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Abstract: Interferometric radars are widely used sensors for structural health monitoring. They are 10 

able to perform dynamic measurements of displacement with sub-millimeter precision. Today, the 11 

Ku-band is the most common, due to the spread of commercial systems operating in this band. At 12 

the same time, W-band sensors are gaining ever more interest. Other popular systems work in the 13 

X-band. Since the characteristics of the measurements dramatically depend on the operative fre- 14 

quency, it is essential to highlight their differences. For instance, higher frequency allows for high 15 

displacement resolution, but it is more subject to phase wrapping and decorrelation effects. In this 16 

paper, a direct comparison between radars operating in X, Ku, and W-band for bridge monitoring 17 

is carried out. The radars provide frequency-modulated continuous-wave signals. Experimental 18 

campaigns were performed both in controlled and realistic scenarios (a stayed bridge). The results 19 

of experiments demonstrate that all the three sensors are suitable for performing dynamic structure 20 

monitoring despite their differences. It is worth noting that this comparative analysis has high- 21 

lighted the role of amplitude variation in phase/displacement measurement. Regarding this point, 22 

the three different bands exhibit significant differences. 23 

Keywords: Infrastructure stability monitoring, bridge monitoring, ground-based radars, radar in- 24 

terferometry. 25 

 26 

1. Introduction 27 

Vibration monitoring of industrial and civil structures plays an important role in pre- 28 

venting damage and ensuring their safety. Bridges are civil structures that demand peri- 29 

odic monitoring by performing both static and dynamic measurements, in order to eval- 30 

uate possible damages. Over the last twenty years, much attention has been paid to tech- 31 

nologies capable of carrying out such investigations. Vibration sensors, such as accelerom- 32 

eters [1], [2], [3] are largely employed for periodic and continuous monitoring of buildings 33 

and bridges, and provide accurate displacement measurements. However, these sensors 34 

have to physically be installed on the structure. In some cases, this operation could be not 35 

possible. To overcome this problem, research has been conducted on non-contact sensors.  36 

Ground-based radars (GBRs) have received much interest over the past two decades 37 

and today play an important role in monitoring the stability of infrastructures [4]. GBRs 38 

allow for non-contact dynamic and static measurements of multiple points of the structure 39 

[5], [6]. Specifically, radar interferometry allows for very accurate measurements of target 40 

displacement along the radar line of sight, with sub-millimeter precision [7]. Use of GBRs 41 

for monitoring buildings and bridges dates back to the beginning of 2000s [8]. Today, 42 

despite being an established technology, it remains an active and intense field of scientific 43 

research [9], [4], [10], [11]. Efforts are dedicated, for instance, to develop techniques able 44 

to obtain the three-dimensional displacement vector, exploiting the bistatic [12] or the 45 
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multi-monostatic technique [13], [14], using multiple-input multiple-output (MIMO) sen- 46 

sors. 47 

The first radar systems for structural monitoring exploited Stepped Frequency Con- 48 

tinuous Waveform (SFCW) signals [5]. The most recent radars operate in Frequency Mod- 49 

ulated CW (FMCW). In fact, the SFCW signal varies the frequency step by step, with each 50 

tone lasting for a certain interval, corresponding to the time of flight from the radar to the 51 

farthest target. This imposes severe limitations to the acquisition speed [15]. As a result, 52 

especially in long-range scenarios, the achievable acquisition frequency does not allow to 53 

measure fast movements. FMCW radars, instead, transmit a continuous ramp in fre- 54 

quency and retrieve the target distance exploiting the frequency difference between the 55 

transmitted and received signal. This permits to minimize the duration of data collection, 56 

and therefore, to increase the acquisition frequency [4], [16]. 57 

For civil use, to date, only few radar bands are licensed. Ku-band is the most used in 58 

the GBR field. Commercial Ku-band radars are now widely used for monitoring land- 59 

slides [17], open-pit mines [18], buildings [19], and bridges [20]. Specifically, for dynamic 60 

monitoring of bridges, the Ku-band has been shown to successfully perform vibration 61 

measurements with sub-millimeter precision [7]. Thanks to its wide and consolidated use, 62 

the Ku-band can be considered a reference in the field of structural health monitoring.  63 

In recent years, the X-band has also gained interest. X-band satellite SAR systems 64 

have been widely used for long-term health monitoring of bridges [21], [22]. As for 65 

ground-based radars, the X-band has been largely used for monitoring landslides and 66 

rockfalls [23], [24], [25]. Some studies have also been conducted on its use for monitoring 67 

the health status of structures. For instance, in [26] a practical system for dynamic meas- 68 

urements of structures is proposed, with the aim of being portable and easily usable in 69 

engineering studies. 70 

Nowadays, W-band radars are spreading among several application fields. The high 71 

operating frequency allows for low cost, small and light weight equipment, allowing the 72 

use of miniaturized and easily installable systems. These radars are characterized by a fast 73 

repetition rate (up to 1500 Hz), which makes them the best candidates for dynamic inves- 74 

tigations. Radars operating in W-band have been initially used in the automotive field 75 

[27], [28]. In recent years, the spread of millimeter wave radars has favored their use also 76 

in other applications, including the structural monitoring of buildings and bridges [29]. 77 

In [30] a distributed millimeter-wave radar system is exploited for three-dimensional de- 78 

formation monitoring of the tunnel cross-section structure during its construction. Au- 79 

thors of [31] proposed a displacement estimation technique that successfully fuses meas- 80 

urements acquired by an accelerometer and by an FMCW millimeter wave radar. In [32] 81 

the same authors presented a technique capable of fusing accelerometer, strain gauge and 82 

millimeter-wave radar data to perform displacement estimation, with the use of an artifi- 83 

cial neural network model. In this work, intermittent occlusion of the radar target, com- 84 

mon in long-term displacement monitoring, was considered. A joint measurement cam- 85 

paign using W and Ku-band radars is presented in [33]. The radars were tested for bridge 86 

monitoring at two test sites. The results obtained showed an agreement of approximately 87 

0.1 mm. In [34] a W-band MIMO radar was used for bridge monitoring both in the syn- 88 

thetic aperture modality and in the monostatic one, exploiting the MIMO architecture. 89 

This miniaturized synthetic aperture radar performs fast scan, in less than 8 s, and dy- 90 

namic acquisitions at 500 Hz sampling frequency. 91 

The operative frequency is a key parameter for radar systems. For instance, increas- 92 

ing the frequency increases the resolution of the displacement measurement [16]. W-band 93 

radars are promising sensors for measuring small displacements owing to their short 94 

wavelength. At the same time, however, higher frequencies are subject to more decorre- 95 

lation effects [35]. Moreover, when the displacement between consecutive measurements 96 

overcomes a specific threshold, i.e., when the interferometric phase exceeds 2𝜋, ambigu- 97 

ity in the interferometric phase occurs. This effect is known as phase wrapping [36]. Since 98 

the threshold is proportional to the wavelength, phase wrapping can be critical for 99 
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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 (𝑇𝑠𝑤𝑒𝑒𝑝) and by the 117 

number of frequency samples (𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠), as shown in orange in Figure 1. With these three 118 

variables, it is possible to retrieve the bandwidth (𝐵 = 𝑆 ⋅ 𝑇𝑠𝑤𝑒𝑒𝑝), the range resolution 119 

(𝛿𝑅𝑟𝑖𝑠 = 𝑐/2𝐵) and the unambiguous range (𝑅𝑢𝑛𝑎𝑚𝑏𝑖𝑔𝑢𝑜𝑢𝑠 = 𝑐/2𝐵 ⋅ 𝑁𝑠𝑎𝑚𝑝𝑙𝑒𝑠), where 𝑐 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 = 𝑐𝜏/2, where 𝜏 is two 123 

times the time of flight from radar to target. Defining the beat frequency as 𝛿𝑓 = 124 

𝜏𝐵/𝑇𝑠𝑤𝑒𝑒𝑝, the target distance can be written as 𝑅 = 𝑐 𝛿𝑓/(2𝑆).  125 

 126 

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(𝑡𝑖) = 𝑒𝑗 2 𝜋 (𝑓1𝜏+𝛿𝑓 𝑡𝑖) = 𝑒𝑗 2𝜋 (𝑓1𝜏+𝑆𝜏𝑡𝑖) , 𝑡𝑖 ∈ [0, 𝑇𝑠𝑤𝑒𝑒𝑝] . (1) 

Here, 𝑡𝑖 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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𝐸(𝑡𝑖, 𝑡) = 𝐼(𝑡𝑖 , 𝑡) + 𝑗𝑄(𝑡𝑖, 𝑡). (2) 

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(𝑡𝑖, 𝑡)), (3) 

where 𝑅 is the range distance. The echo 𝐸(𝑡𝑖, 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 can be 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 

𝛥𝜙(Δ𝑡) = ∠ 𝑀(𝑅, 𝑡)𝑀∗(𝑅, 𝑡 + Δ𝑡). (4) 

Figure 2 schematically shows the interferometric principle. The phase difference be- 142 

tween two measurements, Δ𝜙, is proportional to the displacement Δ𝑅 of the target: 143 

𝛥𝜙 =
4𝜋

𝜆
𝛥𝑅, (5) 

where 𝜆  is the wavelength of the radar signal corresponding to the central fre- 144 

quency. It should be noted that a displacement Δ𝑅 larger than 𝜆/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 

 148 

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 165 

multiple input multiple output (MIMO) with two TX channels and two RX channels, but 166 

in this paper, only one TX and one RX channel were used. 167 

The X-band radar (Figure 3a) is a prototype based on RockSpot, by IDS georadar [25], 168 

[42] which provides an FMCW signal from 10.4 GHz to 10.6 GHz with 512 frequency sam- 169 

ples. The PRF of the X-band radar was 7246 Hz. The system has one TX channel and four 170 

RX channels. The four RX channels are independent and receive the signal simultane- 171 

ously. The receiving architecture is based on a down converter to baseband. This radar 172 

provides only the In-phase signal. In order to improve the signal-to-noise ratio (SNR), the 173 

four RX channels have been averaged. 174 

Finally, the W-band radar is a AWR1843BOOST by Texas Instruments [43]. It pro- 175 

vides a FMCW signal from 77.077 GHz to 77.257 GHz, with 350 frequency samples, and a 176 

PRF of 2564 Hz. The radar AWR1843BOOST was connected to an acquisition board 177 

(DCA1000EVM) to acquire raw data. The acquisition board sends via ethernet the data to 178 

the local computer. The W-band radar is a 3 × 4 MIMO radar. The radar transmits se- 179 

quentially from the three TX channels, and receives simultaneously from the four RX 180 

channels. The radar has a complex baseband architecture, which uses quadrature mixer 181 

and dual IF and ADC chains to provide complex I and Q outputs for each receiver channel. 182 

The TX and RX channels are averaged to increase the SNR. 183 

Table 1 resumes the radar parameters. It can be observed that the three radars have 184 

different PRF. This is because they have different architectures and the ADC acquisition 185 

frequency changes depending on the instrument. The three radars were configured to 186 

have approximately the same range resolution (0.75 cm). Again, due to different sensor 187 

architectures, the range resolution of W-band radar is slightly different than others.  188 

  189 

   

(a) (b) (c) 

Figure 3. Radar equipment: (a) X-band radar; (b) Ku-band radar; (c) W-band radar. 190 

Table 1. Radar parameters. 191 

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 0.75 m 0.75 m 0.83 m 

Number of samples 512 3997 350 

Unambiguous range 384 m 3001 m 291.6 m 

PRF 7246 Hz 247 Hz 2564 Hz 

 192 

The data acquired by the radars were compared with the data measured by a seismic 193 

accelerometer during the test in controlled scenario, to validate the radar measurements. 194 

The seismic accelerometer was a 393B31 model by PCB, NY, US. The accelerometer uses 195 
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a piezoelectric technology with sensitivity of 1.02 V/(m/s²) and frequency range between 196 

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 

  

(a) (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 

 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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 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 

 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 3.5 s 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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decrease) of the signal amplitude. This is confirmed by results shown in Figure 9. Here, 268 

the CR displacement of Figure 8 is presented for each radar ((a) X-band, (b) Ku-band, and 269 

(c) W-band), compared to the corresponding amplitude value normalized with respect to 270 

the mean, i.e., 271 

𝑀̂(𝑅0, 𝑡) =
|𝑀(𝑅0, 𝑡)|

𝑚𝑒𝑎𝑛𝑡(|𝑀(𝑅0, 𝑡)|)
 , (6) 

where 𝑀(𝑅0, 𝑡) is the complex value calculated in Equation 3 at the range 𝑅0 of the CR, 272 

and | ⋅ | denotes the absolute value operator. In Figure 9, it can be observed that the dis- 273 

placement behavior differs from that of the accelerometer when 𝑀̂(𝑅0, 𝑡) has minimum 274 

values. When 𝑀̂(𝑅0, 𝑡) < 1 there is a destructive interference, while when 𝑀̂(𝑅0, 𝑡) > 1 275 

the signals interfere constructively. This effect changes with the signal wavelength. From 276 

Figure 9 it can be observed, as expected, that the rate of changes for the X-band (Figure 9 277 

(a)) is lower than for W-band (Figure 9 (c)). That is, the amplitude variation rate increases 278 

with the radar frequency. 279 

 280 

Figure 8. Interferometric displacement of the oscillating CR measured by the three radars and by 281 
the accelerometer, after correction using the reference CR. Details of the A interval highlighted in 282 
Fig. 6. 283 

 284 

   

(a) (b) (c) 
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Figure 9. Interferometric displacement compared to the quantity 𝑀̂(𝑅0, 𝑡) (Equation 6): (a) X-band 285 
radar; (b) Ku-band radar; (c) W-band radar. The right axis represents the 𝑀̂(𝑅0, 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 

 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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 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, for a 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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 329 

Figure 12. Radar images acquired by the three radars. The arrow indicates the target chosen for the 330 
analysis presented below. 331 

 332 

Figure 13. Interferometric displacement of the stay of the bridge, obtained for the three radars. 333 
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 334 

Figure 14. Normalized amplitude (Equation 6) of the bridge stay target, for the three radars. 335 

To quantitatively assess the performance of the X and W-band radars, the obtained 336 

displacements were compared to that of Ku-band, since it was not possible to install other 337 

sensors on the structure. After interpolation on a unique time vector, the root of the quad- 338 

ratic deviation from Ku-band data was calculated for X, and W-band data. Results for a 339 

measurement lasting about two minutes are shown in Figure 15. For the X-band the devi- 340 

ations are below 0.2 mm, for the W-band they are below 0.25 mm. It is worth noting that 341 

the nominal uncertainty for interferometric radars is 0.1 mm [7]. Therefore, the obtained 342 

deviations correspond to the sum of the individual uncertainties of the Ku-band and X/W- 343 

band data. The mean value of the root squared deviation from the Ku-band data was cal- 344 

culated. It is equal to 0.03 mm for X-band data, and 0.04 mm for W-band data. 345 

 346 

Figure 15. Root squared deviation of the stay displacements from Ku-band data, evaluated for W, 347 
and X-band data. 348 

Finally, the Fourier transform of the time series of displacements was calculated to 349 

determine the spectrum. Figure 16 presents the obtained frequency spectrum, normalized 350 
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with respect to the frequency 𝑓1, for the three radars. Table 3 presents the values of the 351 

fundamental frequency 𝑓1 retrieved from Figure 16. Excellent agreement is found also in 352 

this case. 353 

 354 

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

Table 3. Oscillation frequency 𝑓1 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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 379 

Figure 17. Experimental setup at Indiano Bridge for the measurement of the dynamic displacement 380 
of the bridge access ramp. 381 

 382 

Figure 18. Radar images acquired by the three radars (top). Horizontal and vertical sections of the 383 
three-dimensional scan of the bridge obtained with Leica MS60 (bottom). 384 

The analysis was focused on time intervals when intensive impulsive stimulus oc- 385 

curred. Within these intervals, the complex signal of the selected target was processed by 386 

interferometric analysis. The SNR of this target is 80.1 dB for Ku-band, 42 dB for X-band, 387 

and 43.1 dB for W-band. The resulting displacement is shown in Figure 19, for a time 388 

interval of about 25 seconds. A displacement larger than 2.5 mm was measured. Very 389 



Remote Sens. 2024, 16, x FOR PEER REVIEW 16 of 22 
 

 

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 

 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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 411 

Figure 20. Normalized amplitude (Equation 6) of a target at 21.4 m form the radars, on the bridge 412 
access ramp, for the three radars. 413 

 414 

Figure 21. Root squared deviations from Ku-band data for X, and W-band data for the target on the 415 
bridge access ramp, at 21.4 m from the radars. 416 

The displacement spectrum is shown in Figure 22, normalized to the value of fre- 417 

quency 𝑓2. Very good agreement can be observed, especially between Ku-band and W- 418 

band data. Two fundamental frequencies 𝑓1, 𝑓2 are identified, specified in Table 4, with 419 

the corresponding measurement errors. Even if the X-band normalized spectrum differs 420 

slightly from the others, the recovered frequency matches that determined from the Ku- 421 

band and W-band. 422 
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 423 

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 𝑓1 , 𝑓2 obtained from the displacement spectrum of the target on the 426 
bridge access ramp. 427 

  X-band (Hz) Ku-band (Hz) W-band (Hz) 

 𝑓1 0.1844 ± 0.025 0.1795 ± 0.025 0.1795 ± 0.025 

 𝑓2 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 effect on 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 

 X-band  Ku-band  W-band 

Experiment 1    

Frequency (Hz) 2.0896 ± 0.020 2.0900 ± 0.020 2.0894 ± 0.020 

Experiment 2    

Frequency (Hz) 0.2482 ± 0.025 0.2485 ± 0.025 0.2480 ± 0.025 

Max RSD (mm)  0.18 - 0.25 

Mean RSD (mm) 0.03 - 0.04 

Experiment 3    

Frequency 𝑓1 (Hz) 0.1844 ± 0.025 0.1795 ± 0.025 0.1795 ± 0.025 

Frequency 𝑓2 (Hz) 0.2368 ± 0.025 0.2419 ± 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 

Author Contributions: Methodology, L.M. and M.P.; validation, L.P., A.C.; formal analysis, L.M. 507 
and A.B.; investigation, L.P., A.B., A.C., L.M., J.S.; resources, M.P.; data curation, L.M.; writing— 508 
original draft preparation, A.B.; writing—review and editing, L.M., M.P.; supervision, M.P. and 509 
L.M.; project administration, M.P.; funding acquisition, M.P. All authors have read and agreed to 510 
the published version of the manuscript. 511 

Funding: This research received no external funding. 512 

Data Availability Statement: no data available. 513 

Conflicts of Interest: The authors declare no conflicts of interest. 514 

  515 



Remote Sens. 2024, 16, x FOR PEER REVIEW 21 of 22 
 

 

References 516 

1. Z. Ma, J. Chung, P. Liu, and H. Sohn, ‘Bridge displacement estimation by fusing accelerometer and strain gauge measurements’, 517 
Structural Control and Health Monitoring, vol. 28, no. 6, p. e2733, 2021, doi: 10.1002/stc.2733. 518 

2. S. Morichika, H. Sekiya, Y. Zhu, S. Hirano, and O. Maruyama, ‘Estimation of Displacement Response in Steel Plate Girder Bridge 519 
Using a Single MEMS Accelerometer’, IEEE Sensors Journal, vol. 21, no. 6, pp. 8204–8208, Mar. 2021, doi: 520 
10.1109/JSEN.2021.3051697. 521 

3. M. Mazzei and A. M. D. Lellis, ‘Capacitive accelerometers at low frequency for infrastructure monitoring’, Procedia Structural 522 
Integrity, vol. 44, pp. 1212–1219, Jan. 2023, doi: 10.1016/j.prostr.2023.01.156. 523 

4. S. Wu, B. Zhang, X. Ding, L. Zhang, Z. Zhang, and Z. Zhang, ‘Radar Interferometry for Urban Infrastructure Stability Monitor- 524 
ing: From Techniques to Applications’, Sustainability, vol. 15, no. 19, Art. no. 19, Jan. 2023, doi: 10.3390/su151914654. 525 

5. M. Pieraccini, F. Parrini, M. Fratini, C. Atzeni, P. Spinelli, and M. Micheloni, ‘Static and dynamic testing of bridges through 526 
microwave interferometry’, NDT & E International, vol. 40, no. 3, pp. 208–214, Apr. 2007, doi: 10.1016/j.ndteint.2006.10.007. 527 

6. B. Zhang et al., ‘Dynamic displacement monitoring of long-span bridges with a microwave radar interferometer’, ISPRS Journal 528 
of Photogrammetry and Remote Sensing, vol. 138, pp. 252–264, Apr. 2018, doi: 10.1016/j.isprsjprs.2018.02.020. 529 

7. M. Pieraccini, M. Fratini, F. Parrini, C. Atzeni, and G. Bartoli, ‘Interferometric radar vs. accelerometer for dynamic monitoring 530 
of large structures: An experimental comparison’, NDT & E International, vol. 41, no. 4, pp. 258–264, Jun. 2008, doi: 531 
10.1016/j.ndteint.2007.11.002. 532 

8. D. Tarchi, H. Rudolf, M. Pieraccini, and C. Atzeni, ‘Remote monitoring of buildings using a ground-based SAR: Application to 533 
cultural heritage survey’, International Journal of Remote Sensing, vol. 21, no. 18, pp. 3545–3551, Jan. 2000, doi: 534 
10.1080/014311600750037561. 535 

9. C. Michel and S. Keller, ‘Advancing Ground-Based Radar Processing for Bridge Infrastructure Monitoring’, Sensors, vol. 21, no. 536 
6, Art. no. 6, Jan. 2021, doi: 10.3390/s21062172. 537 

10. L. Zou, W. Feng, O. Masci, G. Nico, A. M. Alani, and M. Sato, ‘Bridge Monitoring Strategies for Sustainable Development with 538 
Microwave Radar Interferometry’, Sustainability, vol. 16, no. 7, Art. no. 7, Jan. 2024, doi: 10.3390/su16072607. 539 

11. L. Pagnini, L. Miccinesi, A. Beni, and M. Pieraccini, ‘Transversal Displacement Detection of an Arched Bridge with a Multi- 540 
monostatic Multiple-Input Multiple-Output Radar’, Sensors, vol. 24, no. 6, Art. no. 6, Jan. 2024, doi: 10.3390/s24061839. 541 

12. L. Miccinesi and M. Pieraccini, ‘Bridge Monitoring by a Monostatic/Bistatic Interferometric Radar Able to Retrieve the Dynamic 542 
3D Displacement Vector’, IEEE Access, vol. 8, pp. 210339–210346, 2020, doi: 10.1109/ACCESS.2020.3039381. 543 

13. L. Miccinesi, A. Beni, and M. Pieraccini, ‘Multi-Monostatic Interferometric Radar for Bridge Monitoring’, Electronics, vol. 10, no. 544 
3, Art. no. 3, Jan. 2021, doi: 10.3390/electronics10030247. 545 

14. L. Miccinesi, M. Pieraccini, A. Beni, O. Andries, and T. Consumi, ‘Multi-Monostatic Interferometric Radar with Radar Link for 546 
Bridge Monitoring’, Electronics, vol. 10, no. 22, Art. no. 22, Jan. 2021, doi: 10.3390/electronics10222777. 547 

15. A. A. Pramudita, D.-B. Lin, A. A. Dhiyani, H. H. Ryanu, T. Adiprabowo, and E. A. Yudha, ‘FMCW Radar for Noncontact Bridge 548 
Structure Displacement Estimation’, IEEE Transactions on Instrumentation and Measurement, vol. 72, pp. 1–14, 2023, doi: 549 
10.1109/TIM.2023.3292960. 550 

16. M. Pieraccini and L. Miccinesi, ‘Ground-Based Radar Interferometry: A Bibliographic Review’, Remote Sensing, vol. 11, no. 9, 551 
Art. no. 9, Jan. 2019, doi: 10.3390/rs11091029. 552 

17. Y. Li et al., ‘Detecting the slope movement after the 2018 Baige Landslides based on ground-based and space-borne radar ob- 553 
servations’, International Journal of Applied Earth Observation and Geoinformation, vol. 84, p. 101949, Feb. 2020, doi: 554 
10.1016/j.jag.2019.101949. 555 

18. B. Liu, D. Ge, M. Li, L. Zhang, Y. Wang, and X. Zhang, ‘Using GB-SAR technique to monitor displacement of open pit slope’, in 556 
2016 IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Jul. 2016, pp. 5986–5989. doi: 557 
10.1109/IGARSS.2016.7730564. 558 

19. M. Sofi, E. Lumantarna, A. Zhong, P. A. Mendis, C. Duffield, and R. Barnes, ‘Determining dynamic characteristics of high rise 559 
buildings using interferometric radar system’, Engineering Structures, vol. 164, pp. 230–242, Jun. 2018, doi: 10.1016/j.eng- 560 
struct.2018.02.084. 561 

20. G. Luzi, M. Crosetto, and E. Fernández, ‘Radar Interferometry for Monitoring the Vibration Characteristics of Buildings and 562 
Civil Structures: Recent Case Studies in Spain’, Sensors, vol. 17, no. 4, Art. no. 4, Apr. 2017, doi: 10.3390/s17040669. 563 

21. J. Jung, D. Kim, S. K. Palanisamy Vadivel, and S.-H. Yun, ‘Long-Term Deflection Monitoring for Bridges Using X and C-Band 564 
Time-Series SAR Interferometry’, Remote Sensing, vol. 11, no. 11, Art. no. 11, Jan. 2019, doi: 10.3390/rs11111258. 565 

22. M. Lazecky, I. Hlavacova, M. Bakon, J. J. Sousa, D. Perissin, and G. Patricio, ‘Bridge Displacements Monitoring Using Space- 566 
Borne X-Band SAR Interferometry’, IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, vol. 10, no. 1, 567 
pp. 205–210, Jan. 2017, doi: 10.1109/JSTARS.2016.2587778. 568 

23. K. A. C. de Macedo, F. L. G. Ramos, C. Gaboardi, J. R. Moreira, F. Vissirini, and M. S. da Costa, ‘A Compact Ground-Based 569 
Interferometric Radar for Landslide Monitoring: The Xerém Experiment’, IEEE Journal of Selected Topics in Applied Earth Obser- 570 
vations and Remote Sensing, vol. 10, no. 3, pp. 975–986, Mar. 2017, doi: 10.1109/JSTARS.2016.2640316. 571 



Remote Sens. 2024, 16, x FOR PEER REVIEW 22 of 22 
 

 

24. A. Michelini, F. Coppi, A. Bicci, and G. Alli, ‘SPARX, a MIMO Array for Ground-Based Radar Interferometry’, Sensors, vol. 19, 572 
no. 2, Art. no. 2, Jan. 2019, doi: 10.3390/s19020252. 573 

25. F. Viviani, A. Michelini, and L. Mayer, ‘RockSpot: an Interferometric Doppler Radar for Rockfall/Avalanche Detection and 574 
Tracking’, in 2020 IEEE Radar Conference (RadarConf20), Sep. 2020, pp. 1–5. doi: 10.1109/RadarConf2043947.2020.9266677. 575 

26. F. Papi, N. Donati, and M. Pieraccini, ‘Handy Microwave Sensor for Remote Detection of Structural Vibration’, presented at the 576 
EWSHM - 7th European Workshop on Structural Health Monitoring, Jul. 2014. Accessed: Jul. 12, 2024. [Online]. Available: 577 
https://inria.hal.science/hal-01020380 578 

27. J. Hasch, E. Topak, R. Schnabel, T. Zwick, R. Weigel, and C. Waldschmidt, ‘Millimeter-Wave Technology for Automotive Radar 579 
Sensors in the 77 GHz Frequency Band’, IEEE Transactions on Microwave Theory and Techniques, vol. 60, no. 3, pp. 845–860, Mar. 580 
2012, doi: 10.1109/TMTT.2011.2178427. 581 

28. A. Venon, Y. Dupuis, P. Vasseur, and P. Merriaux, ‘Millimeter Wave FMCW RADARs for Perception, Recognition and Locali- 582 
zation in Automotive Applications: A Survey’, IEEE Transactions on Intelligent Vehicles, vol. 7, no. 3, pp. 533–555, Sep. 2022, doi: 583 
10.1109/TIV.2022.3167733. 584 

29. S. Li, Y. Xiong, Z. Ren, and Z. Peng, ‘Structural Health Monitoring of Large Structures via mmWave Sensing’, J. Phys.: Conf. Ser., 585 
vol. 2184, no. 1, p. 012042, Mar. 2022, doi: 10.1088/1742-6596/2184/1/012042. 586 

30. W. Lian, G. Wang, S. Liu, and G. Zhu, ‘Real-Time Deformation Monitoring for Tunnels Using Distributed Millimeter Wave 587 
Radar’, in 2022 4th International Academic Exchange Conference on Science and Technology Innovation (IAECST), Dec. 2022, pp. 664– 588 
668. doi: 10.1109/IAECST57965.2022.10061973. 589 

31. Z. Ma, J. Choi, L. Yang, and H. Sohn, ‘Structural displacement estimation using accelerometer and FMCW millimeter wave 590 
radar’, Mechanical Systems and Signal Processing, vol. 182, p. 109582, Jan. 2023, doi: 10.1016/j.ymssp.2022.109582. 591 

32. Z. Ma, J. Choi, and H. Sohn, ‘Continuous bridge displacement estimation using millimeter-wave radar, strain gauge and accel- 592 
erometer’, Mechanical Systems and Signal Processing, vol. 197, p. 110408, Aug. 2023, doi: 10.1016/j.ymssp.2023.110408. 593 

33. L. Pagnini, A. Beni, A. Cioncolini, L. Miccinesi, F. Voci, and M. Pieraccini, ‘Application of a W-band Radar for Dynamic Moni- 594 
toring of Bridges’, in 2024 4th URSI Atlantic Radio Science Meeting (AT-RASC), May 2024, pp. 1–4. doi: 10.46620/UR- 595 
SIATRASC24/BCUG8780. 596 

34. L. Miccinesi, T. Consumi, A. Beni, and M. Pieraccini, ‘W-band MIMO GB-SAR for Bridge Testing/Monitoring’, Electronics, vol. 597 
10, no. 18, Art. no. 18, Jan. 2021, doi: 10.3390/electronics10182261. 598 

35. A. Beni, L. Miccinesi, and M. Pieraccini, ‘Correlation Between Coherence and Atmospheric Parameters in S, C, AND Ku-Band 599 
GBSAR Systems’, in IGARSS 2023 - 2023 IEEE International Geoscience and Remote Sensing Symposium, Jul. 2023, pp. 4844–4847. 600 
doi: 10.1109/IGARSS52108.2023.10282980. 601 

36. M. Costantini, A. Farina, and F. Zirilli, ‘A fast phase unwrapping algorithm for SAR interferometry’, IEEE Transactions on Geo- 602 
science and Remote Sensing, vol. 37, no. 1, pp. 452–460, Jan. 1999, doi: 10.1109/36.739085. 603 

37. A. Cidronali, L. Pagnini, G. Collodi, and M. Passafiume, ‘A Highly Linear Ka-Band GaN-on-Si Active Balanced Mixer for Radar 604 
Applications’, IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 69, no. 11, pp. 4453–4464, Nov. 2022, doi: 605 
10.1109/TCSI.2022.3193960. 606 

38. Z.-F. Ma, M. Jiang, M. Khoshmanesh, and X. Cheng, ‘Time Series Phase Unwrapping Based on Graph Theory and Compressed 607 
Sensing’, IEEE Transactions on Geoscience and Remote Sensing, vol. 60, pp. 1–12, 2022, doi: 10.1109/TGRS.2021.3066784. 608 

39. L. Zhou, H. Yu, Y. Lan, and  mengdao xing, ‘Artificial Intelligence In Interferometric Synthetic Aperture Radar Phase Unwrap- 609 
ping: A Review’, IEEE Geoscience and Remote Sensing Magazine, vol. 9, no. 2, pp. 10–28, Jun. 2021, doi: 610 
10.1109/MGRS.2021.3065811. 611 

40. L. Pu et al., ‘A Robust InSAR Phase Unwrapping Method via Phase Gradient Estimation Network’, Remote Sensing, vol. 13, no. 612 
22, Art. no. 22, Jan. 2021, doi: 10.3390/rs13224564. 613 

41. ‘IBIS-FM EVO’. Accessed: Jul. 15, 2024. [Online]. Available: https://idsgeoradar.com/products/interferometric-radar/ibis-fm-evo 614 
42. ‘RockSpot’. Accessed: Jul. 15, 2024. [Online]. Available: https://idsgeoradar.com/products/interferometric-radar/rockspot 615 
43. ‘AWR1843BOOST Evaluation board | TI.com’. Accessed: Aug. 03, 2023. [Online]. Available: 616 

https://www.ti.com/tool/AWR1843BOOST 617 
44. R. Iglesias et al., ‘Atmospheric Phase Screen Compensation in Ground-Based SAR With a Multiple-Regression Model Over 618 

Mountainous Regions’, IEEE Transactions on Geoscience and Remote Sensing, vol. 52, no. 5, pp. 2436–2449, May 2014, doi: 619 
10.1109/TGRS.2013.2261077. 620 

45. T. F. Bush and F. T. Uloby, ‘Fading Characteristics of Panchromatic Radar Backscatter from Selected Agricultural Targets’, IEEE 621 
Transactions on Geoscience Electronics, vol. 13, no. 4, pp. 149–157, Oct. 1975, doi: 10.1109/TGE.1975.294402. 622 

 623 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au- 624 
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 625 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 626 


