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A Microwave Radar Technique for Dynamic Testing
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Abstract—In this paper, the authors propose an innovative
survey radar technique based on microwave holographic images
for dynamic testing of large structures providing both vibration
amplitude pattern and frequency. Theoretical background is
provided and experimental results obtained during a dynamic test
on a concrete and masonry building are reported.

Index Terms—Large structure, microwave, nondestructive
testing, radar, remote monitoring.

I. INTRODUCTION

HE interest in damageidentification and health monitoring

of civil mechanical and aerospace structures at the ear-
liest possible stage is pervasive throughout engineering com-
munities. In recent years, great research effort has been devoted
to development of monitoring techniques based on measured
changes in dynamic properties of the structures under test [1].
Dynamic testing methods for damage detection are based on
measured shift in natural frequencies and on modal changes of
the structure under test [2], [3]. With respect to other methods,
these techniques do not require that the vicinity of the damage
isknown a priori and that the portion of the structure being in-
spected is readily accessible.

The most popular types of sensors used for vibration testing
are piezoelectric accel erometers [4] that are accurate, reliable,
and relatively inexpensive. However, they must be mounted at
appropriate locationsthat are representative of the structure mo-
tion, and access may be a problem. Mounting and wiring of ac-
celerometers are typically the most difficult and most time-con-
suming task associated with the test. Furthermore, accel erome-
ters give punctual information while a global knowledge of the
deformation pattern is often desirable.

In 1999, Farrar et al. [5] proposed a microwave interferom-
eter for noncontact measurements of vibration frequency in dy-
namic testing of structures. They were able to measure punctual
vibration frequency with satisfactory performance, but without
imaging capability.

A ground-based synthetic aperture radar (GB-SAR) tech-
nique has been recently proposed to image deformation maps
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of static displacements of a variety of structures, including
concrete girders in a controlled environment [6], building
models[7], dams|[8], and bridges[9]. The fundamentals of this
technique derive from synthetic aperture radar (SAR) interfer-
ometry for airborne or spaceborne remote-sensing applications
[10]. In a ground-based arrangement, synthetic aperture can be
obtained by scanning the antenna on alinear mechanical guide.
The scan along the rail provides image spatial resolution in
scan direction, range resolution is provided by range synthesis
of theradar signal, and it depends on radar bandwidth.

In this paper, the authors propose an innovative survey
radar technique, which exploit the GB-SAR to provide ac-
curate measurement of both vibration amplitude pattern and
frequency value during the dynamic test of a large structure.
The physica principle of this technique is related to radar
response of oscillating targets: if the acquisition timeis longer
than the vibration period, then the radar cross section of an
oscillating target is affected by a reduction. Therefore, the
amplitude vibration pattern of a scenario imaged by radar can
be obtained by measuring the reduction in amplitude pixel by
pixel in aradar image with respect to a reference image taken
from the same point of sight in static conditions. This principle
has been verified in afield test on a masonry structure subject
to a steady-state vibration that has been produced by using a
vibrodyne on the top of the structure.

[1. RADAR IMAGE SYNTHESIS

This technique is based on a portable ground-based radar
system that realizes a synthetic aperture moving an antenna
aong a linear mechanical guide [9], [11]. With reference to
Fig. 1, the radar transmits continuous-wave step-frequency
(CW-SF) waveform scanning a bandwidth B = f; — f; at
increasing discrete values in a sweep time foweep. At each
frequency f;, the instrumentation measures the in-phase
(1) and quadrature (Q) components of the received signal;
thus, a single measurement consists of a complex matrix
E; o =1 n+ 7Qi n of Ny x N, values, with Ny number of
frequencies and .V, number of positions aong the scan length.

A synthetic radar image can be obtained from measurement
matrix £; ;, by coherently adding all signal contributions taken
at a different frequency and position, taking in account their
phasehistory [9], [11]. Withthisaim, aset of imagepoints{ R }
with an R; distance of the I-point from the central point of the
linear scan has to be defined. These points could build a grid,
asshown in Fig. 1, or could constitute a sparse set. In the |atter
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Fig. 1. Working principle.

case, they should be projected and interpolated on a planar grid
in order to obtain a readable map. Therefore, the value of the
complex radar image at point [ (M;) of theset {R,} is

N
1 P

= R F, 1

Nprz,; Lot &
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Fin=> Einexp(j2ki(Rin— Rins)) (2
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where R, ,, is the distance between the image point / and the
nth position on theralil. ; isthe wavenumber relative to the fre-
quency f; (k; = 2x f; /c with ¢ speed of light). In order to eval-
uatethe constant R;,,; (dimensionally adistance) that takesinto
account the RF system internal delay introduced by components
and cables, it hasto be noted that in aquasi-monostatic radar ar-
rangement, 2R, /c (dimensionally atime) is approximately the
antenna coupling delay, which can be estimated directly from
measured data. This delay is identified by a well-evident peak
appearing intheinverse Fourier transform of afrequency sweep.

As the radar image is obtained through synthesis and sam-
pling techniques, its characteristics are constrained by the radar
measuring parameters. 1) bandwidth; 2) frequency step; 3) scan
length; and 4) scan step.

In particular, the bandwidth B is related to range resolution
Ar by

C

= 5Ar (©)]

with ¢ being speed of light. In practice, 500 MHz of band-
width could be used for achieving a range resolution of 0.3 m,
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which is widely satisfactory in engineering. Furthermore, the
observed scenario can be correctly represented only within an
unambiguous range Ry related to the frequency step Af =
B/Nf by

c

~ 2Ry

Af 4
A reasonable practical ruleisto take A f asto obtain an unam-
biguous range Ry twice the distance of the farthest target the
radar can detect.

The expected angular resolution A isrelated by scan length
L so the latter can be set by using the following approximate
relationship [12]:

C

L2 355 ©

where f, = (f1 + f2) /2 isthe central frequency. Finally, the
scan step (Ax) must be small enough to not produce angular
ambiguity in the radar image [12]:

C

Ar < ——~———
v= 2fcsin(P4)

(6)

where 1 4 is the half-aperture of antennaradiation lobe. A pru-
dential ruleisto take ¥4 = w /2. For example, to obtain 0.5 m
of cross-range resolution at 10-m distance, using aradar system
working at 5.75 GHz, it is necessary to scan an aperture of at
least 0.5 m, with steps not exceeding 26 mm.

Ill. THEORY AND PROCESSING METHODS

Let a set of targets be vibrating at frequency f(*). In gen-
eral, each target k isvibrating with a different amplitude vector
A . Thevibration phaseis constituted by the sum of two terms:
thefirst, i.e., ¢, isaconstant value for al targets in the radar
scene, and depends on the initial instant of the frequency sweep
at the nth radar position; the latter, i.e., ¢, isdifferent for each
target and depends on mechanical constraints between the target
points: e.g., in arigid scenario ¢;, = 0 for al targets. The re-
ceived measured signal at the ith frequency at the nth position
is

E") =038,
k

-sin <w(yv)tsweep fl ;fl + (z)n +¢)k>

+Rimt)) @

where C' is an instrumentation constant, Sj. is the complex re-
flection coefficient of the kthtarget, f; istheith radar frequency,
Ry, ,, isthe distance from the kth target to the nth antenna po-
sition, w(*) is the vibration angular frequency, and Rj,; is an
additional path introduced by cables and instrumentation.
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Fig. 2. Theoretica static and dynamic range response of asingle target.

Equation (7) can beviewed asan FM of the microwave carrier
caused by the vibration frequency f(*, thus, its Fourier trans-
form can be written as

F(R)y=CY" i Sk
kE m=—occ
- sinc <% (R — Ry n — mT(”))) (8
8 =2k, % €)

(10)

where J,,,(3) isthe Bessel function of mth order, k. and w,. are
the central wavenumbers, and /3 is the modulation index.

For example, if we consider a scenario constituted by asingle
scattering center (the kth center) at a distance of 15 m from the
radar (R , = 15 m), the resulting Fourier transform £,,(R)
of the radar response relative to the static target and the Fourier
transform F%” (R) of the radar response of the vibrating target,
both normalized with respect to C'Sy exp (—j2k. Rx. . ), appear
as shown in Fig. 2.

As an effect of vibration, the signal relative to the target de-
creases of afactor equal to the zeroth-order Bessel function of
(. Furthermore, a symmetric set of secondary peaks appears at
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distances Ry, +m+*) with anm integer. Theamplitudes of these
secondary peaks are proportional to the mith-order Bessel func-
tion of 3.

For 5 < 1, the secondary peaks are negligible. For greater
values of 3, secondary peaks appear at fixed positions de-
pending on the vibration frequency, swept bandwidth, and
sweep time. However, as the amplitude of the main peak is
again given by the zeroth-order Bessel function, if the main
peaks are well distinguishable from the secondary peaks, then
the technique is again applicable. Main and secondary peaks
are well separated, for example, by setting toweep, and B in
such a way that ) is bigger than the range dimension of
the large structure, thus, secondary peaks appear in a zone of
the radar image where there are not any targets. As the main
peak decreases of a factor equal to the zeroth-order Bessel
function of 3, the vibration amplitude of atarget positioned at
distance Ry ., from the radar can be evaluated by the following

relationship:
_ 1
= o J5 < ) (11

It isof note that this radar technique is able to measure only the
vibration amplitude component in the range direction. Theoreti-
cally, for measuring the effective amplitude and direction of the
vibration, it is necessary to perform almost three measurements
by different points-of-view, but, in most practical cases, smple
static and geometrical considerations allow the measured vibra-
tion amplitude at each point in the structure to be related to the
actual displacement.

Furthermore, as vibration frequency is obtained by a sam-
pling technique, it should be noted that the frequency stepping
in the radar setting has to obey the sampling theorem

Fr(Lb) (Rk, n)

Ak ’ Ek,n
Rk,n

Ne o o

(12)

2tsweep

and the measurement resolution A () isgiven asthefollowing:

Af(”) _ 1

(13)

tsweep

In order to evaluate the vibration amplitude of a structure under
test, two radar images have to be synthesized by using (1) and
(2): areference image of the structure in static state {A; } and
an image of the vibrating structure {M,(”) } The amplitude is
obtained by applying the following relationship to the pixel-by-
pixel ratio between the two images:

) . (14

_ 1 Jfl Ml('l")
2k, "0 M,

The vibration frequency of an excited structure is an important
valueto be measured during adynamic test. Thiscan be straight-
forwardly obtained by calculating the Fourier transform of the
phase of the measured response in time normalized with respect

ARy
"
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Fig. 3. Block scheme of the radar prototype. DC: directiona coupler.
NA: network anayzer. TX: transmitting channel. RX: receiving channel.
R: reference channel. PC: personal computer.

TABLE |

MEASUREMENT PARAMETERS
Linear scan length (L) 2.00 m
Linear scan point number (N,) 161
Number of frequencies (Vy) 1601
Central frequency (f;) 5.75 GHz
Bandwidth (B) 500 MHz
Sweeping time (fsueep) 20s
Polarization \'AY
Half Power Beam Width (HPBW) 15°
Antenna gain 14 dB
Microwave power 20 dBm

to the instantaneous microwave frequency. The averaged spec-
tral distribution can be calculated as

. tsweed . 1
(15)

Sincethe vibration frequency isthe samefor al vibrating points
in the scenario, G(w) will exhibit a well evident peak at the
vibration frequency w .

It should be noted that (15) does not require any hypothesis
about the mation, in effect, it can aso be applied for detecting
the natural frequencies of a large structure excited by a large
spectrum stimulus such as wind or asingle pulse.

IV. RADAR SYSTEM AND EXPERIMENTAL RESULTS

A CW-SF radar according to the specifications can be
designed using several architectures and different technologies
[13], [14]. In this study, with the aim to verify the working
principle, a laboratory prototype based on a network analyzer
(HP 8753D), which operated as a coherent microwave trans-
ceiver, with a couple of horn antennas with 15° of half-power
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Fig. 4. Picture of the structure and radar image acquired through a horizontal
scan.

beamwidth (HPBW) mounted on a linear mechanical guide of
3-m length, was used.

Fig. 3 showsthe block scheme of theradar instrumentation. A
directional coupler before the transmitting antenna provided the
reference signal to the network analyzer. A personal computer
controlled both the network analyzer by a general-purpose in-
terface bus (GPIB) link and the mechanical guide by the serial
port.

The radar technique described above has been tested in
the laboratories of the ENEL.HYDRO-ISMES Company,
Bergamo, Italy. The test facility consisted of a three-storey
masonry and concrete frame 10 m in height, 9 m in width, and
8 m in depth. A vibrodyne was positioned on the top floor
in order to force a controlled horizontal vibration. The radar
system was positioned at approximately 18-m distance. The
mechanical guide was both horizontally and vertically oriented
to obtain radar images with resolution in the horizontal and
vertical planes, respectively. Eight accel erometers were located
at the girder—column joints.

First, aradar acquisition of the static scenario was performed
according to measurement parameters in Table | with the me-
chanical guide horizontally positioned.

Fig. 4 shows a picture and the radar image of the structure.
The picture is taken from the point-of-view of the radar in-
stallation. In the radar image, several features are recognizable,
i.e., the corner of the vertical metallic column, the four external
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Fig. 5. Vibration amplitude map obtained through a horizontal antenna scan
during the test at 2.85 Hz.
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Fig. 6. Measured vibration frequency spectrum for the test at 2.85 Hz.

walls, and an internal wall. The coordinate system hasitsorigin
in the center of the mechanical guide. The amplitudes in the
radar image are linear grayscale coded. It should be noted that,
as thisradar image is obtained through a horizontal scan, it has
no synthetic resolution in the z-direction and each pixel in the
image is relative to the entire aperture in the z-direction of the
antennalobe (15° of HPBW) that pointed the half-height of the
structure.

Afterwards, the structure was excited at 2.85-Hz vibration
frequency by the vibrodyne, and a radar acquisition of the
scenario in dynamic steady state was carried out. From the
pixel-by-pixel ratio between the static and dynamic images, the
amplitude pattern image shown in Fig. 5 was obtained.

The mean amplitude was 1.33 mm to be compared with
1.15-mm vibration amplitude measured by the accelerometers
installed at the height of the first floor. The vibration frequency
has been measured using (15). From the spectral plot in Fig. 6,
the peak at 2.85 Hz is well evident; this value is exactly the
same as measured by the accelerometers installed on the
structure.

A further test has been performed by vertically positioning
the radar mechanical guide. Fig. 7 showsthe radar image and a
picture of the structure.
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Fig. 8. Vibration amplitude map obtained through a vertical antenna scan
during the test at 2.45 Hz.

The radar was positioned in front of the right-hand-side wall
inthe picture. The radar pointed the half-height of the structure.
There is a close correlation between the features in the radar
image and the features in the picture. It has to be particularly
noted that internal floors and the wall on the opposite side with
respect to the radar installation are clearly detected.

After aradar acquisition of the structure excited at 2.45 Hz,
the amplitude pattern image showed in Fig. 8 is obtained. The
mean vibration amplitude resulted of 1.83 mm to be compared
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Fig. 9. Measured vibration frequency spectrum for the test at 2.45 Hz.

with 1.79-mm vibration amplitude measured by the accelerom-
eters positioned on the girder at the height of the first floor.
Finally, the spectral plot shown in Fig. 9 relative to the latter
acquisition exhibitsasharp peak at 2.45Hz, whichisexactly the
same measured by the accel erometers installed on the structure

V. CONCLUSION

Microwave radar holography appears to be an effective tech-
nique for dynamic testing of engineering structures. This re-
mote-sensing technique provides effective mapping of the dy-
namic response of large structures. Furthermore, intra-wall pen-
etrating capability of microwaves allows vibrations of parts not
directly visible from the radar equipment position to be detected
aswell. Even though at the state-of-the-art this instrument does
not achieve the accuracy and reliability of the conventional con-
tact sensors, it can monitor inaccessible structures and can also
be rapidly installed in emergency situations.
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