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Abstract 
The development of electronic systems in recent years has made 14-bit field-programmable gate array (FPGA), 
digital-to-analog converters (DAC) and analog-to-digital converters (ADC) available for mass commercial 
operation. This created the conditions for the development and application of software and hardware implemented 
on FPGA algorithms for fast processing of digital signals. Such solutions, in turn, have opened up new 
opportunities for the proliferation of multi-frequency eddy current systems (MFEC) of non-destructive testing 
(NDT) in the form of simultaneous processing of different frequencies digital signals, which allows MFEC to 
compete effectively with pulsed eddy current systems (PEC). In this paper, we present a new algorithm for precise 
digital measurement of the MFEC amplitude and phase of poly-harmonic signals harmonic components, which is 
implemented in hardware and software on a 14-bit FPGA. The measurement of the harmonic components 
amplitude and phase is based on the method of digital signals orthogonal processing, to increase the accuracy of 
which we prove the need to fulfill the condition of multiplicity of the sample sequence to the size of the digital 
signal period. Compliance with this condition is achieved by adjusting the length of the sample sequence, which 
in the proposed algorithm is performed before orthogonal processing. The effect of inaccuracy in establishing the 
sample sequence length on the measurement errors size in determining the amplitude and phase of the signal 
harmonic components is simulated using a Monte Carlo simulation. As a result of modeling, it was found that if 
the multiplicity condition is met, the measurement error is reduced by five orders of magnitude, which indicates 
the high efficiency of our algorithm. Achieved precision accuracy of measuring the harmonic components 
amplitude and phase of poly-harmonic signals due to the specified hardware and software implementation of the 
algorithm allows to create inexpensive, compact, scalable automated digital control systems, measurement data of 
which can be used to determine individual characteristics of the control object, and for the reconstruction of three-
dimensional images, ie in tomographic systems. 
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1. Introduction 
 

An important condition for the automation of eddy current (EC) NDT operations is a 
reliable interpretation of the scan results of the objects under control, which is achieved by 
controlling the excitation signals parameters, such as amplitude and frequency. The latter is one 
of the most important parameters, because it depends on the depth of penetration of the 
electromagnetic field into the object under control material, the so-called "skin effect", which 
is used to characterize surface and subsurface defects, and in some cases microstructures. PEC 
method of NDT is the most widespread due to the wide range of pulse signal frequencies, which 
is controlled by applying a pulse shape, and the test result is usually obtained by processing 
data by Fourier transform or similar in the frequency/time domain, followed by intelligent 
interpretation. 

An alternative to PEC method are MFEC methods of NDT, when the scanning of the 
object is monitored by certain algorithms signals of specially selected frequency values [1], [2], 
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[3] or poly-harmonic signals [4], [5], [6]. MFEC have not become as widespread as PEC, due 
to the complexity of simultaneous supply of frequencies spectrum to the channel, but recently 
their efficiency has improved due to the introduction of digital processing, including signals 
synthesis [1], [7], [8]. Thus, the use of modern systems based on FPGA provides automatic 
simultaneous multi-channel processing of different frequencies signals in the selected range 
with a given step, which allows to reconstruct defect images on maps of scan results [1], or 
increase the speed of parallel processing of multifrequency signals while maintaining a high 
signal-to-noise ratio [9]. For the classification of suitable/unsuitable, the use of an artificial 
neural network with a radial basis function, which was used to process impedances at five 
frequencies, was demonstrated [2]. The new approach, based on the use of EC giant magneto-
resistive sensor data conversion algorithms and multidimensional optimization procedure, 
allows to attenuate the signs of artifacts of MFEC and to strengthen the signs of information 
about defects [3]. At certain values of the excitation signal frequencies, the sensor inductance 
is almost independent of the lift-off effect, and for the automated selection of such frequencies, 
algorithms of inverse solvers have been proposed [10]. Also, the connection of MFEC 
frequencies with the real component of the coil inductance allows to map the weld zones, and 
as a result to determine the microstructures of these zones with high sensitivity [11], [12]. 
Simultaneous use of four frequencies and automation of sensor motion provides fast scanning 
of surface damage of aircraft honeycomb panels with a quality that exceeds optical 3-
dimensional scanning [13]. Multifrequency signals in the range of 1 1000𝑘𝐻𝑧 are used to 
determine the microstructure of steel rails, namely the depth of steel decarburization as a result 
of heat treatment [14]. In general, with the use of automated methods and algorithms for pattern 
recognition, the efficiency of MFEC systems is not inferior to PEC systems, which brings them 
to the level of tomographic systems [15]. However, the traditional key elements of automation 
are the intelligent processing of complex algorithms of signal amplitude measured values. Thus, 
the use of phase characteristics of poly-harmonic and multifrequency signals in EC NDT was 
limited or impossible. 

The improvement of MFEC methods expands their capabilities not only in the 
parameterization of defects, but also in determining changes in the structure of materials. The 
study of physical phenomena in solid state physics, in electromagnetic theory, has led to the 
discovery of new, more informative features in the use of EC methods, which are related to the 
structure of the studied materials. For example, if, as mentioned above, in MFEC they determine 
only the amplitudes values of certain frequencies, then we propose in addition to the amplitudes 
to determine the phase characteristics of higher harmonics, the values of which, as shown by 
experimental results, are more informative. Traditionally, the procedure of selection of higher 
harmonics is not simple, requires the use of filters, in addition, for simultaneous measurement 
requires a park of vector voltmeters or special phase meters, and to build a family of graphs 
with such primary results, the control time of one component can be measured in hours. Thus, 
the use of phase characteristics of poly-harmonic and multifrequency signals in eddy current 
non-destructive testing was limited or impossible. 

To overcome the above MFEC limitations, we have proposed a new algorithm for precise 
digital measurement of the amplitude and phase of the poly-harmonic signal harmonic 
components. This algorithm is hardware-software implemented on the FPGA and is based on 
the features of the synthesis of the MFEC excitation signal and orthogonal processing response 
signals, which are discussed below. 
 
2. Method 
 

To determine the amplitude and phase of the analog response signal harmonic 
components, which are measured from the output of the EC probe, we used the orthogonal 
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method of their processing [16], [17]. The method is based on multiplication of presented in the 
form of sequences of samples of the finite length of the digital response signal, formed by 
analog-to-digital transformations of response signal, by specially generated digital harmonious 
orthogonal signals, which are sequences of samples with known amplitude and phase, the 
frequency of which is equal to the frequency of the harmonic under study, and their length 
coincides with the length of the digital response signal: 
 

𝑠 𝑥 𝐷𝑅𝑆 𝑥 ∗ 𝐷𝐻𝑂𝑆 𝑥 , 
𝑠 𝑥 𝐷𝑅𝑆 𝑥 ∗ 𝐷𝐻𝑂𝑆 𝑥 , 

(1) 

 

where 𝑘 is the harmonic number, 𝑠 𝑥 , 𝑠 𝑥  are intermediate signals, 𝐷𝑅𝑆 𝑥  is digital 
response signal, 𝐷𝐻𝑂𝑆 𝑥 ,𝐷𝐻𝑂𝑆 𝑥  are digital harmonious orthogonal signals, 𝑥 is the 
sample number in the sequence, 0 𝑥 𝑀, 𝑥 0,1,2,3,4 …, and 𝑀 is its length, 𝑓 is the 
excitation signal frequency at the input of the EC converter, obtained by digital-to-analog 
conversion of a discrete digital signal generated by direct digital synthesis (DDS). The main 
principle is that we use for the first time a clock signal from the same source for synthesis of 
the excitation signal and for sampling of the response signal. 

It is well known that: 
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(2) 

 

where respectively, when 𝜔 𝜔 𝜔  and 𝜑 0: 
 

sin 𝜔𝑡 𝜑 ∗ sin 𝜔𝑡
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(3) 

 

From expression (3) it follows that after multiplying two signals of the same frequency, 

the result will have a constant component cos 𝜑  or sin 𝜑  and a variable harmonic 

component cos 2𝜔𝑡 𝜑  or sin 2𝜔𝑡 𝜑 . A sine wave is a harmonic signal, the properties 

signal of which: 
 

sin 𝜔𝑡 𝑑𝑡 sin 𝜔𝑡 𝑑𝑡 0 

cos 𝜔𝑡 𝑑𝑡 cos 𝜔𝑡 𝑑𝑡 0 
(4) 

 

where 𝑇 is the signal period, 𝑁 1,2,3,4 … (𝑁 ∈ ℤ ) is the number of its periods. Thus, the 
integration of the results of signal multiplication, which are intermediate signals 
𝑠 𝑥 , 𝑠 𝑥  in expression (1), depends only on the constant component, because the 
integration of all harmonic components according to (4) is equal to zero in the case of 
compliance with the condition that the number of periods 𝑁  belongs to the set of positive 
integer ℤ . Failure to comply with this condition leads to an error in determining the phase and 
amplitude of the harmonic components, the size of which is investigated below by simulation. 
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Given that we operate with digital signals, instead of analog integration we will use numerical 
integration, also known as the average value, of expression (1), which will look as follows: 
 

1
𝑀

𝑠 𝑥
1
2
𝐴 cos 𝜑 , 

1
𝑀

𝑠 𝑥
1
2
𝐴 sin 𝜑 , 

𝑀 𝑁 ∙ 𝑛 

(5) 

 

where 𝑀  is the length of the sequence of the intermediate signal, and 𝑁 is the number of its 

periods with a fractional part, or 𝑁 ∈ ℝ , 𝑛  is the number of points in the period of the 

intermediate signal, where 𝑓  is the clock signal frequency (CS), 𝑓 is the excitation signal 
frequency , 𝐴  is amplitude of the 𝑘-th harmonic and 𝜑  is phase of the 𝑘-th harmonic of the 
digital response signal. 

From expressions (5), using the function of the two-argument arctangent, we obtain the 
value of the phase of the 𝑘-th harmonic of the digital response signal: 
 

𝜑 atan2
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1
𝑀 ∑ 𝑠 𝑥

atan2

1
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1
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 (6) 

 
Similarly, we obtain the value of the amplitude of the 𝑘-th harmonic of the digital 

response signal: 
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1
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1
𝑀
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(7) 

 
Obviously, to comply with the condition of the signal number of periods 𝑁  to the set of 

positive integer ℤ , the sequence length of the intermediate signal 𝑀  must be a multiple of 
the digital response signal period 𝑇 , which can be achieved by algorithmically setting the 
sequence length 𝑀  of the intermediate signal. 
 
3. Modelling 
 

To assess the effect of inaccuracy in establishing the length of the sequence 𝑀  on the 
size of errors in determining the amplitude and phase of harmonic components, we investigated 
the relationship between the fractional part of the number of periods 𝑁 in the digital response 
signal, which is called the incompleteness of the integration interval, and the mean absolute 
error of the amplitude and phase. 

The simulation was performed using a Monte Carlo simulation in the MATLAB software 
package [18]. Simulation characteristics: 25 thousand cycles, step 1% of the integration interval 
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incompleteness, whole periods 39. Simulations with 1, 5, 10 thousand cycles and steps 0.5%, 
2%, 5% of the integration interval incompleteness at the whole number of 8 and 15 periods 
were also performed. 

To artificially introduce the incompleteness of the integration interval during the 
simulation, formulas (5) were changed as follows: 
 

1
2
𝐴 cos 𝜑

1
𝑀 𝑗

𝐷𝑅𝑆 𝑥 ∗ 𝐷𝐻𝑂𝑆 𝑥 , (8) 

 
where 𝑀  is the length of the sequence of the intermediate signal, a multiple of the digital 
response signal period length, 𝑗 is the number of excess 𝑀  sequence points to 𝑀 . 

Formula (8) shows the method of obtaining one of the intermediate results of the 
calculation, the average value of the sequence used to calculate the values of the selected 
harmonic amplitude and phase. Fig. 1 presents the results of modeling the dependence of the 
mean absolute error on the incompleteness of the integration interval for odd harmonics up to 

and including the ninth. Here, the X axis is the value of , or the incompleteness of the 

integration interval, and the Y axis is the modulus of the mean absolute error in volts for the 
amplitude |∆𝐴| and in degrees for the phase |∆𝜑|. It is observed that for all harmonics the error 
in amplitude and phase is minimal at points 0 and 1, according to the simulation results it is less 
than the error of the uncontrolled signal by 5 orders of magnitude. As the number of harmonics 
𝑘 increases, the chaotic error increases in amplitude and phase, while the absolute size of the 
error in amplitude almost does not change, and in phase increases significantly. 
 
3. Algorithm 
 

To comply with the condition of the integer number of periods, we have proposed the 
following algorithm, which is implemented as follows (Fig. 2). First, the excitation signal 
frequency is selected so that it is defined as the clock signal frequency divided by the positive 
integer 𝑛  (the nearest less positive integer than 𝑛), if it does not correspond to the set frequency. 
Then the number of periods 𝑁 in the sequence of length 𝑀  is adjusted, which should be 
determined by a positive integer 𝑁  (the nearest less positive integer than 𝑁), and accordingly, 
the length of the sequence 𝑀  is reduced to  𝑀 𝑁 ∙ 𝑛 . When the condition regarding the 
integer number of periods is met, the values of the amplitude and phase of the harmonic 
components are calculated. 

Response signal sampling is provided using 14-bit ADCs with the maximum sampling 
rate of 125 MHz. This sampling rate can be changed by frequency divider by 2 . The period is 
generated using a 14-bit DAC. It is known that the output signal frequency is determined 
according to the expression: 
 

𝑓
𝑓
𝑛

, (9) 

 
and above it was shown that to reduce the error in determining the amplitude and phase, the 
value of 𝑛 must belong to the set of positive integer ℤ . Accordingly, if a certain excitation 
signal frequency is set, the initial operating conditions of the DAC must be taken into account.  
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Fig. 1. Dependence of the mean absolute error on the incompleteness of the integration interval:  
a) harmonic 𝒌 𝟏, amplitude and phase, b) harmonic 𝒌 𝟑, amplitude and phase, c) harmonic 𝒌 𝟓, 

amplitude and phase, d) harmonic 𝒌 𝟕, amplitude and phase, e) harmonic 𝒌 𝟗,  
amplitude and phase 
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Fig. 2. Algorithm for precise determination of amplitude and phase. 

To do this, the calculation is performed 𝑛 , and if the result is fractional, it is rounded to 

the smallest modulo, with a slight change in the excitation signal frequency. For example, if the 
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excitation signal frequency is set as 40,000 Hz, its actual frequency will be 40,064.10 Hz, which 
in no way affects the results of the EC inspection, for which the step of changing the frequency 
is at least 1000 Hz. 
 
4. Conclusions 
 

The use of the proposed algorithm has reduced the errors in determining the amplitudes 
and phases of the harmonics of the response signals during their processing by the orthogonal 
method by five orders of magnitude. The disadvantage of this algorithm is the slight difference 
between the specified and actually used frequencies of the excitation signal, but as shown above 
in the example, the effect of this difference can be neglected. 

The developed algorithm can be integrated into any digital system using orthogonal signal 
processing methods. For example, we have developed and manufactured a compact digital 
computer-integrated automated control system that allows to determine the amplitude-phase-
amplitude characteristics of the harmonic components of poly-harmonic signals and obtain the 
final result in the form of a graphs family or maps of reconstructed images from the scanned 
plane without the use of a measuring instruments fleet. Data received in amplitude-phase-
amplitude characteristics measurements can be further processed by means of intellectual 
methods. 
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