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Abstract— The development of lift-off invariant strategies is one of the main goals in 

Eddy Current Non-Destructive Testing research. In the present work, two imaging 

procedures based on the measurement and analysis of amplitude and phase signals of 

magnetic field sensors and suitably developed for Multi-Frequency Eddy Current 

Testing are analyzed and compared with respect to their ability to retrieve reliable 

results even in presence of huge changes of lift-off. A figure of merit based on the Signal 

to Noise Ratio evaluated on the 2D reconstructed images is used to quantitatively 
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compare the different strategies in terms of defect image quality. The numerical and 

experimental analysis carried out show that imaging procedures relying on the analysis 

of the phase-lag are quite insensitive changes in the lift-off and that they even guarantee 

good results when the probe lift off is randomly changed on each point of the scanned 

map with variations up to 3 mm. On the other hand imaging procedures based on the 

visualization of amplitude-derived features are able to tolerate only lift-off fluctuation 

lower than 1mm. In addition the paper also show that by exploiting the analysis of the 

images’ SNR at different frequencies, some insight on the defect depth can be gained 

even in the case of huge lift-off variation among the different position of the scanning 

probe.   

Keywords—Eddy Current Testing, Image Processing, Lift-off invariance 

I. INTRODUCTION 

Eddy Current Non Destructive Testing and Evaluation (ECT) is widely used in many 

industry sectors to inspect and assess the integrity of conductive structures. Besides the 

inspection of metallic samples for which ECT has been applied for some decades to detect 

cracks, voids, corrosion and other defect typologies structures [1-4], ECT is more and more 

used also for the analysis of conductive composites materials based on Fiber-Carbon-

Reinforced-Plastic to analyze fiber integrity, their spatial distribution, etc. [5-6]. 

Increasingly, in most recent years ECT has also been used in conjunction with Thermography 

to detect defects in conductors [7-9] and for Structural Health Monitoring (SHM) applications 

based on embedded eddy current (EC) sensors [10].  

The sensitivity of ECT for certain class of defects such as small surface or near-surface 

cracks is very high, far superior to other NDT techniques (X-ray, Ultrasonic, etc.), but at the 

same time this high sensitivity presents drawbacks that yet hamper inspections and analysis. 



Among these, lift-off (LO) variation is cardinal for various field realities. Indeed the variation 

of the mutual distance between the exciting probe and the sample under inspection leads to a 

change of the eddy currents distribution inside the material and hence a change of the signal 

received by the sensor, which can consist of the same excitation coil, a distinct pick-up coil, a 

B-field sensor such as Giant Magneto Resistance–GMR- or Hall probes, or a Magneto-Optic 

camera [1-4, 11].  Several strategies have been proposed to mitigate the effect of LO variation 

on ECT signals: design of particular excitation/receiving coil [12], the exploitation of peculiar 

invariance properties of ECT measurements, and the development of signal processing 

algorithms [13-16]. 

This paper focuses on the effect of LO variation on ECT imaging techniques applied to the 

detection of small sub-surface and inner cracks in Aluminium samples. Such defects are of 

interest for aerospace industry where Aluminium is still one of the most used materials for his 

low density and good mechanical performances and can be extended to many others metallic 

materials and application fields.  In particular, starting from recent results of some of the 

present authors [17-18], a suitable MF signals has been defined and two ECT imaging 

procedures derived by multi-frequency ECT test (MF-ECT) are compared in order to identify 

the more robust one with respect to LO variation. 

MF-ECT is one of most used ECT techniques since it assures a relative easy experimental 

implementation and information extraction: taking into account the physics of eddy current, 

and the concept of skin depth, each tone is associated to a different inspection depth and by 

collecting data at different frequencies/depths, various analysis protocols can be used to both 

detect the presence of a defect and extract some estimates about its physical and geometrical 

characteristics [11,17-21]. 



To cite a few, we mention multi-frequency (MF) impedance plane analysis, neural network 

and other classification methods, deterministic inversion procedures referring the readers to 

the extensive literature on the subject. 

As a matter of fact, most of the MF-ECT applications to defect detection and 

characterization have exploited and processed the information enclosed in the amplitudes of 

the tones. Nevertheless, the information provided by MF-ECT is inherently twofold: each tone 

is completely characterized by amplitude and phase.  

This paper aims at analyzing the robustness of amplitude and phase parameters retrieved by 

ECT imaging and identifying the most robust one with respect to LO variations. Precisely, the 

paper aims in comparing the performance of crack detection and characterization for both the 

amplitude-based and phase-based imaging in presence of different lift off finally considering 

an extreme case characterized by a ECT probe with random LO applied during the image 

acquisition. To perform this comparison a suitable and well assessed figure of merit is adopted 

during in the tests [18]. The aim is to show the extreme robustness of the phase-based imaging 

procedure with respect LO random variation, whereas amplitude-based one becomes rapidly 

ineffective as the LO variations increase. 

The rest of the paper is organized as follows: Section II briefly reviews the ECT theory and 

introduce through semi-analytics and numerical simulations why the phase is expected to be 

more robust against LO variations. Section III introduces the measurement procedure and the 

image formation strategies used in the analysis while Section IV reports the experimental 

result and the comparison between the various imaging techniques. Section V draws 

conclusion and future perspectives.  



II. THEORETICAL BACKGROUND AND NUMERICAL SIMUATIONS 

The Eddy-Current Non Destructive Testing method relies basically on Faraday’s law of 

electromagnetic induction and the physics of ECT is thus regulated by Maxwell Equations. In 

particular, due to the low frequencies of operation, and the dimensions of the experimental set-

up, the displacement current term can be neglected and the so-called quasi-static 

approximation can be adopted [22]:   

                   ∇ ∙ 𝑫 = 𝝆; ∇ ∙ 𝑩 = 𝟎; ∇ × 𝑬 = −𝜕𝑩/𝜕𝑡; ∇ × 𝑯 = 𝑱;          (1) 

By considering an isotropic, homogenous non-magnetic metallic material for which the 

constitutive relations are: 

 𝝆 = 0; 𝑫 = ϵ𝑬; 𝑱 = σ𝑬; 𝑩 = 𝜇𝑯  (2) 

E,B and J inside the material are governed by the following diffusion equations: 

 
𝜕𝑬

𝜕𝑡
− 𝛼∇2𝑬 = 𝟎;

𝜕𝑯

𝜕𝑡
− 𝛼∇2𝑯 = 𝟎;

𝜕𝑱

𝜕𝑡
− 𝛼∇2𝑱 = 𝟎  (3) 

where α 1/ μσ=  is the magnetic diffusivity, defined in analogy with the thermal diffusivity.  

For single frequency excitation, Eqs.(3) can be re-written in the phasor form and in 

particular the 1D steady-state solution of the current density equation in the case of a sheet of 

alternating current density at the surface of a semi-infinite medium is given by the following 

relation, where the overbar indicates phasor quantities.: 

 
𝑑2𝐽̅

𝑑𝑧2
= 𝑗

𝜔

𝛼
𝐽.̅  (4) 

As well known, Eq. (4) does not describe propagating waves but instead the diffusion of the 

eddy current inside the materials whose amplitude decays exponentially and whose phase 

increases linearly with depth: 

                      𝐽(̅𝑧, 𝑡) = 𝐽(̅0, 𝑡)𝑒−
𝑧

𝛿𝑒𝑗(𝜔𝑡−
𝑧

𝛿
) = |𝐽(̅𝑧, 𝑡)|𝑒𝑗(𝜔𝑡−Φ(𝑧));      (5) 



|𝐽(̅𝑧, 𝑡)| = |𝐽(̅0, 𝑡)|𝑒−𝑧/𝛿; Φ(𝑧) = √
𝜔
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2𝛼

𝜔
= √

2

𝜔𝜇𝜎
 

In the previous equation,  is the skin depth and, for a given frequency, both the diffusivity 

α, and hence the penetration speed, and the skin depth decrease as conductivity and 

permeability of the material increase. 

Analogous to the propagation of heat in a semi-infinite conductive medium [23], one can 

also define the phase velocity eddyν ωδ 2αω= = . Although there is no propagation of waves, 

phase velocity gives a useful insight since it establishes that diffusion is also dispersive. 

Different frequencies “travel” with different velocities, higher frequencies diffuse more 

rapidly with shallower depths, whilst lower frequencies have higher penetration depths with 

longer diffusion times. 

In real applications, the sample has finite dimensions and the excitation coil consists of 

several windings oriented parallel or perpendicular to the sample surface, as in the present 

case. The solutions of Eq.4 are thus more complex but Eqs. 5 still hold provided that the skin 

depth  is replaced with an “effective” one eff [24-25] and that J(0, t)  is replaced by a 2D 

distribution of the current density J(x, y,z 0, t)= on the surface of the sample. eff can be 

calculated analytically or numerically but it is not strictly necessary for the present results, it is 

enough to know that the eddy current density decreases exponentially with z and that the time 

of diffusion depends on the excitation frequency.  

Conversely, in the light of the following discussion the key point is: how do lift-off 

variations affect the distribution of the eddy-current in the material? Or in other words, how 

| J(x, y,z, t) |  and (x, y,z, t) depend on the lift-off value? 



To answer to this question, a preliminary qualitatively analysis has been carried out and 

some semi-analytics and FEM numerical simulations were executed in [26]. The results 

demonstrated that, although both amplitude and phase change with lift-off, the phase relative 

change is significantly smaller than the amplitude relative change. Then the simulations have 

been experimentally verified by using the experimental set-up shown in Figure 1. Details on 

the set-up and the probe are given in [17], [18].  

 The obtained preliminary results are summarized in Figure 2 and Figure 3. More in detail, 

Figure 2 reports the output voltage of the GMR-based EC probe of Figure 1 when it measures 

the amplitude component of the magnetic field for a MF signal over a sound point of the 

sample (i.e. a pixel of the acquired EC image). The distance between the EC probe system and 

the sample is varied from 0.5mm to 3.5 mm with an incremental step of 1mm. It can be seen 

that the different lift-offs affect the amplitude of the measured signal while the phase shows a 

weak dependence from the LO values. This is confirmed by the analysis of the signal in the 

 
Figure 1. Experimental set-up and scan configuration used in the test. The figure highlights the ECT probe 

based on the use of a GMR sensor (NVE AAH002-02) arranged in a Wheatstone bridge configuration and a 

precision XY translation device able to move the probe on the specimen following a desired path with a mean 

precision of 0.1 mm. 



frequency domain, illustrated in Figure 3. The bar-chart reports values of amplitude and phase 

of the Nf frequencies composing the MF signals for the four considered LOs. Also this 

analysis confirm that the amplitudes of the various tones are strongly affected by the lift-off, 

while the phase lags are weakly affected by the LO variations. 

 Intuitively, the robustness of the phase approach could be expected by considering the 

equations introduced above. Indeed in the air between coil and sample, the solution of 

Maxwell equations are propagating waves with phase velocity equal to c (that is the speed of 

light in vacuum) and with wavelength =c/f; inside the material the phase velocity is 

 

Figure 2. Example of the output of the GMR probe acquired on a sound point of the sample for 4 different LO 

values. 

 

Figure 3 Bar-chart of the amplitude (top) and phase (bottom) of the Nf  tones composing the MF signals acquired 

for the 4 different LO values reported in Figure 2. 



eddyν ωδ 2αω= =  and the resulting “effective” wavelength is  
eddy eddyλ ν / f 2πδ= =  so that the 

diffusion over a distance d= causes a phase shift of 2.   The ratio between phase velocity in 

air and inside the conductive sample is: 

                𝜂 =
𝑐

𝑣𝑒𝑑𝑑𝑦
=

𝜆

𝜆𝑒𝑑𝑑𝑦
=

𝑐

√2𝛼𝜔
=

√𝜇𝜎𝑐2

2√𝜋𝑓
= √𝜇𝜎

2√𝜋 0𝜇0𝑓
~

√𝜎

2√𝜋 0𝑓
=

5.73×108

√𝑓
  (6) 

 

 For the frequency values used in this paper (from 540 to 54000 Hz),  falls in the interval 

from 106 to 107. If we consider the B field measured in the proximity of the sample surface 

due to the sum of two contributors, B= B0+ Beddy, with B0 being the field without the sample 

and Beddy that due to eddy currents, it can be assumed that the phase of Beddy is almost due to 

diffusion of eddy current inside the material and it is pretty invariant with respect to variations 

of the position of the B-field sensor. This assumption is confirmed by the fact demonstrated in 

[27-30] that changes in the normalized impedance of ECT excitation coil exhibit a constant 

phase angle at different LO values.  Conversely, even small changes in LO value strongly 

affect the amplitude of the eddy current density in the sample | J(x, y,z, t) |  and thus Beddy. By 

designing coils that assure the independence of B0 from LO [31-32], or providing as in this 

case a constant excitation current waveform regardless of the lift-off value , makes the phase 

of B pretty immune to lift-off variations. 

 Starting from these preliminary results the paper aims to quantitatively analyze the 

robustness of the phase-based imaging procedure respect to the amplitude-based one.  

III. ECT SIGNAL AND IMAGE PROCESSING 

 

A. Excitation Signals and Measured Output 

The ECT excitation is a Multi-Frequency signal SIN(t) realized by combining Nf 

sinusoidal tones chosen to excite the selected frequency components {fk}’s with the desired 

amplitudes {ak}’s and phases {k}’s: 



 
𝑠𝐼𝑁(𝑡) = ∑ 𝑎𝑘sin (2𝜋𝑓𝑘𝑡 + 𝜑𝑘)

𝑁𝑓

𝑘=1   (7) 

While the {ak}’s determine the power spectrum of SIN(t), the phases {k}’s affect the 

envelope and then its peak factor. In this paper, {k}’s follow the rule derived by Schroeder 

[33] that assures the minimal peak-factor for linear spaced multi-frequency signals, that is 

when all the {fk}’s are multiples of a fundamental one, even in the case of arbitrary {ak}’s. 

This is the case of the present work where fk =(2k-1)f0 with f0=1500Hz and k[1,Nf=18]; at 

the same time the amplitudes of the various tones are all equal to assure the same energy at 

each frequency. The minimization of the peak factor implies an optimization of the SNR of 

the measurement, especially when the finite number of bit of any Analog-to-Digital 

Converter used to measure the output signal is considered [34].  

The output signal SOUT(t) consists of the voltage output of the GMR-based probe 

proportional to the B component (see Figures 1) and it is expressed by: 

    sOUT(t) = ∑ Ak𝑠𝑖𝑛 (2πfkt + Φ𝑘)
Nf
k=1           (8) 

 

B. Image Formation  

Starting from the measurement of SOUT(t) on a regular grid of points with coordinates 

({xl},{ym}), two image procedures are compared relying on amplitude and phase feature 

respectively. In detail, at first a set of Nf  images is obtained by visualizing for every tone and 

for each point the value of coefficient Ak defined in Eq. 8.    

𝐼𝑀𝑀𝐹𝑀(𝑓𝑘, 𝑥𝑙, 𝑦𝑚) = 𝐴𝑘(𝑥 = 𝑥𝑙, 𝑦 = 𝑦𝑚); {𝑘 ∈ [1, 𝑁𝑓], 𝑙 ∈ [1, 𝑁𝑥], 𝑚 ∈ [1, 𝑁𝑦]}      (9) 

Then a set of Nf  images is obtained by visualizing for every tone and for each point the 

value of coefficient k defined in Eq. 8.   

 𝐼𝑀𝑀𝐹𝑃(𝑓𝑘, 𝑥𝑙 , 𝑦𝑚) = Φ𝑘(𝑥 = 𝑥𝑙 , 𝑦 = 𝑦𝑚); {𝑘 ∈ [1, 𝑁𝑓], 𝑙 ∈ [1, 𝑁𝑥], 𝑚 ∈ [1, 𝑁𝑦]}  (10) 

2×Nf images corresponding to different penetration depths are then built-up and they exhibit 

different sensitivities and different spatial resolution with respect to defects of varying 



depths. By analyzing the various images with the image processing procedure described 

below; for each defect an optimal image can be selected from which  some indications about 

defect depth can be argued.  

The procedures require extremely light computational power and it must be stressed that 

they do not require also the use of a sound point as a reference, which represents a drawback 

in on-field measurements and an extra-computational cost. 

To study and compare the two imaging procedures with respect to the variation of lift-off 

in a wide variety of possible real situations a set of scans have been acquired for each 

analyzed defect. Four different values of the lift-off parameter LO  {LO [0.5mm, 1.5mm, 

2.5mm, 3.5mm]} have been considered. This can be summarized by introducing the 

parameter LO in the Eqs. 9 and 10 so that as example IMMFM(fk,xl,ym,LOn) denotes the set of 

Nf images obtained for the lift-off value LOn.  Starting from these data, various possible 

sources and types of lift-off variations have been simulated, as explained in the next 

subsections 

C. Image Formation with point-by-point random lift-off variation. 

 

To stress the effect of the lift-off variation a worst case represented by the presence of 

randomised lift-off has been considered. To this aim a random variation of the lift-off among 

the four available values has been applied on each point (xl,ym). This worse situation models 

the effect on measurements of “high-frequency” vibrations of the ECT probe during the 

translation stage. 

Various intensities of lift-off randomness have been simulated by letting the LO 

parameter to vary among the set of values with pre-fixed probability distributions. 

In the configuration LOR1 the LO varies randomly with uniform probability among the 

two smallest values, that is {p(LO=0.5mm)=1/2, p(LO=1.5mm)=1/2},  then in the other 

configurations the lift-off “randomness” is increased step-by-step. Precisely in the 



configuration LOR2, LO varies with the probability distribution {p(LO=0.5mm)=1/3, 

p(LO=1.5mm)=1/3, p(LO=2.5mm)=1/3}; in LOR3 LO assumes randomly one of the 4 values 

{p(LO=0.5mm)=1/6, p(LO=1.5mm)=1/3, p(LO=2.5mm)=1/3, p(LO=3.5mm)=1/6}, in LOR4 

LO assumes randomly one of the 4 values {p(LO=0.5mm)=1/4, p(LO=1.5mm)=1/4, 

p(LO=2.5mm)=1/4, p(LO=3.5mm)=1/4}. 

The images obtained are denoted as IMMF𝑀(𝑓𝑘, 𝑥𝑙 , 𝑦𝑚, 𝐿𝑂 ∈ LO𝑅𝑝)
 

and 

IMMF𝑃(𝑓𝑘, 𝑥𝑙 , 𝑦𝑚, 𝐿𝑂 ∈ LO𝑅𝑝)  respectively. 

D.Image Formation with arbitrary lift-off variation. 

 

Point-by-point random lift-off variations represent a good test for evaluating the 

robustness of imaging procedures. Nonetheless, variation of lift-off can originate from many 

other sources, which includes the curvature of the sample or the not-perfect alignment 

between sample and sensor. 

To simulate such cases, a finer variation of LO is necessary. To do this by avoiding a huge 

experimental effort, we interpolated the experimental data SOUT(t,xl,ym,LOn) acquired at 

different LO’s values in order to simulate intermediate variations of lift-off (e.g. 

SOUT(t,xl,ym,LO=1.25mm) = 0.25 SOUT(t,xl,ym,LO=1.25mm) +0.75 sOUT(t,xl,ym,LO=1.25mm)    

In general, the change of sOUT(t) is not expected to be linear with LO but we verified on 

experimental data that this approximation is very reasonable for the present set-up. We 

believe this is due to the small interval of interpolation (1mm) and to the almost 

independence of the phase from LO’s value, see Figure 4. By adopting this strategy, 

parabolic, saddle-shaped, etc curved surface/ lift-off trajectories have been simulated as well 

as linear drifts.  It is worth  stressing that the latter case can also represent the effect of a 

thermal drift in the measurement chain, then extending the robustness evaluation to other 

relevant noise and error sources.    



E. Image processing  

The images produced with the aforementioned procedures present different ranges of 

intensities due to the different quantities visualized and moreover are affected by unwanted 

noisy components. In particular the images’ noise can be modeled as a low-spatial frequency 

noise caused by drifts in the measurement station and by a high-frequency noise (salt&pepper 

noise) due to electrical environmental noise. To reduce the noise in the images, in [18] a 

denoising algorithm has been introduced and here applied. Also, in the same work [18] an 

adimensional SNR parameter has been assigned to each image quantifying the “visibility” of 

the typical defects pattern. Henceforth, the same SNR parameter is adopted in the analysis of 

the experimental data. The SNR parameter is twofold useful: (1) the analysis of the SNR 

values at different frequencies -SNR (fk)- allows the optimal frequency of inspection f* to be 

determined; (2) the comparison of the SNR values achieved at f* by IMMFA and IMMFP 

allows the optimal image procedure in terms of defect detection to be established. 

f* in general is different for amplitude and phase analysis and, since the frequency of 

inspection is related to the spatial distribution of the eddy current inside the sample,  f* is 

 
Figure 4. Comparison between: (solid red) experienced GMR-based probe response SOUT (t) measured 

at a sound point of the sample for LO=1.5mm; (dashed black) and a simulated one obtained by 

interpolating SOUT (t) at LO=0.5mm and sOUT (t) at LO=2.5mm. The deviation of the interpolated data 

from the experimental one is very small. 



correlated with the defect depth. Except otherwise indicated, the following figures report only 

images obtained at f*. 

F. Hermite deconvolution 

As an optional image processing step, [18] introduced the modeling of the typical 

quadrupolar defects pattern associated to the present measurement configuration (coil 

orientation + GMR orientation) with the 2D Hermite-Gauss polynomials HG(1,1) used in 

optics to describes intensity profiles of the modes of an optical resonator [35]. The hypothesis 

that patterns produced by defects can be represented by Hermite-Gauss modes of different 

orders HG(n,m) [36] depending on the coil orientation and on the B field component 

measured has been further confirmed in [37]. 

By using this “a priori” information, a further SNR gain can be obtained when a proper 

deconvolution algorithm or a pattern recognition protocol is applied to the images after 

denoising. Since the Hermite-Gauss defect signature behaves like a Point Spread Function 

that blurs the “true” defect image, after deconvolution the quadri-polar pattern disappears 

 
Figure 5. Example of the whole image processing procedure: starting from an image formed by raw 

experimental data. The denoising algorithm is initially applied to remove low-frequency and high-frequency 

spatial components of the noise. Subsequently a deconvolution procedure based on the HG shape is applied to 

enhance further the SNR and to assess better the defect location and size. The top figures represent the acquired 

maps while the bottom figures are the relative images converted in grayscale. 

https://www.rp-photonics.com/optical_resonators.html


replaced by a peak of the intensity corresponding to the image. Moreover, noise in the images 

that is not in the form of Gaussian patterns is further attenuated by the deconvolution so that a 

higher SNR is obtained allowing the detection of defect to be improved.  

An example of the whole image processing procedure is depicted in Figure 5. 

IV. EXPERIMENTAL RESULTS AND COMPARISON  

With the experimental set-up illustrated in Figure 1, several magnetic field maps acquired 

over a regular grid of Nx=41 x Ny=31 measurement points with a resolution of 1mm have 

been acquired for various defects at the following LO values: 0.5 mm, 1.5 mm, 2.5 mm, and 

3.5 mm. It is worth stressing that the GMR sensor is fixed at the bottom surface of the 

excitation coil so that LO refers to both the GMR and the coil distance from the sample.  

 In particular the comparison of the two imaging procedures has been executed on five 

defects, named D1-D5, consisting of subsurface cracks realized by laser ablation on a 2mm 

thick plate made of 2024-T3 aluminum alloy. The defects have length equal to 3mm, width of 

0.1 mm and depths varying from the top surface, from 1mm to 0.2mm correspondingly with a 

decremental step size  of 0.2mm.   

A.TEST I Results with fixed lift-off 

The first tests were executed by varying the lift-off of the sensor but maintaining it 

constant within each scan to better quantify the effect of random lift-off variation.  Figure 6 

shows how the IMMFM and the IMMFP of all the defects are modified by varying the lift-off 

from 0.5 to 3.5 mm. It can be seen that both imaging procedures achieve very similar results 

and that all the defects are clearly visible after the denoising step even at the largest value of 

LO. This demonstrate the good sensitivity of the whole measurement procedure, capable of 

detecting with high SNR a crack of 3mm  0.1mm at a depth of 1mm in a 2mm-thick plate 

with a LO of 3.5 mm.  In addition, the plots of the SNR(fk) curves for the various defects – 

here not reported – show that (I) the SNR decreases as the LO increases but the descent is  



smooth and almost linear; (II) the amplitude-based images reach SNR values higher than the 

phase-based images for all the defect inspected.     

 

B. TEST II Results in presence of lift-off variations. 

The second set of tests was realized to answer the key question faced by the present work. 

How robust are the imaging procedures with respect to random variation of LO from point to 

point of a single scan?  

Figure 7 reports the images obtained after denoising for all the defects with lift-off 

configuration LOR1. It can be seen that by introducing point-by-point randomness in the lift-

off value the amplitude-based images rapidly degrades (see  Fig.6, rows 1 and 2 for 

comparison) while phase-based images remain almost unaltered and the resulting SNR is 

significantly higher. Similar results are obtained for the other LO configurations, as illustrated 

in Figure 8 where the images obtained for the deepest defects D1 and D2, for all the other LO 

random configurations are reported. For these defects, amplitude images do not present any 

HG pattern and appear as completely noisy.  

Conversely, phase-based images are able to reconstruct the defects pattern even if 

corrupted by huge noise. As final test, we applied also HG deconvolution to the denoised 

images in the case of strongest “randomness” of LO, that is in configuration LOR4.  

 
Figure 6. (left) Amplitude-based images at the optimal inspection frequency for all the 

defects at fixed LO values; (right) Phase-based images at the optimal inspection 

frequency for all the defects at fixed LO values    



The results, reported in Figure 9, highlight the robustness of phase-based imaging with 

respect to lift-off variation which demonstrates that amplitude-based images are not able to 

detect the defects, apart from the closest one to the surface D5. Increasingly, HG 

deconvolution provides a significant enhancement of the SNR of the images and then a 

significant improvement in the defect-detection capability. It  therefore contextually 

corroborates the Hermite-Gauss hypothesis and establishes that this procedure can help ECT 

sensitivity, especially in the case of low SNR. Finally, we have also analyzed the trend of 

SNR(fk) for amplitude and phase images  for all the defects in the case of random LO - LOR4 

configuration – to verify if optimal inspection frequency f* is yet correlated to the defect 

depth.   

The SNR curves for amplitude and phase are reported in Figure 10.  

  

Figure 7 (top) Amplitude-based images at f* for all the defects for LO configuration LOR1; (bottom) Phase-based 

images at f* for all the defects for random LO configuration LOR1.  

 

Figure 8 Images attained after denoising at f* for random LO configurations { LOR2- LOR4}: (right) defect D1; 

(left) defect D2 



It can be seen that, except for the outer defect D5, the SNR(fk) curves for IMMFM images 

are flat and close to the limit value 3 of the SNR expected for an Additive White Gaussian 

Noise based on the SNR definition [18]. On the other hand, the SNR(fk) curves for IMMFP 

show typical trend expected also for the case of constant LO [18]. In particular it can be seen 

that the SNR value at  the lowest frequencies is quite constant for all the defects, then 

increases up to the maximum value and afterwards fall down to the minimum limit value for 

 
Figure 10   SNR(fk) curves obtained for all the defects in the lift-off configuration LOR4:  

(left) amplitude-based image IMMFM (right) phase-based image IMMFP 

 
 

Figure 9 Images acquired at f* for random LO configurations LOR4 for all the defects: (top) after denoising; 

(bottom) after denoising and  deconvolution 



the highest frequency.  The maximum of the SNR is reached at an f* value that increases as 

the defect depth decreases as well as the SNR decay shifts to highest frequencies as the defect 

depth decreases. This is in perfect agreement with the theory and therefore the f* is  

correlated with the defect depth.   To further test the robustness of the phase-SNR feature 

with respect to lift-off variations, the simulations of point-by-point random LO variation have 

been repeated hundred times for each defect, analyzing the distribution of f* and of SNR(f*).  

It was found that SNR(fk) trend is very stable both in amplitude and shape, then representing 

a good feature for experimental data. Moreover, all the SNR(fk) curves obtained for random 

lift-off configuration LOR4 fall between the curves obtained at lowest and highest LO values, 

nearly the center.  As example, Figure 11 reports all the SNR(fk) curves obtained for defect 

D1,D2 and D6. The thick lines represent the SNR(fk) curves at fixed LO values, the thin gray 

lines report the SNR(fk) lines obtained for 100 simulations with  lift-off configuration LOR4. 

C.TEST III Results: arbitrary random lift-off variation. 

 

As final test, arbitrary 2D lift-off functions have been simulated by interpolating the 

experimental data collected at various lift-off values (see Subsection III-D).  Precisely we 

simulated the lift-off as a sum of a point-by-point random component plus a deterministic 

component due to, for instance, curvature of the sample rather than misalignment of the 

translation stage, etc.  Figure 12 illustrates the 2D surface corresponding to three among the 

various configuration tested and Figure 13 reports the images obtained after denoising for 

 

Figure 11   Comparison between SNR(fk) curves obtained at fixed lift-off (red, blue ,green and black lines) and 

SNR(fk) curves achieved in the lift-off configuration LOR4 (gray lines). (left) curves for defect D1, (middle) 

curves for defect D2, (right) curves for defect D4 



these three configurations with amplitude- and phase- based imaging. It  confirmed the 

enhanced robustness of phase with respect to change of lift-off. Finally, Figure 14 shows the 

SNR(fk) curves for both amplitude and phase analysis for the three arbitrary lift-off 

geometries. The SNR(fk) curve derived from phase-images remains “well-behaved” as for 

random variation.  

CONCLUSIONS 

A thorough comparison of eddy current imaging procedures based on amplitude and phase 

analysis has been executed on experimental data collected by using multi-frequency 

excitation on different defects in presence of variable lift-offs. The obtained imaging results 

have been quantitatively compared by means of a suitable SNR-merit factor that allows the 

evaluation of the image quality. A number of experiments have shown how lift-off variations 

affect the SNR and hence the image quality, allowing or not the detection of the defect 

investigated. It has been found that images derived from phase analysis are extremely robust 

with respect to lift-off variations. Conversely, images derived from amplitude analysis; 

though achieve higher SNR’s for fixed lift-off, are very sensitive to fluctuations of the lift-

off. This lift-off insensitivity of SNR evaluated on the phase together with its frequency 

behavior on the different defects seems to be a robust feature from which information about 

the defect depth can be inferred. 

 

Figure 12   Simulated arbitrary 2D lift-off variations:(left) parabolic surface with point-by-point random noise, 

(middle) saddle-point surface with point-by-point random noise, (right) inclined plane with point-by-point 

random noise, 



 

 
 

Figure 14  Comparison between SNR(fk) curves obtained for the three arbitrary lift-off variations with (top) 

amplitude and (bottom) phase analysis. 

 
Figure 13    Images attained at f* for arbitrary  LO configurations for all the defects: (left) amplitude analysis, 

(right) phase analysis  
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