency allows for high
displacement resolution, but it is more subject to phase wrapping and decorrelation effects. In this
paper, a direct comparison between radars operating in X, Ku, and W-band for bridge monitoring
is carried out. The radars provide frequency-modulated continuous-wave signals. Experimental
campaigns were performed both in controlled and realistic scenarios (a stayed bridge). The results
of experiments demonstrate that all the three sensors are suitable for performing dynamic structure
monitoring despite their differences. It is worth noting that this comparative analysis has high-
lighted the role of amplitude variation in phase/displacement measurement. Regarding this point,
the three different bands exhibit significant differences.

Keywords: Infrastructure stability monitoring, bridge monitoring, ground-based radars, radar in-
terferometry.

1. Introduction

Vibration monitoring of industrial and civil structures plays an important role in pre-
venting damage and ensuring their safety. Bridges are civil structures that demand peri-
odic monitoring by performing both static and dynamic measurements, in order to eval-
uate possible damages. Over the last twenty years, much attention has been paid to tech-
nologies capable of carrying out such investigations. Vibration sensors, such as accelerom-
eters [1], [2], [3] are largely employed for periodic and continuous monitoring of buildings
and bridges, and provide accurate displacement measurements. However, these sensors
have to physically be installed on the structure. In some cases, this operation could be not
possible. To overcome this problem, research has been conducted on non-contact sensors.

Ground-based radars (GBRs) have received much interest over the past two decades
and today play an important role in monitoring the stability of infrastructures [4]. GBRs
allow for non-contact dynamic and static measurements of multiple points of the structure
[5], [6]. Specifically, radar interferometry allows for very accurate measurements of target
displacement along the radar line of sight, with sub-millimeter precision [7]. Use of GBRs
for monitoring buildings and bridges dates back to the beginning of 2000s [8]. Today,
despite being an established technology, it remains an active and intense field of scientific
research [9], [4], [10], [11]. Efforts are dedicated, for instance, to develop techniques able
to obtain the three-dimensional displacement vector, exploiting the bistatic [12] or the
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multi-monostatic technique [13], [14], using multiple-input multiple-output (MIMO) sen-
SOrs.

The first radar systems for structural monitoring exploited Stepped Frequency Con-
tinuous Waveform (SFCW) signals [5]. The most recent radars operate in Frequency Mod-
ulated CW (FMCW). In fact, the SFCW signal varies the frequency step by step, with each
tone lasting for a certain interval, corresponding to the time of flight from the radar to the
farthest target. This imposes severe limitations to the acquisition speed [15]. As a result,
especially in long-range scenarios, the achievable acquisition frequency does not allow to
measure fast movements. FMCW radars, instead, transmit a continuous ramp in fre-
quency and retrieve the target distance exploiting the frequency difference between the
transmitted and received signal. This permits to minimize the duration of data collection,
and therefore, to increase the acquisition frequency [4], [16].

For civil use, to date, only few radar bands are licensed. Ku-band is the most used in
the GBR field. Commercial Ku-band radars are now widely used for monitoring land-
slides [17], open-pit mines [18], buildings [19], and bridges [20]. Specifically, for dynamic
monitoring of bridges, the Ku-band has been shown to successfully perform vibration
measurements with sub-millimeter precision [7]. Thanks to its wide and consolidated use,
the Ku-band can be considered a reference in the field of structural health monitoring.

In recent years, the X-band has also gained interest. X-band satellite SAR systems
have been widely used for long-term health monitoring of bridges [21], [22]. As for
ground-based radars, the X-band has been largely used for monitoring landslides and
rockfalls [23], [24], [25]. Some studies have also been conducted on its use for monitoring
the health status of structures. For instance, in [26] a practical system for dynamic meas-
urements of structures is proposed, with the aim of being portable and easily usable in
engineering studies.

Nowadays, W-band radars are spreading among several application fields. The high
operating frequency allows for low cost, small and light weight equipment, allowing the
use of miniaturized and easily installable systems. These radars are characterized by a fast
repetition rate (up to 1500 Hz), which makes them the best candidates for dynamic inves-
tigations. Radars operating in W-band have been initially used in the automotive field
[27], [28]. In recent years, the spread of millimeter wave radars has favored their use also
in other applications, including the structural monitoring of buildings and bridges [29].
In [30] a distributed millimeter-wave radar system is exploited for three-dimensional de-
formation monitoring of the tunnel cross-section structure during its construction. Au-
thors of [31] proposed a displacement estimation technique that successfully fuses meas-
urements acquired by an accelerometer and by an FMCW millimeter wave radar. In [32]
the same authors presented a technique capable of fusing accelerometer, strain gauge and
millimeter-wave radar data to perform displacement estimation, with the use of an artifi-
cial neural network model. In this work, intermittent occlusion of the radar target, com-
mon in long-term displacement monitoring, was considered. A joint measurement cam-
paign using W and Ku-band radars is presented in [33]. The radars were tested for bridge
monitoring at two test sites. The results obtained showed an agreement of approximately
0.1 mm. In [34] a W-band MIMO radar was used for bridge monitoring both in the syn-
thetic aperture modality and in the monostatic one, exploiting the MIMO architecture.
This miniaturized synthetic aperture radar performs fast scan, in less than 8 s, and dy-
namic acquisitions at 500 Hz sampling frequency.

The operative frequency is a key parameter for radar systems. For instance, increas-
ing the frequency increases the resolution of the displacement measurement [16]. W-band
radars are promising sensors for measuring small displacements owing to their short
wavelength. At the same time, however, higher frequencies are subject to more decorre-
lation effects [35]. Moreover, when the displacement between consecutive measurements
overcomes a specific threshold, i.e., when the interferometric phase exceeds 2m, ambigu-
ity in the interferometric phase occurs. This effect is known as phase wrapping [36]. Since
the threshold is proportional to the wavelength, phase wrapping can be critical for
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millimeter-wave radars. Therefore, when choosing the radar it is necessary to make a 100
trade-off based on the scenario and the characteristics of the measurement. 101

The scope of this study is the direct comparison of three radars operating in different 102
bands (X, Ku, and W) in order to highlight the differences. The study of these three fre- 103
quency bands is of particular interest. In fact, they are among the few for which wide- 104
spread commercial systems already exist in the sector. 105

For the study presented in this paper, experimental tests were performed in con- 106
trolled scenario, using corner reflectors, and in a realistic case study, at “Ponte all'Indiano” 107
(Indiano bridge) a long-span, stayed bridge, in Florence, Italy. In this last case, two differ- 108
ent datasets were acquired. The first aimed to measure the vibrations of the stays, while 109
the second to monitor the dynamic movement of the access ramp to the bridge. 110

The paper is organized as follows: Section 2 provides the theoretical framework con- 111
cerning FMCW signal and interferometric measurements. Section 3 presents the experi- 112
mental results obtained, which are discussed in Section 4. Finally, Section 5 presents the 113
conclusions. 114

2. Materials and Methods 115

The radars used for the comparison operate FMCW signals. The transmitted FMCW 116
signal is characterized by the frequency slope (S), by the sweep time (Tyyeep) and by the 117
number of frequency samples (Nsgmpies), as shown in orange in Figure 1. With these three 118
variables, it is possible to retrieve the bandwidth (B =S - Tsyeep), the range resolution 119
(6Ryis = ¢/2B) and the unambiguous range (Rynambiguous = €/2B * Nsampies), Where ¢ is 120
the speed of light. The pulse repetition frequency (PRF) is the inverse of the time between 121
two consecutive sweeps, considering a possible idle time. In Figure 1 the blue line repre- 122
sents the signal received from a target located at a distance R = ct/2, where 7 is two 123

times the time of flight from radar to target. Defining the beat frequency as 6f = 124
TB /Tsyeep, the target distance can be written as R = ¢ §f/(25). 125
r 3
f /
transmitted - received

6fl/
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Figure 1. Scheme of the FMCW working principle. 127

Demodulating the received signal [37], the resulting signal for a single target at a 128
distance R, for the i-th sample, can be written as 129

E(t) = el 2m (it+8f t) — oJ 2m (fiT+STty) t; € [0, Tsweep] . 1)

Here, t; is the fast time and t is the slow time. Therefore, the result of a measurement at 130
time t is a complex number, called echo, composed by in-phase (I) and quadrature (Q) 131
terms for each frequency sample i: 132

133
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The radar image (M) can be retrieved by calculating the fast Fourier transform (FFT) 134
of the echo along the index i: 135
M(R,t) = FFT(E(t;, 1)), (3)

where R is the range distance. The echo E(t;, t) is usually windowed along the fre- 136
quency samples before calculating the FFT to reduce the side lobe level. The amplitude of 137
M identifies the distance of the targets in the radar field of view. The phase of M canbe 138

used for measuring the displacement of targets by interferometry. 139
Interferometry calculates the phase difference between two radar measurements ac- 140
quired at different times, through the following formula 141
Ap(At) = 2 M(R, )M* (R, t + At). @)
Figure 2 schematically shows the interferometric principle. The phase difference be- 142
tween two measurements, Ag, is proportional to the displacement AR of the target: 143
i

where 1 is the wavelength of the radar signal corresponding to the central fre- 144
quency. It should be noted that a displacement AR larger than 1/2 causes phase wrap- 145
ping. Several algorithms can be used to unwrap the phase and recover correct displace- 146
ment information [38], [39], [40]. 147
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Figure 2. Interferometric principle. 149
According to Equation 5, the displacement measurement result depends on the op- 150

erating wavelength. Therefore, by assuming any other characteristic constant, the higher 151
the frequency, the higher the displacement resolution. At the same time, the higher the 152
frequency, the smaller the displacement that can be measured not affected by phase 153
wrapping. One possibility to avoid phase wrapping is to use a high PRF. In this paper, 154
the radars have been configured to have an appropriate PRF such that phase wrapping 155
does not occur. 156

When the PRF of the interferometric radar is high enough (larger than 50/100 Hz) it 157
is possible to measure the dynamic behavior of a structure. In this case, it is possible to 158
retrieve the vibration frequency spectrum and the modal shape of the structure. 159

2.1. Equipment 160

The radars used for the comparison are shown in Figure 3. The Ku-band radar (Fig- 161
ure 3b) is a commercial radar for interferometric measurements produced by IDS Geora- 162
dar, Pisa, Italy [41]. The Ku-band radar is based on an heterodyne system that provides 163
complex I and Q outputs. The radar provides an FMCW signal from 17.1 GHz with 199.86 164
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MHz of bandwidth, 3997 frequency samples, and a PRF of about 247 Hz. This radar is a
multiple input multiple output (MIMO) with two TX channels and two RX channels, but
in this paper, only one TX and one RX channel were used.

The X-band radar (Figure 3a) is a prototype based on RockSpot, by IDS georadar [25],
[42] which provides an FMCW signal from 10.4 GHz to 10.6 GHz with 512 frequency sam-
ples. The PRF of the X-band radar was 7246 Hz. The system has one TX channel and four
RX channels. The four RX channels are independent and receive the signal simultane-
ously. The receiving architecture is based on a down converter to baseband. This radar
provides only the In-phase signal. In order to improve the signal-to-noise ratio (SNR), the
four RX channels have been averaged.

Finally, the W-band radar is a AWR1843BOOST by Texas Instruments [43]. It pro-
vides a FMCW signal from 77.077 GHz to 77.257 GHz, with 350 frequency samples, and a
PRF of 2564 Hz. The radar AWR1843BOOST was connected to an acquisition board
(DCA1000EVM) to acquire raw data. The acquisition board sends via ethernet the data to
the local computer. The W-band radar is a 3 X 4 MIMO radar. The radar transmits se-
quentially from the three TX channels, and receives simultaneously from the four RX
channels. The radar has a complex baseband architecture, which uses quadrature mixer
and dual IF and ADC chains to provide complex I and Q outputs for each receiver channel.
The TX and RX channels are averaged to increase the SNR.

Table 1 resumes the radar parameters. It can be observed that the three radars have
different PRF. This is because they have different architectures and the ADC acquisition
frequency changes depending on the instrument. The three radars were configured to
have approximately the same range resolution (0.75 cm). Again, due to different sensor
architectures, the range resolution of W-band radar is slightly different than others.

(b) ()
Figure 3. Radar equipment: (a) X-band radar; (b) Ku-band radar; (c¢) W-band radar.
Table 1. Radar parameters.
Parameter X-band Ku-band W-band
TX channels 1 1 3
RX channels 4 1 4
Bandwidth 200 MHz 199.86 MHz 180.04 MHz
Range resolution 0.75m 0.75m 0.83m
Number of samples 512 3997 350
Unambiguous range 384 m 3001 m 291.6 m
PRF 7246 Hz 247 Hz 2564 Hz

The data acquired by the radars were compared with the data measured by a seismic
accelerometer during the test in controlled scenario, to validate the radar measurements.
The seismic accelerometer was a 393B31 model by PCB, NY, US. The accelerometer uses
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a piezoelectric technology with sensitivity of 1.02 V/(m/s?) and frequency range between 19

0.1 Hz and 200 Hz. The acquisition frequency of the accelerometer was 2 KHz. 197
3. Results 198
The comparison presented in this paper is based on experimental data. 199

The data acquired by the three radars were analyzed using the same processing flow. 200
First, for each dataset, the complex radar echo was windowed using a Kaiser window. 201
Then, the FFT was calculated, according to Equation 3, to obtain the radar images. Then, 202
the complex signals of selected targets are processed using the interferometric technique 203
(Equations 4 and 5) to obtain the displacement over time. The displacement spectrum is 204
then calculated using an FFT in the time dimension, to determine the fundamental fre- 205
quencies. 206

3.1. Experimetnal results: controlled scenario 207

Figure 4 shows the experimental setup of the controlled scenario, arranged in a gar- 208

den of the University of Florence. A corner reflector (CR) was placed on a metallic bar, 209
which was bound to the lower end. The CR was located 19.5 m away from the position of 210
the radars. A second CR was located on a tripod, on the left, a few meters away from the 211
other CR. This CR was not subject to displacements during the measurements and was 212
used as a reference target. In this scenario, several series of measurements lasting approx- 213
imately 2 minutes were performed. After the measurement start, the metal bar, previously 214
held under tension, is released and begins to oscillate. This experiment allowed us to test 215
the performance of the three sensors in a scenario where the targets are clearly distin- 216
guishable, and the movement of the CRs is known and independently measured. 217
218

= reference

CR

‘reference =

CR _imovin g
Q CR

metallic

i

accelerometer

(b)

Figure 4. Experimental setup in controlled scenario: (a) picture of the three radars (Ku, W, and X- 219
band) during the measurements performed on CRs, (b) the two CRs, the static one on the left, and 220
the one placed on an oscillating bar on the right. 221

Figure 5 shows the images obtained by the three radars, after Kaiser windowing and 222
range compression through FFT. The signal amplitude was normalized to the reference 223
CR, to allow for adequate comparison. The three radars clearly identify both CRs. The 224
signal-to-noise-ratio (SNR) of the radar signals was evaluated. It was calculated by con- 225
sidering the magnitude of the peak of the reference target and the average squared mag- 226
nitude of the radar signal in one area where there were no targets. We obtained an SNR 227
of 58.5 dB for the X-band, 76.9 dB for the Ku band, and 50.7 dB for the W-band. Even if 228
the three radars present values of PRF different from each other, the obtained values of = 229
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SNR are not dramatically different. Therefore, their experimental results could be reason- 230
ably compared. 231

The movement of the oscillating CR was measured through interferometry by the 232
three radars. The information from the reference CR was used to perform the atmospheric 233
correction, using a linear range model [44]. Displacement information acquired by the 234
seismic accelerometer was retrieved by double integration. After each integration, the re- 235
sulting signal is filtered with a Butterworth bandpass filter between 1 Hz and 1000 Hz. 236
Figure 6 shows the resulting displacement obtained considering a time interval of about 237
20 s. The accelerometer behavior before time t = 0, is an artifact caused by the filter. In- 238
deed, the numeric filter used requires more than 5 s to converge. 239

Figure 7 shows the details of displacement for the time interval from 9 s to 14 s, cor- 240
responding to the box B in Figure 6. In this interval, the peak-to-peak amplitude of oscil- 241
lation is about 12 mm. As can be seen from Figure 7, a good agreement is found for the 242
four sensors, both for the displacement magnitude and for the time of oscillation. Specifi- 243
cally, the average value of the root squared deviation from the accelerometer data was 244
calculated for the three radars: it is 0.52 mm for the X-band, 0.43 mm for the Ku-band, and 245

0.51 mm for the W-band. 246
Metallic bar — X-band

1.8} —Ku-band

)

e | / — W-band

21.6

‘=

2P 1.4}

g Reference target

=12} /

S I

£ 1

208

N

= 0.6

=)

g 0.4
0.2}

Range [m] 247

Figure 5. Radar images acquired by the three sensors. Targets amplitude was normalized to the 248
reference target value. 249
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T T T

—X-band
20 —Ku-band
- -W-band
— Accelerometer

Displacement [mm)]
o

-5 0 5 10 15
Time [s] 250

Figure 6. Interferometric displacement of the oscillating CR measured by the three radars and by = 251
the accelerometer, after correction using the reference CR. Dotted squares highlight specific time 252

intervals used for the analysis. 253
—X-band
10+ —Ku-band
-W-band
— Accelerometer

Displacement [mm)]
o

10 11 12 13 14
Time [s] 254

Figure 7. Interferometric displacement of the oscillating CR measured by the three radars and by 255
the accelerometer. Details of the B interval highlighted in Fig. 6. 256

Figure 8 shows the displacement details of one other time interval, from about 3.5s 257
to 5.5 s, corresponding to the box A in Figure 6. The displacements measured by the three 258
radars differ slightly from that measured by the accelerometer. While the displacement 259
measured by the accelerometer is a sinusoid, the other curves show different trends. These 260
behaviors also differ between one radar and the others. 261

This behavior is probably a fading effect due to multiple reflections between the CR 262
and the metal bar that supports it [45]. The range resolution was 0.75 m for X and Ku- 263
band, 0.83 m for W-band. Therefore, the backscattered signal is the sum of the electromag- 264
netic wave backscattered by the CR and the electromagnetic wave backscattered by the 265
bar supporting the CR. How these signals add up can vary depending on their position 266
relative to the radars. A positive or negative interference results in a variation (increase or 267
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Displacement [mm]

decrease) of the signal amplitude. This is confirmed by results shown in Figure 9. Here,
the CR displacement of Figure 8 is presented for each radar ((a) X-band, (b) Ku-band, and
(c) W-band), compared to the corresponding amplitude value normalized with respect to
the mean, i.e.,

|M(R0, t)l
mean,(|M(Ry, t)])’

MRy, t) = (6)
where M(R,,t) is the complex value calculated in Equation 3 at the range R, of the CR,
and |- | denotes the absolute value operator. In Figure 9, it can be observed that the dis-
placement behavior differs from that of the accelerometer when M(R,,t) has minimum
values. When M(R,,t) < 1 there is a destructive interference, while when M(R,,t) > 1
the signals interfere constructively. This effect changes with the signal wavelength. From
Figure 9 it can be observed, as expected, that the rate of changes for the X-band (Figure 9
(a)) is lower than for W-band (Figure 9 (c)). That is, the amplitude variation rate increases
with the radar frequency.

25 T T '
—X-band
20¢ —Ku-band
W-band
15+ — Accelerometer|

o

Displacement [mm)]
(9]

0
-5
-10
-15 - ' '
4 4.5 5
Time [s]

Figure 8. Interferometric displacement of the oscillating CR measured by the three radars and by
the accelerometer, after correction using the reference CR. Details of the A interval highlighted in
Fig. 6.
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Figure 9. Interferometric displacement compared to the quantity M(Ro,t) (Equation 6): (a) X-band 285
radar; (b) Ku-band radar; (c) W-band radar. The right axis represents the M(Ry, t) quantity, while 286
the left axis represents the interferometric displacement. 287

The displacement spectrum was calculated for all the acquired datasets, by calculat- 288
ing the FFT of the displacement time series. Figure 10 shows the obtained spectrum and 289
Table 2 the fundamental frequency obtained for the four sensors. The uncertainty related 290
to the frequency is the inverse of the time interval used to calculate the FFT. Excellent 291
agreement can be observed between the four results, with the calculated oscillation fre- 292

quencies perfectly matching. 293
—X-band
LT —Ku-band
W-band
g — Acceleormeter
2038 ~
é.
<0.67 1
gei
o)
g
S04t
£ 0.4
S
Z
0.2

1.8 2 2.2 24

Frequency [hz] 294

Figure 10. Spectrum of the displacement obtained for the three radars and for the accelerometer 295
data. 296
Table 2. Oscillation frequency obtained from the displacement spectrum. 297

X-band (Hz) Ku-band (Hz) W-band (Hz) Accelerometer (Hz)
2.0896 + 0.020 2.0900 + 0.020 2.0894 + 0.020 2.0896 + 0.020
298
3.2. Experimental results: bridge stays case study 299

The second measurement campaign was performed at Indiano Bridge, in Florence, 300
Italy, to measure the vibrations of the bridge stays. In this scenario it was not possible to 301
use an independent sensor to validate the performance of the radars. Since the Ku-band 302
system is an established commercial system specifically designed for these applications, 303
it was used as a reference to compare the performance of the other radars. The experi- 304
mental setup is shown in Figure 11. Several measurements lasting approximately 2 305
minutes were carried out. 306
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stays

307

Figure 11. Experimental setup at Indiano Bridge for the measurement of the vibrations of the bridge 308
stays. 309

For these measurements, the radars were installed close to the bridge pillar, pointed 310
towards the stays, with an inclination of about 45° with respect to the vertical axis. The 311
radar images obtained via FFT are shown in Fig. 12, with the amplitude normalized to the 312
maximum value. It can be observed that the radar images do not perfectly match: the three 313
radars do not identify all the same targets. Nevertheless, the peak at 16 m from the radars 314
was selected as common to the three radars. 315

The cumulative interferometric displacement of the peak 16 m away was calculated 316
according to Equation 5. Figure 13 shows the results obtained for the three radars, fora 317
time interval of about 20 s, in which an intense impulsive stimulus occurred, due to the 318
passage of a heavy vehicle. 319

The normalized amplitude was calculated for the three radars, to investigate whether 320
fading could occur in this measurement. The result is shown in Figure 14, for the same 321
time interval as Figure 13. In this case, a low fading contribution is expected since the 322
structure is slender. Indeed, the X-band amplitude data show very small variations, less 323
than 1.6 % of the average amplitude. Ku-band data exhibit a maximum approximately at 324
the greatest displacement, but small variations elsewhere. Instead, W-band data present 325
higher and faster amplitude variations. This could be due to the low SNR of W-band data. 326
In fact, for the considered target, the SNR is 76.9 dB for Ku band, 50.6 dB for X-band, and 327
29.8 dB for W-band. 328
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Figure 12. Radar images acquired by the three radars. The arrow indicates the target chosen for the 330
analysis presented below. 331
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Figure 13. Interferometric displacement of the stay of the bridge, obtained for the three radars. 333
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Figure 14. Normalized amplitude (Equation 6) of the bridge stay target, for the three radars.

To quantitatively assess the performance of the X and W-band radars, the obtained
displacements were compared to that of Ku-band, since it was not possible to install other

sensors on the structure. After interpolation on a unique time vector, the root of the quad-

ratic deviation from Ku-band data was calculated for X, and W-band data. Results for a

measurement lasting about two minutes are shown in Figure 15. For the X-band the devi-
ations are below 0.2 mm, for the W-band they are below 0.25 mm. It is worth noting that

the nominal uncertainty for interferometric radars is 0.1 mm [7]. Therefore, the obtained

deviations correspond to the sum of the individual uncertainties of the Ku-band and X/W-
band data. The mean value of the root squared deviation from the Ku-band data was cal-
culated. It is equal to 0.03 mm for X-band data, and 0.04 mm for W-band data.

0.25}

o
)

0.15¢
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Figure 15. Root squared deviation of the stay displacements from Ku-band data, evaluated for W,

and X-band data.

Finally, the Fourier transform of the time series of displacements was calculated to
determine the spectrum. Figure 16 presents the obtained frequency spectrum, normalized
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with respect to the frequency fi, for the three radars. Table 3 presents the values of the 351
fundamental frequency f; retrieved from Figure 16. Excellent agreement is found alsoin 352

this case. 353
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Figure 16. Spectrum of the displacement of the bridge stay, obtained for the three radars. 355

Table 3. Oscillation frequency f; obtained from the displacement spectrum of the bridge stay. 356
X-band (Hz) Ku-band (Hz) W-band (Hz)
0.2482 £+ 0.025 0.2485 £+ 0.025 0.2480 + 0.025

357

358

359

3.2. Experimental results: bridge access ramp case study 360

A third dataset was acquired at Indiano Bridge for measuring the dynamic displace- 361
ment of the access ramp to the bridge. Figure 17 shows the experimental setup. The radars 362
were installed under the bridge ramp, at 8.60 m vertical distance from the span, near a 363
pillar, and pointed towards the bridge span. The lower part of the bridge span has a com- 364
plex structure including metallic and concrete parts, as it can be observed in Figure 17.In 365
this case, multiple reflections can occur. Moreover, because of the different operating fre- 366
quencies, the radar image may be different for the three radars, and it is not obvious to 367
recognize the targets clearly. To investigate this point, a three-dimensional scan of the 368
structure of the bridge span was performed using a laser sensor, the MS60 by Leica. Four 369
measurements were performed, lasting approximately 10 minutes. 370

Figure 18 shows the radar images obtained for the three sensors, normalized to the 371
maximum, together with the horizontal and vertical sections of the bridge obtained from 372
the three-dimensional scan. Dashed lines highlight the peak-to-target correspondence. 373
Identified targets correspond to the edges of the metal structure under the bridge span. 374
The images of the three radars partially differ from each other. Although many targets do 375
not coincide in the three images, some targets are seen by all three sensors. The results 376
obtained for a target at 21.4 m away from the radars are shown in Figures 19, 20, 21, and = 377
22. The distance projected on the horizontal direction on the bridge span is 19 m. 378
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Figure 17. Experimental setup at Indiano Bridge for the measurement of the dynamic displacement
of the bridge access ramp.
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Figure 18. Radar images acquired by the three radars (top). Horizontal and vertical sections of the
three-dimensional scan of the bridge obtained with Leica MS60 (bottom).

The analysis was focused on time intervals when intensive impulsive stimulus oc-
curred. Within these intervals, the complex signal of the selected target was processed by
interferometric analysis. The SNR of this target is 80.1 dB for Ku-band, 42 dB for X-band,
and 43.1 dB for W-band. The resulting displacement is shown in Figure 19, for a time
interval of about 25 seconds. A displacement larger than 2.5 mm was measured. Very
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good agreement can be observed between the Ku and W-band data, while X-band data 390
slightly differ from the others. 391

To investigate whether fading could occur in this scenario, the normalized amplitude 392
for this target was calculated for each radar, using Equation 6. Figure 20 shows the results 393
obtained for the time interval considered in Figure 19. A decrease in the normalized am- 394
plitude corresponding to the largest displacement can be seen. In Figure 20 the minimum 395
values of the normalized amplitude are highlighted. The amplitude variation is different 396
for the three bands: a decrease from the average value of 12% for the Ku-band, 41% for 397
the X-band, and 48% for the W-band. The time behavior is also different for the three 398
bands. For instance, W-band data appear noisier. In contrast, Ku-band data show smaller 399
amplitude variations: normalized amplitude values remain approximately 1 after the in- 400
tense stimulus. 401

The three displacements were interpolated on a unique time vector and the root 402
squared deviation from Ku-band data was evaluated for X, and W-band data. Figure 21 403
shows the obtained results for the same time interval as Figure 19. In this case, the maxi- 404
mum deviation is 0.58 mm for X-band data, and 0.27 mm for W-band data. The average 405
values of the root squared deviations are comparable with the precision of the reference 406
systems: 0.14 mm for X-band, and 0.06 mm for W-band. 407

0.5

displacement [mm]

—X-band
—Ku-band
— W-band
3 L L ! »
0 5 10 15 20 25
time [s] 408

Figure 19. Measured displacements of a target located under the access ramp, at 21.4 m away from 409
the radars. 410
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Figure 20. Normalized amplitude (Equation 6) of a target at 21.4 m form the radars, on the bridge
access ramp, for the three radars.
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Figure 21. Root squared deviations from Ku-band data for X, and W-band data for the target on the
bridge access ramp, at 21.4 m from the radars.

The displacement spectrum is shown in Figure 22, normalized to the value of fre-
quency f,. Very good agreement can be observed, especially between Ku-band and W-
band data. Two fundamental frequencies fi, f, are identified, specified in Table 4, with
the corresponding measurement errors. Even if the X-band normalized spectrum differs
slightly from the others, the recovered frequency matches that determined from the Ku-
band and W-band.
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Figure 22. Frequency spectrum of displacement of the target on the bridge access ramp, at 21.4 m 424
from the radars, obtained for the three radars. 425

Table 4. Oscillation frequencies f;, f, obtained from the displacement spectrum of the target on the 426

bridge access ramp. 427
X-band (Hz) Ku-band (Hz) W-band (Hz)
fi 0.1844 £+ 0.025 0.1795 + 0.025 0.1795 £ 0.025
fa 0.2368 + 0.025 0.2419 + 0.025 0.2435 + 0.025

4. Discussion 428

In Section 3, three experimental datasets acquired by radars operating in the X, Ku, 429
and W-band were presented and a direct comparison was carried out. When it was not 430
possible to use one other independent sensor, the Ku-band system, a commercial interfer- 431
ometric radar by IDS Georadar, was taken as a reference for interferometric measure- 432
ments. 433

Table 5 summarizes the results obtained in the three experiments from the three ra- 434
dars. The frequencies of oscillations detected by each radar are shown. As for the interfer- 435
ometric result, for the X and W-band, the maximum and average root squared deviation 436
from Ku-band displacement are shown. The displacements measured by the three radars 437
showed a good agreement both in controlled scenario and in the realistic case study. For = 438
instance, as can be seen in Figure 15 and Figure 21, the deviation of X and W-band data 439
from Ku-band data is in the order of 0.1 mm. Furthermore, for all the measurements car- 440
ried out, the displacement spectrum and the fundamental frequencies measured by the 441
three radars coincide. However, some aspects deserve further investigation. 442

In Figure 9 signal fading was analyzed for the controlled scenario. The displacements 443
of an oscillating CR are compared with the normalized amplitude value, given by Equa- 444
tion 6, for the three radars. It can be observed that the minima of the normalized amplitude 445
correspond to the maximum difference between the displacements of the radars and the 446
accelerometer. As already mentioned, this effect is probably due to the reflection by the 447
metallic bar that acts as a support for the CR. The W-band system shows a higher rate of 448
amplitude variation. However, as can be observed in Figure 8, cumulatively, the effecton 449
the interferometric displacement is not dramatic. On the contrary, the effect on the dis- 450
placement appears more critical for the X and Ku-bands. 451

A similar effect was observed in Figure 20 for a target on the access ramp to the 452
bridge. In this case, the normalized amplitude shows minima when the displacement is 453
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maximum. This effect is most pronounced for X and W-band data, for which the largest 454
amplitude deviation is 41% and 57% of the mean value, respectively. The displacement 455
deviation of X-band data from Ku-band data, that can be observed in Figure 21, could be 456
related to signal fading. However, it should be noted that the maximum deviation is less =~ 457
than 0.6 mm. It can therefore be stated that, in this case, fading does not dramatically in- 458
fluence the interferometric displacement. 459

In Figure 12 and Figure 18, it can be noted that the radar images acquired by the three 460
radars do not perfectly coincide even if with the same range resolution. This could be due 461
to the different backscattering behavior at different frequency bands. 462

In Figure 18 radar images acquired on the access ramp to the bridge were compared 463
with the three-dimensional scan obtained with the Leica MS60. The targets identified cor- 464
respond to the edges of the metal structure under the bridge span. It can be noted a not 465
perfect match for the closest targets. This is probably due to multipath effects, which are 466
more evident for short range targets. 467

Table 5. Comparison of the measurement results obtained in the three experiments, for the three 468
radars. RSD is the root square deviation from Ku-band data. 469

W-band

X-band Ku-band

Experiment 1

Frequency (Hz) 2.0896 + 0.020 2.0900 £+ 0.020 2.0894 £+ 0.020

Experiment 2

Frequency (Hz)
Max RSD (mm)
Mean RSD (mm)

0.2482 £+ 0.025
0.18
0.03

0.2485 + 0.025

0.2480 %+ 0.025
0.25
0.04

Experiment 3

Frequency f; (Hz)
Frequency f, (Hz)

0.1844 £+ 0.025
0.2368 £+ 0.025

0.1795 £ 0.025
0.2419 + 0.025

0.1795 £ 0.025
0.2435 + 0.025

Max RSD (mm) 0.58 - 0.27
Mean RSD (mm) 0.14 - 0.06

470

5. Conclusions 471
In this work, a direct comparison is carried out between three radars for structural 472
dynamic monitoring. The sensors, operating in X, Ku, and W-band with FMCW signals, 473
have been simultaneously tested. The aim was to compare the performance of the systems 474
for the dynamic monitoring of civil structures such as bridges, highlighting possible ad- 475
vantages provided by one or the other band. Three measurement campaigns are pre- 476
sented: in controlled scenario, using an oscillating CR, and in a realistic scenario, for mon- 477
itoring the stays and the access ramp of a bridge. 478
The results obtained demonstrate that the radar frequency band does not limit the 479
possibility of performing dynamic monitoring. In fact, in the controlled scenario, the fun- 480
damental frequencies determined from the displacement spectrum for the three radars 481
coincide with that of the accelerometer. Even in the realistic scenario, the displacement 482
results obtained for X and W-band radars show good agreement with those of the Ku- 483
band, a commercial system developed specifically for this application. These results show 484
the great potential of FMCW radars operating in these three bands for structural dynamic =~ 485
monitoring. The analysis of the interferometric measurements brought up other interest- 486
ing considerations. 487
In the realistic case studies, the radar images acquired in the three bands look differ- 488

ent from each other, even when they have the same range resolution. Therefore, it is not 489
easy to clearly recognize targets, especially in complex scenarios. This could be due to the 490
different backscattering behaviour at different wavelengths. 491
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Phase wrapping could be challenging for interferometric high-frequency systems. 492
However, the experimental results obtained demonstrate that by using a high acquisition 493
frequency it is possible to measure dynamic displacements without phase wrapping even 494
in the W-band. 495

Signal fading was observed, both in controlled and realistic scenarios. It was demon- 496
strated that studying signal fading is useful for radar interferometric dynamic monitoring. 497
In fact, a connection was observed between signal fading and targets displacement. When 498
large displacements are measured, this effect produces a deviation of the interferometric 499
measurement. When small displacements are monitored a connection was observed be- 500
tween amplitude variations and degradation of signal quality, but the interferometric 501
measurement is not dramatically affected. Experimental results show that fading varies 502
with the frequency band. It is not easy to quantify fading effects and their relation to the 503
interferometric accuracy. This problem is of great importance for monitoring complex 504
structures and deserves more in-depth studies. This study could be the starting point for 505
more advanced analyses and techniques. 506
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