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Abstract 

Non-destructive testing is one of the most used methods to ensure product quality and safety on a wide 

range of industrial components for aerospace, automotive, nautical, railways and chemical applications. 

These are the preferred inspection method in welding joints and metallic parts mainly because of their 

feasibility and ease of use, providing both accurate results and low cost, without changing the physical 

characteristics or damaging the material under testing. In eddy currents testing, the evaluation is based 

on the generation and analysis of induced electrical currents in the test material. It provides information 

about flaws or conductivity changes that arise from defective welds or fatigue that affect the path of the 

eddy currents and therefore the magnetic field generated. 

The aim of this project is to develop an electronic system that makes use of multiplexing 

techniques applied to eddy current non-destructive testing while using a new probe array. The system 

based on the ECscan architecture makes use of a new probe excitation block capable of simultaneously 

stimulate traces with different configurations using pulsed signals, as well as a new signal acquisition 

block with multiplexing capabilities. A simulation model for probe evaluation is also developed, followed 

by experimental validation. This new approach allows to acquire information about the presence of flaws 

at various depths with only one signal, due to rich spectral content that compose the pulsed signals. By 

using this type of excitation, it is also possible to reduce the analog signal generation system complexity, 

while ensuring that it will be scalable for different probe array configurations. The system is able to 

perform signal processing at a high throughput and send the results to a personal computer using an 

USB 2.0 High-Speed interface. Inspection current amplitudes from 1 A to 7 A can be generated together 

with variable pulse widths and inspection rates of up to 300 Hz. 

 

 

Keywords: Non-destructive Testing, Pulsed Eddy Currents, Probe Array, Multiplexing, Field 

Programmable Gate Array, Digital Signal Processing. 
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Resumo 

As técnicas de ensaios não destrutivos são uma das formas de controlo de qualidade e segurança mais 

utilizadas numa vasta gama de componentes industriais em aplicações aeroespaciais, automobilísticas, 

náuticas, ferroviárias ou químicas. Este tipo de inspeção de soldaduras e de peças metálicas é 

extensivamente usada devido à sua fiabilidade e fácil utilização, fornecendo simultaneamente 

resultados corretos e um baixo custo, sem alterar as características físicas ou danificar o material sob 

inspeção. No método de ensaio por correntes induzidas, a avaliação é baseada na geração e análise 

de correntes elétricas no material de teste. Este fornece informação acerca de falhas ou alterações de 

condutividade no material que podem aparecer devido a soldaduras defeituosas ou desgaste. 

O objetivo deste trabalho é o desenvolvimento de um sistema eletrónico capaz de fazer uso de 

técnicas de multiplexagem aplicadas em ensaios não destrutivos com correntes induzidas, utilizando 

uma nova sonda matricial. O sistema baseado na arquitetura ECscan faz uso de um novo bloco de 

geração de sinal capaz de excitar os filamentos da sonda com diferentes configurações. O recurso a 

multiplexagem para medição dos sinais das sondas é também apresentado, assim como o 

desenvolvimento de um modelo de simulação da sonda, o qual é validado experimentalmente.  

Esta nova abordagem permitirá a aquisição de informação acerca da presença de defeitos a 

diversas profundidades com apenas um sinal. Esta capacidade deve-se às diferentes componentes 

espectrais de que são compostos os sinais pulsados. Através do uso deste tipo de excitação, será 

possível reduzir a complexidade do sistema analógico responsável pela geração de sinal, ao mesmo 

tempo que é garantida a sua escalabilidade para sondas com configurações diferentes. O sistema será 

capaz de realizar processamento de sinal com elevado ritmo de saída e enviar os resultados para um 

computador pessoal utilizando uma interface USB 2.0 High-Speed. São utilizadas correntes de 

excitação com amplitudes entre 1 A e 7 A, juntamente com diferentes larguras de impulso e ritmos de 

medida até 300 Hz. 

 

 

Palavras-chave: Ensaios Não Destrutivos, Correntes Induzidas Pulsadas, Sonda Matricial, 

Multiplexagem, Dispositivo de Lógica Programável, Processamento Digital de Sinal. 
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1. Introduction 

1.1. Purpose and Motivation 

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]. 

There are a large number of techniques used for NDT in metallic materials [3]: ultrasonic 

emissions [4], electromagnetic [5], eddy currents [6], laser [7], liquid penetrant [8], magnetic particle [9], 

neutron radiographic [10], radiographic [11], thermal [12], vibration [13] and visual testing [14]. The 

choice between each technique must have in mind the specific application, the advantages and 

disadvantages of each method [15], as well as the feasibility of the process in terms of specialized 

workers and proper working tools. 

From the mentioned methods, eddy currents testing is widely used for defect detection and 

characterization in metallic materials and welds, not only because it allows the use of simple probes, 

but also because it can be used for multiple tasks such as applications such as thickness measurements 

[2], corrosion evaluation [16], electrical conductivity [17] and magnetic permeability [17] tests. Eddy 

current testing makes use of electromagnetic induction on conductive materials to create an induced 

current. In turn, eddy currents create a magnetic field that opposes the one that induced them, and can 

be sensed by the probe [18]. 

Eddy currents techniques are largely used in aeronautical applications, where the quality 

standards are very high, requiring very reliable flaw detection techniques. A joining technology often 

used in this type of applications is Friction Stir Welding (FSW) [19]. It is a welding process that uses a 

non-consumable tool that is rotated at constant speed through a joint line between two pieces. This 

method avoids the need for a filler material or gas protection. Also, the joint line temperature does not 

reach the fusion point of the material, which results in high quality joints. However, this joining technology 

is known to produce very small defects with very low energy reflection, making them very hard to detect. 

During the last few years studies have been conducted to overcome this limitation using eddy currents 

testing [20]. These led to the development of a new type of probe with a driver/pickup architecture that 

relied on the inspection using eddy currents. By inducing 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 techniques, a high 

performance and highly versatile electronic system called ECscan was developed. The ECscan is based 

on a Field Programmable Gate Array (FPGA) with Digital Signal Processing (DSP) which has been 

custom built to work with the new probes. ECscan is capable of performing real-time analysis of multi-

harmonic signals due to the digital signal processing architecture developed in [21] and high 
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performance 14-bit analog to digital converters (ADC) that can operate at sampling rates of 125 

MSamples/s. Since the depth of penetration of the induced currents is dependent of the operation 

frequency, the system is capable of operating in frequencies in the range of 10 kHz up to 10 MHz, thus 

enabling test for defects a few micrometers under the surface of the test piece. A different system based 

on heterodyning techniques is also available, allowing the use of lower sampling frequencies ADCs that 

can provide higher digital resolution, as well as a more simplified signal processing [22]. 

On the other hand, pulsed eddy currents (PEC) may also be used as a way to simplify the 

multi-harmonic signal generation and reduce inspection time, with increased signal processing 

complexity. Since a single pulse is made up from the sum of sinusoids at different frequencies and 

amplitudes, information about defect presence at various depths may be obtained with a single 

excitation pulse and a single acquisition. To do so, a Fast Fourier Transform (FFT) may be computed 

with a high throughput in the digital domain of the ECscan so that information of the various frequencies 

can be extracted from the acquired signals. 

The concept used by the basic planar probe can also be applied to a new model that makes 

use of an array of sensitive coils with a set of independent stimulation traces while relying on the same 

physical principle of the basic probe. This new model will be referred to as probe array in this document. 

The probe array contains a set of coils that are displace in a 4x4 and 8x8 matrix-shaped layout, offering 

a total of 64 sensors in the latter configuration. Between each column and row of sensors there is a 

stimulation trace, meaning that there are a total of 7 horizontal and 7 vertical traces, all of them 

independent. This probe array is studied in this work together with new signal excitation and acquisition 

techniques. 

1.2. Goals and Challenges 

The main goal of this project is to develop a pulsed eddy currents NDT system based on the ECscan 

[20] that can be used with the probe array. To do so, some key objectives were defined: 

 

 Study the probe array operation with Finite Element Modeling (FEM) software that allows 

the evaluation of the probe behavior. This will allow the definition of the project 

specifications for latter developments; 

 Design and develop a new excitation driver and acquisition front-end card capable of 

applying multiplexing techniques to be used with the new probe; 

 Use and integrate with the system a DSP algorithm capable of retrieving information of the 

pulsed excitation signal, namely a FFT in Hardware Description Language (HDL); 

 Experimental validation of the designed system under known and unknown defects. 

 

The main challenge is the digital implementation of the FFT on the ECscan and the signal 

multiplexing of the 64 sensing coils of the 8x8 probe array, while ensuring that the system is capable of 

performing the digital signal processing of inspected areas and stimulus generation in synchronization 

with the acquisition block.  
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1.3. Document Organization 

In Chapter 2 a brief overview of the eddy current testing theory, inspection probes used, applications 

and state of the art on this subject are provided. Improvements and developments in the ECscan system 

and theory of operation of the probe array are described, as well as the application of PEC in NDT. 

The proposed system architecture and methodology are presented together with a description 

of the main blocks of the system to be developed in Chapter 3. 

The simulation study for the probe array is presented together with a detailed description of the 

simulation model in Chapter 4. 

A system characterization is also performed. An analysis of the stimulations signal as well as of 

the probe response under several inspections and system behavior are presented in Chapter 5. 

 Finally, in Chapter 6 a project overview, result discussion and design limitations and 

improvements are presented. Possible enhancements to the system conclude this chapter. 
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2. State of the Art 

2.1. Eddy Currents Testing 

The discovery of the magnetic field was accidentally made in 1820 by a physicist and chemist named 

Hans Ørsted. While trying to demonstrate that heat is generated when electric current flows through a 

wire, Ørsted noted that the needle of his magnetic compass deflected perpendicular to the wire when 

the current was flowing. This was also the first proof that a current flowing through a wire produces a 

magnetic field around the conductor [23]. 

Michael Faraday’s definition of electromagnetic induction, that is, an alternating magnetic field 

would cause an electric current to flow in a nearby conductor, in 1831 led to the beginning of eddy 

current studies [24]. Faraday was a chemist in England and is also credited for the discovery of 

electromagnetic rotations, magneto-optical effects, diamagnetism and other electromagnetic 

phenomena. Around the same time Joseph Henry enunciated the same principle in the United States 

and, many years later, the measurement unit of inductance was named after him [24]. 

In 1834, Heinrich Lenz stated a principle that the direction of the current flow in an electric 

conductor is such that it opposes the magnetic field that caused the current to flow in the test material. 

Eddy currents themselves were not discovered until 1851 by Jean Foucault, who demonstrated that 

induced currents are set up in a moving disk between two magnets. However, it was not until 1879 that 

this knowledge was put to use by another scientist named David Hughes. He noted that the 

characteristics of a stimulated coil changed when placed in contact with different permeability and 

conductivity materials. These principles were used to develop the first practical application of eddy 

currents for non-destructive testing used to conduct metallurgical sorting [25]. There was no follow up 

to his knowledge until the late 1930’s, during the Second World War, when the first non-destructive 

portable systems appeared. During this period, the main developments were used to detect defects and 

material fatigue in aeronautic structures. During the following years many developments took place, 

particularly in the aircraft and nuclear industries [25]. 

Nowadays, eddy current testing is a widely used and well-understood inspection technique used 

to perform quality control tests or material sorting. Thanks to the advances in micro and  

nano-electronics and the improvement of large scale integrated circuit production, it is possible to have 

powerful microprocessors with reduced costs and high precision analog to digital converters. This led 

to new developments in non-destructive testing, making real-time signal processing possible in portable 

battery-powered devices with displays to present information to the user. These instruments are now 

commonly used in metallurgical [26], aircraft [27], railways [28] and other industries.  
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2.1.1. Eddy Currents Phenomenon 

Accordingly to Ampère’s law, the line integral of the magnetic field B around any closed path S is 

 

S

ds IB  , (2.1) 

where   is the permeability of the medium and I  is the electric current flowing through the surface 

bounded by the closed path. Using (2.1), the magnitude of the magnetic field that forms around a wire 

can be determined, with direction perpendicular to the one of the flowing current, at a distance r  from 

it, from 

 
2

I
B

r




 . (2.2) 

A more general form of Ampère’s law is the Ampère-Maxwell law 

 
0

E

S

d
B ds I

dt


   , (2.3) 

which describes the fact that magnetic fields are produced both by conduction current and by changing 

electric fields. The displacement currents term in (2.3) – the last term – may be discarded assuming the 

frequency is low enough, up to 10 MHz, which is still a good approximation in the frequency range used 

in NDT. 

From Faraday’s law, when a conductive material is placed in the path of a varying magnetic flux, 

an electromotive force is induced in that material, accordingly to 

 B
d

dt


   , (2.4) 

where 

 
B

B d A    (2.5) 

is magnetic flux, that results from the presence of a magnetic field in an closed area A. 

Therefore, when an alternating current is applied to an electric conductor, an alternating primary 

magnetic field will appear. In turn, this magnetic field will induce an electromotive force on nearby 

conductive materials, leading to the formation of eddy current that will generate a secondary magnetic 

field that will oppose the direction of the one that originally induced them.  

When a defect is present in the in the material, it will change the path of the eddy currents, 

therefore changing the secondary magnetic field, altering the magnetic flux that flows in the sensitive 

coil area. The bigger the defect the more it will influence the eddy currents path. Changes in conductivity 

will also alter the secondary magnetic field. Applying these principles to a coil were an alternating current 

is flowing, the effects shown in Figure 2.1 will occur. 
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Figure 2.1 - Representation of eddy currents field in a metallic part due to the presence of an alternating primary 

magnetic field produced by a coil and the resulting secondary magnetic field that opposes the one that originally 

generated the induced currents. 

 

2.1.2. Skin Effect 

Eddy currents flow is not uniformly distributed along the test piece depth. Current flow is stronger at the 

surface, decreasing exponentially with the depth. This is called skin effect, and the current density at 

depth x is 

 
0

0
( ) r

x f

J x J e
   

 , (2.6) 

where oJ  is the maximum current density at the surface ( 0)x  , which is null when 0 Hzf  , and 

increases with frequency. The current density decreases with the increase in depth, until it reaches the 

other side of the material, where it will be reflected. The terms 0,r   and   are, respectively, the relative 

magnetic permeability of the material, the magnetic permeability of free space and electric conductivity 

of the test material. The operation frequency is denoted by f. 

The standard depth of penetration is defined as the point where the current density is 1 37%e   

of that found at the surface of the material, where it is maximum. The depth of penetration is 

 

0

1

r
f


   

 . (2.7) 

From (2.7) it is visible that, to reach deeper into the test piece, the operation frequency must be 

lowered, as shown in Figure 2.2. 
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Figure 2.2 – Normalized current density and depth of penetration in a pure aluminum test piece at f = 200 Hz 

(blue) and f = 10 kHz (red) [6].  

 

2.1.3. Impedance Plane 

The induced eddy currents in the test material by the alternating magnetic field are deeply affected by 

changes in electrical conductivity or magnetic permeability, as well as frequency and the distance 

between the probe and the test material, also known as liftoff. So, in the presence of a defect, the 

magnetic field created by the induced currents will change, which in turn will alter the sensing coils 

impedance. By monitoring this impedance variation, it is possible to extract information about the 

phenomenon that produced such change. Figure 2.3 shows how the impedance of an inspection probe 

changes in the presence of different types of perturbations. 

It can be seen that when the probe gets close to a nonferromagnetic or ferromagnetic material 

the real component of the impedance will increase due to the generation of eddy currents. This happens 

because of the material resistivity, wasting some energy from the coil. In the nonferromagnetic material, 

eddy currents flowing through the material will affect its magnetic field, reducing the imaginary part of 

the impedance. In the presence of a flaw, fewer eddy currents will flow under the coil area, increasing 

impedance imaginary component and reducing the real component. 

On ferromagnetic materials, the generation of eddy currents increases the imaginary part of the 

impedance due to the augmented magnetic field. The presence of defects mainly reduces the real 

impedance component. 
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Figure 2.3 - Impedance plane changes due to liftoff, flaw presence or conductivity variations on both magnetic 

and nonmagnetic metals [20]. 

 

2.1.4. Types of Eddy Currents Probes 

Depending on the application, different types of probes can be custom designed to best suit their working 

purpose and/or application. Eddy currents probes are classified according to their configuration and 

operation mode. The configuration of the probe refers to the way that the coil or coils are wired to couple 

in the best way possible to the test piece. A good example of the configuration of a probe are the bobbin 

probes, which are inserted into a tube to inspect it from the inside, and encircling probes, which encircle 

the tube to inspect from the outside. 

The mode of operation of a probe is divided into four categories [29]: 

 Absolute probes are generally composed by a single coil that is used to both generate the 

eddy currents and sense them. Induced currents in a nearby conductor take energy from 

the coil, increasing the electrical resistance of the coil, while the magnetic field generated 

by the induced currents change the inductive reactance of the coil. This type of coils can 

be used for flaw detection, conductivity measurements, liftoff measurements and thickness 

measurements. Despite being very versatile, they are very sensitive to temperature, liftoff 

and conductivity changes, so these aspects must be minimized by using a second 

reference coil that is not in contact with the material surface. 

 Differential probes have two active coils wound in opposition or in the same direction, 

creating a differential output signal. When the two coils are over an area without flaws, 

there is no differential signal developed between them. However, when one coil is over a 

defect and the other is in a defect-free area, a differential signal is produced due to the 

unbalanced magnetic field produced by the induced currents. These probes are very 

sensitive to defects yet relatively insensitive to temperature changes. 

 Reflection probes also have two coils, but one is used to induce eddy currents and the 

other is used to sense changes in the magnetic field. This kind of probes is also referred to 

as driver/pickup probes. Each coil can be independently optimized in order to better adapt 

to their purpose. 
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 Hybrid probes usually consist of a stimulation coil to create the alternating magnetic field 

and other magnetic sensing elements, such as GMR sensors, that are used for the field 

sensing.   

Eddy currents probes can also be classified accordingly to their configuration. This refers to the 

coupling area between the probe and the material under testing. These can be divided in four different 

types [29]: 

 Surface probes, which are usually manually operated and are intended to be in contact 

with the material surface. Generally they are composed of a coil made from very fine wire 

encapsulated by a protective housing. The size of the coils and housing define the probe 

usage. These probes are usually applied for the detection of flaws perpendicular to the 

material surface, while parallel laminations tend to be undetected.  

 Bolt hole probes, are a type of probe designed to inspect bolt holes. These have a coil 

wound on the surface of the casing which matches the diameter of the hole being 

inspected. 

 Bobbin probes or feed-though probes are used in hollow materials such as pipes to perform 

the inspection from the inside. These probes have a housing that matches the material and 

keeps the coils centered in the pipes, maintaining a constant distance to the test surface. 

 Encircling coils are similar to bobbin probes but they perform the inspection from the 

outside of the tubes or bars. 

2.2. Basic Probe and Measurement System 

The basic probe was especially developed for the execution of NDT of FSW joints in aluminum plates 

using eddy currents, and was patented by a group of researchers from Instituto Superior Técnico (IST) 

[30]. Latter a real-time DSP system was specially developed to work with this probe [20]. 

2.2.1. Basic Probe Operation 

The basic probe was develop as a new concept in FSW NDT. The probe operation was first simulated 

using a FEM software and experimentally validated [20]. It consists of a planar geometry with a 

driver/pickup arrangement, operating as a differential probe with two sensing coils wound in different 

directions with a common terminal, as represented in Figure 2.4. The excitation is ensured by a central 

copper trace that was placed in the line of symmetry of the coils. This trace is driven by a sinusoidal 

current with amplitude of up to 1 A with a range of frequencies between 10 kHz and 10 MHz, inducing 

eddy currents on the test material. A shielding plane was also included to reduce the effect of external 

perturbations. 
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Figure 2.4 - Probe morphology [20]. 

 

Due to the differential operation of the basic probe, when both sensing coils are placed over an 

area with similar characteristics, there will be no perturbation on the magnetic field generated by the 

eddy current that flow in the test piece, leading to an output signal with similar absolute amplitude on 

both coils. Therefore, in the absence of defects the differential signal produced by this probe is null. In 

the presence of material flaws under one of the coils, the induced currents will have a perturbation on 

the flow path, leading to an altered magnetic field that will result in an unbalanced signal on both coils, 

producing a differential signal. Some simulation results and experimental validation are presented in 

Figure 2.5. Here the probe was swept along a length of 20 mm over an aluminum sample with an 

embedded 300 μm  wide and 10 mm deep defect centered at X = 0 mm. It is visible that the probe 

response is similar to the simulation results when it is swept over a defect in an aluminum sample.  

 

 

Figure 2.5 - Comparison between simulated and experimental results of the basic probe with sinusoidal 

stimulation at 500 kHz and 1 A amplitude [20]. 

 

2.2.2. ECscan DSP System 

The ECscan is an electronic system that was designed to be reconfigurable for different eddy current 

tasks [20]. The system is based on a Spartan 3A-DSP XC3SD3400DA FPGA from XILINX that is used 

to perform all the digital signal processing, driver signal generation, inspection table movement control 

and interface communication, using Universal Serial Bus (USB) 2.0 and Ethernet. The system also has 

a high performance AD9246 ADC, from Analog Devices, capable of achieving 125 MSample/s with 
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14-bit resolution, as well as an amplification chain with a programmable gain amplifier for signal 

conditioning for the ADC. 

The acquired signals are processed in real-time using several implemented digital processing 

algorithms to extract as much information as possible from the multi-harmonic signal excitation 

techniques [21]. Processed information is later sent to a Personal Computer (PC) or laptop for user 

display using LabVIEW. 

 

 

Figure 2.6 – ECscan system. 

 

2.2.3. Probe Variants 

To achieve the best sensitivity possible, several variants of the basic probe were developed and 

evaluated and some examples are shown in Figure 2.7. In [31] the influence of geometrical changes in 

the probe morphology was studied in similar circumstances. Several parameters were changed, namely 

excitation trace width and length, sensing coils diameter, winding spacing and distance between driver 

and pickup coils. The various probes were first simulated with CST EM STUDIO [32] software and then 

experimentally validated. 

The results showed that the distance between the driver and the pickup coils must be as low as 

possible to improve the output measured signal amplitude. This allows the sensible coils to join 

underneath the trace. They also showed that increasing the trace width did not improve the probe 

response. As for the trace length, it must be designed with the same dimension as the external coils 

diameter in order to improve probe response. The relations between the sensitive coils winding spacing 

and winding number, proved to have an almost proportional relation with the probe output signal. 
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Figure 2.7 - Some of the basic probe variants evaluated [31]. 

2.3. Multi-harmonic Eddy Currents 

When performing NDT, it is advantageous to acquire the largest amount of information as possible about 

the presence of flaws in the test material. To access the presence of defect near the surface of the 

material, a high frequency must be used. By doing so, inspection time tends to rise proportionally to the 

number of inspection frequencies. This factor may become a drawback when performing sweeps in 

large areas with time multiplexed single-tone stimulus. 

One way to avoid such limitation is the excitation of the probe driver using multi-harmonic 

signals. This allows the system to produce a signal that has multiple spectral components, resulting in 

the reduction of inspection time while increasing digital signal processing complexity. 

2.3.1. Square and Sawtooth Stimulus 

The use of multi-harmonic square and sawtooth excitation waveforms were tested in [21], offering the 

possibility of performing a scan along the test piece depth with only one stimulus signal. Meanwhile, the 

amplitude of the n-th signal component is proportional to 1 n  for both stimulus meaning that, as the 

harmonic frequency rises, the components may achieve amplitudes that are impossible to distinguish 

from noise. This is behavior is minimized by the basic probe intrinsic response that increases its 

sensitivity with the increase of frequency. 

Comparatively, the sawtooth stimulus has the advantage of having all components that are 

multiples of the fundamental frequency of the signal, while the square wave is formed only by the odd 

components of the fundamental frequency, but has higher energy than the sawtooth signal, as shown 

in Figure 2.8. 
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Figure 2.8 - Square and sawtooth waveforms and respective spectral components. 

 

2.3.2. Multi-harmonic Stimulus 

To overcome the high spectral energy decay from the square and sawtooth stimulus, several multi-

harmonic signals were used to stimulate the basic probe [21]. Although they provided very few spectral 

components, it is possible to achieve higher spectral energy due to the high amplitude of each 

component. After studying several ways to compress signals, a Clipping algorithm was used [21]. This 

algorithm creates a time domain signal, with an arbitrary set of harmonic phases, at which values higher 

than a specified limit are replaced by that same limit. This resulted in the creation of eight different multi-

harmonic stimuli [21]. These signals were divided into two sets of frequencies: uniformly spaced 

frequencies (1, 4, 7 and 10 MHz) and logarithmic spaced frequencies (1, 2, 3, 5 and 10 MHz). The 

components amplitudes used depend on the signal. The amplitude of the components is defined in one 

of two possible ways: a constant amplitude for each component, resulting in a ramp-shaped spectrum 

due to the increase of sensitivity of the probe with the increase in frequency, or an amplitude that 

decreased with 1/n, resulting in a flat amplitude spectrum at the probe output. 

2.3.3. Pulsed Eddy Currents 

Another way to produce multi-harmonic stimulus is by using PEC. The difference between these signals 

and the square signals is the duty cycle, which can be less than 50%. This technique has been 

considered for material NDT since 1971 by Hugo Libby, but only in recent years significant evolutions 

have been registered in this area. This solution is capable of a more extended detection depth while 

providing more information about defect presence than other methods. Also, when compared with single 

frequency NDT analysis, PEC can be modeled to minimize power consumption, making it more suitable 

for portable devices [33]. 

Due to the rich spectral components of a rectangular signal it is possible to acquire a huge 

amount of information about flaws at various depths of the test material. By changing the width and 

period of the pulse, the frequency spectrum contained in the pulse is also changed, as shown in 

Figure 2.9. When using wide pulse widths, low frequency spectral components have higher amplitude, 
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resulting in more detailed information about deeper defects. On the other hand, if a short pulse width is 

used, high frequency components have higher amplitudes, allowing for more detailed inspections closer 

to the surface of the material. If an inspection is performed with various pulse widths and repetition rates, 

it is possible to obtain a wider depth analysis than with other multi-harmonic stimuli. Although square 

signals have a rich spectral composition, they cannot be fully explored in the current system due to the 

high amplitude response of the inductive sensors to a rapid current change, causing the amplification 

chain to saturate. 

PEC has also been used in conventional probes. In [34], several time domain signal analysis 

parameters were used to characterize defects and determine plate thickness. Results showed that 

defects closer to the surface will affect the field sooner than those that are deeper, which can be seen 

by the different time-to-peak and peak value variations. Other authors studied the influence of changing 

the width of the pulsed current, confirming that the wider pulses have higher amplitude low frequency 

components, while shorter pulses tend to have more high frequency components [35]. Despite their 

advantages, PEC analysis is not common in NDT commercial systems due to the need of specialized 

workers that can interpret the resulting impedance plane plots and lack of equipment that use this type 

of eddy currents inspection. 

In order to reduce inspection times and liftoff problems related to the probe movement along the 

test piece, probe arrays are under investigation. In [36] researchers proposed an architecture that 

explored the capability of PEC with probe arrays, allowing the formation of a three-dimensional view of 

the interior of the test piece. Manufacturers also offer products that make use of eddy currents flexible 

probe arrays [37]. This kind of probe differs from typical arrays since they have a flexible geometry, 

something that allows the inspection of complex geometry parts, avoiding the need to sweep a single 

probe along the part surface. 

 

 

Figure 2.9 – Spectral components for a pulse with a 10% duty cycle (top) and with a 20% duty cycle (bottom). 
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2.4. Hybrid Probes 

The use of eddy current in NDT and material characterization started to develop during the Second 

World War, but they were already used before that time. Nowadays the main investigation work lays on 

the development of new probes and new post-processing techniques. 

Presently, investigations point to the direction of Giant Magnetoresistive (GMR) sensors. This 

type of magnetic sensor has the ability to change its resistance according to variations on the magnetic 

field passing through it but their main disadvantage is the temperature coefficient. Due to its response, 

GMR systems are now being used for detection of cracks caused by fatigue in airplane riveted structures 

with PEC [38]. By using the same sensors and multi-harmonic technique, it is possible to perform 

conductivity and permeability tests of carbon steel materials [39]. 

Another type of sensor that is currently being investigated is the superconducting quantum 

interference devices (SQUID) [40]. This type of sensor is capable of sensing extremely weak magnetic 

fields. However they need cryogenic refrigeration to work, limiting their application in many fields [6]. 

Several authors have researched eddy currents testing using SQUID and observed that these devices 

have much less noise than other conventional eddy currents probes, even in unshielded environments, 

while offering a flat response up to 1 MHz [41]. 

2.5. Summary 

In this chapter an overview of eddy currents theory was present along with its application in NDT. Other 

inspection methods principles were also presented. The basic probe working principle was discussed 

as well as the ECscan NDT development board features that were used to validate this new probe 

concept. Different multi-harmonic stimulus were discussed concerning their main benefits and 

disadvantages on eddy currents NDT applications. Finally, an overview of the state of the art in this field 

was provided, concerning the main developments in PEC analysis and probe arrays, which tend to 

reduce inspection time. 
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3. System Architecture and Methodology 

The probe array is an improvement over the previous approach to NDT provided by the basic probe. 

This new approach is proposed to resolve some of the problems caused by the system that has been 

used until now such as the wobble of the probe during the sweep and the liftoff changes. To cope with 

the new 4x4 and 8x8 probe array designs, several changes are necessary for the system to work 

correctly. A new trace diving circuit based on pulsed stimulation together a DFT algorithm processing 

core provides a more dynamic approach to this type of inspections. 

To interface with the new hardware design, a dedicated LabVIEW interface that allows the 

configuration of the inspection parameters and the visualization of results processed in real-time by the 

system processor was developed. Through this new setup, an innovative system capable of measuring 

different testing frequencies at the same time using only one stimulus signal is presented. The 

description of each block and of the controlling software is presented along this chapter. 

3.1. Probe Array Structure and Operation Theory 

The probe array was designed to work as a driver/pickup system, where copper driving traces are placed 

vertically and horizontally over the gaps between different pickup coils pairs that are wound in the same 

direction, arranged as a matrix. A set of 6 different probes was developed for this work, with 3 probes in 

a 4x4 sensitive coil configuration and the other 3 in an 8x8 sensitive coils configuration. 

Each probe configuration has a stimulation trace designed with different width or shape, 

meanwhile the generic design allows the use of several configurations that are not limited to square 

configurations. The coils in both probes have a square shape with a square length of 5.1 mm on the 4x4 

configuration and 2.6 mm in the 8x8 configuration. 

The bottom view of the 4x4 probe array is shown in Figure 3.1 and the top view in Figure 3.2. 

The probes are fabricated using a 4 layer Printed Circuit Board (PCB). The sensitive coils are placed on 

the bottom layer, the layer nearest to the test piece, while vertical and horizontal traces are placed in 

different middle layers. 

The sensitive coils connection to the output terminals is made in the top layer, avoiding 

significant impedance changes in the different coils. These coils have a winding width and spacing 

between windings of 50 µm. Each trace in the probe is independently excitable through two terminals, 

as well as each coil output terminal is independently accessible. Note that all the trace driving and coils 

output terminals are connected to a trace or a sensitive coil respectively in the 8x8 probe array. In the 

4x4 probe array there is no need to connect all the terminals due to the reduced number of sensors and 

drivers, although the probe layout was maintained. The probe array also features a shielding plane that 

reduces electromagnetic interference caused by external sources and provides a common terminal for 

all the measurement coils. 
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Figure 3.1 - Probe array bottom view. A) Horizontal driver trace, B) Vertical driver trace, C) Pickup coils, D) 

Substrate, E) Pickup coils common connection, F) Pickup coils output terminals. 

 

 

Figure 3.2 - Probe array tri-dimensional top view. 

 

When performing defect detection, an alternate current must flow through the trace to generate 

an alternating magnetic field whose lines are orthogonal and concentric around it. Such magnetic field 

induces eddy currents in the test material that flow in opposite direction to that on the current driver. 

This field is also sensed by the pickup coils, which in turn generate an electromotive force that is 

proportional to the intensity of the sensed magnetic flux. Since these sensitive coils are not wound 

symmetrically to the driver trace, the only way to use the coils within the probe as a differential magnetic 

field sensor is to read differentially two coils that are placed alongside with the excited trace. This way, 

when no defect is present, the electromotive force generated in two adjacent sensitive coils that are 

parallel to the trace is similar in absolute value, resulting in an almost null differential value. 
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3.2. Signal Processing Algorithm Principle 

The use of PEC to perform NDT, allows the testing with different frequencies using a single stimulation 

signal due to the spectral composition of a pulsed waveform. Meanwhile, to fully access all the 

information provided by this type of stimulation, it is necessary to perform a spectral analysis of the 

probe output signal. To do so, a Fourier series is applied to the acquired probe response. 

A periodic function s(t) that follows the Dirichlet conditions can be described using the Fourier 

series in terms of an infinite sum of sines and cosines, making use of the orthogonal relationships of 

these two functions, given by 
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The Fourier series can also be defined using complex coefficients. By using the Euler formula, 

which presents a relation between trigonometric functions and the exponential function given by 

 cos( ) sin( )je j    ,  (3.3) 

and replacing it in (3.1), it results that the complex Fourier series is 
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The complex Fourier series can be generalized by the Fourier transform in the limit as 0T   . 

This transformation is performed by the Discrete Fourier Transform (DFT) algorithm that 

converts a finite set of equally spaced samples to a set of coefficients of a finite combination of complex 

exponentials. These complex exponentials have frequencies that are integer multiples of the 

fundamental frequency. The DFT input samples are a finite sequence of N complex numbers x0, x1, …, 

xN-1 that have a N-periodic behavior The DFT result converts the input to a sequence of complex 

numbers X0, X1, …, Xk-1 accordingly to 
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where 
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is a constant trigonometric value denominated twiddle factor. 
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Computing the DFT algorithm directly from its definition is too slow and consumes a large set of 

computational resources, requiring 2( )N  arithmetic operations. To overcome this limitation, several 

algorithms were developed. These algorithms produce the same result as the DFT but reduce the 

needed arithmetic operations to 2( log ( ))N N  and are referred to as FFT algorithms. This results on an 

improvement of computational speed of several orders of magnitude when large sets of input data are 

used. 

The use of the FFT algorithm produces a set Xk of size N of complex elements that represent 

the cross correlation of the input sequence xn and the complex sinusoid at frequency k/N, acting like a 

matched filter at same frequency. Each Xk is a complex number that contains the amplitude and phase 

of a sinusoidal component of the input set. The amplitude and phase of each component is respectively 

 
2 2/ (X ) (X ) /

arg( ) arctan2( (X ), (X )).
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  (3.8) 

By using this definition it is possible to determine the amplitude and phase variations caused by defects 

or flaws on the various stimulated harmonics. 

3.3. Proposed System Architecture 

The proposed system architecture uses the ECscan [20] 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 3.3. 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 cable 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. Results from the inspection can be 

saved for later visualization.  
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Figure 3.3 - Proposed system architecture for the probe array. 

 

3.3.1. Main Board 

The digital signal processing is performed by a XC3SD3400A FPGA from XILINX present in the ECscan 

development system. This FPGA operates with a 50 MHz oscillator that is used to drive the reduced 

instruction set computing (RISC) MicroBlaze soft processor core designed for XILINX FPGAs and a 

64 MHz oscillator for the FPGA logic, including the DSP48A slices. These slices consist of a multiplier 

and accumulator capable of rapidly producing a 48-bit two’s complement result, making them very 

suitable to algorithms that require a large number of mathematical operations. The 64 MHz operation 

frequency of the DSP48A slices is limited by the FFT core, since it is desirable to reduce the spectral 

leakage as described later in this chapter. Communication between the MicroBlaze and the described 

logic running in parallel with the soft core is ensured by the 32-bit Processor Local Bus (PLB), an 

interface for connection of slave or master logic cores to the soft core. 

The FPGA contains a matrix of configurable logic blocks (CLB) that can be programmed to the 

desired application or functionality, unlike Application Specific Integrated Circuits (ASIC) which are 

specially made for a particular task without the ability to be reprogrammed to perform otherwise. ASICs 

can offer much more processing power due to their task dedicated architecture. FPGAs also have an 

advantage over DSP processors since they can achieve high processing performance that is only limited 

by parallelism that can be extracted from the DSP algorithm, whereas DSP processors are limited by 

clock frequency and Arithmetic Logic Unit (ALU) performance, but generally consume less power. This 

makes the FPGA ideal for the intense DSP required in this work due to the complex digital processing 

algorithms used and the high parallelism associated to these devices.  

Together with the already implemented multi-harmonic digital processing algorithms [21], a FFT 

core available at XILINX design tools is used. To cope with this core, an interface with the MicroBlaze 
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soft core and with the driving and acquisition blocks is developed. This implementation is responsible 

for the acquired signals spectral amplitude and phase analysis while exploring the high parallelism 

allowed by a FPGA, since the MicroBlaze does not have to perform any computation. All the interfaces 

with the FFT core are implemented in VHDL and then translated to FPGA primitives by the synthesis 

tools from XILINX. These functions are then used to drive a large array of logic gates with configurable 

interconnections that physically implement all the logic blocks needed. 

3.3.2. Probe Driving Block 

The stimulus signal control and generation as well as the trace selection is performed by this block. 

Each of the traces must be individually addressable to be used in single or composed stimulus 

configurations. Thanks to the generic design of the probes, both the 4x4 and 8x8 probes can be used 

with this system. 

The probe driving block is composed of: a current scaling circuit that control the peak amplitude 

of the stimulus signal, a serial to parallel converter, implement as a shift register that saves the trace 

stimulation configuration and controls the signal repetition rate and pulse width, and the trace drivers, a 

set of transistors that control the current flow in the trace to form the pulse. This block is depicted in 

Figure 3.4. 

The current scaling circuit is designed in the probe control card PCB that is directly attached to 

the ECscan development board, while the rest of the probe driving circuits are designed in the probe 

PCB board. This approach reduces the number of interconnection cables and removes the inductive 

parasitic effects caused by the wires on the driving traces, when compared to the situation where the 

complete circuit is developed on the probe control card. 
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Figure 3.4 – Schematic of the driving circuit used in the embedded system. 

 

3.3.3. Driver Stimulation 

The probe driving block 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 [20]. Since this 

system makes use of a matrix probe, it is not feasible to reproduce this circuit to control several traces 
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due to the large area the circuit would take and to the power dissipation. Since one of the objectives for 

this work was to develop a pulsed stimulation signal, several transistors are used as switches that will 

control the pulse width and repetition rate of the excitation signals. 

In the previous system, the sinusoidal stimulus signal was limited to a 1 A amplitude [20] using 

a high output current transcondutance amplifier. 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. 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 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. 

This block is capable of driving each trace individually or in simultaneous configurations with 

repetition rates ranging from 15.625 kHz up to 125 kHz and pulse width of up to 50% of the repetition 

rate period. A current scaling circuit allows the configuration of the peak current flowing in the probe 

trace from 1 A up to 7 A. 

To achieve pulsed excitation signals on probe array, a set of metal oxide semiconductor field 

effect transistors (MOSFET) were used. The driving circuit of each individual traces of the probe array 

is shown in Figure 3.5. These MOSFETs will act as switches, controlling the current flow in each trace, 

allowing the generation of pulsed probe excitation. 

The chosen device is an IRLML6244TRPbF which provides a maximum on drain-to-source 

ON resistance of 21 m , resulting in low thermal losses, with a maximum gate threshold voltage of 

1.1 V . It is also capable of supporting pulsed currents of up to 32 A  during 30 μs  at 12 V and has 

reduced turn-ON delay of 4.9 ns and a turn-OFF delay of 12 ns. 

Resistor R1 is used in series with the stimulation trace to limit the current that flows through this 

branch. The current amplitude is controlled via the current scaling circuit. The resistor R2 is used to 

protect the MOSFET gate from possible over-voltage transients that can damage the device and 

provides an increased transition time when paired with capacitor C1. These two components form a low 

pass filter that slows the transistor state transitions. Meanwhile, it increases the power dissipation on 

the MOSFETs since the devices work for a longer period in the linear region. This reduces the amplitude 

of the high frequency harmonics which due to the probe sensitivity increase with frequency would result 

in high amplitude transient signals and possible saturation of the amplification chain. On the other hand, 

resistor R3 is used as a pull-down to prevent any transistor to be activated on the system startup due to 

the unknown state of the shift-registers outputs in high-impedance state. This avoids any damage to the 

transistors when the system is connected to the power supply. Resistors R2 and R3 form a resistive 

divider that limits the voltage at the gate to half of the VCTRL amplitude. 
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Figure 3.5 - Driving circuit of each of the 14 probe array traces. 

The probe excitation trace and the sensitive coils have an inductive behavior, meaning that the 

voltage across these elements is generally given by 

 
L

I
V L

t





  (3.9) 

were L is the trace or coil inductance and I t   the current rate of variation for a given finite amount of 

time. To prevent this behavior to cause high transient voltages on the coils, the slew rate of the signal 

that drives the transistors gates was reduced. This was achieved by placing a low-pass filter between 

the shift register and the MOSFET gates, which reduces the variation rate of the signal driving the 

transistors gates and therefore the peak amplitude of the probe response, avoiding the saturation of the 

amplification chain connected to the coils. 

When the output of the shift-register is activated, the gates of the transistors that are being 

driven will experience a voltage change from 0 V to 2.5 V. During this period capacitor C1 is charged 

through the R2 resistor, providing gradual increment in the MOSFET gate voltage. This slows the 

transition speed of the device from off to the saturation region, also reducing the changing rate of the 

current flowing in the trace. 

At the transition to a high-impedance state of the outputs of the shift-registers, the capacitor C1 

will discharge through resistor R3, slowly reducing the voltage at the gate and turning off the transistor. 

In turn, this will gradually reduce the current in the trace, also avoiding large voltage spikes. The time 

constant of both the charging and discharging is similar, which means that the current flowing in the 

stimulus trace has similar rising and falling times. 

The time constant must be chosen carefully to prevent large differences in the current amplitude 

flowing through the trace. If the time constant is too big, variation in the threshold voltage of the 

transistors will cause some traces to have higher current amplitudes. This is due to the slow variation of 

the voltage at the gate which will result in some transistors reaching the linear region sooner than others 

thanks to the lower threshold. If a too small time constant is used, transistors will commute the currents 

faster and produce large voltage spikes that can saturate the amplification chain when measuring the 

probe response. 

To further prevent the transistor from any damage due to the commutation of high currents, a 

free-wheeling diode was placed in parallel with the trace and resistor, so that when the device is turned 
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off, the current still has an alternative path to flow through these components until the magnetic energy 

accumulated on the trace dissipates. The device chosen an ultra-fast Schottky diode, which supports 

an average and peak currents of 3 A and 50 A respectively, with a low forward voltage drop of 550 mV 

and a small footprint package. The diode is placed in parallel with the trace and the resistor so that the 

current can flow through the trace during a shorter period of time due to the shorter time constant caused 

by the presence of the resistor in series with the trace equivalent inductance. This results in a current 

signal whose transitions are similar in shape. 

3.3.4. 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 adjustment is 

performed with the output of a AD5621 12-bit digital to analog converter (DAC) with Serial Peripheral 

Interface (SPI). The circuit schematic can be seen on Figure 3.6. 

 

 

Figure 3.6 - Current scaling circuit diagram block. 

 

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. 

By using a 500 mΩ  250 mW resistor in series with the driving trace it is possible to limit the 

total amount of current that flows in the trace during the stimulus duration. The small resistor value 

reduces power dissipation, allowing the generation of current pulses with a higher duty cycle and lower 

repetition rate. The current amplitudes obtained in the driver trace and the maximum duty cycle are 

presented in Table 3.1. Note that these maximum duty cycles assume that the stimulus signal is not 

interrupted, which does not occur. In the case of a short burst of the stimulus signal, the duty cycle can 

be increased, as long as the average power dissipation in the resistor in series with the trace is not 

higher than the maximum value of the component. 
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Table 3.1 - Current scaling circuit output values and maximum duty cycle allowed with continuous stimulation. 

VDAC [V] VProbe [V] IProbe [A] Max Duty Cycle [%] 

1.35 2.08 1.77 6.79 

1.33 2.44 2.08 4.93 

1.29 3.14 2.85 2.79 

1.27 3.62 3.21 2.15 

1.24 4.10 3.60 1.69 

1.22 4.57 3.95 1.38 

1.19 5.06 4.35 1.14 

1.17 5.58 4.72 0.95 

1.14 6.12 5.13 0.80 

1.12 6.51 5.32 0.72 

1.09 7.1 5.75 0.61 

1.07 7.49 5.92 0.56 

1.04 8.07 6.27 0.49 

1.02 8.47 6.51 0.45 

0.99 9.06 6.84 0.4 

0.97 9.46 7.07 0.37 

0.95 10.05 7.42 0.34 

 

3.3.5. Trace Selection 

For the 8x8 sensitive coils probe array, there are a total of 14 independent excitation traces that can be 

driven independently. Since the traces connection terminals are coincident with those on the 4x4 probe 

array, the driving circuit is able to operate with both probe configurations. To control the traces, a shift 

register from is used. This device is a 5 V, 8-bit serial-in/parallel-out converter with output latch. It is 

essential that the shift register has output latch to prevent erroneous trace excitation when shifting the 

configuration bits or system startup due to the unknown state of the shift register outputs. This shift 

register also offers the possibility to clear the output register and drive all outputs to a LOW level when 

SCLR  input is driven to ground. 

Two of these shift registers save, on the rising edge of SCK, the configuration bits transmitted 

through the SERIAL input for the horizontal and vertical traces to be driven. The outputs are then 

configured accordingly on the rising edge of LATCH. The block diagram of the circuit is shown in 

Figure 3.7. 

The OE  input controls the high-impedance state of the outputs. When active LOW, the outputs 

of the shift register are enabled. To avoid any transistor to be ON due to the unknown state of the shift 

registers when the system is plugged to a power source. This input has a pull-up to ensure that the 

outputs are only activated when the system is stimulating the traces. 
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Figure 3.7 - Block diagram of the excitation trace selection circuit. 

 

3.3.6. Driver Control Core 

To control the stimulation pulse width and repetition rate, a pulse width modulation (PWM) peripheral 

core was designed in VHDL, allowing the configuration of these parameters through two independent 

32-bit registers. Another two registers control the PWM signal generation: one initializes and stops the 

signal and the other resets the registers to the values defined by the user. 

The PWM core has an external output that is used to control the shift registers high-impedance 

output states, which controls the transistors operation. This peripheral also has a master synchronization 

output terminal that generates a pulse every time a new request for the signal generation is made, as 

well as a slave synchronization input that starts the signal generation when the signal connected to this 

port is driven high. These control signals can be used to synchronize the operation of this core. If the 

core is defined to operate as a master, when there is a signal from the MicroBlaze to start the signal 

generation, the core asserts the master synchronization output terminal. When the core is configured 

as a slave, it starts the signal generation when the slave synchronization input is asserted.  

The development of this core ensures that there is a complete synchronization between the 

beginning of the stimulus signal and the beginning of the ADC data acquisition. Any 

miss-synchronization between these two blocks will result in phase variations observed in successive 

measurements for each of the processed harmonics. Since the driver control core and the FFT core are 

both connected to the 64 MHz external oscillator it is possible to ensure perfect synchronization between 

each peripheral. 

3.3.7. Signal Acquisition Block 

This module is responsible for the amplification and digitalization of the response signal of each coil 

output voltage. This must be possible for each of the 64 individual sensitive coils in the 8x8 probe array 

or the 16 sensitive coils in the 4x4 probe. In order to achieve this, a generic design was used, making it 

possible to be scalable also to other probe configurations. 
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The signal acquisition block is composed of: a multiplexing block, where individual or adjacent 

coil pairs can be selected, an amplification stage composed of a pre-amplification instrumentation 

amplifier and a programmable gain amplifier (PGA), and a high-speed 14-bit ADC as depicted in 

Figure 3.8. 

The multiplexing block and the pre-amplification instrumentation amplifier are included in the 

PCB to which the probe will be directly attached to. A pre-amplification stage allows the increase of the 

amplitude of the response signal that is transmitted to the acquisition card through the connection 

cables. This helps to reduce the effect caused by external sources interferences, such as 

electromagnetic events and noise, that could result in significant signal variations. This way the probe 

output signal that is acquired by the ADC has a higher immunity to noise, producing more reliable results.  
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Figure 3.8 - Signal acquisition block diagram. 

 

3.3.8. Signal 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 3.9 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 done so that it is possible to perform a differential measurement of a 

chosen coil with all the adjacent ones. For instance, if coil C32, where the first digit represents the position 

along the x axis and the second digit the position along the y axis, is selected, a differential measurement 

is achievable between this coil and C31, C22, C42 or C33. Any other configuration were the adjacent coils 

to the one that is being measured would end connected to a different multiplexer is valid. This 

displacement is chosen due to the ease of interconnection in the final PCB. 
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Figure 3.9 - Probe array sensing coils illustrated connection to the multiplexing and absolute/differential 

measurements block. 

 

The signal multiplexing block uses four ADG1206 16:1 multiplexers and two 2x(2:1) ADG636 

multiplexers. The four ADG1206 allow the individual selection of each coil, meaning that for any given 

digital multiplexing code there are four different coils simultaneously accessible. The selection of the 

correct coil or pair of coils is accordingly made by one of the ADG636 if it is an absolute or differential 

measurement. The second ADG636 drives the pre-amplifier inputs, meaning that it is capable of driving 

one of the inputs to ground in case of an absolute measurement, or directly feed the signal of both coils 

in a differential mode. 

The sensor multiplexing is performed by the activation of the correspondent coil input in the 

multiplexer block. Selection code is driven by three 74VHC595M shift register that control the 20 digital 

inputs of the complete multiplexing block.  

3.3.9. Amplification Chain 

To cope with the project objectives, a new amplification chain was designed using the AD8421 

instrumentation amplifier with 30 GΩ//3 pF input impedance, while providing a 10 MHz bandwidth with 

a 20 dB gain. This gain offers a low noise spectral density of 8 nV Hz  referred to the input (RTI). These 

instrumentation amplifiers operate with a  5 V power supply. The AD8421 is used as a pre-amplifier for 

the probe output signal with a 20 dB gain set with a 1.1 k  resistor. This pre-amplification stage reduces 

any signal variation caused by external interference in the cables. 

Since the output signal of the probe is proportional to the pulsed excitation current and there 

are variations on the output signal of different coils, it may be necessary to amplify or attenuate this 

signal. To do so, the same AD8369 PGA with a configurable gain from -5 dB to 40 dB, in 3 dB steps, 

used in [20] is used for signal conditioning in this amplification chain. This device has a 4-bit parallel 

interface to set the gain of the output signal, while having a differential output, the AD8369 is used to 

drive the ADC present in the ECscan. With a less than 0.2 dB change in the flatness of the bandwidth 
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up to 20 MHz in all the gain codes and a noise spectral density of 2 nV Hz  RTI, the AD8369 provides 

a digital control of the signal amplitude with low noise and distortion. 

3.3.10. Analog to Digital Conversion 

The digitalization of the analog signal from the amplification chain is accomplished by an AD9246 ADC 

which was used in [20]. This ADC has differential input, a 14-bit resolution and is capable of sampling 

rates up to 125 MSamples/s. The clock signal was set to 64 MHz by an external crystal oscillator. This 

project decision has to do with the number of sampling points that are computed by the FFT core to 

ensure that there is no spectral leakage in the results. If the result of the FFT core had spectral leakage, 

errors would be introduced in the estimation of the amplitude and phase of all the signal harmonics. 

3.3.11. Digital Signal Processing Core 

To fully extract all the information of the probe output signal spectral components, a FFT algorithm is 

applied to the probe response signal. Since it is possible to explore the FPGA highly parallel architecture, 

a FFT core from XILINX libraries was used. This allows the system to use the high-speed of the DSP48A 

slices to rapidly compute the intense FFT algorithm using logic hardware. 

3.3.12. Cooley-Tukey FFT Algorithm 

The FFT core implemented is based on the Cooley-Tukey FFT algorithm developed by James Cooley 

and John Tukey in 1965 [42]. This implementation performs the recursive computation of a DFT of size 

N=N1N2 presented in (3.6) in terms of smaller DFTs of sizes N1=m and N2=N/m with N and m being a 

power of two. The number of divisions m applied to the initial set of data determines the radix of the FFT 

algorithm. 

It is possible to select between a pipelined streaming I/O, Radix-4 or Radix-2 burst I/O 

implementations for the FFT core at the moment it is generated by the available XILINX tools. The first 

is the fastest implementation and allows for continuous data processing, which is not mandatory in this 

application, while the latter process input data segment blocks of size N more slowly, rejecting any other 

data at the input during the FFT computation. A Radix-4 implementation was selected for the FFT core 

since it offered the fastest computation time when compared to the Radix-2 approach, while sacrificing 

more FPGA resources. 

The Radix-4 implementation applies a divide-and-conquer approach to the input data set which 

is defined as a decimation-in-time (DIT) algorithm. This means that the DIT performs a segmentation of 

the input x(n) data in four different subsequences  

 (4 ), 0, 1, 2, 3; 0, 1, ..., 1
4

N
x m l l m    .  (3.10) 

It is now possible to express the N-point FFT in terms of the DFT’s of the decimated sequences as 
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where 0, 1, 2, 3;p   0, 1, 2, 3;l   0, 1, 2, ..., 4 1;q N   ( , ) (4 )x l m x m l   e X( , ) ( 4 )p q X pN q  . 

Due to the symmetry and periodicity of twiddle factors 
4

l pW , these are expressed as 
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The Radix-4 DIT FFT can now be expressed in a matrix form as 
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whose complex multiplications and complex additions are performed by the computation structure that 

is implemented in the core, which is denoted as butterfly. What this means is that the Radix-4 FFT 

algorithm recursively computes four smaller N/4-point DFTs of each subsequence of the input data set. 

The four smaller DFTs are then combined into a single N-point DFT. 

3.3.13. Implemented Core Description 

The FFT core has a point size of N=16384 (214) due to the limitations imposed by the available FPGA 

resources. It uses a total of 4log 7N   stages, which represents the number of recurrences of the 

computation, with each stage containing N/4=4096 butterflies, to perform the Radix-4 decomposition. 

The numbers that result from each butterfly are potentially larger than the ones that were read from the 

memory, with the values capable of experiencing a growth of up to 3 bits per stage. To avoid any 

overflow occurrence, each stage is capable of applying a scaling factor of 1, 2, 4 or 8 in each stage, 

resulting in a scaled transform 
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where, s is the total scaling factor defined as 
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where bi is the scaling, in bits, applied in stage i. By using a conservative scaling of 4 in each stage, a 

s=1/N total scaling factor is achieved, meaning it is possible to directly compute the amplitude of every 

spectral component as defined in (3.8). This avoids the need of further operations over the computed 

data, resulting in direct usage of this information.  

In order to avoid any spectral leakage in the FFT computation, it is essential that the acquisition 

and the stimulation blocks are synchronous and that the number of periods of the probe response signal 

acquired is an integer. To do so, the relation 
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where nT is the number of periods, fs is the sampling frequency and f is the acquired signal frequency, 

must be respected. The crystal that drives the clock of the stimulation and acquisition blocks should 

have a frequency value that is a power of two so that the resolution of the spectrum is also a number 

that is a power of two. Meanwhile there is no available commercial option fulfils these requisites, so the 

fastest and closest option is a crystal that operates at 64 MHz , meaning that it is possible to achieve a 

spectral resolution of 
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For frequencies that are multiple integers of f , there will be no spectral leakage since the relation 

(3.16) will always result in integer number of periods of the acquired signal. 

The implemented core is depicted in Figure 3.10, where the main blocks of the FFT recursive 

computation logic are visible, as well as the control logic responsible for the operation signals and 

synchronization of the FFT and the PLB interface of the MicroBlaze, operating at 64 MHz and 50 MHz, 

respectively. 
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Figure 3.10 - Diagram block of the FFT core described using VHDL. 

 

A set of three registers control the operation of the FFT logic. The 32-bit register fftscale 

configures the peripheral scaling scheme. Since there are seven stages, with two scaling configuration 

bits for each one, only the lowest 14 bits of this register are valid, with the lowest two bits corresponding 

to the first stage. Register fftctrl controls the FFT core operation, starting the computation when the 

lowest bit is asserted. It is also possible to start the core by asserting the slave sync input, causing the 

control logic to start the ADC conversion and the FFT computation. Every time this occurs, the core is 

reset and the scaling factor is set and the master sync signal is asserted to allow other peripherals to 

synchronize their operation. This signal is used to activate the driver control and the acquisition cores, 

ensuring the complete synchronism between both blocks, resulting in no spectral leakage in the FFT 

computation as long as an integer number of signal periods is sampled. The end of the FFT computation 

is signaled by the fftdone register lowest bit. 
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The core control logic, is responsible for the correct control signal generation and timing. Also, 

it ensures the synchronism between the different clocks of the PLB and the ADC. This is achieved by 

using a request-and-acknowledge approach, meaning that when there is a request from the MicroBlaze, 

through the PLB, to initialize the core, an internal signal request for the logic is generated. This request 

signal remains unaltered until the computation logic acknowledges the request. By this time, the 

MicroBlaze is also acknowledged of the correct initialization of the core. 

The control signals needed for the correct operation of the FFT logic are generated by the control 

block present in the core, which begins its operation when a request is received. A temporal evolution 

of these signals is presented in Figure 3.11. 

 

 

Figure 3.11 - Temporal evolution of the FFT core control signals. 

 

At the beginning of each FFT calculation, the computation logic is reset via the assertion of the 

SCLR input. After this, the scaling scheme is configured, accordingly to the value present in the 14 least 

significant bits of the fftscale register, by asserting the SCALE_EN. After the reset and configuration of 

the core are finished, the START signal is asserted. The samples from the ADC are then loaded to the 

core only when the RFD output is changed to HIGH, remaining in this state until all the N samples are 

loaded. Due to the fact that the ADC samples have a 14-bit length and the data inputs of the FFT core 

have a 16-bit length, it is first necessary to perform a signal extension of the samples to maintain their 

values. 

During the loading phase, ADC samples must be available at the core data inputs before the 

rising edge of the ADC_CLK clock source after the RFD output has been signaled. Input samples are 

then saved in four internal random access memory (RAM) with N/4 point size, performing the DIT of the 

input set. These RAMs are also used to save the intermediate results of the recursive application of the 

algorithm. 

When all the samples are loaded, the RFD output is driven LOW and the BUSY is changed to 

HIGH, initializing the algorithm computation. During this stage the FFT logic loads the input results of 

the segment input data set present in the four RAMs into the inputs of the butterflies, which recursively 

compute the FFT output. Each butterfly computation in the FFT core involves three complex 

multiplications and eight complex additions. The twiddle factors that have been previously computed 
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and saved in the read-on-memory (ROM) of the peripheral, are loaded to the butterfly and used to 

perform the complex multiplications of the output coefficients. The diagram of the structure of a Radix-4 

butterfly is depicted in Figure 3.12 and a simplified view of the same structure is show in Figure 3.13. 
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Figure 3.12 - Structure diagram of the Radix-4 butterflies used in the implemented FFT core. 
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Figure 3.13 - Simplified diagram of the FFT core butterflies. 

 

The working principle of the Radix-4 DIT FFT algorithm is shown in Figure 3.14 for a 16 point 

input set. This example is composed by 4log (16) 2  stages with 16 4 4  butterflies per stage. Note 

that the output has a digit reversed output during the computation, but when the full FFT result is 

unloaded, the result is already in the natural bit order. 
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Figure 3.14 - Example of the computation of the FFT algorithm with 16 points. 

 

The end of the core computation is signaled by the assertion of the EDONE and DONE outputs. 

The EDONE is asserted one clock cycle before DONE, which is used to drive the UNLOAD input, 

signaling the core that is the remaining logic is ready to start saving the FFT computation result. During 

the unload phase, the DV is maintained HIGH or LOW if the output data is valid or not. After the 

computation of the DFT of each subset is completed, all the results are combined into a single N-point 

DFT that represents the spectrum of the input data.  

The invalid data state is also verified through the OVFLO signal, which indicates the presence 

of any overflow in the computation logic. This case can be handled by the MicroBlaze soft core since it 

is signaled through the second least significant bit of the fftdone register, by repeating the computation 

of the FFT with a higher scaling factor. 

Results are then saved in a dual-port RAM with dual interfaces for reading and writing. Each 

interface can be driven by a different clock, making the interface with the FFT core and the MicroBlaze 

simpler, since they will not access the same address at the same time and both work at different clock 

speeds. The core results that are output at a rate of one per clock cycle are directly saved in the RAM 

and can later be accessed by the MicroBlaze to gather the results from the FFT core computation. 

3.3.14. Motion Control 

Since the main objective of this project is the development of a pulsed excitation and multiplexed 

acquisition blocks to be used in the probe array, the motion control system for the XY displacement table 

will be the same already used in [20]. This circuit controls the motion of the XY table where a sample 

can be placed and inspected with uni-dimensional or bi-dimensional sweeps along a defined area of the 

material. To accommodate the new probe design, a new displacement head that supports the probe to 
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the XY table was manufactured using a 3D printer. The probe case also has an ergonomic form factor 

that allows the probe to be used in manual inspections. 

3.4. System Software 

In order to fully control the several inspection parameters and visualize the results from the analysis, the 

FPGA firmware and the PC GUI were developed to cope with the previous specifications. 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 this GUI. 

3.4.1. FPGA Firmware 

Since the FPGA is the main processing core in the embedded system, its main routine awaits for a 

command that is sent from the host computer via one of the available communication options, and loops 

through a set of predefined commands available. This main routine then decodes the received 

commands and executes the respective functions that are responsible by the system parameters 

configuration and control. Although there are more functions implemented in the FPGA, the three most 

important are responsible for the driving and acquisition blocks configuration, for the FFT core interface 

and for the control of the system, regarding the type of sweep chosen. 

Despite the presence of two different PC interfaces on the ECscan development board, the USB 

communication was used as default. This provides a standard interface that is available in most 

computers while offering a high-speed transmission rate. The work is developed using USB 

communication, although it is possible to directly use the other interfaces. 

All the digital signal processing is made in the FPGA by the available peripherals in the system. 

Due to the high parallelism of these devices, any computation and signal processing can be made with 

a high throughput, resulting in a low latency system that can produce accurate results in a short amount 

of time. The results are then sent to the PC which is responsible for the correct result parsing and display 

via the GUI. 

3.4.2. Driving and Acquisition Digital Configuration 

Due to the matrix configuration of the probes that are used, this embedded system offers the possibility 

to stimulate each trace individually or in grouped configurations. In the 8x8 probe array, there are up to 

14 independent driver traces and a total of 64 independent sensitive coils, resulting in a large number 

of possible configurations available. 

At the beginning of a sweep, either manual or controlled by the XY table, the inspection 

configurations chosen by the user are loaded and sent to the FPGA. These can either be defined using 

a text file that contains the traces to be stimulated and the coils to be measured or through the probe 

configuration tab available in the GUI. A total of 128 different configurations per sweep are allowed. 

The configuration file structure contains a sequence of 18 tab spaced one digit numbers that 

indicate which traces are stimulated and the coils to be measured. Each trace operation is configured 
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through the first 14 numbers, where a 1 or 0 indicates whether or not the trace will be driven. The next 

four numbers control sensitive coils configuration. The first and second numbers indicate the x and y 

coordinates of one coil and the third and fourth numbers indicate the x and y coordinates of the second 

coil in a differential measurement. In the case of an absolute measurement, the coil selected is indicated 

by the first and second numbers, while the third and fourth numbers must be set to -1 to indicate the 

type of measurement. Each line in the file corresponds to a different probe configuration. An example 

of a configuration file would be 

1  0  0  0  0  0  0  0  0  0  0  0  0  0  2  3  2  4 

0  1  1  0  0  0  0  0  0  0  0  0  0  0  2  2  -1  -1 

were in the first line only the trace number 1 is driven and coils C23 and C24 are measured in a differential 

setup, while the second line drives both traces number 2 and 3 and measures the absolute output signal 

of coil C22. 

Selected drivers are stimulated using a PWM core with the defined repetition rate, pulse width 

and current amplitude defined by the user via the GUI interface. All the configurations defined are 

sequentially measured during each sweep point. The user can select which configuration wants to 

visualize, as well as which signal component of the signal at the respective harmonic. To change any of 

the configurations, the sweep must be stopped so that configurations can be re-defined and again 

assigned. 

Since the available PWM peripheral in the XILINX tools did not allow the correct operation for 

the desired application, a new one was designed. This new peripheral was developed in VHDL and is 

operated by the same 64 MHz crystal that drives the ADC and all the other peripherals. To generate the 

desired signal, the core uses two counters that count the number of clock cycles. One counter controls 

the signal repetition rate and the other controls the pulse width. When the values defined by the user for 

these two variables are reached by the counters, the external output signal of the core is changed 

accordingly. 

3.4.3. FFT Core Interface 

The output values of the FFT core consists of a total of 16384 complex numbers in the form of a 16-bit 

two’s complement real and imaginary pair. Since the PLB has a bus width of 32-bit, the real and 

imaginary parts of the complex number are concatenated to reduce the amount of read operations 

performed in the bus. This results in a 32-bit number whose 16 most significant bits represent the real 

part of the complex number and the 16 least significant bits represent the imaginary part of the complex 

number. All the output results are then automatically saved in a RAM. The interface with the RAM 

peripheral is performed directly by the FFT core without the need of any intervention by the MicroBlaze. 

After the FFT computation is completed, it is possible for the MicroBlaze soft core to access the 

results using a memory zone that is mapped for this purpose. These results are then sent to the PC 

through one of the available interfaces in the ECscan development board. The display of the results 

from the FFT core computation are made in the host computer with the LabVIEW application developed. 

Since not all the points that result from the FFT core computation are of interest, it is possible 

to send only the relevant information to the PC. Only the signal harmonics are used to determine the 
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presence of defects or flaws in the material, making the rest of the results useless. To reduce the system 

latency between consecutive measurements, the user has the ability to choose either the complete 

result from the core or a segmented data transmission. In the first, all the 16384 32-bit raw points of the 

computed FFT are sent to the PC, where the information must then be parsed to access only the 

harmonics of the signal. This mode places a great load on the USB channel since the data transmission 

is almost constant during an inspection sweep. Accordingly to the measurements performed, the latency 

between snapshots is around 1.8 s in this mode. A snapshot is considered as a sequential absolute 

measurement in all of the 64 coils, one at a time, resulting in a total of 64 FFT computations for each 

snapshot. 

The segmented mode performs a parsing of FFT result before transmitting the information. 

Since only the real and imaginary parts of the stimulation signal harmonics are used, it is not necessary 

to send all points in the final result. What this mode does is to select only the harmonics indexes up to 

32 MHz in the RAM containing the computation. By doing this, the USB packet can be reduced up to 

1/64, when using a stimulus frequency of 125 kHz. The latency between snapshots is therefore reduced 

to 0.2 s, considerably increasing the result update rate in the GUI. 

It is also possible to visualize the data at the input of the FFT core. This corresponds to the 

temporal view of the probe response. Although only 2048 sample points of the probe output signal are 

available due to limitations in the memory available in the FPGA, it is possible to use this information to 

detect wrong configuration setups and possible saturations in the amplification chain. 

3.4.4. Host PC Software 

An application for the PC to communicate with the ECscan system was developed using LabVIEW 2012. 

It consists of a GUI that allows the end user to configure the inspection parameters and visualize the 

results as they are computed by the embedded system. Stimulation signal repetition rates, pulse width 

and current amplitude can be controlled together with the trace and sensitive coil configuration. The use 

application is capable of working with both the 4x4 and the 8x8 probe arrays, as well as perform 

automatic and manual sweeps. 

3.4.5. Connecting to the ECscan 

The interface used between the PC and the development board is based on USB 

communication. For this to happen, the ECscan drivers must first be installed in the host computer so 

that the LabVIEW application can connect to the board. Until a valid device is detected and connected, 

the GUI only allows the user to use the connect tab, ensuring the proper system operation. The interface 

is visible in Figure 3.15. 

After a valid connection, it is possible to begin configuring the inspection parameters and 

visualize results through the remaining tabs. The position of the XY displacement table can also be 

defined through the GUI. Inspection results can be presented to the user in different options: response 

waveform, FFT, amplitude/phase, real/imaginary, complex plane or a 2D visualization in the case of a 

two-dimensional sweep. The probe configuration can be determined through an intuitive representation 

of the 4x4 and 8x8 probe layout present in the selection tabs available. 
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Figure 3.15 - LabVIEW GUI for inspection configuration and results visualization. 

 

3.4.6. FFT Data Parsing 

Output results of the FFT core running on the FPGA, arrive to the PC as an array composed of complex 

numbers with imaginary and real parts. These pairs are concatenated in a 32-bit number directly on the 

peripheral implemented in the processing core. The number of elements that is received by the PC is 

determined by the use of the segmentation mode or not and by the number of harmonics in the signal. 

Due to the definition of the DFT, the output of the FFT algorithm is computed as a double sided 

spectrum centered at every multiple of the sampling frequency 64 MHzsf   with a spectral resolution 

of 3906.25 Hzf   and a bandwidth of 2 32 MHzsf  . The core computes the spectrum that spans 

from direct current (DC) up to the sampling rate, resulting in a spectrum that has a symmetry line at 

32 MHz and whose signal harmonics are also symmetrical. Valid spectral information is then contained 

in the first half of the FFT core output. Meanwhile, due to the symmetry of the spectrum, the amplitude 

of the spectral components is also half of their real value, meaning that a scaling factor of 2 must be 

applied. 

When using the full output of the FFT core is sent to the PC, the first step is to truncate the 

spectrum at 2sf , meaning that immediately half of the information transmitted is discarded. After this 

the concatenated real and imaginary pairs are segmented into two arrays of N/4 16-bit elements, with 

N being the FFT length, from which only the pairs regarding the indexes of the harmonics of the 

stimulation signal are saved. This avoids the excessive use of memory with data that does not contain 

valid information, since only the amplitude and phase of the harmonics can be used to assess the 
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presence of defects in the material. Then the results must be compensated due to the scaling factor 

applied to the core computation stages. At the same time the spectral components can by multiplied by 

a factor of 2 so that the result is the amplitude spectrum of the probe response signal. This operation is 

defined by 

 
2 '( )

( )
s X k

X k
N

 
 ,  (3.18) 

where s is the scaling factor applied to the input data given by (3.15), X’(k) is the output result of the 

core computation and N is the number of samples of the algorithm. 

With the segmented mode, all the previous steps are still applied to the exception of the 

segmentation of the input data set received by the PC. Since the results received are only composed 

by the real and imaginary values of the correspondent harmonics of the stimulation signal up to 32 MHz, 

transmission times are lower and the overall system latency is reduced. 

At this point, the data available at the PC can be used to compute the amplitude and phase of 

each harmonic and present them to the user in the GUI developed. In the case of several measurement 

configurations, these steps are repeated for all of them. The user can then select which configuration 

and which frequency are displayed in the various results tabs. 

3.4.7. Probe Calibration 

Before performing any inspection, the probe must be calibrated. The probe calibration phase 

performs an acquisition of the probe output response at a defect free area of the material under test, 

saving the amplitude and phase coefficients for all the harmonics of stimulation frequency. The probe 

response is dependent of the sensitive coil area, stimulation signal repetition rate, pulse width, current 

amplitude and material characteristics. This means that when any of these parameters are changed, a 

new calibration must be performed. Results from this calibration are used by the host computer 

application to represent a signal that is normalized to a situation were no defects are detectable. This 

means that when no defects are present in the material, the signal presented to the user will have an 

almost null value. 

The output values of the probe response are also normalized to the current flowing through the 

driving trace. Since the sensitivity of the probe increases with each harmonic of the stimulus signal, this 

behavior would not be noticeable when displaying the direct values obtained from the probe response 

due to the different amplitude of the harmonics. A calibration jig was design to replace the probe, so that 

the embedded system can compute the current amplitude of each harmonic of the stimulation signal. 

The coefficients extracted are then saved to a file by the PC application for use in the representation of 

the output results. 

While performing any type of sweep with the probe, a calibration step must always be performed 

to ensure correct result presentation in the GUI. If any of the previous parameters are not changed, the 

calibration coefficients stored in memory can be used without the need to recalibrate.  
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3.4.8. Sweep Analysis Configuration 

This embedded system allows two possible ways to perform a sweep inspection: a manually controlled 

or an automated sweep. Any of the two inspection types use the probe configurations defined by the 

user. The sweep type must be defined in the GUI interface, since the results displayed are related to it. 

In the manual sweep, the probe is operated like a handheld device meaning that a user can 

directly place it over a selected zone and perform a static inspection of the area underneath it. The probe 

operation is controlled by a button embedded in the casing. By pressing it, the system performs an 

acquisition using all the configurations available. This produces a two-dimensional snapshot of the 

magnetic field in that area which can be analyzed for the presence of defects. 

This type of operation is particularly suited for situations where the material defects have sizes 

similar to those of the sensitive coils. For small defects, the detection is possible but proves to be more 

difficult due to the lack of spatial resolution caused by the manual positioning of the probe. 

An automated sweep is performed using a XY table that mechanically controls the positioning 

of the probe along the material. This inspection method produces spatially accurate results and allows 

the detection of defects with smaller sizes. The operation of the table is controlled by the ECscan board 

through the motion control card. The number of steps is computed by the sweep algorithm based on the 

parameters entered. During the inspection, the probe is moved along a main axis with the determined 

step size and when it reaches the desired span, it performs a step along the secondary axis and returns 

to the original position of the main axis. This process is repeated until the sweep is completed.  

By using the host computer GUI, the user can configure the automatic sweep parameters and 

visualize results instantaneously. These include a two-dimensional view of the area under test, with the 

possibility to choose which harmonic is presented, and in case of multiple measurement configurations, 

which results are shown. At the same time the latest amplitude/phase, real/imaginary and complex 

representations of the signal are presented in separated tabs. 

When the sweep reaches the end, the probe is returned to its starting point and results are 

saved on the PC hard-drive as a MATLAB file for each step of the secondary axis. Each file contains 

the amplitude and phase results for every harmonic in each step along the main axis. 

3.5. Summary 

The complete system architecture and methodology are described together with a description of each 

system block through this chapter. For the pulsed stimulus generation block, the proposed driving, trace 

selection and current scaling blocks are presented, taking into account that the circuit must be scalable 

to an 8x8 matrix probe. The operation of the probe array with PEC reduces the complexity of the trace 

driving electronic circuit, while providing the ability to generate higher amplitude currents and reduce 

inspection time due to the large harmonic content of the pulsed signal. 

The acquisition block is also presented, highlighting the benefits of this redesigned amplification 

chain over the previous system. The multiplexing electronic circuit is also presented alongside a 

justification for the use of the additional PCB. Differential and absolute measurements control block was 

also discussed, as well as the used ADC. 
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Motion control and DSP core used are the same that are already implemented in the ECscan 

development system. Meanwhile, a FFT computation core was used with an adapted interface with the 

option to segment the output result in order to improve system speed. 

The software used in the FPGA and in the host computer are presented. Available methods of 

inspection and inspection configuration parameters are discussed as well as the mode of operation that 

each part takes on the embedded system. 
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4. Finite Element Modeling Simulation 

To better understand the operation of the probe array, a first step consisting in the characterization of 

the probe based on simulation results was performed. The simulation of the probe behavior under known 

circumstances was performed using the finite element modeling (FEM) software CST EM STUDIO. This 

application allows the study of low frequency electromagnetic problems such as the ones present in 

NDT. 

The simulation model developed is based on the probe array and can be easily parameterized 

to different configurations, allowing the study of both the available probes. By analyzing the results from 

the sweep of the model in several conditions, it is possible to estimate the probe response under real 

conditions. 

4.1. Simulation Model 

To understand the working behavior of the probe array, a simulation model was developed for the finite 

element analysis software CST EM STUDIO. This model was designed to be completely parameterized, 

this means that a new kind of probe array can be generated by simply changing values in an external 

parameter file. Each coil is named accordingly to xyC , where x  and y  respectively denote the coil 

horizontal and vertical coordinates in the array. In Figure 4.1 the probe array simulation model 

parameters that can be changed to achieve a different design are shown. The parameters available and 

a brief description of the changes they introduce in the model are presented in Table 4.1. 
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Figure 4.1 – Probe array simulation model dimension parameters. The distance between the sensitive coils and 

the horizontal and vertical traces can be defined through parameter TLX and TLY, repectively. Cooper thickness 

is selected through parameter CT. 
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Table 4.1 - Customizable parameters and respective description for the simulation model. 

CCX Clearance between horizontal sensitive coils 

CCY Clearance between vertical sensitive coils 

CDX Horizontal sensitive coil dimension 

CDY Vertical sensitive coil dimension 

CNX Number of horizontal sensitive coils 

CNY Number of vertical sensitive coils 

CT Sensitive coils and traces copper thickness 

HTCn n-th horizontal trace current amplitude 

HTPn n-th horizontal trace current phase 

TDX Horizontal traces length 

TDY Vertical traces length 

TLX Distance between horizontal traces and sensitive coils 

TLY Distance between vertical traces and sensitive coils 

TWX Horizontal traces width 

TWY Vertical traces width 

VTCn n-th vertical trace current amplitude 

VTPn n-th vertical trace current phase 

WC Sensitive coils winding clearance 

WN Sensitive coils winding number 

WT Sensitive coils winding thickness 

 

The designed 4x4 probe simulation model is presented in Figure 4.2 in the presence of a test 

material consisting of an aluminum plate. The vertical and horizontal excitation traces of the physical 

probe were replaced with closed loops, since the used simulation elements need a closed path to the 

excitation current flow. These loops were modeled to interfere as little as possible with the magnetic 

field generated near the sensitive coils. In Figure 4.3 a close up to one of the sensitive coils is presented. 

For the same reason stated above, these need to have a closed path for the current to flow. 

 

 

Figure 4.2 - Probe array simulation model centered over a defect in an aluminum test plate. 
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Figure 4.3 - Detail on one of the pickup coils. 

 

4.2. Simulation Results 

In FEM, the computation time is highly dependent on the number of mesh elements. Due to 

computational limitations, the modeled probe sensing coils have winding thickness and winding 

clearance dimensions that are twice the ones on the physical probe, since otherwise it would require a 

large mesh element number to achieve satisfactory results, therefore increasing simulation time. The 

resultant sensing coils have a WN that is half the one on the real probe, which produces simulation 

values that have half the amplitude of those on the real probe. To overcome this, simulation results were 

multiplied by a factor of two. 

The simulation model was used to evaluate the probe response under a wide set of excitation 

frequencies and trace combinations to determine which configurations could possibly achieve the best 

experimental results. Liftoff and current variations were also simulated to validate expected results. 

The first step was to perform a convergence study using a sinusoidal trace excitation with 1 MHz 

with a current amplitude of 1 A for an increasing number of mesh elements. In Figure 4.4 induced voltage 

amplitude at an arbitrary coil in the 4x4 model is shown for an increasing number of mesh elements. 

Similar results were obtained for all the other coils. 
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Figure 4.4 - Simulation model FEM convergence analysis. 

 

It can be seen that for a mesh with more than 2 million elements, the output amplitude of the 

coils is almost constant. To achieve a low simulation error and acceptable computation time, a mesh 

with approximately 2.5 million elements was selected. Then, a sweep along a test piece made of pure 

aluminum with a 300 μm  width and 400 μm  depth defect was performed with 100 μm  steps along 

11 mm in the X direction. The center of the defect was the variable used for the sweep, while keeping 

the probe model stationary. The middle trace that was perpendicular to the defect was excited using the 

same signal as before. Once again, to reduce computation time and since the output voltages are 

symmetric, the probe vertical axis was centered with the defect and the sweep was made along the 

positive horizontal axis of the probe, meaning that the defect is swept only in half of the probe array as 

shown in Figure 4.5. 

 

11 mm
 

Figure 4.5 - Illustration of the defect sweep. 

 

During this sweep, the real and imaginary components of the output signal were registered for 

each coil. In Figure 4.6 differential measurements between coils 2y
C  and 1y

C  along the y axis in the 

probe are presented. As expected, when the coils overlap the defect, both components of the output 

signal differ from zero. It can be seen that the imaginary part of outU I  presents larger variations than 

the real part, since the output signal on the sensing coils results from magnetic induction. 
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When the defect is centered with both sensing coils, the output signal is zero, since the signal 

amplitude is balanced between coils. The same happens when no defect is present under any of the 

coils. When the defect is at the center of the sensing coil, the amplitude difference reaches its maximum 

value due to the unbalanced magnetic field in both coils. The output signal amplitude on the outside 

coils is much smaller than that on the central coils since the eddy currents density flowing under these 

coils is also smaller. This occurs due to the proximity of the central coils to the stimulated trace, were 

the induced current density is maximum, leading to a stronger magnetic field sensed by these coils. 

By describing loops underneath the stimulated trace in closed circular paths on the test material, 

eddy currents flowing underneath the outer coils will have an opposite direction to those flowing 

underneath the central coils, as shown in Figure 4.6. This produces an output signal that has a 

symmetric value to the output of the coils that are closer to the driver trace. 

 

 

Figure 4.6 - Real and imaginary parts of the outU I  ratio differentially measured along the sweep of the 4x4 probe 

array from the first row (top) to the fourth row (bottom) with the central trace perpendicular to the defect 

stimulated. 

 

The same simulation was also performed for the 8x8 probe array model. In this case the 

stimulation was performed by the third horizontal trace. Again, the real and imaginary parts of the probe 

output response were registered along the sweep as shown in Figure 4.7. Note that the 8x8 probe array 

has a higher spatial resolution when compared to the 4x4 probe array. Meanwhile, the response signal 

amplitude is lower than the 4x4 probe array. 
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Figure 4.7 - Real and imaginary parts of the outU I  ratio differentially measured along the sweep of the 8x8 probe 

array from the first row (top) to the fourth row (bottom) with the central trace perpendicular to the defect 

stimulated. 

 

To further study the probe array operation, a simulation was performed using the stimulation 

frequency has the sweep variable. The central trace perpendicular to the defect was stimulated with a 

sinusoidal signal with 1 A amplitude and variable frequency. In Figure 4.8 the output amplitude for the 

coil 22C , when the defect is centered with it, is presented. This configuration was chosen since it 

produces the highest amplitude due to its proximity with the stimulated trace and defect contribution. As 

seen, the probe array has output amplitude almost proportional to the increase in stimulus frequency as 

expected, since the electromotive force induced is proportional to the rate of variation of the magnetic 

field. 
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Figure 4.8 – Output signal amplitude at different stimulation frequencies. 

 

Probe array amplitude variations studies due to different stimulation signal amplitudes, were 

also performed. When the amplitude of the stimulation signal changes, the output of the sensing coils 

will change proportionally, as shown in Figure 4.9 for output amplitude the coil 22C , using a sinusoidal 

stimulus at 1 MHz. As seen, the higher the signal amplitude, the higher the output signal in the coils. 

 

 

Figure 4.9 – Output signal amplitude at different stimulation current amplitudes. 

 

Another effect that changes the output amplitude of the sensing coils is liftoff, which is defined 

as the distance between the probe and the test material. Simulation results for the output amplitude of 

the same coil as before are presented in Figure 4.10 when a sinusoidal signal at 1 MHz with 1 A 

amplitude to excite the central trace. It can be seen that, as the liftoff rises, the output amplitude of the 

coil also rises. Meanwhile, looking at the real and imaginary components of the coil impedance, it can 

be noted that the first will drop with the increase of liftoff, while the second will increase.  

This happens because when the stimulated probe array is near a non-ferromagnetic material, 

induced current will appear in the material, wasting some of the energy in the coil, thus increasing 

resistance. Also, an electromagnetic field caused by the induced currents flow will appear, opposing the 

one that induced the current, while reducing the imaginary part. As the probe moves away from the test 

material, fewer currents will be induced, resulting in less energy wasted from the coil and weaker 

magnetic field generated by the eddy currents. It can also be noted that the imaginary part has much 

higher values than the real part. 
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Figure 4.10 – Output signal amplitude variation due to liftoff (left) and signal real (center) and imaginary (right) 

components. 

 

4.3. Summary 

The simulation model developed to work with the CST EM STUDIO software and the results for the 

probe arrays were presented in this chapter. Also, the parameters that allow the configuration of the 

probe array simulation model are described.  

Through this study it is possible to get a qualitative evaluation of the probe response when to 

the presence of defects in aluminum pieces. A study of the effects of lift-off, stimulus current amplitude 

and frequency variation influence in the probe response is also presented and described. 
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5. System Characterization and Measurements 

This chapter describes the inspection method used and the embedded system validation using the 8x8 

and 4x4 probe arrays. Different types of combinations are tested and compared to the previous system 

that used single tone stimulus. The system characterization is made using samples with known notch 

and hole defects. Experimental results are compared to those obtained using FEM simulations 

5.1. Stimulus Signal Description 

The main advantage of PEC NDT is the use of a single stimulation signal that has a large set of spectral 

components. Since the depth of penetration of the eddy currents is dependent of the stimulus frequency, 

these signals allow the inspection at a large set of depths when a spectral analysis is performed on the 

probe response. 

Despite of the large set of spectral components present in a square signal, it cannot be used as 

a stimulation source for inductive probes. Due to their inductive behavior, the response to such stimulus 

would result in a high amplitude voltage spike that is difficult to acquire and condition in an amplification 

stage. To avoid the occurrence of such events, a driving current with an attenuated rising and falling 

times is used, resulting in the signal presented in Figure 5.1. The shape of the stimulus signal is 

somehow similar to that of a Gaussian signal, whose lower frequency spectral components are the ones 

that have the highest amplitude. Note that it is possible to achieve a minimum amplitude of nearly 1.5 A 

and a maximum amplitude of about 7.5 A. 

 

 

Figure 5.1 - Waveform of the stimulation current with a repetition rate of 125 kHz and an active period of 1.6 μs . 

The output of the scaling circuit is swept from 2 V to 10 V in 500 mV steps. 

 

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 5.2. Note that there is no 

spectral leakage, a consequence of the synchronous operation of the acquisition and the stimulus 

generation blocks. 
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Figure 5.2 - Spectrum of the stimulation current at 125 kHz and a duty cycle of 20% (top) and detail of the same 

spectrum (bottom). 

 

5.2. Probe Response Characterization 

One of the main advances in this work is the use of planar probes with arrays of sensitive coils to perform 

inspection in metallic joints using eddy currents. A set of two probes employed an array of sensors in a 

4x4 or 8x8 matrix shape as shown in Figure 5.3. The casing of the probe manufactured through the use 

of a 3D printer is shown in Figure 5.4. 

 

                                     

Figure 5.3 - PCBs of the 4x4 (left) and 8x8 (right) probe arrays. 
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Figure 5.4 - 3D printed case of the probe array. 

Each coil has a trace width and a trace spacing of 50 μm , resulting in a sensitive area of 

5.1 mm x 5.1 mm for the 4x4 and 2.6 mm x 2.6 mm for 8x8 probe array. The combined sensitive areas 

of the probes are 21.5 mm x 21.4 mm for the 4x4 array and 20.6 mm x 20.5 mm for the 8x8 array. The 

PCB of both the probe arrays have an area of 30.5 mm x 60 mm. 

This new eddy current NDT design offers a much higher inspection area when compared to the 

previous probes, which only had two sensitive coils, with the possibility to test for the presence of defects 

in two different orientations without the need to rotate the probe. The large array of sensitive coils also 

provides a new degree of freedom during inspections due to the several possible measurement 

combinations.  

Accordingly to the simulation results, the probes sensitivity increases proportionally with the 

stimulation frequency. This behavior can be verified by the proportional increase of the amplitude of 

each harmonic of the probe response, meaning that at the 10th signal harmonic, the amplitude is 10 

times higher than that at the fundamental frequency. The probe spectral response must be normalized 

to the spectrum of the stimulus signal for this to be visible. To verify this, one of the probes was swept 

over a notch defect.  

The real and imaginary part of the signal at each harmonic is directly obtained at the end of the 

FFT computation. Meanwhile, the amplitude and phase of the signal can also be used to assess the 

presence of defects in the material as shown in Figure 5.5. These components can be computed directly 

from the from the FFT result by using (3.8). 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 coils, the 

amplitude decreases to a null value again. At this point there is also a phase inversion, another indicator 

that can also be used to access the presence of defects. 

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. 
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Figure 5.5 – Fundamental and harmonics amplitude and phase response of one of the inductive sensors in the 

probe array to a stimulation of 62.5 kHz with a duty cycle of 10% during a sweep over a sample with three notch 

defects. 

 

These results are produced by the changes in the amplitude of the response waveform. In 

Figure 5.6 the differential response of the probe is presented both when a defect is present in the 

aluminum sample and when there is no defect. It is visible that the defect produces a change in the peak 

amplitude of the waveform, which can then be used to assert for the spatial position of the flaw. This 

signal can be further explored by reading its spectral content. In Figure 5.7 the time evolution of the 

probe stimulus signal and response signal are presented. 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. 

 

 

Figure 5.6 - Waveform of the probe differential response for a 125 kHz stimulation signal with a duty cycle of 20% 

with and without a defect (left) and detail of the response (right). 
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Figure 5.7 - Waveforms of the probe stimulus and response signals. 

 

By performing a spectral analysis of the probe response, it is possible to obtain a spectrum like 

the one in Figure 5.8, which shows the result of the computation performed by the FFT core 

implemented. This represents the amplitude of the several harmonics that compose the response 

waveform when it is placed in an area without defects. 

 

 

Figure 5.8 - Spectrum of the probe differential response when stimulated by a signal at 125 kHz and an active 

period of 1.6 μs  when placed over an aluminum sample without defects. 

 

A comparison of the spectrum of the probe response both when it is placed over a defect or 

over a defect-free area is shown in Figure 5.9. 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 
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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. 

 

 

Figure 5.9 - Detailed spectrum of the probe differential response for the presence and absence of defects when 

stimulated by a signal at 125 kHz and an active period of 1.6 μs  . 

 

5.3. Aluminum Sample with a Ramp Defect 

One of the available sample defects is composed by an aluminum piece with an electro discharge 

machined ramp defect as shown in Figure 5.10. This sample allows the characterization of the probe 

response to a notch defect with a gradually increasing depth. By performing two-dimensional sweeps 

over the surface of this sample, with both probes, it is possible to obtain a representation response and 

a characterization of the behavior of these two designs under the same circumstances. 
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Figure 5.10 - Aluminum sample with a ramp defect used in the bi-dimmensional sweep. 

 

The probes were placed on the XY table with their Y axis 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. 
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In Figure 5.11 and Figure 5.12 the result of the sweep for the 4x4 probe is shown for the 

fundamental and 20th 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. 

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 is 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. 

 

 

Figure 5.11 - Sweep results for the fundamental harmonic at 62.5 kHz of the 4x4 probe along the surface of the 

sample with the ramp defect. 
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Figure 5.12 - Sweep results for the 20th harmonic at 1.25 MHz of the 4x4 probe along the surface of the sample 

with the ramp defect. 

 

The response of the 8x8 probe for the same sweep is presented in Figure 5.13 and Figure 5.14. 

The measurements setup used in this run is a differential measurement between coils C45 and C55 and 

the stimulus of the horizontal trace that is centered with the probe with the same signal used before. 

Due to the higher spatial resolution resultant from the smaller area of the coils the signal, the output 

signal only starts to change at around 5 mm along the sweep in the X direction and returns to a nearly 

null value at around 12 mm. The defect is centered at around 8 mm in the X direction and is detected at 

around 10 mm in the Y direction. The signal increase due to the raising depth of the defect is clearly 

visible the response. 

Since the amplitude of the response of an inductive sensor to a magnetic field is proportional to 

its area, the output signal of the coils in the 8x8 probe is around 4 times smaller than that on the 4x4 

probe. This difference in amplitude is due to the relation between the areas that the coils of the two 

probes are related by a factor of around 3.8. 

With the increase of the harmonic value, the detectability of the probe to the defects in the 

material tend to reduce gradually. Although the sensibility of the probe is proportional to the stimulation 

frequency, the use of pulsed signal in the current setup produces high frequency harmonics that have 

too much noise, resulting in a signal drift of the same order of the change induced by the defect. This is 

caused by the lack of feedback in the driving block and by the attenuation applied to the high frequency 

harmonics. This effect can be reduced by the use of sensitive coils with a larger area. 
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Figure 5.13 – Sweep results for the amplitude and phase of the fundamental harmonic at 62.5 kHz of the 8x8 

probe along the surface of the sample with the ramp defect. 

 

 

Figure 5.14 - Sweep results for the amplitude and phase of the 20th harmonic at 1.25 MHz of the 8x8 probe along 

the surface of the sample with the ramp defect. 

 

The versatility of this probe also allows it to be manually operated. In this mode of inspection, 

there is no driving of the XY table and the acquisitions are controlled by the button present in the probe 
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casing. At each press, the system will perform a measurement using all the configurations defined by 

the user. For manual inspections, a default absolute measurement of every sensitive coil in the probe 

when the trace to its right is being driven was defined. Any other configuration, including differential 

measurements is valid. 

To characterize this operation mode, the same sample defect is used. The probe was manually 

placed over a segment of the defect were is depth was sufficient to produce a similar response in every 

coil. A careful adjustment of the probe position and orientation produced the results in Figure 5.15, were 

the presence of the defect can be clearly detected by the red line highlighted in the figure. The setup 

used in this test relies on an absolute measurement of each of the 64 coils in the 8x8 probe array when 

stimulated by the nearest trace to their right side. The stimulation conditions are the same as before. In 

Figure 5.16 results for the same defect are presented when it has a randomly different orientation than 

the previous one. 

 

    

Figure 5.15 – Manual inspection results for the amplitude of the fundamental (left) and fifth (right) harmonics at 

62.5 kHz and 312.5 kHz of the 8x8 probe array perpendicular to the ramp defect. 

 

    

Figure 5.16 - Manual inspection results for the amplitude of the fundamental (left) and fifth (right) harmonics at 

62.5 kHz and 312.5 kHz of the 8x8 probe array randomly placed over the ramp defect. 
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5.4. Aluminum Sample with Four Single Notches 

The notch defects present in this aluminum sample have a profile with a 400 μmwidth with increasing 

depth at each notch with a distance between them of 20 mm. The representation of this sample is 

depicted in Figure 5.17 where it is visible that the notches span along all the width of the sample. 

 

 

Figure 5.17 - Aluminum sample defect with a set of 4 notches with a spacing of 20 mm. 

 

Both probes were swept along the surface of the material 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 5.18. 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. 

 

 

Figure 5.18 – Response of four different sensors in the 8x8 probe array for the fundamental harmonic at 62.5 kHz 

along the sample with four notches with increasing depth. 
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5.5. Aluminum Sample with a Double Notch 

To access the behavior of the probe in the presence of two defects that are close to each other, an 

aluminum sample with a double notch defect is available. This sample also allows to test the resolution 

of the probe used. The representation of this sample is presented in Figure 5.19. 

 

 

Figure 5.19 - Aluminum sample with a double notch defect. 

 

The inspection results of this part are presented in Figure 5.20 for the 8x8 probe array. This 

probe array shows a behavior similar to the single notch defects due to the almost similar size of the 

sensitive coil and the distance between the double notches. When the probe is swept along the surface 

of the material, one of the coils overlaps the notch at around 8 mm and the differentially sensed magnetic 

field becomes unbalanced. By the time the sensitive coils are centered with the first notch, at around 

10 mm, part of one of the coils stars to overlap the second notch, and as the sweep continues, there is 

a similar magnetic field sensed by both coils since both are over a defect. This creates a compression 

on maximum amplitude of the response, unlike what occurs in the single notch defects where the 

amplitude rapidly falls to zero after one of the coils is centered with the defect. 

 

 

Figure 5.20 - Response of four different sensors in the 8x8 probe array for the fundamental harmonic at 62.5 kHz 

along the sample with a double notches with increasing depth. 
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5.6. Aluminum Sample with Holes 

Another of the sample defects available for testing is an aluminum plate with a set of holes as presented 

in Figure 5.21. These are drilled along two lines in the aluminum plate with a space of 15 mm between 

holes. There are two lines of holes, ones with a diameter of 2.5 mm and another with a diameter of 

1 mm, separate by a distance of 33 mm. Each hole has a depth of 9 mm, not reaching the other side of 

the 10 mm thick aluminum plate. 
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Figure 5.21 - Aluminum sample defect with drilled blind holes. 

 

To determine the response of the probe array to this type of defects, a bi-dimensional sweep 

that spanned 10 mm in the X direction and 40 mm in the Y direction was performed with a differential 

measurement between coils C26 and C36. The normalized results are presented in Figure 5.22, where 

the amplitude of the harmonics at 62.5 kHz, 625 kHz and 6.25 MHz are visible. The presence of a 1 mm 

and a 2.5 mm holes are clearly detected at 2 mm and 35 mm along the Y direction. Note that for the 

6.25 MHz harmonic, the excitation current is potentially low enough to compromise the measurement 

signal to noise ratio. Also, the probe is more sensitive to the surface condition, resulting in the amplitude 

response between 4 mm and 13 mm in the Y direction that is caused by the wear of the surface of the 

material.  
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Figure 5.22 – Sweep results for the amplitude of the 1st, 10th and 100th harmonics of the 62.5 kHz stimulation with 

an active period of 3.2 μs . 

 

The inspection used in this sample relies on the manual mode. Just like previously, the probe is 

placed in the aluminum sample using the same setup and manually swept until a defect is found. Due 

to the small diameter of the holes, which are of the same order of size of the 8x8 probe sensitive coils, 

only one of them presents a higher variation to the defect. This can be visualized in Figure 5.23 where 

the presence of one of the largest holes is highlighted by the high amplitude value of the coil C63. 
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Figure 5.23 - Manual inspection results for the fundamental and fifth harmonics at 62.5 kHz and 312.5 kHz of the 

8x8 probe array over the sample hole defect with a diameter of 2.5 mm. 

 

5.7. Summary 

This chapter presented the characterization of both the stimulation signal used as well as the probe 

response to it. The spectral analysis of both this signals reveals a large set of harmonics that can be 

used to access the presence of defects at several depths. To prove the probe operation, several sweeps 

were performed using the XY table to ensure that results were obtained in controlled conditions. 

The operation of both probes was verified with the inspection of a set of aluminum samples that 

contained well known defects, which allowed to describe each probe advantages and drawbacks. While 

the 8x8 probe array is capable of a higher spatial resolution, the 4x4 probe array has a higher amplitude 

response to the same defect. The use of sensors in a matricial layout offered a wider set of possible 

measurement configurations when compared to previous solutions, even though there is a considerable 

difference between the responses of different sensitive coils. 

Computation results of the implemented FFT core showed the absence of spectral leakage 

thanks to the synchronous operation between the driving and acquisition blocks. This allowed to 

completely validate the operation of the entire system. Also allowed to validate the use of pulsed 

stimulus signals to perform the inspection at several depths in the material just by using the real and 

imaginary values of each harmonic. 
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6. Conclusions 

This document presented 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 and probe 

bi-dimensional 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 on 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 lower 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 
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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 operation 

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 

measured 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 PCB with 47 mm x 81 mm 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 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 this work 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 
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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 different connector would help reducing this risk; 

 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 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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Appendix A 

A.1. FPGA Resource Utilization 

At the end of each system synthesis, the XILINX tools produce a set of reports that indicate the 

device resources usage by the current project. These reports are shown in Figure A.1 and Figure A.2. 

Note that the full system implementation occupies 88% of the available RAMs in the FPGA chip. The 

FFT core used uses a great part of these resources due to the selected size of 16384 sample points 

and the implementation via a Radix-4 algorithm. 

 

 

Figure A.1 – FPGA device utilization summary for the full system implementation. 
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Figure A.2 – Synthesis report produced by the XILINX tool showing the resource usage of the system cores. 


