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Abstract. Seamless precision tubes are produced by cold drawing of hollows made 
of hot rolled tubes. These products need to be tested for surface near longitudinal 
flaws (e.g. cracks and slivers) as required by customers specifications. An 
established testing technique is the use of high frequency EC inspection. In certain 
surface conditions the S/N ratio needs to be improved.  
 Therefore, we developed an additional specific filter system which is 
implemented in the analogue signal lines of such a testing machine and operates in 
real-time. The filter system decomposes the signal in the time-frequency domain and 
applies statistical signal analysis before reconstruction. The filter can be 
parameterized using a PC program but runs itself on special purpose designed FPGA 
hardware. 
 This contribution will report on the design of the filter and on results from 
plant and lab operations. 

Introduction  

Eddy current (EC) testing is one of the basic NDT methods for surface inspections. In the 
case of inspection of cold drawn precision tubes on longitudinal flaws, a high resolution of 
only a few percent of wall thickness is required frequently. An EC-technique which fulfils 
such requirements is EC-testing with exploring coils in a rotating head. Typical setups 
utilize high frequency (typically 1 MHz) on probes in differential operation. The signals are 
decomposed by analogue circuitry into the x- and y-component of the signal in the 
impedance plane. Although filtering using analogue or digital filters is implemented in all 
common EC instruments, an additional filtering of these signals may be desirable when it 
comes to increased resolution and abilities of flaw detection. Therefore, we further 
developed wavelet filtering which was already demonstrated to be useful for increasing S/N 
for e.g. MFL or UT signals [1, 2] to the case of EC inspection.  

The main idea is to provide a filtering device which plugs into the analogue signal 
path of existing instruments in order to increase S/N ratio of the signals without basically 
changing the data evaluation of the inspection device. 

The following sections will introduce the basic principle of wavelet filtering, our 
implementation and some example results taken from plant operation. 
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Wavelet Filtering 

The EC signals regarded here are the usual x- and y- components of the decomposed EC 
signals which is filtered and subsequently fed back into the EC inspection device for further 
evaluation. It is therefore important to provide a filter technique which does not destroy 
phase information on the signals, because data evaluation in the case of EC is phase 
sensitive – as opposed to usually purely amplitude depending in e.g. the case of UT 
inspection. Wavelet filtering does provide these requirements and offers a broad range of 
possible applications. 

Here we present a brief introduction on wavelet filtering. For a more comprehensive 
description see e.g. [3, 4, 5]. Signals which may be superimposed by noise of different 
origins are wavelet transformed into the wavelet domain (see Figure 1) in a first step. This 
mathematical process is similar to a spectral analysis of the signal, but instead of using a 
sine function, a wavelet basis is chosen. By a suitable choice of the wavelet an improved 
resolution for transient signals can be achieved.  

After transformation of the signal into the wavelet domain the resulting wavelet 
coefficients have to be modified in the second step to achieve a denoising effect. This is 
done by a process called shrinkage which means that certain big coefficients are kept while 
others are reduced or even set to zero. Which coefficients are finally relevant is decided by 
comparing to a dynamically varying threshold. For the system discussed in this paper, the 
threshold is determined by analysing the statistical properties of the wavelet coefficients 
dynamically. Afterwards the modified wavelet coefficients are inversely transformed back 
into the time domain in the third step.  
 

 
Figure 1: Basic principle of wavelet filtering 

 

 
Figure 2: Wavelet filtering scheme. nHP and nTP etc denote the high pass and low pass FIR filters of length n. 

S1 … S7 denote the shrinkage functions. 
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Wavelet-Transformation 

The wavelet filter consists of a cascading arrangement of finite impulse response filters 
(FIR filters); also called a filter-bank. By processing the signal through this structure 
(Figure 2) the signal is transformed into the wavelet domain. This is also called the 
decomposition.  

The signal in the wavelet domain consists of wavelet coefficients, which exist in 
different levels. The number of levels is the number of identical steps in the cascading FIR 
filter algorithm. After transformation, the wavelet coefficients are modified (shrinkage) and 
transformed back into the time domain. This is done with an equivalent FIR filter scheme, 
see Figure 1. The inverse transform is also called the reconstruction. If all thresholds are 
zero the wavelet coefficients pass unmodified and the signal is perfectly reconstructed due 
to the orthogonality constraints to the wavelet basis. 

Instead of using the usual fast wavelet transform algorithm or the wavelet packet 
transform [3, 4, 5], we use the stationary wavelet transform (SWT) algorithm [5]. This 
algorithm has the advantage that the signal is stationary after filtering and no additional 
jitter is introduced by wavelet filtering. However, the disadvantage is a higher demand of 
computing power and memory.  

The SWT is easily implemented in the scheme depicted in Figure 2. The 
decomposition is done with N levels. Therefore the decomposed signal exists in the wavelet 
domain as details di with level i = 1 … N and approximation aN. The first level set of FIR 
filters (high pass HP and low pass TP) has n filter taps. For subsequent levels the number of 
filter taps increases such that for the Nth level the number of filter taps is nN 12  . The in-
crease of filter length is done by inserting zeros between the original filter tab values. After 
decomposition the values in the wavelet domain are subjected to the shrinkage function SN. 

A delay line has to be inserted into the signal path for di for proper phase overlay. 
The reconstruction is done accordingly. This scheme directly allows for point-by-point 
filtering of the signals if a signal buffer is associated to each FIR filter. In this manner it is 
possible to filter virtually endless signals without the need of storing the complete signal 
and without introducing block-artefacts after filtering.  

 

Shrinkage and Thresholds 

This essential step is done by comparing the amplitude of the wavelet coefficients in one 
level with a threshold value. If the magnitude of the wavelet coefficient is below the 
threshold the coefficient is set to zero, if it is above the threshold it is subtracted in case of 
positive coefficient and added in case of negative coefficient. This procedure is called soft 
thresholding. As an alternative hard thresholding can be used where the coefficients above 
the threshold survive unmodified, and those below are set to zero [6]. May k be the index of 
the discretized signal, i the number of the level and i the threshold for this level, than e.g. 
hard threshold is given by 
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It remains the question of choosing a good threshold value. One strategy may be to use the 
global threshold level wise, i.e. calculate the threshold using [5] 

)ln(2 iii M  , 

where Mi is the number of values in ith level on which the standard deviation i is 
calculated upon. The problem here is that the filtering scheme as discussed above, if 
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performing the SWT in a point-by-point manner, has only one wavelet-coefficient in a 
given level per sampling time interval. 

Therefore, we add an additional memory where the last M values are to be stored. 
The threshold is calculated just on this last M values by performing standard deviation 
calculation and is valid for the next M values. This standard deviation is denoted M

i for 

level i.  
Furthermore, the above formula relies on the fact that the noise in the signal to be 

filtered is white noise, which in most cases in NDT is not fulfilled. Therefore an adjustable 
number (threshold factor) f is introduced such that  

M
ii f  . 

The values of f and M are adjustable by the user and have to be optimized. It is possible that 
f and M are identical for all levels. In this manner a compromise between complete 
automatic threshold determination on one hand and the necessity of controlling all 
thresholds manually on the other hand is obtained.  

Implementation  

For each sensor two signals (x- and y-signals) need to be filtered. In the specific case 
discussed here there are four probes and thus eight signals in total. A new FPGA based 
hardware was designed by SZMF to perform this challenge. Each FPGA board consists of 
two channels, see Figure 3. The signals of each channel will be digitized by an AD-
Converter with 14 bit and adjustable sampling-frequency. The conversion of filtered digital 
data into analogue signals by a DA-converter also operates with 14 bit. A protection- and 
adaptation circuitry was integrated into the analogue signal lines. Additionally, digital in- 
and outputs for the adaption of external control signals are implemented. The wavelet filter 
algorithm as described above is implemented in the FPGA using a symlet-8 wavelet and 5 
levels.  

The two channels filtering the x- and y-component of one probe are fully 
synchronised; a phase shift between x- and y-signal is impossible. The wavelet filter system 
is parameterized via a PC program running on the same PC as the EC instrumentation 
software. After setting the parameters, the complete hardware works independently of PC 
connection. The FPGA boards are integrated in a 19” rack which is directly installed in the 
electronic cabinet of the EC-system. In order to realize very short connections the signals 
are tapped using a specially designed adaptation board which is integrated in the EC-system 
electronics.  

 
 

 
Figure 3: Schematics of the wavelet hardware designed by SZMF. 
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Results 

The results shown below were taken during implementation of the filter system in a tube 
plant of Salzgitter Mannesmann Precision: In a first step, the optimization of the filter 
system needs to be done. As an example we show in Figure 4 the signal (absolute value / v-
signal) as obtained from the EC-system for the case of no filtering (threshold factor = 0) 
and increasing threshold factors f = 0.5 ... 4. It can be clearly seen that the S/N ratio 
increases continuously with increasing threshold factor and the maximum amplitude 
remains constant. This is an important feature for the integration in existing systems 
meaning that no large change in setting parameters of the EC systems needs to be done. 
 

 
Figure 4: v-signal of a (large) natural defect (blue) and filter results for different values of the threshold factor f. 

 
The following examples are measurements during the commissioning phase of the wavelet 
filter system in the plant of Salzgitter Mannesmann Precision. The tubes under inspection 
are precision cold drawn tubes of dimension approx. 3 mm wall thickness and diameter of 
46 mm. The testing speed is approx. 0.75 m/s and the rotation speed of the rotating head of 
the EC-system was 3165 rpm. The EC test frequency was set to 1 MHz. The sensitivity of 
the test equipment was calibrated using a 5% longitudinal test notch (see Figure 5). It can 
be seen that the S/N improvement for this situation is more than 10dB. The signal in Figure 
6 originates from a “natural” imperfection from the same type of tubes under identical 
measurements conditions. In this situation the noise itself is less, therefore the S/N 
improvement is less.  

A closer look into the signals as provided in Figure 5 and Figure 6 reveals that the 
filtering itself has no influence on the phase of the signals. This important feature is 
necessary in order to ensure non-disturbed phase information of the EC-signal.  

The complete measurement of the same tube as in Figure 6 is displayed in Figure 7: 
the figure shows screenshots from the EC-instrumentation software for the situation 
without wavelet filtering and with filtering. This chart shows the maximum amplitude of all 
four probes of one rotation as one bar. It can be clearly seen that a S/N improvement is 
achieved. The amplitude of the flaw is constant but the amplitude in the remaining part of 
the tube is significantly reduced. In certain parts of the tube the amplitude remains at a 
constant level which is a hint to small acceptable indications.    
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Figure 5: signal of 5% notch (~0.3 mm depth) in the test tube. The time axis corresponds approx. to 1½ rotation. The 
amplitude is normalized. Top panel displays the y-signal and bottom panel the v-signal of one probe during dynamic test 
run.  The signals are displayed before and after the online wavelet-filtering using hard threshold. 

 

 
 

 
Figure 6: Signal of sliver as measured on production tube during plant operation. Top panel: y-signal of one channel. 
Bottom panel: vector magnitude. The signals are displayed before and after the online wavelet-filtering using hard 
threshold. 
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Figure 7: screenshots from EC-instrumentation software. Top panel: production tube with defect. Bottom panel: the same 

tube retested with wavelet filter switched on. 

 

Conclusion 

We have realized a wavelet filter system for the use in rotating head high frequency eddy 
current inspection system. The wavelet filter can be implemented in the analogue signal 
part of the EC installation. This kind of wavelet filter system is not limited to a specific 
system. The only precondition is access to analogue signal paths. S/N improvements for 
single signals in the order of 10 dB can be achieved. The setting parameters for the wavelet 
system are crucial but the demonstrated system uses a method to significantly reduce the 
amount of work of the operators. 
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