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1 Introduction

The need for accurate static and dynamic measures is a

long-standing problem affecting all fields of engineering.

Most of the reliability of the performed experimental

analysis depends on the quality and accuracy of the mea-

sures on which they rely. Dynamic tests are usually per-

formed by means of a set of accelerometers or other sensors

placed in specific points of the structure under analysis.

Accelerometers are, in particular the most used sensors

when dealing with vibration measurements. Sev-eral

examples of applications are available in the literature and

the advantages/disadvantages of these kind of sensors were

widely studied in the past [1]. In general, the use of contact

sensors has many advantages in terms of quality and

reliability of the results. Not in all cases, however, the use of

contact sensors is feasible or cost effective. In many

practical applications, increasing the number of measured

points leads to a significant increase on the number of useful

information that can be given about a structure or its health.

Many techniques of the structural health monitoring (SHM)

field of research [2] are based on an accurate description of

mode shapes or operational deflection shapes [3] which can

be given providing the correct number of measurement

points. In the case of contact sensors this means an increase

in the number of sensors placed on the structure, with all the

possible drawbacks in terms of costs and feasibility.

Against this background, the development of innovative

non-contact systems for dynamic measurements seems

very attractive. Non-contact techniques, however, are not
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Parma, Viale G.P. Usberti, 181/A, 43124 Parma, Italy

e-mail: marcello.vanali@unipr.it

D. Leva � C. Rivolta

Ellegi srl, Via Petrarca, 55, 22070 Rovello Porro, CO, Italy



This work is about the use of the head of a static radar

system (GBInSAR [23], developed by Ellegi using LiSA-

Lab technology) for dynamic measurement purposes. With

respect to state of the art, the work aims at experimentally

evidencing problems that may arise when using non-con-

tact radar techniques to dynamic measurement purposes.

Particularly the works want to outline possible measure-

ment errors in case of targets placed at the same distance

from the radar.

To assess the radar performances, a dedicated test sys-

tem was set up. In particular, some corner reflectors were

used to simulate the presence of reflecting targets. One

corner reflector was moved by a hydraulic actuator, while

the others were static. We will first present the results of

measurements made with the GBInSAR radar system in the

presence of a single target, to verify the proper functioning

of the system. Following are presented the results of

measurements performed in the presence of additional

static corner reflectors. The proposed tests aim at showing

that improper use of this system can lead to measurement

errors which cannot be corrected a posteriori. The experi-

mental results were also compared with numerical simu-

lations. Some results are reported in Sect. 5. This analysis

adds an important knowledge about the sensor in question,

offering the opportunity to better understand its potential

and the types of applications where it could be used with

satisfactory results.

2 Radar techniques

A Radar system is an active sensor that sends microwave

pulses to the observed scene, consistently records back-

scattered signal and derives the information on the distance

of several targets in the scene. Working with pulsed radar,

usually this distance is calculated by means of computing

the time lag between sent signal and received echoes.

Among the various possible configurations of the sensor, in

addition to classical pulsed radar, other variants that are

sometimes preferable in relation to a particular application

have been developed over the years.

Regardless of the architecture used, a traditional radar

system has an excellent ability to provide accurate infor-

mation on the distance and velocity of isolated objects in

all weather and lighting conditions.

In applications where the object of study is a complex

scene and it is desirable to distinguish as much detail as

possible, the system’s ability to accurately locate the dif-

ferent objects in space and to discriminate between nearby

objects becomes crucial. It is well known that the spatial

resolution of a real antenna depends on its size in relation

to the wavelength of the radiation used. In static radar,

electromagnetic waves are emitted via an antenna that can

as established as the contact ones. In the past years, several

vision-based solutions were proposed [4]. The recent

availability of high-performance vision-based systems, at

affordable costs, has led to the development of several

image-based vibration measurement techniques [5]. In this

context, there is scope for providing the engineering

community with further innovative non-contact systems,

whose results are reliable. In this paper, the use of radar

techniques to perform dynamic measurements is investi-

gated. The use of radar systems for measurements of static

type is a widely studied topic, particularly using the syn-

thetic aperture radar (SAR) technique [6, 7]. Conversely,

its use for dynamic measuring purposes is a fairly new

topic. Recent works such as [8] and [9] demonstrate the

interest in the field. Particularly in [9] an accurate vibration

estimation method for synthetic aperture radar is presented.

Using this method the authors, considering cases for which

the vibrating scatterer is well separated from other scat-

terers in range, provide an accurate estimation of ampli-

tudes and frequencies of a vibrating object.

In civil engineering, dynamic testing is often required

to evaluate structural modal parameters and, subsequently,

for SHM purposes. Although accelerometers are still the

most widely used technique, radar-based measurements

were widely used in the past years. The literature reports

a variety of applications, such as bridges [10–16], stay

cables [17, 18], wind turbine towers [19]. More specific

applications also involve a bell tower [20] and a corru-

gated steel plate culvert [21]. In these works, the authors

provided an extensive analysis of the advantages in the

use of this technique for dynamic measurement purposes.

In some of the abovementioned works [12, 13, 15, 21], a
comparison between radar measurements and conven-

tional sensors is also reported. In general, a good agree-

ment was found between radar and conventional sensors.

However, some of the authors also evidence that in the

case of complex targets the detected radar response is the

summation of all the phasors relative to the physical

scatterers in the resolution cell [14]. The problem may

become critical in the case of torsional motion [14, 15].

Therefore, a correct position of the measurement system

with respect to the monitored structure is a key aspect,

but anyhow errors may arise in case of targets placed at

the same distance from the radar.

Some works, such as [22], propose methods to separate

the target and background signals. This approach, however,

assumes that only one target is moving at a single fre-

quency and amplitude and background signals are due to

static elements. This assumption is restrictive in many

practical applications. This is the case, for example, of

structures such as metallic bridges or in general buildings

which have in their vicinity metallic reflective elements,

both static and moving.



be more or less directive, depending on its physical size

and shape. Obviously, a radar system is able to perform

measurements only on items that are within its emission

lobe, as electromagnetic waves are conveyed within it.

Anything that is outside of the emission lobe is not

detected. Furthermore, in real-aperture radar, all objects

which are located at the same distance and that are visible

to the radar are identified as a single object.

Figure 1 shows an example of a possible scenario. In this

case, in the track detected by the radar, it is impossible to

distinguish the contribution of the three ISO range targets.

The latter consideration and the fact that the radar

technique provides a measure of the displacement only

along the line connecting the radar sensor to the illumi-

nated target make the use of a static radar to vibration

measurement purposes a very delicate issue.

3 Experimental set-up and major tests

Several tests were carried out to assess the capability of the

radar, to perform dynamic measurements and to highlight

possible drawbacks in the use of this technique on real

structures. To assess the radar performances, a proper

measurement set-up has been built to compare the non-

contact measurement output to traditional and calibrated

sensors.

To simulate the presence of sources of reflection of the

electromagnetic waves generated by the radar, metallic

trihedral corner reflectors were used.

One of the corner reflectors was driven by a hydraulic

actuator. Figure 2 shows the actuator and the moving

trihedron.

The displacement was measured by means of the radar

and by means of a set of accelerometers. Four acceler-

ometers were used. Two of them were placed on the

basement of the actuator and the other two were placed on

the shifting plate, along the shifting and the vertical

direction, respectively. Using four sensors, a complete

knowledge of the corner reflector absolute displacements

could be achieved discarding any effect of possible

movements of the actuator base. As harmonic signals have

been used in the tests, it was quite easy and accurate to

compute displacements starting from the measured accel-

erations by double integration in the frequency domain.

Table 1 shows the metrological characteristics of the

used accelerometers.

Data were acquired with 24 bits ADCs with built in anti-

aliasing filters (NI 9234). Final sampling frequency was set

to 512 Hz.

The results were then compared in terms of absolute

displacement. The actuator was used to impose a harmonic

Fig. 1 Visible and invisible targets

Fig. 2 Moving corner reflector

and actuator, plain configuration

Table 1 Metrological characteristics of the accelerometers

Sensor Measurement

range

Frequency

range (±5 %)

Sensitivity

Piezoelectric

accelerometer PCB

393A03

±5 g 0.5–2,000 Hz 1 V/g



movement to one corner reflector. Amplitudes of ±1, ±2,

±4, ±7, ±10 mm and frequencies of 1, 3, 5, 10, 20 and

40 Hz were imposed.

Two kinds of tests were performed:

(a) using only the moving corner reflector, and no other

corner reflectors in the scenario (see Fig. 2) to test

the effectiveness or the radar in the absence of

external disturbances.

(b) including additional corner reflectors to simulate the

presence of other reflecting bodies in the scene. Two

more corner reflectors were used to simulate bodies

with radar cross-sections comparable to the one of

the object under investigation. Figures 3 and 4 show

the two configurations used for the tests.

In configuration 1, the secondary corner reflectors are

ISO range and rotated ±15� to the main corner reflector,

while in configuration 2 the corner reflectors are positioned

under the main corner reflector.

The results of the tests are reported in the next section.

4 Experimental results

As described in the previous section, two different kinds of

tests were performed. The first tests were carried out with

only the moving trihedron in the scene and no other

reflecting bodies, while during the second tests two more

trihedron have been added.

4.1 Single corner reflector

For the first tests (single corner reflector), the results of

the measurements performed with the accelerometers and

with the radar are generally in agreement. Figure 5

shows, as example, the time histories of one test, with a

harmonic of about 3 Hz, and ±2 mm. As it can be seen,

there is good accordance between the two measurement

methods.

Table 2 summarizes the results of all the tests performed

in the presence of only the moving trihedron. The values

reported in Table 2 are:

• The target values of the actuator

• Frequencies and amplitudes measured with the radar

• Frequencies and amplitudes measured with the

accelerometer

• The amplitudes normalized ratio

¼ RadarAmplitude�AccelerometerAmplitude
RadarAmplitude

• The frequencies normalized ratio

¼ RadarFrequency�AccelerometerFrequency
RadarFrequency

As it can be noticed looking at the results, there is

generally good accordance between the two measurement

methods, exception made for the tests at 1 Hz. In this case,

however, it is the response of the accelerometer to be

Fig. 3 Three corner reflectors in the scene, configuration 1

Fig. 4 Three corner reflectors in the scene, configuration 2



deficient because of the properties of the acquisition

module [24]. In all cases, the radar provided displacement

measurements with sub-millimeter accuracy.

4.2 Multiple corner reflectors

After the first tests, other tests were carried out adding two

trihedron in various configurations (Figs. 3, 4). In the fol-

lowing, the results of some of these tests are reported.

1. Configuration 1: Figure 6 shows the time history

corresponding to one test in configuration 1 (Fig. 3).

In this test, the same frequency and amplitude of the

test reported in Fig. 5 (i.e., 3 Hz, ±2 mm) were

imposed. The presence of the secondary trihedron

modifies the radar measurement. In this configuration,

the radar sees the trihedron moving with lower

amplitude than the one imposed. The frequency,

however, remains the same.
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Fig. 5 One trihedron, 3 Hz,

±2 mm

Table 2 Results of the first tests (1 corner reflector)

Target Radar Accelerometer Amplitudes

normalized ratio

Frequencies

normalized ratio
Frequency

(Hz)

Amplitude

(mm)

Frequency

(Hz)

Amplitude

(mm)

Frequency

(Hz)

Amplitude

(mm)

1 1 1.02 1.14 1.00 0.93 0.22 0.02

1 2 1.02 2.16 1.00 1.83 0.18 0.02

1 4 1.02 4.12 1.00 3.61 0.14 0.02

1 7 1.02 7.00 1.00 6.26 0.12 0.02

1 10 1.02 10.01 1.00 8.90 0.13 0.02

3 1 3.00 1.15 3.00 1.03 0.11 0.00

3 2 3.00 2.16 3.00 2.06 0.05 0.00

3 4 3.00 4.10 3.00 4.08 0.00 0.00

3 7 3.00 6.94 3.00 7.12 -0.03 0.00

5 1 5.00 1.11 5.00 1.05 0.06 0.00

5 2 5.00 2.14 5.00 2.09 0.02 0.00

5 4 5.00 4.08 5.00 4.17 -0.02 0.00

10 1 9.98 0.91 10.00 0.85 0.07 0.00

10 2 10.00 1.74 10.00 1.64 0.06 0.00

20 1 19.99 0.93 20.00 0.90 0.03 0.00

20 2 19.99 1.81 20.00 1.82 -0.01 0.00

40 1 39.99 0.41 39.99 0.46 -0.11 0.00

3 2 3.00 2.21 3.00 2.06 0.07 0.00

5 2 5.00 2.20 5.00 2.08 0.05 0.00

10 2 10.00 1.74 10.00 1.64 0.06 0.00

20 2 19.99 1.88 20.00 1.82 0.03 0.00



2. Configuration 2: Figure 7 shows the time history, in

terms of displacement, corresponding to the configu-

ration 2 (Fig. 4). Also, in this test a harmonic

oscillation at 3 Hz and ±2 mm was imposed. In this

second case not only the amplitude but also the

frequency is distorted. As it can be better noticed

looking at the spectrum in Fig. 8, due to the presence

of multi-reflections, the radar measures a signal that is

a combination of different harmonics at frequencies

that are multiples of the fundamental one (imposed by

the actuator) and with different amplitudes. In general,

it was found that the first or second multiple of the

imposed frequency becomes predominant. Particularly

in the second case (with an imposed frequency of

about 3 Hz) the main frequency of the recorded signal

is 6 Hz, with minor contributions at 9 and 3 Hz.

3. Figure 9 reports the result of a test performed in a

configuration similar to configuration 1. In such case,

one secondary trihedron was moved of 5 mm along the

line connecting the radar and the trihedron itself. The

same test parameters imposed during the previous tests

were used. As it can be noticed from Fig. 9, the results

of the two tests are significantly different, both in terms

of amplitude and frequency of the measured signal.

Small changes in the scenario, therefore, can cause

considerable changes in the signal recorded by the

radar.

In all the considered cases, therefore, the response is

strongly affected by the presence of the secondary ele-

ments. All the performed tests showed a similar behavior,

but the magnitude and kind of the distortion were strongly

affected by the position of the secondary trihedron.

In all the performed tests, it was known that the target

was moving with harmonic motion and the disturbance

was generated by stationary elements. Therefore, in such

cases, the contribution of these elements could be sepa-

rated from the contribution of the moving element post-

processing the data. However, this is not the general

case. Normally more than one moving element could be

iso-range in the scenario and only in very few cases the

movement of the target is harmonic. These simple

examples are thus intended to show that the use of such a

technique for dynamic measurements, without knowing a

priori the nature of the phenomenon, can lead to errors in

the measurement.
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Fig. 6 Three trihedron, 3 Hz,

±2 mm, configuration 1

0 0.5 1 1.5 2 2.5 3 3.5

−2

−1

0

1

2

3

time [s]

am
pl

itu
de

 [m
m

]
radar
accelerometers

Fig. 7 Three trihedron,

3 Hz, ± 2 mm, configuration 2



5 Numerical simulations

To better understand the obtained results, scenarios with

corner reflectors were simulated and operating conditions

similar to those experimental were investigated numeri-

cally. In this section, the principle underlying the genera-

tion of the simulated data and the results of the analysis

will be presented.

As regards the simulations, a simple procedure was used

to generate a data set entirely equivalent to those measured

experimentally. For the sake of simplicity only the target

responses to electromagnetic waves, as if they were iso-

lated and without any interaction with the surrounding

scenery, have been considered.

Each target contributes to the backscattered signal with

a quantity proportional to

Ae
j4pfiRk

c

being fi the ith frequency of the chirp, Rk the distance of the

kth target and c the speed of light. Like in the experimental

case, a frequency band of 17.0–17.4 GHz divided into 201

points and acquisition frequency of about 200 Hz have

been imposed.

Table 3 shows schematically the principle underlying

the simulations.

The simulations of the scenario, in the form of the

matrix reported in Table 3, were then analyzed with

LisaLAB technology in the exact same way used for the

experimental data.

The numerical tests were carried out simulating the

presence of two corner reflectors on the ground at the sides

of a corner reflector set in motion (harmonic movement

3 Hz, ±4.8 mm). The scenario being measured and com-

pared to the simulations is the one reported in Fig. 3.

Several simulations were carried out changing the posi-

tion of one or two corner reflectors of just a few millimeters

with respect to the nominal configuration. Figure 10 shows

the results of four different simulations. The results of the

experimental test are shown in Fig. 11. In this particular

configuration not only the amplitudes but also the fre-

quencies are recorded incorrectly. Since the distance of the

corner reflectors could not be measured with the accuracy of
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The problematic aspect is that the same result could be

obtained with numerous targets with radar cross-section

much lower than the object in motion, distributed at equal

distances. Similarly, in case of a stationary object sur-

rounded by other moving objects, the movement could be

erroneously attributed to the static target.

Hence, the use of this technique for dynamic measure-

ments remains a delicate issue that needs further

investigation.

Table 3 Radar simulations f0 = 17 GHz f1 = 17.002 GHz … fn = 17.4 GHz

Sweep 1 (t0 = 0) PNCR

k¼1

Ae
j4pf0 Rk ðt0 Þ

c

PNCR

k¼1

Ae
j4pf1Rk ðt0 Þ

c

… PNCR

k¼1

Ae
j4pfnRk ðt0 Þ

c

Sweep 2 (t1 = 1/200) PNCR

k¼1

Ae
j4pf0 Rk ðt1 Þ

c

PNCR

k¼1

Ae
j4pf1Rk ðt1 Þ

c

… PNCR

k¼1

Ae
j4pfnRk ðt1 Þ

c

… … … … …
Sweep m (tm = (m–1)/200) PNCR

k¼1

Ae
j4pf0 Rk ðtmÞ

c

PNCR

k¼1

Ae
j4pf1Rk ðtm Þ

c

… PNCR

k¼1

Ae
j4pfnRk ðtmÞ

c

… … … … …
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Fig. 10 Simulations: 3 Hz,

±4.8 mm
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Fig. 11 Simulations: 3 Hz,

±4.8 mm, configuration 1

the mm, it was possible to make only a qualitative com-

parison, changing the position of the secondary corner

reflectors to obtain the desired result. The result of simu-

lation A is the one that better resembles the experimental

one. Within the experimental uncertainty, experimental

results and numerical simulation are still compatible.

The most interesting thing to note, however, is how

small changes in the configuration can produce significant

changes in the results.



6 Conclusions

This paper analyzes the performances of the radar GBIn-

SAR, developed by Ellegi using LiSALab technology, for

dynamic measurement purposes. While the use of radar for

static measurements is in fact a widely studied topic, its use

for dynamic measuring purposes is a fairly new subject that

needs further investigation. Several tests were performed to

assess the performances of the radar system. The instrument

was first tested in ‘ideal’ conditions, with only one moving

element with high reflectivity and without disturbing ele-

ments. The radar output was compared with accelerometric

measures. In this case, good results in terms of measured

signal were obtained. To simulate possible real conditions,

elements with radar cross-section comparable with the one of

the element under analysis were added. Different configu-

rations were considered. In the case of complex scenarios,

the measurements made by the radar system were, in most of

the cases, adversely affected by the presence of multi-

reflections. Furthermore, small changes in the context could

cause considerable changes in the signal recorded by the

radar. Numerical simulations have been made to check the

results obtained experimentally. The simulations confirmed

the experimental results at a first level of approximation. The

radar, being a non-contact measurement system, presents

many advantages in several applications but it might be

necessary to have a good knowledge of the investigated

scenario to understand what is being measured, and to verify

the absence of factors that may cause a distortion in the

signal. Its use for dynamic measurements purposes is still a

delicate task that needs further investigation.
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