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Abstract1— This work describes the development, 

implementation and characterization of a new embedded 

system architecture based on eddy currents probe arrays for 

Non-Destructive Testing (NDT). The first step will be the study 

of the probe array response under different stimulus and 

inspection conditions through a simulation model to be used in 

a finite element modelling software. The use of probe arrays 

together with a pulsed stimulation will allow the inspection of 

several signal harmonics with a single stimulus signal based on 

the spectral response of the probe. A Field Programmable Gate 

Array (FPGA) development system computes a Fast Fourier 

Transform (FFT) of the response signal of the probe array 

through the use of a dedicated architecture. The development 

system is connected to a host PC running a graphical user 

interface (GUI) developed in LabVIEW that allows the user to 

set the inspection parameters and visualize the results 

instantaneously. The high throughput that is achievable 

through the parallel architecture of the FPGA reduces 

inspection time when compared to single-tone stimulus. 

I. INTRODUCTION 

Non-destructive Testing (NDT) plays an important role in 

the quality control, detecting flaws and defects, and 

accessing reliability in a wide range of applications, while 

ensuring that the test material characteristics and usability 

remain unaltered [1]. This provides the ability to determine 

material characteristics without the need of damaging the 

test piece, making it unusable. There are also other 

applications for NDT that are not related to the detection of 

flaws. An example of that is the use of eddy currents NDT to 

perform material thickness measurements, such as paint 

thickness [2]. 

These types of inspection are largely used in aeronautical 

applications, where the quality standards are very high, 

requiring very reliable flaw detection techniques. This led to 

the development of a new type of probe with a drive/pickup 

architecture that relied on the inspection using eddy currents 

[3]. By creating these currents in the material and measuring 

the resultant magnetic field, it is possible to detect variation 

in conductivity caused by the presence of flaws in the current 

path. When the currents path is changed, a variation in the 

magnetic field sensed by the probe occurs, which in turn 

changes the probe response signal. 

To validate this new probe concept based on eddy current 

testing, a high performance and highly versatile electronic 
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system called ECscan was developed [4]. The ECscan is 

based on a FPGA Digital Signal Processing (DSP) core that 

makes use of a improved digital signal processing 

architecture and a high performance 14-bit analog to digital 

converters (ADC) that can operate at sampling rates of 

125 MSamples/s. 

Pulsed eddy currents (PEC) may also be used as a way to 

simplify the multi-harmonic signal generation [5] [6] and 

reduce inspection time, with increased signal processing 

complexity. To do so, a Fast Fourier Transform (FFT) [7] is 

computed with a high throughput allowed by the ECscan 

architecture so that information of the various frequencies 

can be extracted from the acquired response signals. 

This new approach to eddy currents inspection methods 

can be easily applied to a new probe array model developed. 

The probe array contains a set of coils that are displaced in a 

matrix-shaped layout with independent stimulation traces. 

This probe array is studied and characterized in this work 

together with new signal excitation and acquisition blocks. 

II. PROBE STRUCTURE 

A new planar probe array is based on a simpler model [3] 

was developed. The structure of the new probe model is 

presented in Figure 1 and Figure 2. This generic structure 

allowed the design of two different configurations containing 

a set of 4x4 and 8x8 sensitive elements The probe array 

working principle is based on the measurement of the 

magnetic field generated by eddy currents in the material 

under testing. The eddy currents are induced in the metallic 

part through the stimulus of independent driving traces (A 

and B) present between each column and row of sensitive 

coils. There are a total of 7 horizontal traces and 7 vertical 

traces in the 8x8 probe array. The sensitive coils (C) are 

disposed in a 4x4 or 8x8 matricial shape, resulting in a total 

of up to 64 sensitive coils. The PCB substrate (D) is 

composed of 4 layers of copper, which means that sensitive 

coils, and horizontal and vertical traces are in different 

layers. To reduce influence from external events, such as 

noise, a shielding plane (E) is used. The response signal of 

the sensitive coils is accessible through a set of terminals (F) 

that use a general 2.54 mm header footprint 



 

Fig 1 - Top view of the probe array planar PCB. 

 

 

Fig 2 - Bottom view of probe array planar PCB. 

 

II. SIMULATION MODEL 

To access the probe behavior a simulation model was 

developed. This model is used with the CST EM STUDIO to 

determine a quantitative response of the probe when in the 

presence of a defect. This model has the possibility to be 

configured through an external file contained the design 

constrains of the probe being simulated. In Figure 3 a 

representation of the simulation model configurable 

parameters is presented. The traces and coils copper width is 

also configurable. 

 

TWY

TW
X

1 2 CNX

1
2

C
N

Y

CCX

C
C

Y

TDX

TD
Y WC

#WN

C
D

Y

CDX

WT

x

y

 

Fig 3 - Simulation model configurable parameters. 

 

A sweep of the simulation model of the 4x4 probe array 

was performed over a pure aluminum piece with an 

embedded defect with a width of 300 μm  and a depth of 

400 μm . The sweep was performed over a distance of 

110 mm with a step of 100 μm  with a stimulus signal of 

1 MHz and an amplitude of 1 A flowing through the central 

horizontal trace. At each step the real and imaginary 

components of the coils are registered. In Figure 4 the 

differential results measured horizontally between each line 

of coils in the array. Note that when neither of the coils is 

over the defect or when the defect is centered with the coils, 

the real and imaginary components have a null value since 

the magnetic field sensed is the same. Meanwhile, when a 

coil overlaps a defect, the path of the eddy currents in the 

material is disturbed, changing the magnetic field sensed by 

the coils. This creates a change in the magnetic field sensed, 

resulting in the variations presented. 

 

 

Fig 4 - Differential response of the sensitive coils to the 

simulated sweep over a notch defect. 

 

III. SYSTEM ARCHITECTURE 

The proposed system architecture uses the ECscan 

development system as the main processing and digital 

signal generation core. Together with the ECscan, the 

available motion control card and acquisition card are used. 

To cope with the new probe array design, a new driving 

block capable of generating pulsed stimulus and 

multiplexing block capable of performing differential or 

absolute measurements are developed.  

A new signal processing algorithm peripheral based on a 

FFT analysis is used and integrated with the previous 

system. This requires a slight change to the already available 

logic that is used in the processing core. The signals from 

the probe response are processed with the FFT peripheral 

and sent to a computer for results visualization. The main 



system architecture is shown in Figure 5. Note that the 

system is divided in two boards: the ECscan as the main 

board and a secondary board to which the probe array is 

directly attached and is connected to the main board. 

The changes introduced in the previous system led to the 

development of a new LabVIEW graphical user interface 

(GUI). Here the user has the ability to define the inspection 

configurations and visualize the output results of the 

processing algorithm applied. 
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Fig 5 - Proposed system architecture. 

 

A. Trace Driver 

The new probe driving block developed is responsible for 

the stimulation signal control and trace selection. In the 

previous system a sinusoidal excitation electronic circuit was 

used for the basic probe. Since this system makes use of a 

matricial probe, it is not feasible to reproduce this circuit to 

control several traces due to the large area the circuit would 

take and to the power dissipation. This circuit uses active 

devices in the linear region that dissipate high amounts of 

power, making impossible to drive higher current amplitudes 

without substantial efforts on cooling mechanisms. 

To stimulate the traces, several transistors, as the one 

shown in Figure 6, are used as switches that will control the 

pulse width and repetition rate of the excitation signals. By 

using pulsed current stimulation, it is possible to operate the 

active devices in switched mode. To reduce the parasitic 

inductive effects cause by the probe cabling, the serial to 

parallel decoder responsible for the driver control and the 

array of transistors of the driving block were designed on a 

separate PCB to which the probe will be directly attached. 

This removes the parasitic inductive path created by the use 

of cables to drive the stimulus current to the probe. Since the 

stimulus trace has a low inductance, any parasitic impedance 

inserted by the cables would greatly change the amplitude of 

the currents that effectively flow through the trace. 

Note the presence of the low-pass filter at the gate of the 

transistor. This is used to reduce the slew rate of the driving 

current that otherwise would create high amplitude in the 

response of the inductive sensitive elements. The resistor R1 

together with the current scaling circuit limits the amplitude 

of the current that flows through the trace, while the 

free-wheeling diode in parallel with R1 and the trace 

protects the transistor from possible damages due to 

over-voltage spikes. 
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Fig 6 - Circuit used to drive the stimulus traces. 

 

B. Current Scaling 

The current scaling circuit is achieved by changing the 

voltage relation of the output voltage and the voltage at the 

feedback terminal of a LM2673 adjustable output DC-DC. 

This voltage regulation is performed with the output of a 

AD5621 12-bit digital to analog converter (DAC) from with 

Serial Peripheral Interface (SPI). The circuit schematic can 

be seen on Figure 7. 

The DC-DC converter output is connected to an array of 

capacitors with a total of 4500 μF  and a low equivalent 

series resistance (ESR) that provide a large amount of charge 

storage that is then used to generate the current waveform 

during the pulse duration. The specified ESR of the 

capacitors used is 220 μΩ . This way it is possible to achieve 

high currents during small periods of time without stressing 

the LM2673. 
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Fig 7 - Diagram block of the current scaling circuit. 

 

C. Coil Multiplexing 

Since the probe array is composed of several sensing coils 

in a matrix shape, it is possible to access individual or 

adjacent pairs of coils to explore the full potential of this 

new model. This allows the measurement of the response of 

each individual coil to the presence of defects in the 

material. To accomplish this, a multiplexing block was 

developed to access all the 64 coils in the 8x8 probe which is 

also capable of performing absolute or differential 

measurements in adjacent coils. 

A simplified signal multiplexing block is shown in 

Figure 8 for the 4x4 probe, illustrating the concept used for 

the probe array signal multiplexing. Note that the sensitive 

coils are not sequentially connected to the inputs of the 

ADG1206 multiplexers. The connection sequence is denoted 

by the dotted arrow in the probe array. This is so that it is 

possible to perform a differential measurement of a chosen 



coil with all the adjacent ones. The absolute or differential 

measurement is accomplished by the use of two 2x(2:1) 

ADG636 multiplexers. 
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Fig 8 - Diagram block of the multiplexing and pre-

amplification block. 

 

D. FFT Core 

The FFT core used has a point size of N=16384 (214) due 

to the limitations imposed by the available FPGA resources. 

It uses a total of 
4og 7l N  stages, which represents the 

number of recurrences of the computation, with each stage 

containing N/4=4096 butterflies, to perform the Radix-4 

decomposition. 
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fig 9 - Diagram block of the FFT core. 

 

E. Graphical User Interface 

In order to fully control the several inspection parameters 

and visualize the results from the analysis in real time, the 

FPGA firmware and the PC GUI were developed to cope 

with the new inspection method. The firmware present in the 

FPGA was developed in C language using the available 

XILINX tools. Here, all the described hardware can be 

reconfigured and tested to ensure its correct operation as 

well as the generation and upload of the bitstream to the 

FPGA. On the PC side, a GUI was developed using 

LabVIEW 2012. The inspection parameters and results 

display are configurable through the GUI depicted in 

Figure 10. 

 

 

Fig 10 - GUI interface developed using LabVIEW. 

 

IV. SYSTEM VALIDATION 

A. Stimulus Signal 

The main advantage of PEC NDT is the use of a single 

stimulation signal that has a large set of spectral 

components. These signals allow the inspection with several 

harmonics with only one stimulus, reducing the inspection 

time when compared to single-tone stimulus. The waveform 

of the driving current is presented in Figure 11. 

 

 

Fig 11 - Waveform of the stimulus signal. 

 

The reduction of the driving current slew rate removes 

most of the high frequency harmonics present in the signal. 

Meanwhile, it still carries a wide range of harmonics as 

shown by the signal spectrum depicted directly computed by 

the embedded system in Figure 12. Note that there is no 

spectral leakage, a consequence of the synchronous operation 

of the acquisition and the stimulus generation blocks. 

 



 

Fig 12 - Spectrum of the stimulus current (top) and detail of 

the lower frequencies (bottom). 

 

B. Probe Response 

When the probe response is correctly calibrated, the 

amplitude of the output signal is nearly zero and starts to 

increase as soon as one of the coils in a differential 

measurement setup reaches a defect. The amplitude is 

maximum when the center of one of the coils is over the 

defect since in this position the magnetic field of the eddy 

currents in the material has the highest contribution to the 

probe response. When the defect is centered with both 

probes, the amplitude decreases to a null value again. At this 

point there is also a phase inversion, another indicator that 

can be used to access the presence of defects. This behavior 

is seen in Figure 13 for a sweep over a triple notch sample 

defect. 

It is also visible that for each n-th harmonic the amplitude 

of the response signal has an amplitude that is n times 

higher than the fundamental. The normalization of the probe 

response does not change the harmonics phase. This 

validates the sensitivity increase that is expected to be 

achieved with the use of high frequency stimulation signals. 

 

 

Fig 13 – Results of the sweep of the probe array over a triple 

notch sample defect. 

 

These results are produced by the changes in the amplitude 

of the response waveform. In Figure 14 the differential 

response of the probe is presented together with the stimulus 

signal. Note that the voltage peaks of the response signal 

occur during the rising and falling of the amplitude of the 

stimulus signal, when the rate of change is higher, and is 

null at the peak of the stimulus signal. 

 

 

Fig 14 - Waveform of the probe response and the stimulus 

signal. 

 

A comparison of the spectrum of the probe response for 

both when it is placed over a defect or over a defect-free area 

is shown in Figure 15. The defect clearly produces a change 

in the amplitude of almost every harmonic of the stimulation 

signal. Note that the presence of the defect does not affect 

every harmonic in the same way, where some tend to 

increase their amplitude, others tend to reduce it. This 

spectral response can be used as a way to assert the presence 

of flaws at several different depths in the material being 

inspected. By changing the amplitude, repetition rate or 

pulse period, a different spectrum is obtained, resulting in 

different response to the defects. This can be used to adjust 

the probe stimulation results in order to achieve the best 

response for the inspection. 

 

 

Fig 15 - Spectrum of the probe response in the presence and 

absence of a defect. 

 

The probes were placed on the XY table with their length 

parallel to the defect orientation, meaning that the 

stimulation trace is perpendicular to the defect to ensure its 

detection. The sweep spanned over an area of 15 mm in the 

X direction and 30 mm in the Y direction with a step 

resolution of 20 μm . The sweep starts at an area without 

defects. 

In Figure 16 and Figure 17 the result of the sweep for the 

4x4 and 8x8 probes over a ramp defect are shown for the 

fundamental harmonic of the stimulation signal. This was 



obtained by measuring coil C23 and C33 differentially when 

stimulating the horizontal trace, and therefore perpendicular 

to the defect, at the center of the probe. The stimulus signal 

used was a pulse with a repetition rate of 62.5 kHz and an 

active period of 3.2 μs . All the results presented are 

normalized to the stimulation current amplitude of the 

respective harmonic. Note that although only the 

fundamental frequency is shown, all other harmonics are 

accessible to the user for visualization. 

The beginning of the ramp defect is detected by the 

gradual increase of the amplitude of coil signal at around 

10 mm through the Y direction and it can be placed at nearly 

8 mm in the X direction, when the amplitude of the response 

is nulled due to the centering of the defect with both coils. 

Note that the phase of the signal brings no relevant 

information about the presence of the defect in the material 

when the amplitude is very small, even though there is a 

phase inversion when the defect is centered with the coils. 

 

 

Fig 16 - Amplitude and phase results for the fundamental 

harmonic of the 4x4 probe sweep over the ramp defect. 

 

 

Fig 17 - Amplitude and phase results for the fundamental 

harmonic of the 8x8 probe sweep over the ramp defect. 

 

Both probes were also swept along the surface a sample 

defect with four notches with increasing depth and a width 

of 400 μm  with a 25 μm  step along the X direction with a 

stimulation signal of 62.5 kHz with a duty cycle of 20% and 

an amplitude of 5 A. To verify the response of different 

sensors in the probes, a set of eight different sensors were 

measured differentially along the sweep as shown in 

Figure 18. There is a slight variation among the response of 

the pairs measured, which can be justified by deviations in 

the fabrication of the PCBs. This creates sensitive coils that 

have different impedances and stimulation traces that are not 

completely lined with the sensors due to manufacturing 

techniques limitations. Another important fact is the 

difference imposed by the variation of the threshold voltage 

in each driving transistor, which alters the current shape to 

some extent, resulting in different stimulation situations. 

The latest can be reduced by the introduction of a feedback 

loop in the driving block. Meanwhile, the shape of the 

response is the same for all the sensors. 

 

 

Fig 18 - Response of different sensors to the same sweep 

over a notch sample defect. 

 

The high versatility of this probe makes it possible for it to 

be used manually to perform inspections. This mode of 

operation is accomplished by a bottom present in the probe 

casing. In Figure 19 the result for a manual inspection that 

performs an absolute measurement in every one of the 64 

coils of the 8x8 probe array. Note the presence of the ramp 

defect highlighted in the figure. 

 

 

Fig 19 - Results for the manual inspection over the ramp 

sample defect. 

 



Another manual inspection performed in an aluminum 

sample containing holes with diameters of 2.5 mm is shown 

in Figure 20. Note the detection of the hole highlighted in 

the figure. Again this inspection performed the absolute 

measurement of all the coils in the 8x8 probe array. 

 

 

Fig 20 - Results for a manual inspection of a sample with 

drilled holes. 

 

V. CONCLUSION AND FUTURE WORK 

This work presents the complete development and 

validation of a new embedded system for eddy currents 

NDT. The work described here makes use of a new pulsed 

stimulus block that allowed the simplification of the driving 

circuit and testing different harmonic frequencies in 

simultaneous depths at the same time with a single signal. 

This concept is applied to the expansion of the previous 

probe to an array layout while maintaining the same working 

principle of the planar eddy current probe. The FFT 

algorithm allowed to fully explore the system capabilities by 

performing a spectral analysis of the probe response. 

Eddy currents testing is still receiving the research 

community attention, with main efforts pointed to the study 

of new probe types. The evolution of eddy currents NDT 

techniques is focused on the development of portable devices 

that are easy to use and affordable. This system serves as a 

proof-of-concept about the use of pulsed stimulus in eddy 

currents NDT solutions with probe array designs. 

The use of multi-harmonic signals is of great interest to the 

eddy currents NDT methods. The depth of penetration of the 

eddy currents is dependent of the stimulation frequency, a 

signal that contains a large set of harmonics has an 

advantage in the inspection time reduction since there is no 

need to sweep a set of single tone stimulus. By using signals 

that contain a large set of spectral components, such as the 

pulsed signals, it is possible to access the presence of defects 

at different depths with a single stimulus, also reducing the 

complexity of the driving circuit. 

Although this signal presents a large set of spectral 

components, it does have some disadvantages. Because of 

the inductive behavior of the used probe sensitive coils they 

tend to have response signals that have amplitudes that are 

proportional to the current derivative. In the case of pulsed 

signals, this can lead to responses that have large 

amplitudes, possibly resulting in the saturation of the 

amplification chain and on poor signal to noise ratio for the 

lowed frequency harmonics. This situation must be 

addressed to ensure that no errors are introduced in the 

signal processing algorithms due to the acquisition of 

saturated signals. 

By applying a 16384 sample points FFT algorithm to the 

probe signals using pulsed stimulus, it is possible to analyze 

each one of the signal harmonics and determine the response 

at that frequency. The computation of this algorithm is 

performed by a dedicated core that is implemented in the 

ECscan development system using VHDL. The pulsed 

stimulus used in this work allowed to easily measure each of 

the signal harmonics after the computation of the FFT 

algorithm, offering in a large set of results that are not 

possible to obtain with a single-tone stimulus. The 

computation of the FFT for each measurement takes around 

1.2 ms thanks to the parallelism of the FPGA core. This 

results in a time of 200 ms for acquisition, signal processing 

and data transfer to the PC of the 64 coils when measured in 

an absolute mode. 

Despite the fast computation provided by the parallelism of 

the FPGA, the FFT core still uses most of the resources 

available in the development board. This creates a drawback 

if other functions are intended to be implemented. The 

system would benefit from a FFT core with a larger number 

of sample points since it would increase the spectral 

resolution of the system which leads to the integration of less 

noise for each signal harmonic. Meanwhile, the resources 

available in the FPGA would not be enough to keep the 

system as it is designed. 

A new set of probes with an array configuration of 4x4 and 

8x8 sensitive coils was also used and their operation was 

validated. This process was preceded by a simulation phase 

were the response of both the probes was studied with the 

CST EM STUDIO FEM software. Results from the 

simulation provided a qualitative evaluation of the probe 

behavior when in the presence of a defect. The operations of 

both the probe arrays was then characterized with the new 

eddy currents system. Together with a XY displacement 

table, it was possible to access the advantages and 

disadvantages of each probe model as well as the possible 

options in the array of sensitive coils. The response of 

different sensors was for a sweep of the same defect showed 

that although there are amplitude differences caused by 

variations in the manufacturing process, the general shape of 

the signal remains the same, making it possible to identify 

the spatial position of the defects. 

Although the probes have a generic footprint, the 

difference in the number of sensitive coils and stimulation 

traces needed to be addressed. A PCB to which the probes 

are directly attached allows the interchange between the 4x4 

and the 8x8 probe arrays thanks to the common terminal 



connections of the two models. This way it is possible to 

have a probe that has up to 64 sensitive coils and 14 driving 

traces with different shapes and sensitive coil area size. 

To overcome the previous limitations imposed by the 

cabling used to connect the probe to the ECscan system, a 

small footprint with 47 mm x 81 mm PCB was developed. It 

contains part of the driving block, designed so that the 

impedance from the cabling did not change the trace current 

amplitude, and part of the acquisition block, namely the 

multiplexing circuit and the pre-amplification to reduce 

noise inserted in the probe response by the cabling. The 

small size of the PCB, allowed the manufacture of a 3D 

printed case for the PCB/probe system with an ergonomic 

form factor that offers the possibility to attach the case to the 

XY table or operate it manually with through a button. 

To cope with the redesigned system architecture, a 

LabVIEW interface was developed. By using this GUI, it 

was possible for the user to change the parameters of the 

inspection and visualize the results of the inspection 

performed. It is also possible to calibrate the response of the 

probe to present consistent results to the user. To allow the 

ease of use, a configuration file containing the setup of the 

stimulation and measurement setup can be loaded, creating 

an easy way to defined recursive inspection setups. It is also 

possible to define a new setup through the GUI which can be 

saved as a configuration file or used for a simple inspection. 

The use of a set of aluminum samples with known defects 

allowed an experimental validation of the complete 

operation of the eddy currents NDT system. These samples 

range from a ramp profile to sets of notches and holes. By 

sweeping the probe over the surface of these samples with 

the XY table, it is possible to achieve results under repetitive 

conditions which are then used to compare the operation of 

both probes as well as their characterization. 

With this new approach on NDT systems, it was possible 

to reduce the complexity of the driving block at the expense 

of a more intense signal processing algorithm and a more 

complex acquisition block. Further development in line with 

the work objectives would essentially rely on the redesign of 

the system FPGA architecture to support an FFT core with a 

configurable sample point size and the connection to the 

acquisition logic of the ADC, with the increase of samples 

available for visualization. However, other improvements 

can be addressed to improve the system operation: 

 Redesign the driving chain with a feedback loop to 

reduce the influence of the variation of the gate voltage 

threshold on the trace driving current. This will 

possibly allow for a much better matching between the 

signal generated in different traces; 

 Manufacture new cables to connect the probe to the 

ECscan system with improved electromagnetic 

shielding. These are the main source of noise inserted 

the signal acquired from the probe response, reducing 

the signal-to-noise ratio; 

 Redesign the planar probes PCB with a new connector 

for an easier replacement of the probe and to avoid any 

damage from happening to the probe. The model 

available at this time rely on standard 2.54 mm headers 

to access the probe sensitive coils outputs and driving 

traces terminals. Due to the large number of connectors 

on the 8x8 probe array, the force created between the 

several headers and receptacles increases drastically, 

which makes it difficult to replace the probe without 

any danger of damaging it. A surface mount connector 

would help reducing this risc; 

 Increase the number of sensitive coils in the probe 

array, while maintaining the same inspection area. 

Since a redesign of the probe is advised, it would be of 

great interest to test a new probe array layout with an 

increased spatial resolution and number of sensitive 

elements; 

 Explore new differential measurement configurations to 

obtain more detailed results of the magnetic field in the 

probe sensitive area. By differentially measuring the 

response signal of coils that are not adjacent to one 

another, it is possible to reduce the variation of the 

signal variation through the different coils and increase 

the amount of information related to the magnetic field 

sensed by the probe. 
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