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Abstract— In this investigation, a chirplet signal decomposition 
algorithm has been studied by decomposing highly convoluted 
ultrasonic signals into a linear expansion of chirplets, and 
successively estimates all the echo parameters.  The efficiency of 
the algorithm is essential for real-time NDE applications. 
Therefore, we have evaluated the estimation efficiency and the 
behavior of the chirplet parameters and their influence on the 
reconstruction error. The sensitivity analysis of chirplet 
parameters confirms the successive order for parameter 
estimation developed by the mathematical analysis of the 
algorithm. Moreover, a fast implementation of the chirplet signal 
decomposition algorithm is presented. The performance of the 
algorithm is evaluated in order to characterize the ultrasonic 
echoes backscattered from reverberant multilayered materials. 
Through extensive experimental studies, we have shown that the 
reverberation model of thin layers coupled with the chirplet 
signal decomposition allows for a very accurate estimation of 
transmission and reflection coefficients of each layer and also 
leads to an accurate estimation of the thickness of the layers by 
an order of magnitude beyond the resolution of the ultrasonic 
measuring system.  
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I.  INTRODUCTION  
In the ultrasonic imaging of materials, the detected echoes 

contain important information pertaining to the physical 
properties of the propagation path.  These echoes often 
interfere with each other due to the limited resolution of the 
ultrasonic transducer and may also be corrupted by 
measurement noise and/or undesired scattering echoes. 
Consequently, isolating ultrasonic echoes becomes a 
challenging problem and conventional signal analysis 
techniques fails to unravel the desired signal information 
necessary for material characterization.  

Signal modeling and parameter estimation, although 
algorithmically complex and computationally heavy, can be an 
effective way to decompose and estimate echoes with 
important diagnostic information.  The chirplet is a type of 
signal often encountered in radar, sonar, seismic and ultrasonic 
applications [1-7].  The parameters of a chirplet, i.e, time-of-
arrival, center frequency, amplitude, bandwidth factor, chirp 
rate and phase, are capable of representing a broad range of 
ultrasonic echo shapes, including the narrow-band, broad-band, 
symmetric, skewed, nondispersive or dispersive. In our 
previous work [1-4], the chirplet signal decomposition (CSD) 

algorithm was comprehensively discussed. The efficiency of 
the algorithm is essential for real-time NDE applications. 
Therefore, in this paper, we analyze the sensitivity and 
efficiency of the chirplet signal decomposition algorithm and 
develop a fast implementation scheme of the algorithm, which 
significantly relaxes the computation load.  As a NDE 
application, the performance of the algorithm is evaluated in 
order to characterize the ultrasonic echoes backscattered from 
reverberant multilayered materials. Through the experimental 
studies, we have shown that the fast CSD algorithm allows for 
a very accurate estimation of multilayered structures. 

This paper is organized as follows: Section II briefly 
reviews the chirplet signal decomposition algorithm and 
presents a fast implementation scheme of the algorithm. 
Section III discusses the sensitivity of chirplet parameters.  
Section IV presents experimental results for ultrasonic NDE 
applications. 

II. FAST CHIRPLET SIGNAL DECOMPOSITION 
In most applications, a single chirp echo can be modeled as 

[1]: 
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where ],,,,,[ 12 αφαβτ cf=Θ denotes the parameter 
vector, τ  is the time-of-arrival, 

cf  is the center frequency, β  is 
the amplitude, 

2α  is the chirp rate, φ  is the phase, and 
1α  is the 

bandwidth factor of the ultrasonic echo.  

The chirplet transform of the echo is defined as  
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denotes the parameter vector of the chirplet used for 
transformation . 

The objective of the CSD algorithm is to decompose a 
highly convoluted ultrasonic signal, )(ts , into a linear 
expansion of chirp echoes and efficiently estimate the 
parameter vectors of these echoes.  
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The parameter vector jΘ  can be estimated based on the 
chirplet transform of the ultrasonic signal. By localizing the 
dominant echo in a time-frequency representation of the signal 
(i.e., chirplet transform), we can estimate the time-of-arrival, 
center frequency and amplitude of the dominant echo, and then 
successively estimate the remaining parameters [1].  In an 
iterative manner, the residual signal is obtained by subtracting 
the estimated single dominant echo from the signal per 
iteration. The decomposition process is repeated until the 
energy of residual signal becomes below a pre-defined 
reconstruction condition.  

The CSD algorithm is capable of achieving a high 
resolution time-frequency representation and accurate 
estimation of parameters. Nevertheless, the time-frequency 
representation used for decomposition in the CSD algorithm is 
computationally heavy due to chirplet transform. In each 
iteration stage, the entire chirplet transform matrix is generated 
for the echo isolation process, which hinders the CSD 
algorithm from real-time signal processing applications. This 
problem can be overcome by utilizing a fast implementation 
scheme of the CSD algorithm. Instead of two dimensional 
transform, we use one-dimensional transform and iteratively 
estimate the time-of-arrival, center frequency and amplitude of 
the dominant echo. Figure 1 shows the flow chart of the fast 
CSD algorithm. The steps involved in the iterative estimation 
of an experimental signal are outlined as follows.  

1. Initial guess of time-of-arrival: Find the maximum 
location of s(t) in time domain and use it as the initial 
guess of time-of-arrival and the starting point of 
iteration.   

2. Estimate the center frequency which maximizes the 
chirplet transform, given the initial time-of-arrival.   

3. Estimate the time-of-arrival which maximizes the 
chirplet transform, given the estimated center 
frequency from previous step. 

4. Estimate the center frequency which maximizes the 
chirplet transform, given the new estimated time-of-
arrival from Step 3. 

5. Check convergence: If 
limττ <∆ and 

limff <∆ (here,
limτ and 

limf are pre-defined convergence 
conditions),  then go to Step 6; otherwise, go to Step 3. 

6. Estimate the amplitude β  and the remaining 
parameters

2α ,φ , and 
1α  successively . 

7. Obtain the residual signal by subtracting the estimated 
echo from the signal. 

8. Calculate energy of residual signal(
rE ) and check 

convergence (
minE  is predefined convergence 

condition): If 
minEEr < , STOP; otherwise, go to Step 1. 
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Figure 1.   The flow chart of the fast CSD algorithm 
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From the above steps, it can be seen that the fast CSD 
algorithm significantly relaxes the computation load of the 
algorithm.  

 

III. SENSITIVITY ANALYSIS OF CSD AGLORITHM 
       The efficiency and sensitivity of the algorithm is essential 
for real-time NDE applications. Therefore, we study the 
estimation efficiency and the behavior of the chirplet parameter 
and their influence on the reconstruction error.  For parameter 
sensitivity analysis, we examine the behavior of reconstruction 
error as each parameter is altered. To isolate the individual 
behavior of each parameter, the simulation is done with the 
situation that all the parameters, except one, are correctly 
estimated.    

        Figure 2 shows how the reconstruction error evolves with 
the alteration of each single parameter deviation varying from  
-10% to 10% of the actual value. It can be seen that the time-
of-arrival dominates the effects on reconstruction error, 
compared with other parameters. Hence, the time-of-arrival, τ , 
is the most critical parameter to be estimated, followed by the 
center frequency 

cf , the amplitude β , the chirp rate 
2α , the 

phase φ , and the bandwidth factor 
1α .  

        In our previous work [1], the parameters were 
successively estimated as shown in Equations 5 - 8. It is 
important to point out that the sensitivity analysis of chirplet 
parameters confirms the successive order for parameter 
estimation developed by the mathematical analysis of the 
algorithm.    
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In Section IV, the application of the fast CSD algorithm 
will be evaluated to estimate the ultrasonic echoes 
backscattered from reverberant multilayered materials. 

IV. EXPERIMENTAL ANALYSIS  
Reverberation is a common phenomenon in the ultrasonic 

imaging of multilayered structure. Through extensive 
experimentation and computer simulation, an appropriate 
identification and classification of reverberant echoes has been 
developed for characterizing multilayered structures [9]. It has 
been shown that the reverberant echoes backscattered from 
multilayered structures can be re-grouped into different types 
of echoes based on the traveling distance in different layers.  In 
this study, an immersion ultrasonic testing experiment is 
conducted to acquire a reverberant signal from a multiple thin 
layer structure, using a 10 MHz transducer and sampling rate of 
100 MHz.  The CSD algorithm is evaluated with ultrasonic 
experimental reverberant signals. Figure 3 shows the 
experimental signal superimposed with the reconstructed signal. 
This result clearly indicates that the algorithm successfully 
reconstructs the multilayered reverberant echoes.  

 

Figure 2.  Parameter sensitivity analysis of CSD algorithm 

 

Furthermore, based on the theoretical model in [9], more 
accurate information of the physical properties in the 
multilayered structure (i.e., thickness, transmission and 
reflection coefficients of each layers, etc.) can be obtained from 
the estimated parameters. For example, the thickness of layers 
can be obtained from the difference of time-of-arrival (TOA) of 
echoes. Table 1 shows the mean and variance of differential 
estimated time-of-arrival, which leads to a highly accurate 
estimation of the thickness of layers. 
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Figure 3.  Experimental reverberant echoes from multiple thin layers(solid line) superimposed with the reconstructed signal (dash line). 

 

TABLE I.  ESTIMATED DIFFERENTIAL TOA CORRESPONDING THICKNESS  
OF MULTILAYERED STRUCTURE 

Difference of TOA Mean [us] Variance 

ak+1- ak 0.4009 4.3200e-6 

bk+1- bk 0.3987 7.0633e-6 

ck+1- ck 0.3956 1.3363e-5 

bk- ak 2.8698 9.4425e-6 

ck- bk 2.8483 2.0569e-5 

 

 

V. CONCLUSION 
In this study, we demonstrate that the sensitivity analysis 

of chirplet parameters confirms the successive order for 
parameter estimation developed by the CSD algorithm. A 
fast implementation of CSD algorithm has been successfully 
applied to characterize the ultrasonic echoes backscattered 
from reverberant multilayered materials. Through 
experimental studies, we have shown that the reverberation 
model of thin layers coupled with the CSD algorithm allows 
for a very accurate estimation of the physical properties of 
multilayered structure. 

      Moreover, the fast CSD algorithm is suitable for system-
on-chip (SoC) design. We have explored the realization of 
the fast CSD algorithm in an embedded system using Xilinx 
Virtex II Pro FPGA platform. The preliminary results 
indicate an order of magnitude speed-up is achieved using 
the fast CSD algorithm.  The speed-up allows the utilization 
of the fast CSD algorithm for real-time ultrasonic NDE 

applications. These applications include velocity 
measurement, target detection, deconvolution, object 
classification, data compression, and pattern recognition. 
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