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Abstract 
Mode-selective excitation is an important design aspect for an active structural health monitoring system 
based on ultrasonic guided waves. This paper addresses advanced aspects of choosing optimal excitation 
in an isotropic plate-like structure. First, theoretical relationships for the mode-tuning of guided waves will 
be introduced. The resulting strain-frequency characteristics are compared for a variety of circular 
piezoelectric sensors having different geometries. It will be shown experimentally that the strain-
frequency relationship depends highly on the sensor dimensions and the number of cycles of the excitation 
pulse. The analysis also discusses the mode-tuning behavior in two aluminum plates with different 
thicknesses. Second, active excitation via pulse compression using chirplets is analyzed. This known 
technique from radar and sonar improves signal-to-noise ratio significantly. Here, the Gaussian- and the 
Hann-window are quantitatively discussed with respect to their pulse-compression properties. 
 

1 Introduction 

Many strategies have been developed in the last decade to use ultrasonic guided waves for structural 
health monitoring. In case of active excitation the question always arises how to design the excitation 
signal with respect to frequency content, temporal duration etc. It has been shown by different authors that 
single mode excitation is advantageous for phased array applications [1], time reversal approaches [2], 
temperature compensation [3, 4] and also for dispersion compensation [5]. 
There is a close relationship between the optimal excitation signal, the sensor geometry and the properties 
of the host structure. Generally, it can be said that the driving frequency should be chosen in a frequency 
range where there is little dispersion. Thus, broadening of the energy distribution with accompanying 
decrease in signal amplitude should be avoided for long-range monitoring. As a result the majority of 
researches use band-limited excitation signals to reduce the impact of dispersion. Because of the multi-
modal properties of guided waves mainly the fundamental wave modes are considered that occur below 
the first cut-off frequency. With respect to pure damage detection a broadband signal exciting also higher 
order modes can be advantageous as well [6]. The latter approach is problematic in terms of identifying 
single waveforms that are used for arrival time analysis as part of the damage localization process [7-9]. 
There is a trade-off between temporal resolution of the excitation toneburst and the corresponding 
frequency bandwidth. Choosing a short signal with only one or two cycles results in a relatively broad 
banded signal with high dispersion. On the other hand a signal having many cycles becomes long in time-
domain with a small bandwidth and little dispersion. In the latter case there is a high probability that the 
waveforms interfere so that discrimination of individual waveforms becomes impossible. Another aspect 
is the voltage amplitude of the excitation pulse. This should be as low as possible to guarantee 
applicability in the aviation industry, which has a high certification standard, and to meet the requirements 
of energy harvesting especially in wireless communication systems [10, 11]. However, to gain a sufficient 
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signal-to-noise ratio combined with an acceptable moderate voltage amplitude leads to the concept of 
pulse compression. This method will be introduced in the final part of this paper. 
In order to describe the relationship between piezoelectric sensor and host structure theoretically, 
Giurgiutiu has developed a complex model to predict the sensor output as a function of actuating 
frequency in isotropic media [12, 13]. He found out that at lower frequencies mainly the A0-mode is 
present whereas at higher frequencies the S0-mode dominates. The frequencies of maximum output was 
termed sweetspot. Raghavan and Cesnik  improved the model of Giurgiutiu for arbitrarily shaped sensor 
geometries [14]. Various authors confirm the sweetspot existence; see for example [15-19]. In the present 
study the model of Giurgiutiu is used to predict the strain-frequency relationships for different sensor 
geometries. As we will see later in section 3 the sweetspot exists for certain sensor geometries and does 
not exist for other sensors.  
In order to realize mode purity, various other strategies can be used as well. For example interdigital 
transducers can be used to excite single modes, where the finger spacing matches the wavelength of the 
generated wave. The disadvantage of such a unidirectional transducer is that the wavefront is highly 
dependent on the transducer orientation which makes an application especially in a distributed sensor 
network problematic [20]. A piezoelectric sensor can also be used in combination with a backing mass and 
a soft coupling layer to avoid the excitation of the S0-mode [21]. Furthermore, piezoelectric sensors can be 
placed on both sides of the structure. By means of adequate polarization the excitation of either the A0-
mode or the S0-mode can be amplified [22]. This configuration is problematic in situations, where only a 
single side of the specimen can be accessed for mounting the sensors (e.g. aircraft structures). 
Alternatively, selective out-of-plane sensing can be performed via laser-vibrometry [23]. 
A separation of modes is not possible via post-processing, especially when the waveforms overlap. A 
special sensing configuration must be set up, so that a two-dimensional Fourier transform can be applied, 
where a discrimination of individual modes is possible [24]. But for in-situ situations the excitation should 
be optimized beforehand so that mode-purity can be assumed. This is a hard assumption in structures with 
thickness variations [25]. Furthermore, it is suggested not to use a single excitation frequency, because the 
interaction of ultrasonic waves with damage is frequency-thickness and mode-shape dependent [26]. A 
promising approach can be found in Reynolds [16] where the sweetspot frequencies for the A0-mode and 
the S0-mode are used for damage identification. Thus, high energy is put into the structure that guarantees 
long-range propagation and dual frequencies account for the dependency of mode-shape and frequency-
thickness. 
The remainder of the paper is organized as follows. Section 2 briefly introduces the strain-frequency 
model that is developed by Giurgiutiu [12]. In the following part an algorithm will be presented that 
automatically extracts the strain-frequency relationship for a pitch-catch configuration in any large 
isotropic plate. After that, section 4 compares the theoretical model with experimental results 
accompanied with several parameter studies to identify optimal excitation parameters. Section 5 presents 
the methodology of pulse compression with linear chirplets. Again, this paragraph contains several studies 
to highlight the benefits of this new way of excitation. The paper finishes with final conclusions and 
aspects of future work. 

2 Theoretical background for mode-tuning in isotropic plates 

2.1 Rayleigh-Lamb equation 

The development of the Rayleigh-Lamb equation has been presented in various publications, e.g. [27, 28]. 
In a final form two equations can be developed for the symmetric (subscript S) and antisymmetric wave 
mode (subscript A): 

 ( ) ( )² ² ² cos sin 4 ² sin cos 0SD q pd qd pq pd qdξ = ξ − + ξ =   (1) 

 ( ) ( )² ² ² sin cos 4 ² cos sin 0AD q pd qd pq pd qdξ = ξ − + ξ =  (2) 
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where 

 2
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ω
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ω

= −ξ . (3) 

In these equations ξ is the wavenumber, d the semi-thickness of the plate, ω the angular velocity, cL and cT 
the longitudinal and transversal wave speeds, respectively. Rearranging equation (1) and (2) results in the 
more compact form 

 
( )

1
tan 4 ²
tan ² ²

pd pq
qd q

±
⎡ ⎤ξ

= − ⎢ ⎥
ξ −⎢ ⎥⎣ ⎦

, (4) 

where (+1) corresponds to the symmetric and (-1) to the antisymmetric motion. The numerical solution of 
equation (4) leads to the dispersion diagram which is used in sections 3 and 4.  

2.2 Guided wave mode-tuning in isotropic plates 

Applying the space domain Fourier transform to the wave equation yields relationships for strain and 
displacement in the wavenumber domain. The subsequent inverse Fourier transform can be numerically 
solved through the application of the complex residue theorem. The complete strain response containing 
the solution for the symmetric and the antisymmetric mode can be written according to [12] as  

 ( )( ) ( )1( , ) ( ) ( )
2 ' ( ) ' ( )S A

S A
S A i x tS A

a ax S A
S A

N Nx t e
µ D D

ξ −ω

ξ ξ

⎡ ⎤ξ ξ
ε = τ ξ + τ ξ⎢ ⎥

ξ ξ⎢ ⎥⎣ ⎦
∑ ∑ . (5) 

In this equation x represents the 1-dimensional coordinate, t the time, µ the Lame constant, ( )aτ ⋅ the shear 
stress, ξS and ξA the wavenumbers for symmetric and antisymmetric motion, respectively. It can be 
concluded from this expression that the complete strain can be determined as a superposition of all 
propagating wave modes. In the present study only the fundamental A0- and S0-mode will be considered 
corresponding to the wavenumbers ξA0 and ξS0. Furthermore, NS(ξ) and NA(ξ) are defined as 

 ( ) ( ² ²) sin sinAN q q pd qdξ = ξ ξ +  (6) 

 ( ) ( ² ²) cos cosSN q q pd qdξ = ξ ξ + . (7) 

The complex residue theorem requires the derivative of DS and DA to gain the expression for ( )' S
SD ξ  

and ( )' A
AD ξ . The argument of the derivatives in the denominator of equation (5) are the roots of 

equation (1) and (2), i.e. the solution of the Rayleigh-Lamb equation. In case of ideal bonding one attains 
the final closed-form solution for the strain: 

 ( ) ( )
( )

( ) ( ) ( )
( )

( )0 0( , ) sin sin
' '

S A

S A

S A
i x t i x tS AS A

x S A
S A

N Na ax t i a e i a e
µ µD D

ξ −ω ξ −ω

ξ ξ

ξ ξτ τ
ε = − ξ − ξ

ξ ξ
∑ ∑  (8) 

where a  is the semi-sidelength of the sensor, 0τ the shear stress amplitude and i the complex number. 
This equation has been solved with Matlab, which allows analytical calculation of the derivatives 

( )' S
SD ξ  and ( )' A

AD ξ via the Symbolic Math Toolbox. 
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3 An autonomous signal processing technique to extract 
 strain-frequency characteristics from experimental data  

The following section starts with the presentation of the experimental setup followed by a signal 
processing technique to automatically extract the strain-frequency characteristic from experimental data. 
This technique has been developed to efficiently evaluate the great amount of experimental data that have 
been recorded for the subsequent parameter studies. This algorithm is applicable to every large plate-like 
structure, where the individual waveforms for the different wave modes do not interfere. The challenge 
was to account for the frequency-variations of the A0-mode wave velocity especially in areas with high 
dispersion.  

3.1 Experimental setup for data acquisition 

The present study analyses two 1m x 1m aluminum plates, where the first plate has a thickness of 1.5mm 
and the second plate a thickness of 3mm. Six circular piezoelectric sensors are bonded pairwise on the 
plates in a circle around the center (see Figure 1). The specifications of the sensors are listed in Table 1. It 
is remarkable that three sensors are types of PIC151 from the manufacturer PI Ceramic, having identical 
piezoelectric properties but different geometric dimensions. Assuming equal bonding, the pure influence 
of the sensor geometry can be evaluated. Furthermore, commercially available SMART Layer Sensors of 
Acellent company have been considered that are widely used in various applications [29]. 
Automatic data acquisition has been performed through a single-ended Handyscope HS3 instrument from 
Tiepie Engineering using a sampling rate of 10MHz. The excitation signal is a Hann-windowed toneburst 
with a varying center frequency from 20 to 500kHz and a frequency increment of 5kHz. The number of 
cycles varies between 3 and 7 with 24V peak-to-peak amplitude. Each measurement was averaged 30 
times to get a good signal-to-noise ratio. 
The challenge of the experimental setup was to design the sensor spacing in such a way that the wave 
modes do not overlap. If the spacing is chosen too small, then the S0-mode and the A0-mode still overlap. 
If the spacing is too large, then the reflection of the faster S0-mode already interferes with the incident A0-
mode. A spacing of d0=0.3m has been a good choice for the proposed plate geometries to separate both 
wave modes. In order to specify the sensor spacing, numerical simulations via the spectral element method 
have been performed for different excitation frequencies [30]. Thus, the simulation could be used for 
designing the experimental configuration.  
  

Sensor Description Ø [mm] t [mm] 
(1) PI Ceramic / PIC151 5 1 
(2) PI Ceramic / PIC151 10 0.25 
(3) PI Ceramic / PIC151 20 0.25 
(4) PI Ceramic / PIC255 10 0.2 
(5) Noliac Ceramics / PCM-51 3 3 
(6) Acellent Company /  
      SMART Layer Sensor 6.35 0.254 

Table 1: Specifications of piezoelectric sensors 

 
 
 
 
 

Figure 1: Setup of the 1.5mm plate – Sensors are pairwise  
aligned around the center with a spacing of d0=0.3m 
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3.2 Algorithm to extract strain-frequency characteristics autonomously 

In the following an algorithm will be presented that extracts the strain-frequency characteristics from 
experimental data autonomously. The basic idea of this procedure is to estimate the arrival time of the A0-
mode by means of the group velocity dispersion relationship cGr,A0(ω). Knowing the sensor spacing d0 we 
can estimate the starting point for the incident A0-mode as: 

 0
1

, 0

( )
( )Gr A

st
c

ω =
ω

 (9) 

Now, the end position of the A0-mode waveform can be estimated via 

 2 1
2( ) ( ) ( ) Cnt t π

ω = ω + κ ω
ω

. (10) 

As a result of equations (9) and (10) the feasible time interval for the A0-mode is defined between t1(ω) 
and t2(ω). In this equation nC denotes the number of cycles and κ(ω) a dimensionless factor in order to 
increase the time duration of the wave packet linearly with frequency. This factor is necessary to account 
for effects like dispersion and resonance that increase the temporal duration of the waveform (see section 
4). The maximum absolute value for the incident A0-mode can be found in the proposed time window, 
whereas the maximum absolute value for the S0-mode must occur before t1(ω) due to a higher wave 
velocity. This algorithm will be used extensively in the next paragraph. 
The arrival time estimation of the A0-mode offers the possibility to autonomously verify the group 
velocities by means of an onset-time picking procedure. For this task an algorithm is applied which is 
based on the Hinckley criterion [31]. The left part of Figure 2 shows a seismogram plot for many 
ultrasonic signals with increasing excitation frequencies. The A-scans have been recorded from the 3mm 
thick aluminum plate where the excitation signal contains three cycles. It can be observed that the onset-
times can be extracted reasonably, resulting in experimental dispersion curves that are in good agreement 
with the theoretical predictions (see right part of Figure 2). It is noticeable that at lower frequency-
thickness products the velocities for the S0-mode cannot be identified. This is a consequence of the mode-
tuning property of the piezoelectric sensors which decreases the amplitude of the S0-mode at lower driving 
frequencies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Seismogram plot showing the ultrasonic signals for increasing frequencies (left); Comparison 
between the theoretical solution of the Rayleigh-Lamb equation and the experimental group velocity 

measurement (right) 
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4 Experimental Studies  

4.1 Comparison between theoretical and experimental results 

This part compares the theoretical solution for the strain-frequency relationship from equation (8) with 
experimental results from the SMART layer sensor and the 1.5mm thick aluminum plate using the 
algorithm from section 3. In this example the excitation signal consists of five cycles. It can be observed 
from Figure 3 that the theoretical model follows the experimental curve with a good accuracy. Thus, the 
sweetspot for a high A0/S0-ratio can be identified for the A0-mode at 90kHz and for the S0-mode at 
380kHz (see Figure 3). These results are in sync with the observations from others [12, 32].  
Santoni et al. discusses the effective transducer side length [2]. The difference between the actual 
sidelength and the effective transducer side length is attributed to shear transfer / diffusion effects at the 
piezo boundary. Here, the effective side length is chosen with 83% of the original length, which matches 
literature values. The partly increase of experimental S0-mode strain at lower frequencies is a consequence 
of electromagnetic cross-talk, where the excitation signal can be observed in the sensor signal.  
Deviations between theoretical solution and experimental results can also be attributed to the directionality 
of the displacement field generated by the piezoelectric sensors. HUANG et al. [33] have shown that the 
radiation pattern even for circular discs is a function of azimuth angle and excitation frequency. 
As a consequence of exciting the plate at the sweetspot, the complexity of the sensor signal decreases 
dramatically in terms of less waveforms. At the top of Figure 4 an ultrasonic signal is presented at 235kHz 
where both modes are present by the same degree. In contrast to the excitation at the sweetspot (see 
middle part of Figure 4 for A0-mode and bottom for S0-mode) the resulting signals are much cleaner, 
making signal processing easier. This effect has been achieved by modifying the driving frequency of the 
actuating pulse. The different temporal positions of the waveforms refer to the different wave velocities. 
Although the signal is simple, the individual properties of both wave modes with respect to damage and 
with respect to monitoring strategies like phased array applications, temperature compensation etc. 
remain. Thus, it is advantageous to excite the structure at dual frequencies and fuse the results for sensitive 
damage identification.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Normalized strain as a function of frequency to compare theoretical solution with experimental 

results (left); Corresponding A0/S0-ratio and S0/A0-ratio for experimental data (right) 
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Figure 4: Signal complexity at a driving frequency of 235kHz (no sweetspot, top), 

90kHz (sweetspot for A0-mode, middle) and 380kHz (sweetspot for S0-mode, bottom) 

4.2 Strain-frequency characteristics for different sensor types 

In a next step, the strain-frequency relationship is compared for different piezoelectric sensors. Figure 5 
shows the characteristics of the A0-mode and the S0-mode for the 1.5mm thick aluminum plate and five 
cycles in the excitation signal. It can be observed that the results of the PIC151 sensors differ significantly. 
The PIC151 sensor with the geometry 5mm x 1mm does not have any sweetspot like it is shown in Figure 
3 for the SMART layer sensor. It can be noticed that two peaks occur at higher frequencies for both the 
A0- and the S0-mode. Changing the geometry to 10mm x 0.25mm yields a complete different picture. 
There is large A0-mode amplitude at lower driving frequencies and a distinct S0-mode at higher 
frequencies. Although the PI Ceramic PIC255 sensor is a broadband sensor the strain-frequency curve is 
similar to the PI Ceramic PIC151 10 x 0.25mm with slightly reduced amplitude. The sensor signals 
recorded from the PIC151 sensor with a diameter of 20mm and thickness of 0.25mm are distorted above 
250kHz. Thus, a meaningful evaluation is not possible and the results are neglected.  

 
Figure 5: Strain-frequency relationships for different sensor geometries 
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Figure 6: Frequency content for 3, 5 and 7 cycles in the excitation signal (top); experimental strain-

frequency characteristics for the PIC151 sensor (dimensions of 10mm x 0.25mm) 
 
Another interesting evaluation can be observed with the Noliac Ceramics / PCM-51 sensor. This compact 
device shows significant A0-mode at higher frequencies and only few S0-mode in the complete frequency 
range. Thus, a high A0/S0-ratio is guaranteed over all frequencies resulting in a modified sweetspot 
understanding, because only the A0-mode is present and significant amplitude of the S0-mode is missing. 

4.3 Influence of the number of cycles on strain-frequency characteristic 

Another study has been performed to analyze the number of cycles with respect to the amplitude of the 
strain-frequency characteristics. Variations in the number of cycles modify the frequency spectrum of the 
excitation pulse (see top of Figure 6). Thus, the spectrum for a signal with minor cycles is wider than a 
spectrum with more cycles where the energy is much more concentrated around the excitation frequency. 
From these preliminary considerations it can be expected that the amplitude of the strain-frequency curve 
increases with a larger number of cycles because the bandwidth is reduced. This effect can be confirmed 
experimentally through the analysis of the PIC151 sensor with the dimensions 10mm x 0.25mm on the 
1.5mm thick aluminum plate (see bottom of Figure 6). The trade-off remains between the amplitude that is 
transferred into the plate and the temporal resolution of the signal.  

4.4 Mode-tuning potential in plates with different thicknesses 

Wave propagation of guided ultrasonic waves is always a function of frequency and thickness of the 
specimen. Thus, it is an interesting aspect to experimentally evaluate the variation of the strain-frequency 
curve with increasing plate thickness. In the following study two aluminum plates have been considered 
that have the thicknesses of 1.5mm and 3mm, respectively. The results are presented in Figure 7 for the 
PIC151 sensor with the dimension 10mm x 0.25mm. It can be concluded that the thickness of the plate has 
a major impact on the resulting amplitudes assuming equal bonding. In the present study five cycles of the 
excitation pulse have been used. The amplitude for the 1.5mm plate is approximately double as high as for 
the 3mm plate. Furthermore, the shape for both the A0-and S0-mode curves change.  
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4.5 Avoiding excitation in resonance interval 

In a next step the resonance intervals of the piezoelectric sensors are exemplarily analyzed by the PIC151 
sensor with the dimensions of 5mm x 1mm. The admittance of the sensor can be used as a suitable 
criterion to characterize the beginning of the resonance area. The data are recorded via the impedance 
analyser CypherGraph C-60 from Cypher Instruments. The top part of Figure 8 shows the admittance 
spectrum with a linear increase of admittance at lower frequencies which is proportional to the product of 
 

 
Figure 8: Admittance spectrum for the PIC151 sensor (dimensions 5mm x 1mm) and a neural network fit 
(top); off-resonance response at 120kHz (middle); oscillating resonance response at 500kHz (bottom) 

Figure 7: Comparison of the strain-frequency relationship of the 1.5mm and 3mm 
thick aluminum plate for both fundamental wave modes 

CONDITION MONITORING - DAMAGE DETECTION 977



  

frequency and capacitance [34]. At medium and higher frequencies the linear relationship collapses and 
the admittance curve becomes non-linear. This effect can be referred to the resonance of the sensor, which 
starts in this case at 330kHz. Furthermore, a non-linear fit has been calculated by means of a local linear 
neural network model [35]. The middle and bottom part of Figure 8 show two A-scans that are excited 
with five cycles, one below the resonance frequency and one in resonance. It can be seen that the 
waveforms start to oscillate when the excitation is in resonance, although no dispersion can be expected in 
this frequency-thickness interval. As a consequence, excitation in resonance of the piezoelectric sensor 
should be avoided. 

5 Improved excitation via pulse compression  

The previous chapter focused primarily on the excitability of the fundamental wave modes which is a 
function of excitation frequency and sensor geometry. The motivation behind the following part is to 
create an excitation signal that improves signal-to-noise ratio and simultaneously performs experiments in 
a more efficient way. A widely used approach in radar [36] and sonar [37] is to use a matched filter for 
pulse compression. Here, a long modulated pulse is sent into the structure and the recorded sensor signal is 
cross-correlated with the initial pulse. This process is called matched filtering. In this study, a linear chirp 
is used that is modulated either by a Hann- or a Gaussian window. The so-called chirplets essentially have 
the same frequency content as their sinusoidal counterparts, but have much larger amplitudes in the 
frequency domain. The advantages of this new approach are: 

• Improved signal-to-noise ratio (SNR) via the properties of cross-correlation 

• Improved baseline measurements for damage identification in changing environmental conditions 
(e.g. temperature) 

• Reduced experimental time, because only one measurement is necessary instead of averaging e.g. 
30 times to get competitive SNR 

The subsequent part is organized as follows: First, the principle of pulse compression and matched 
filtering will be introduced with a special consideration of the excitation signals that are used in the 
present study. After that, experimental results will be shown. Here, attention is put on the comparison 
between the common unchirped excitation and the new pulse compression scheme. 

5.1 Pulse compression by means of matched filtering  

The standard (unchirped) excitation pulse is defined by  

 ( )( ) ( ) cos 2 cy t w t f t= π  (11) 

where fc is the center frequency and w(t) the windowing function. The latter can be either a Hann-window  

 
2( ) 0.5 1 cos

C

tw t
T

⎛ ⎞⎛ ⎞π
= −⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (12) 

or a Gaussian-window 

 

2

0.5
/ 2( ) C

t
Tw t e

⎛ ⎞
− α⎜ ⎟

⎝ ⎠= with α = 3. (13) 

In these equations TC denotes the duration of the window. This parameter is directly proportional to the 
number of cycles nC and the chirp factor C by 

 C
C

C

nT C
f

=  (14) 
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In case of the unchirped signal C = 1. Moreover, the linear frequency modulated chirplet can be defined as  

 ( ) ( ) cos 2
2 2c

c

f fty t w t f t
T

⎛ ⎞⎛ ⎞Δ Δ
= π − +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (15) 

with the same windowing functions w(t) as stated above and Δf representing the frequency spread. Figure 
9 shows some chirped signals with varying chirp factors. It can be noticed that the temporal duration of 
the time traces are directly proportional to their chirp factors, thus increasing the energy that is put into the 
specimen. 
Let us now compute the time-discrete cross-correlation function rfg between the transmitted signal f and 
the received signal g by means of 

 ( ) ( ) ( )fg
k

r l f k g k l
∞

=−∞

= +∑ .  (16) 

As a result of this matched filtering operation one attains a meaningful sensor signal that looks similar 
compared to the unchirped response. The multiplication in equation (16) modifies the spectrum of the 
sensor signal. In order to get exactly the same shape of the sensor signal for both the unchirped and 
chirped signal, the number of cycles need to be reduced in case of the chirped signal by a factor of 2. 
 

 
Figure 9: Frequency modulated linear chirplets with Hann-window for nC=3.5  

(a) unchirped signal with C = 1 (b) C = 25 (c) C = 50 (d) C = 100 
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5.2 Potential of windowing functions for matched filtering 

During this study two windowing functions have been used - the Hann and the Gaussian window. Now, 
their performance will be compared with respect to matched filtering. Figure 10 shows the normalized 
Hann-windowed sensor responses for both the unchirped and the chirped signals. The excitation frequency 
changes non-uniformly from 30kHz to 350kHz. All time traces have been recorded without averaging. 
The congruency of the signals is excellent with an improved SNR in case of the chirped response (see 
Figure 11).  
In order to quantify the reconstruction performance the signal energy E of the differential signal having N 
elements has been calculated via: 

 ( )2

1

N

i i
i

E y z
=

= −∑  (17) 

In this formula y represents the normalized unchirped response and z the normalized chirped response. In 
the analysis the window functions for the unchirped and chirped response has been chosen adequately. 
The lower the energy metric the higher is the similarity between the unchirped and the chirped signal. It 
can be concluded from Figure 12 that the reconstruction performance for the Hann-window is always 
better than for the Gaussian-window. This can be referred to the fact that the Gaussian window tends 
asymptotically to infinity in the time-domain. Because of the final pulse width, the Gaussian window 
needs to be cut abruptly after t=TC. As a consequence of this operation additional frequencies are induced, 
which is a negative property for the matched filtering process. On the other hand the Hann-window is zero 
at both window-ends. Thus, the Hann-window has advantageous properties for the matched filtering 
process compared with the Gaussian window. 
 

 
Figure 10: Seismogram plot to compare the Hann-windowed chirped (nC=2.5, C=100) and unchirped 

(nC=5) responses for different excitation frequencies; No visual discrimination is possible. 
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Figure 11: Comparison between an unchirped (nC=5) and a linearly chirped (nC=2.5, C=100) signal for an 

excitation frequency of 150kHz without averaging 

 
Figure 12: Quantitative evaluation of the similarity between the unchirped signal and  

the chirped signal for two windowing functions - Hann and Gaussian window 

6 Conclusions 

The goal of this paper was to analyze advanced aspects of mode-selective excitation in an active structural 
health monitoring system for isotropic plates. It was shown theoretically and experimentally that the 
sweetspot, i.e. single mode excitation, exists for certain circular piezoelectric sensors and for others not. 
Additional parameter studies discuss the trade-off between the number of cycles in the excitation signal 
and the strain that is actively put into the plate through the piezoelectric sensors. Furthermore, it was 
shown that strain decreases with increasing plate thickness. As a second part of this paper an alternative 
strategy for active excitation of guided waves was presented which is called pulse compression. This is a 
well-known technique from radar and sonar. By means of this method the signal-to-noise ratio can be 
improved significantly so that the experimental efficiency and the sensitivity to damage increase. 

CONDITION MONITORING - DAMAGE DETECTION 981



  

Future work considers the mode-tuning behavior of anisotropic composite plates in order to find strategies 
to excite guided waves mode selectively. The challenge occurs through the existence of the shear-
horizontal mode and the angle dependent velocity characteristic which make automatic signal processing 
complicated. Moreover, suitable data fusion schemes will be included in the monitoring algorithms to 
combine the benefits from both guided wave modes at their sweetspots. 
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