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Ultrasonic Flaw Detection in Composite Materials Using SSP-MPSD 
Algorithm 

 
 

BENAMMAR Abdessalem† and DRAI Redouane* 
 

Abstract – Due to the inherent inhomogeneous and anisotropy nature of the composite materials, the 
detection of internal defects in these materials with non-destructive techniques is an important 
requirement both for quality checks during the production phase and in service inspection during 
maintenance operations. The estimation of the time-of-arrival (TOA) and/or time-of-flight (TOF) of 
the ultrasonic echoes is essential in ultrasonic non-destructive testing (NDT). In this paper, we used 
split-spectrum processing (SSP) combined with matching pursuit signal decomposition (MPSD) to 
develop a dedicated ultrasonic detection system. SSP algorithm is used for Signal-to-Noise Ratio 
(SNR) enhancement, and the MPSD algorithm is used to decompose backscattered signals into a linear 
expansion of chirplet echoes and estimate the chirplet parameters. Therefore, the combination of SSP 
and MPSD (SSP-MPSD) presents a powerful technique for ultrasonic NDT. The SSP algorithm is 
achieved by using Gaussian band pass filters. Then, MPSD algorithm uses the Maximum Likelihood 
Estimation. The good performance of the proposed method is experimentally verified using ultrasonic 
traces acquired from three specimens of carbon fibre reinforced polymer multi-layered composite 
materials (CFRP). 
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1. Introduction 
 
In recent years, due to their great potential in weight 

saving, fiber reinforced laminated composites are becoming 
increasingly important in applications where low weight, 
high stiffness, and high strength are required, in particular 
in the aircraft industry. Composite structures can be 
damaged under mechanical and thermal loadings. The 
development of an effective technique to monitor and 
detect the size, location and orientation of any internal 
defects may serve to help to avoid composite failures. 

Currently, new airplanes are manufactured with carbon 
fiber composite materials to be lighter and more fuel 
efficient. With the increased usage of fiber reinforced 
materials in structural materials, it has become all the more 
important for the NDT community to develop viable 
technique which can be used to test these materials while 
they are in service. Typical NDT techniques which have 
been used to try and reconstruct signals and / or images of 
defects inside the metals and composite materials are visual 
optical inspection, radiography, magnet particle inspection, 
eddy current testing, ultrasonic testing, acoustic emission 
testing, microwave testing, etc. [1-2] 

The ultrasonic testing is based on the detection and the 
interpretation of the ultrasonic waves reflected by defects. 

Widely used methods at the present time are split spectrum 
processing [3-7], wavelet method [8-16], the high resolu-
tion pursuit (HRP) [17-18], and the chirplet transform [19-
20]. The results are presented in various forms, so a direct 
comparison is very difficult. 

In this paper, a new approach to the inspection problem 
of composite materials using ultrasonic signal processing 
is proposed in order to detect delamination defects and 
thicknesses measurement. We consider two main steps for 
interpreting ultrasonic data: the pre-processing technique 
necessary to enhance the SNR, this step is realized by SSP 
algorithm. The second step was carried out by using match-
ing pursuit signal decomposition (MPSD), this technique 
is necessary for the estimation of the time-of-arrival (TOA) 
and/or time-of-flight (TOF) of the ultrasonic echoes. 

This paper is organized as follows: Section 2 describes 
the proposed method for flaw detection using SSP-MPSD 
system structure. In section 3, the performance of the 
algorithm is tested and compared using simulated ultrasonic 
echoes. In section 4 the performance of the method is 
experimentally verified using ultrasonic traces acquired 
from three specimens of carbon fibre reinforced polymer 
multi-layered composite materials (CFRP) provided by an 
aircraft manufacturer company. Finally, conclusions are 
given in Section 5.  

 
 

2. Proposed Method for Flaw Detection 
 
In this work, a new approach is presented for ultrasonic 
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flaw detection applications. This approach is based on 
split-spectrum processing (SSP) combined with matching 
pursuit signal decomposition (MPSD). 

 
2.1 Ultrasound signal formulation 

 
The main aim of the analysis of the signal received by 

ultrasonic receiver in an NDT process is to obtain 
information about the material integrity.  

We therefore need to detect a possible reflection induced 
by a defect in the structure in a signal that is corrupted by 
the structural noise generated mainly by the reinforcement, 
such as carbon fibers, in the matrix material. From a 
mathematical point of view, we can define the problem as 
follows: 

 

 
1

( ) ( ) ( ) ( ;Θ ) ( )
M

m
m

x t y t n t s t n t
=

= + = +∑   (1) 

 [ ]
2

1

2
2

( ) exp( ( ) )
cos ( ) 2 ( ) ( )

m m m

m m cm m m

x t β α t τ
α t τ πf t τ φ n t

= − − ×

− − + − + +
 (2) 

 
In this equation, x(t) represents the observed noisy signal, 

y(t) is the model-based noiseless signal and n(t) represents 
the electrical and structural noise. The parameter vector 
Θm  is defined as 1 2Θ [ ]m m m m m mcmα α β φ τf=  which 
contains all the unknown parameters of the problem, the 
bandwidth factor α1m, the chirp rate α2m, the amplitude βm, 
the center frequency fcm, the phase mφ , and the arrival 
time τm. 

 
2.2 The structure of SSP-MPSD 

 
The overall system diagram of SSP-MPSD is given in 

Fig. 1, including a pre-process (i.e., SSP) and post-process 
(i.e., MPSD). SSP technique [4] splits the received wide 
band signal into a group of diverse frequency narrow 
band signals exhibiting different SNR, and subsequently 
recombine those using non linear techniques in order to 
increase this SNR. The principle of this technique is 
illustrated in Fig. 1. The performance of the SSP is 
sensitive to four parameters which are the number of 
filters used for splitting spectrum, the filter band width, 
the step frequency between filters and the position of pass-
band filter (the frequency center of the first and the last 
filter) [21]. 

The reconstruction stage of SSP output may be achieved 
by several non linear algorithms to improve SNR of the 
input signal. In this work, we use the arithmetic mean [22] 
defined as: 
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Where xi(t) i=1,2,…,N represent the narrowband output 

signals. The arithmetic mean essentially acts as a band pass 

filter since it linearly combines the sampled waveforms 
from different frequency regions of the input wide band 
signal. 

In this work, we use the constant-Q decomposition. SSP 
algorithm gives better results when the decomposition is 
achieved by constant-Q filters as shown in [23] (see Fig. 2). 

In this work the SSP described above presents only 
signal features and can be viewed as an initial stage of 
signal processing. While SSP can provide signal features, 
we still need another algorithm to detect the echoes, so the 
MPSD has been introduced for this aim. MPSD algorithm 
has been developed based on the matching pursuit signal 
decomposition and the Maximum Likelihood Estimation 
[20]. The matching pursuit (MP) algorithm is an adaptive 
signal decomposition technique that is energy conservative 
[24]. The MP algorithm first matches a function to the 
original signal. Then, this best matching function is 
subtracted from the signal to obtain the signal residue. At 
each iteration a new function is matched to the current 
signal residue. When the energy of signal residue is a 
fraction of the energy of the original signal the decom-
position is completed. The final decomposition is a linear 
expansion of all chosen matching functions. In the original 
matching pursuit algorithm, the best match criterion 
uses correlation criteria to determine the best matching 

 
Fig. 1. The structure of SSP-MPSD 

 

 
Fig. 2. Frequency response of the constant-Q filter bank Q

is the quality factor defined as Q=fi/bi , with fi the 
center frequency and bi the band width of filters. 
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function. The real challenge of matching pursuit signal 
decomposition is that different matching criteria can produce 
different decomposition results [24-25]. In the optimization 
stage of the matching pursuit signal decomposition (MPSD) 
algorithm, the signal residue is represented by a chirplet 
function and the remaining signal (i.e. next residue), 

 
 1( ; )n nR s g t R s+= Θ +   (4) 

 
Here, nR s is the current signal residue ( )z t , 1nR s+  is 

the next signal residue and ( ; )g t Θ is a chirplet echo 
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Where 1 2[ ]cfα α β φ τΘ =  denotes the 

parameter vector of ( ; )g t Θ . If we assume 1nR s+  has 
white Gaussian noise characteristics, the MLE of the 
parameter vector Θ  can be obtained by minimizing: 
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In summary, the iterative MPSD algorithm can be briefly 

stated as follows [20]: 

(1) Initialization: Set iteration index n=0 and first signal 
residue ( )nR s z t= . 

(2)  Find the best parameter vector of the chirplet 
function: 

2
arg min ( )n

MLE R s g tΘ ΘΘ = − , and set 

( ; )n ng g t= Θ . 
(3) Update: Compute the next residue 1n n

nR s R s g+ = −  

(4)  Check convergence: If 
21

2( )
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Threshold

s t

+

≤ , stop 

the iterative procedure; else; 1n n= + and go to Step 
2. Jump to step 2 and go on. 

 
In the next section we applied both simulated and 

experimental ultrasonic signals to test SSP-MPSD algorithm, 
and show its performance. 

 
 

3. Simulation Study 
 
In this section we evaluate the robustness of the 

proposed SSP-MPSD algorithm compared to our previous 
work [7]. For easy comparison with previous published 
results, we have used the same ultrasonic synthetic signal 
with different levels of signal to noise ratio. We simulated 
ultrasonic signal with two echoes. The frequency is 
supposed to be centered at 2.25Mhz. The parameter Δτ or 
the time difference of arrival (TDOA) of ultrasonic echoes 
has then been modified, varying from 0.1μs to 1μs. The 

SSP-MPSD, SSP-PT and deconvolution by EM algorithm 
have been applied for estimating Δτ and the backscattered 
signal has been reconstructed. Fig. 3 shows the error (in %), 
between the simulated and the reconstructed signal, as a 
function of the distance Δτ. 

In Figs. 3(a) and Fig. 3(b), we can note that the noise 
level does not have a large influence on the SSP-PT, but 
this method does not give a good detection. The results 
obtained by the deconvolution method are very similar to 
the SSP-MPSD method in the case of noiseless signal. In 
the case of noisy signal the detection efficiency of SSP-
MPSD is better than that of the deconvolution and the SSP-
PT. Based on these simulations; the best results were 
obtained with the SSP-MPSD method. 

 
 

4. Experimental Results and Discussion 
 
Experimental tests were performed on three specimens 

of carbon fiber reinforced polymer multi-layered composite 
materials (CFRP), provided by an aircraft manufacturer 
company. Typically, delaminations in thin composite 
laminates are detectable by an immersion transducer 
operating in pulse-echo mode. Fig. 4 shows schematic 
diagram of the experimental system. The three samples 
contain three different types of delamination defects. 
Multiple signals are reflected from the surfaces of the 
specimen as well as from delaminations, as shown in Fig. 4. 

 

 
Fig. 3. (a) Error Δτ measurement with noise less signal; (b) 

Error Δτ measurement with SNR=20dB 
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The thickness and the delamination depth in the 
material can be given using the equation: 

 
 [ ] 2( , FSBdsampleVd ττ −=   (7) 

 
where, Vsample is the velocity of ultrasound in the material; 
τFS represents the time location of the ultrasonic front 
surface echo; τB represents the time location of the 
ultrasonic first back wall echo of the sample; τd represents 
the defect echo location of the delamination zone; (τd,B - 
τFS) represents the pulse-echo time delay between a front 
surface and back wall echoes or delamination echoes. 

The signals are obtained using tow transducers centered 
at frequency 2.25Mhz and 5Mhz, with quality factor 1.8 
and 1.92, respectively. Longitudinal waves are used, the 
sound velocity in this material is Vsample=2830m/s. 

The specimen (A) is made of eight layers joined with 
epoxy, one layer on the other altering the orientation from 
(0°, 45°). This specimen is divided in two zones (Fig. 5): 

- The 1st zone is an undamaged zone with 2.7mm 
thickness. 

- The 2nd zone is a damaged zone. The delamination 
defect is a Teflon blade, with 0.6mm thickness, situated 
before the end of the last layer (i.e. between layers 7 
and 8). 

 
Fig. 6 (a) shows the measured echoes reflected from the 

front and back surfaces of CFRP specimen (A) in the 
undamaged zone with 2.25Mhz transducer. Three echoes 
can be found in the signal: The first echo represents the 
front surface echo, the second echo represents the first back 

wall echo and the third echo represents the second back 
wall echo. The results obtained by the three methods are 
shown in Fig. 6 (b). The time difference of arrival (TDOA) 
obtained by deconvolution Δτdeconv=1.89µs, by SSP-PT 
method ΔτSSP-PT=1.87µs and by SSP-MPSD method ΔτSSP-

MPSD=1.91µs, corresponding to the detection error 1.1%, 
2.2% and 0%, respectively. The average error is about 1%. 

Fig. 6 (c) shows the measured ultrasonic signal on 
specimen (A) in the undamaged zone with 5 Mhz 
transducer. Fig. 6 (d) shows the TDOA results obtained 
by deconvolution Δτdeconv=1.89µs, by SSP-PT method 
ΔτSSP-PT=1.68µs and by SSP-MPSD method ΔτSSP-MPSD= 
1.89µs, corresponding to the detection error 1.1%, 12% 

 
Fig. 4. Schematic diagram of the experimental system 

 

 

 
Fig. 6. Experimental signals of specimen(A) in undamaged 

zone, (a) with 2.25Mhz transducer frequency, (b) 
Results obtained by deconvolution, SSP-PT and 
SSP-MPSD (Q =5, filters number=10 and f1 =0.9
Mhz), (c) with 5Mhz transducer frequency, (d) 
Results obtained by deconvolution, SSP-PT and 
SSP-MPSD (Q =5, filters number = 10 and f1 = 2.45
Mhz) 

 
Fig. 5. Geometry and dimension of the CFRP specimen

(A) (delamination defect is a Teflon blade situated
between layers 7 and 8) 
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and 1%, respectively. The average error is about 4.7%. It is 
important to note that here (i.e., in the case of 5Mhz 
transducer) the SSP-PT gives a high error compared to the 

deconvolution and SSP-MPSD. 
Fig. 7 (a) shows the measured echoes of the CFRP 

specimen (A) in damaged zone with 2.25Mhz transducer. 
Three echoes can be found in the signal: The first echo 
represents the front surface echo; the second echo represents 
the defect echo location of the delamination zone and 
the third echo represents the first back wall echo. After 
estimation by all methods (see Fig. 7 (b)), the delamination 
defect is detected by deconvolution method at a depth of τd-

deconv=1.55µs, by SSP-PT method at a depth of τd-SSP-

PT=1.59µs and by SSP-MPSD method at a depth of τd-SSP-

MPSD=1.67µs. 
Fig. 7 (c) shows the measured ultrasonic signal on 

specimen (A) in damaged zone with 5Mhz transducer. 
Fig. 7 (d) shows the results, the delamination defect is 
detected by deconvolution method at a depth of τd-deconv= 
1.41µs, by SSP-PT method at a depth of τd-SSP-PT=1.37µs 
and by SSP-MPSD method at a depth of τd-SSP-MPSD=1.39µs. 

In the case of delamination defect with 2.25Mhz 
transducer, the average error is about 3% compared to the 
average error of 10% in the case of 5Mhz transducer. 

The obtained results on CFRP Specimen (A) with the 
three methods are tabulated in Table 1 in terms of the time 
difference of arrival (TDOA), the thickness of the 
specimen, the position of the delamination, and the error 
in %. 

We can note that the SSP-MPSD gives an average error 
of 1% in the case of thickness measurement. This result 
provides evidence of the good performance of SSP-MPSD 
method which has improved accuracy in the estimation of 
echo arrival time. 

The specimen (B) is made of eight layers joined with 
epoxy, one layer on the other altering the orientation 
from (0°, 45°). This specimen is divided in two zones 
(see Fig. 8):  

- The 1st zone is an undamaged zone with 2.9mm 
thickness. 

- The 2nd zone is a damaged zone. The delamination 

 

 
Fig. 7. Experimental signals of specimen (A) in damaged

zone, (a) with 2.25Mhz transducer frequency, (b)
Results of (a) obtained by deconvolution, SSP-PT 
and SSP-MPSD (Q =5, filters number =9 and f1 = 
1.4Mhz), (c) with 5Mhz transducer frequency, (d)
Results of (c) obtained by deconvolution, SSP-PT 
and SSP-MPSD (Q = 5, filters number = 10 and f1 = 
2.45Mhz) 

Table 1. Thickness of the specimen (A) and depth of defect with error in % 

2.25 Mhz 5 Mhz  
Deconv SSP-PT SSP-MPSD Deconv SSP-PT SSP-MPSD 

Real value 
(mm) 

Undamaged  
zone 

Thickness of the 
specimen 

2.67mm 
1.1% 

2.64mm 
2.22% 

2.7mm 
0% 

2.67mm 
1.1% 

2.37mm 
12% 

2.67mm 
1% 2.7mm 

Thickness of the 
specimen 

3.42mm 
3.6% 

3.15mm 
4.5% 

3.38mm 
2.4% 

3.14mm 
4.8% 

3.04mm 
7.8% 

3.33mm 
0.9% 3.3mm Damaged  

zone Position of the 
delamination 

2.19mm 
0.4% 

2.24mm 
1.8% 

2.36mm 
7% 

1.99mm 
9% 

1.93mm 
12% 

1.96mm 
10% 2.2mm 

 
Fig. 8. Geometry and dimension of the CFRP specimen (B)
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defect is a zone without epoxy situated in the middle 
of the specimen (i.e. between layers 4 and 5). 

 
Fig. 9 (a) shows the measured echoes of the CFRP 

specimen (B) in damaged zone with 2.25Mhz transducer. 
After estimation by all methods (see Fig. 9(b)), the 
delamination defect is detected by deconvolution method at 
a depth of τd-deconv=1.19µs, by SSP-PT method at a depth of 
τd-SSP-PT=1.46µs and by SSP-MPSD method at a depth of τd-

SSP-MPSD=1.1µs, corresponding to the detection error 12%, 
37% and 3%, respectively. 

Fig. 9 (c) shows the measured ultrasonic signal on 
specimen (B) in damaged zone with 5Mhz transducer. Fig. 
9d shows the results, the delamination defect is detected by 
deconvolution method at a depth of τd-deconv=1.05µs, by 
SSP-PT method at a depth of τd-SSP-PT=1.03µs and by SSP-
MPSD method at a depth of τd-SSP-MPSD=1.07µs, corres-
ponding to the detection error 1.3%, 3% and 0.6%, 
respectively. 

We can note that the SSP-MPSD gives a better result, in 
the case of 2.25Mhz transducer the error is about 3% and 
0.6% in the case of 5Mhz transducer. 

The obtained results on CFRP Specimen (B) are 
recapitulated in Table 2.We can note that the SSP-MPSD 
gives an average error of 2% in the case of thickness 
measurement and detection of delamination.  

The specimen (C) is made of eight layers joined with 
epoxy, one layer on the other altering the orientation 
from (0°, 90°). This specimen is divided in two zones (see 
Fig. 10):  

-  The 1st zone is an undamaged zone with 3.1mm 
thickness. 

-  The 2nd zone is a damaged zone. The delamination 
defect is a nylon sheet, with 0.1mm thickness situated 
in the middle of the part (i.e. between layers 4 and 5). 

 
Fig. 11(a) shows the measured echoes of the CFRP 

specimen (C) in damaged zone with 2.25Mhz transducer. 
After estimation from all methods (see Fig. 11(b)), the 

 

 
Fig. 9. Experimental signals of specimen (B) in damaged

zone, (a) with 2.25 Mhz transducer frequency, (b) 
Results of (a) obtained by deconvolution, SSP-PT 
and SSP-MPSD (Q =5, filters number = 9 and f1
= 1 Mhz), (c) with 5Mhz transducer frequency,
(d) Results obtained by deconvolution, SSP-PT 
and SSP-MPSD (Q =5, filters number = 9 and f1 = 
2.4 Mhz). 

Table 2. Thickness of the specimen (B) and depth of defect with error in % 

2.25Mhz 5Mhz  
Deconv SSP-PT SSP-MPSD Deconv SSP-PT SSP-MPSD 

Real value 
(mm) 

Undamaged zone Thickness of the 
specimen 

2.84mm 
2% 

2.51mm 
13% 

2.85mm 
1.7% 

3.01mm 
3.7% 

2.74mm 
5.5% 

2.99mm 
3% 2.9mm 

Thickness of the 
specimen 

2.73mm 
9% 

2.54mm 
15% 

2.88mm 
4% 

3.04mm 
1.3% 

2.78mm 
7% 

2.98mm 
0.6% 3mm  

Damaged zone Position of the 
delamination 

1.68mm 
12% 

2.06mm 
37% 

1.55mm 
3% 

1.48mm 
1.3% 

1.45mm 
3% 

1.51mm 
0.6% 1.5mm 

 
Fig. 10. Geometry and dimension of the CFRP specimen 

(C) (delamination defect is a nylon sheet situated 
between layers 4 and 5). 
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delamination defect is detected by deconvolution method at 
a depth of τd-deconv=1.17µs, by SSP-PT method at a depth of 
τd-SSP-PT=1.27µs and by SSP-MPSD method at a depth of τd-

SSP-MPSD=1.13µs, corresponding to the detection error 6.4%, 
15% and 2.5%, respectively. 

Fig. 11(c) shows the measured ultrasonic signal on 
specimen (C) in damaged zone with 5Mhz transducer. Fig. 
11(d) shows the results, the delamination defect is detected 
by deconvolution method at a depth of τd-deconv=1.06µs, by 
SSP-PT method at a depth of τd-SSP-PT=1.2µs and by SSP-
MPSD method at a depth of τd-SSP-MPSD=1.06µs. correspond-
ing to the detection error 3.8%, 9% and 3.8%, respectively. 

We can note that the SSP-MPSD gives a better result, in 
the case of 2.25Mhz transducer, the error is about 2.5%. 

The obtained results on CFRP Specimen (C) are 
recapitulated in Table 3. 

 
 

5. Conclusions 
 
In this work, three types of delamination defects (Teflon, 

Air and Nylon) were inserted into carbon fiber reinforced 
polymer multi-layered composite materials. The tests were 
carried out by two broad band ultrasonic transducer of 
frequencies 2.25Mhz and 5Mhz, with same quality factor. 
The aim of these tests is to check the performances of the 
algorithms (Deconvolution, SSP-PT and SSP-MPSD) in 
determining defects position and resolution of detected 
defect position. 

In consideration of the obtained results (Tables 1,2 and 
3); when the defect is close to the back face, increasing 
the frequency does not improve the resolution, since the 
error of localization by SSP-MPSD method passed from 
7% to 10% for the frequencies of 2.25Mhz and 5Mhz, 
respectively. This is explained by the attenuation of the 
materials which altered the quality of the obtained signals. 

The comparison of the three types of defects gave the 
following results:  

-  The presence of a Teflon layer is precisely detected by 
the deconvolution (0.4%).  

-  As for the layers of air or nylon in material, it is 
recommended to use SSP-MPSD which gives a more 
precise localization around 3%. In the case of thickness 
measurement of the composite samples, we can note 
that SSP-PT method gives an average error of 7.76%, 
the deconvolution gives an average error of 2.77% 
and SSP-MPSD method gives an average error of 
1.33%. The obtained results show that the error on 
the thickness measurement is lower with SSP-MPSD 
method. In conclusion, we can note that the SSP-
MPSD method can locate with accuracy the reflected 
echoes on CFRP composite materials. 

Table 3. Thickness of the specimen (C) and depth of defect with error in % 

2.25Mhz 5Mhz  
Deconv SSP-PT SSP-MPSD Deconv SSP-PT SSP-MPSD 

Real value 
(mm) 

Undamaged 
zone 

Thickness of the 
specimen 

3.18mm 
2.5% 

3.24mm 
4.5% 

3.11mm 
0.3% 

3.08mm 
0.6% 

3.15mm 
1.6% 

3.08mm 
0.6% 3.1mm 

Thickness of the 
specimen 

3.26mm 
1.8% 

3.72mm 
16% 

3.21mm 
0.3% 

3.14mm 
1.8% 

3.33mm 
4% 

3.16mm 
1.25% 3.2mm Damaged 

zone Position of the 
delamination 

1.65mm 
6.4% 

1.79mm 
15% 

1.59mm 
2.5% 

1.49mm 
3.8% 

1.69mm 
9% 

1.49mm 
3.8% 1.55mm 

 

 
Fig. 11. Experimental signals of specimen (C) in damaged

zone, (a) with 2.25Mhz transducer frequency, (b)
Results of (a) obtained by deconvolution, SSP-PT 
and SSP-MPSD (Q =5, filters number = 9 and f1 = 
0.9Mhz), (c) with 5Mhz transducer frequency, (d)
Results obtained by deconvolution, SSP-PT and 
SSP-MPSD (Q =5, filters number =9 and f1= 2.4
Mhz) 
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