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Introduction //Summary: Wave fields are measured in the frequency domain using
continuous broadband excitation, which allows 100 % of the mea-
surement time to be used for excitation. This reduces the measure-
ment time from over an hour to less than 20 minutes while improving 
the signal-to-noise ratio. Defects and material parameters can be 
determined more quickly and reliably

1   ��Snapshots of wave fields in the x, y, combined in-plane (x-y), and out-of-plane 

(z) directions in an anisotropic composite plate.

The detailed temporal and spatial acquisition and visualization
of wave fields is one of the major strengths of Polytec scanning
vibrometers. This application note presents a method that
significantly reduces the required measurement time while
simultaneously increasing the signal-to-noise ratio. Using  
a 3D scanning vibrometer (VibroScan QTec 3D), all vibration
components of a wave field can be measured and visualized,
including both out-of-plane and in-plane vibrations. This data
is relevant for several applications:

DETERMINATION OF MATERIAL PARAMETERS

Detailed material parameters can be determined from the
propagation velocities and wavelengths of the various vibration
components. Especially for anisotropic materials, a spatial
determination of these values is the only method for validating
material models.

  // ��Measurement time 
is reduced from 2 
hour to less than

with a better
signal-to-noise
ratio

20
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SENSOR NETWORKS FOR
NON-DESTRUCTIVE TESTING 

Visualizing wave fields is a fundamental prerequisite for 
the design of a network of permanently installed sensors 
(e.g., piezo sensors laminated into composite structures). 
Only a detailed understanding of the wave field enables the 
interpretation of the signals and, consequently, calibration 
for defect detection

DEFECT DETECTION 

Wave fields can be used to detect defects [1], such as  
delamination or impact damage in composite structures.
A defect manifests itself as an anomaly in the wave field.
A direct indicator is a change in the root mean square
value of the displacement in the vicinity of the defect.
Furthermore, waves are reflected or diffracted at defects, 
causing the propagation pattern to change. Another effect 
is mode conversion, in which the defect, excited by the pri-
mary wave, acts as a local resonator and emits wave fields 
of its own. Their propagation speed differs from that of the 
primary wave.

2   ��Two possible methods of 

defect detection based on 

wave propagation: large 

image left: Generation of 

secondary waves/mode 

conversion; Top: Increase in 

the RMS (root mean square) 

value at the defect.
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Current state of the art //

For a measurement setup, two tasks must be
addressed: the excitation of surface waves  
and the spatially distributed detection of the  
response with a sufficient signal-to-noise ratio. 

EXCITATION

Piezo discs that are glued or clamped in place have proven
effective for exciting the structure under test. A sine burst is
suitable as an excitation signal. This consists, for example, of  
5 periods of a sine-wave at the selected excitation frequency,
with a bell-shaped envelope to appropriately limit the spec-
trum. Fig. 3 shows an example of such an excitation signal
and its spectrum. In the PSV Software, the signal is generated
using a macro tailored to the component. The desired (ultra-
sonic) frequency is specified, and the excitation signal shape 
is calculated. Using the “User-Defined Signal,” this signal (and 
any other signal) can be output via the VibroScan’s internal 
signal generator.

DETECTION

Measurements are performed in the time domain using the 
scanning vibrometer. To do this, a measurement grid is defined
with a spatial resolution on the order of magnitude of the defect
to be detected or a fraction of the acoustic wavelength in wave
propagation experiments. For each measurement point on the
grid, the excitation pulse must be repeated, and the phase 
must be kept stable using an internal trigger. Since averaging  
is typically required, the pulse is repeated multiple times for 
each individual point. Each pulse is followed by a waiting time 
during which the wave propagates, may be reflected, and 
decays completely. Only after the component has come to rest 
can the next pulse be sent. Typical wait times range from 1 ms 
for materials with high damping (composites) to 20 ms or more 
for metals. The wait time and the number of averages deter-
mine the measurement time. The actual sine-wave burst that 
provides the excitation is much shorter. Only a small fraction 
of the total duration is used to inject excitation energy into the 
system. For example: at 100 kHz sine-wave frequency, one peri-
od lasts 10 μs; 5 periods thus last 50 μs. With a wait time of,  
say, 10 ms, the excitation is active for only 0.5 % of the time.

3   �Excitation signal consisting 

of a 5-period sine-wave (top: 

full period; middle: zoom on 

the excitation pulse; bottom: 

corresponding spectrum 

with a center frequency of 

90 kHz)

SPATIAL DISTRIBUTION AND
MEASUREMENT TIME

The spatial wavelengths typically range from  
a few mm to a few cm. For sufficient spatial
resolution, five measurement points per period
are recommended.

Example: For a wavelength of 10 mm, the mea-
surement points should not be more than 2 mm  
apart. For an area of 200 x 200 mm, this results 
in 10,000 points. Sticking with the example of a 10 
ms measurement time (primarily determined by 
the delay between pulses) and an averaging factor 
of 50, each point requires 500 ms. The total mea-
surement time for this example is 5,000 seconds.

The required number of averaging cycles depends 
on the achieved signal-to-noise ratio. This, in turn, 
is determined by the spatial distance from the 
excitation source, the attenuation of the material, 
and the available excitation power. The voltage 
applied to the piezo cannot be increased arbitrarily, 
so the excitation power is limited even when using 
high-quality high-voltage amplifiers with high 
maximum current ratings.
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The excitation (e.g., a broadband pseudo-random
excitation) is applied continuously, resulting in a
significantly higher energy per measurement point.
100 % of the time is utilized for excitation, rather than
just 0.5 % as in time-domain measurements. This
makes it possible to significantly reduce the number
of averaging cycles and thus the total measurement

time. By transforming the broadband signal back from 
the frequency domain to the time domain, one obtains 
the impulse response to a Dirac-shaped excitation 
pulse. To determine the response to the excitation 
signal used above, consisting of 5 periods of a sine-
wave (with an envelope), the following procedure is 
recommended: 5   �Inverse Transfer function

4   ��Vibration response to 

broadband excitation in 

the frequency domain

FFT Method with
broadband excitation //

This method significantly reduces the measure-
ment time while simultaneously improving the 
signal-to-noise ratio. The basic idea is to perform 
the measurement in the frequency (FFT) domain  
rather than the time domain.

Measurement of the vibration response (Figure 4)
in the frequency domain using a broadband excitation 
signal (e.g., pseudo-random).

Additionally, measurement of the broadband excita-
tion signal using the same settings.

Plot of the transfer function as a response to the 
excitation.

Applying the inverse FFT (IFFT) to the transfer function 
in time domain yields the impulse response (Figure 5).
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22,000 Measurement points

spatial resolution  
of 1.7 mm

Measurement
time:

17.5
min

If the response to a 5-period sine burst excitation signal is 
wanted, the following steps must be performed before the 
inverse transform back to the time domain:

Measure the sine burst signal for excitation using the
5-period sine signal with an envelope (measuring at a single
point is sufficient, since the excitation is repeated identically 
for every point).

�Multiply the transfer function from above by the FFT of
the sine burst signal.

Applying an inverse FFT (IFFT) to this result in the time domain 
yields the response to the 5-period sine-burst excitation signal.

The result corresponds to a time-domain measurement 
using an excitation consisting of a 5-period sine wave with an 
envelope, but with a much greater effective excitation energy, 
since this energy is now applied over the entire measurement 
duration.

The temporal propagation of the wave field can thus be repre-
sented equivalent to a direct measurement in the time domain. 
To locate defects, the RMS values can also be plotted in specific 
time ranges (Figure 6).

Approximately 22,000 points were used for this measurement,
with a spatial resolution of 1.7 mm, in order to detect even small
defects (see Figure 6). The measurement time was 17.5 minutes.
In a comparative measurement using the time-based method,
the measurement time was 120 minutes, despite a poorer signal-
to-noise ratio.

This method allows wave fields to be measured and visualized
quickly and with a much better signal-to-noise ratio than
conventional methods. Defects are localized more quickly,
material parameters are determined more rapidly from the
propagation velocities, and sensor networks are calibrated
more accurately.

6   ��RMS values from a mea-

surement using the FFT 

method with 22,000 data 

points. Defects are clearly 

visible. The excitation 

point can be seen on the 

right.
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Comparison of the  
current state of the art 
and the FFT Method //

To compare the results of the FFT meth-
od with the time-domain response mea-
surement, the measured spectrum of 
the impulse response is multiplied by the 
spectrum of the excitation signal (5-peri-
od sine burst). An IFFT is then performed 
to obtain the response to the excitation 
signal.
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IFFT

INSTRUCTIONS FOR THE PSV SIGNAL PROCESSOR

All of the calculations described above can be performed in 
the Signal Processor. The Signal Processor is a powerful tool 
within the PSV Software for performing a wide range of calcu-
lations. For example, single-point and scanning measurement 
data can be processed and combined. Spectra and time data 
are displayed in an integrated analyzer. Spatially referenced
results, such as vibration modes or wave propagation, are
displayed using the standard tools of the PSV Software and
animated over time or phase.

To generate a time-domain animation from the FFT
measurement data, use the following procedure in the
Signal Processor:

SUBSEQUENT ADJUSTMENT OF THE
EXCITATION CENTER FREQUENCY

Another advantage of the FFT method is that it allows the re-
sponse to sine-wave bursts with different center frequencies  
to be determined without having to repeat the measurement. 
This means that, after the measurement, it is possible to deter-
mine which excitation frequency yields the best results without 
having to repeat the entire scan. This also opens up new possi-
bilities for automated evaluation.

The following input data must be available:
<Excitation time data>.pvd 
<FRF test object>.svd

The excitation time data is transferred to the cells of a Signal 
Processor document using copy-paste. To do this, select

“Copy” from the context menu and paste the data into cell A2
of the Signal Processor.

The FRFs of the test object are transferred via copy-paste
from the plot view of the PSV evaluation window into the
cells of a Signal Processor document. To do this, select “Copy
All Points” from the context menu and paste the data into
cell C2 of the Signal Processor.

Structure of the Signal Processor  
document   //

Row 1: Headings
Row 2: Data and calculations

A1: Excitation time data
A2: Insert excitation data

B1: FFT Input
B2: ‘=StatMean(FFT(A2))’

C1: FRF test object
C2: Insert the FRF (or H1 if averaging) of the measurement
with broadband excitation via copy-paste

D1: FFT response signal
D2: ‘=Scale( b2*c2, , , , , , , “Velocity”, “m/s”, , “FFT Response”)’

E1: Time data of the response signal
(response to excitation from cell A2)
E2: ‘=Scale( IFFT(d2), , , , , , , , , , “Time Response”)’

Cell E2 is transferred to the measurement file via copy-paste
as a user-defined data set (UDDS). In the plot view of the
PSV Software, the results can be animated and the RMS
values displayed.
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8   �In-plane vibration response at 50 μs; Top: Time 

method; Bottom: FFT method

Current state of the art: 
Measurement of the response in the time domain 

FFT Method: Measurement of the 
response in the frequency domain
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