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Abstract. In this chapter, we report the utilization of spin-valve type giant 
magnetoresistance (GMR) sensors in non-destructive evaluation (NDE). The 
NDE application is the inspection of high-density printed circuit boards (PCBs) 
based on the eddy-current testing (ECT) technique. An ECT probe with a GMR 
sensor is presented for the inspection of high-density double-layer PCB models. 
The utilization of a GMR sensor as a magnetic sensor showed that PCB inspec-
tion could be performed with high-spatial resolution and sensitivity, over a 
large frequency range. 

1 Introduction 

Giant magnetoresistance (GMR) sensors have great potential to be used as magnetic 
field detectors because they are sensitive to low-magnetic fields with high spatial 
resolution and can be easily integrated with existing semiconductor electronics [1-13]. 
Due to advancements in micro/nano technology they can be expanded to compact 
array structures and fabricated in a large scale [14-18]. GMR sensors are energized by 
applying a constant current and the output voltage is an indication of the change in 
resistance due to the change in applied magnetic field. High spatial resolution GMR 
probes are presented in this chapter for inspection of printed circuit boards (PCBs). 

Electrical contact tests, and/or non-electrical, non-contact methods such as auto-
matic visual/optical inspection, have been routinely used for the inspection of PCBs 
for defects for many years [19-25]. While electrical tests can be used to obtain infor-
mation about many types of defects it cannot detect potential defects such as line 
width or spacing reductions. Automatic visual/optical inspection procedures are inex-
pensive and provides high throughput but can only inspect the outer surface of a PCB. 
Eddy-current testing (ECT) is a popular non-contact, non-destructive  evaluation 
(NDE) method that is usually applied to evaluate material flaws without changing  
or altering the material under test [26, 27]. Defects on a PCB conductor can be  
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investigated by eddy-current flow. The ECT probe employed in this research for the  
inspection of PCBs consists of a planar meander coil for excitation and a GMR sensor 
for detection. The aims of this research is to use the ECT probe to analyze and en-
hance the ECT signal for the easy identification of any defect points on the PCB con-
ductor, to improve the scanning speed and resolution for detecting imperfections of 
the PCB conductor, and also to obtain PCB conductor dimensions and alignment. 

2 ECT Technique Based Application 

2.1 Introduction  

NDE is an examination, test, or evaluation performed on any type of tested object 
without changing or altering that object in any way, in order to determine the absence 
or presence of conditions or discontinuities that may have an effect on the usefulness 
or serviceability of that object [28, 29]. NDE may also be conducted to measure other 
test object characteristics, such as size; dimension; configuration; or structure, includ-
ing alloy content, hardness, grain size, etc. The most common NDE methods are  
visual inspection, magnetic particle testing and ultrasonic testing. ECT is an NDE 
technique which is sensitive to very small cracks or flaws on a test specimen surface 
and subsurface. Several  high-performance ECT probes have been developed based 
on exciting coils and magnetic sensors for, detecting dangerous cracks around fasten-
er hole and engine components in aircrafts [30-33], and inspection of cracks, flaws as 
well as corrosion in power plant equipment, reactor, turbine, thick structures and pipe-
line systems [34-37]. Magnetic sensors play a key role in ECT-based inspection sys-
tems [38]. Several kinds of magnetic sensors such as Hall, GMR, SQUID, etc. have 
been successfully used as ECT probes for non-destructive detection of material cracks 
[39]. Moreover, inspection techniques such as multi frequency ECT and pulse ECT 
have been developed for thin metal tubes and sheets, as well as metal cladding for 
measuring thickness and for the location and sizing of internal defects [40]. 

Eddy-currents are closed loops of induced current circulating in a plane perpendi-
cular to the direction of a time varying magnetic flux density B. The variation of B, 
generates an electric field intensity E, in the loop as expressed by Maxwell’s equation 
in equation (1). 

t∂
∂−=×∇ B

E . (1)

Therefore, the current density J, in a material with conductivity σ, also  circulates in 
the loop because: 

EJ σ= , (2)

where B, E, J and σ are in T, V/m, A, and S/m respectively. 
Eddy-currents are referred to as “eddy-current losses” when they occur in electrical 

machines such as motors and transformers because they degrade the performance of 
such devices. On the contrary, eddy-currents are useful when applied to detect flaws 
or cracks on metallic materials; this forms the basis for the ECT technique. 
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The frequency of the applied magnetic flux has an effect on how deep the electric 
field intensity penetrates into the conductive material. Its amplitude is attenuated ex-
ponentially with depth. The distance through which the amplitude decreases by a 

factor 1−e  is known as the “skin depth” or the “penetration depth” of the material 
and it can be expressed as 

,
1

μσπ
δ

f
=  (3)

where δ is the skin depth (m), f is the frequency of B (Hz) and µ  is the permeability. 
Skin effect arises when the eddy-currents flowing in the test object at any depth 

produce a magnetic flux which opposes the primary flux, thus reducing the total mag-
netic flux and causing a decrease in current flow as depth increases. Alternatively, 
eddy-currents near the surface can be viewed as shielding the coil's magnetic flux, 
thereby weakening the magnetic flux at greater depths and reducing induced currents. 
From equation (3), increasing of frequency of the applied B, σ and µ  of the specimen 
are the cause of decreasing of skin depth. This effect is very  useful when it is applied 
to ECT technique for detection of cracks or flaws on conductive material at difference 
depths.  

The proposed ECT probe consists of an exciting coil and a magnetic sensor as 
shown in Fig. 1. A sinusoidal current is fed to the exciting coil to generate a B over 
the conductive material. Eddy-currents are induced and circulate in the conductive 
material due to the B from the exciting coil; the eddy-currents in turn also generate its 
own B. B generated from eddy-currents are normally uniform. Therefore, the output 
signal that is obtained from the pick-up coil is constant. Whenever there is a defect on 
the conductive material, eddy-currents change its path leading to a non-uniform B, 
resulting in a change in the output signal at the pick-up coil; thus defect points can be 
identified on a given material under test.  
 
 

  

Eddy-currents
Magnetic fields

from eddy-currents

VAC

Exciting coil

Pick up coil or
magnetic sensor

Magnetic fields
from exciting coil

 

Fig. 1. Basic principle of eddy-current testing technique on crack detection 
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Eddy-currents can be applied to test not only cracks or flaws but also the following 
variables: 

- Conductivity variations 
- Spacing between probe and specimen 
- Material thickness 
- Thickness of plating or cladding on a base material 
- Spacing between conductive layers 
- Permeability variations 
 
Although the ECT technique can be used for many applications, many   factors such 
as conductivity, permeability, lift-off height and coil design have an influence on test 
performance. 

2.2 PCB Inspection Based on ECT Technique 

2.2.1   Design and Construction of the ECT Probe 
The proposed ECT probe, which consists of a long planar meander coil serving as an 
exciting coil, and a magnetic sensor, was fabricated for PCB inspection as shown in 
Fig. 2. The long planar meander coil was used as an exciting coil because it provides 
the advantages of easily developing the matrix sensor to improve the scanning speed 
[41, 42] and of providing a short distance between the sensor and tested object. The 
long planar meander coil was made from copper with 35 µm thickness. Two films 
made from Polyimide are needed to separate the planar meander coil from the mag-
netic sensor and the PCB conductor. Thickness of the film is 50 µm therefore; the 
total thickness of the planar meander coil is around 135 µm. The two-dimensional  
(2-D) B distribution of the planar meander coil is shown in Fig. 3. This figure shows 
that the B generated by the planar meander coil are distributed only in the x and y  
direction. 

Magnetic sensors have to be set up in the sensing direction in order to detect the B 
only in the scanning direction. As shown in Fig. 4, the spin-valve type GMR used as 
the magnetic sensor consists of 4 strips and each strip has dimensions of 100 µm × 
18 µm. Therefore, the total effective area of the GMR sensor is 100 µm × 93 µm with 
a 7 µm gap between the strips. In comparison of sensor structure, it can be said that 
distance between the GMR sensor surface and PCB conductor or lift-off height is at 
least 135 µm, whereas other sensors such as solenoid coils have higher lift-off than 
the GMR sensor.  

2.2.2   PCB Defect Detection Using the ECT Probe 
High-frequency exciting currents are fed into the planar meander coil to generate a B 
distributed over the PCB conductor as shown in Fig. 5. The exciting currents normally  
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flow in z axis or scanning direction. The eddy-currents flowing in the PCB conductor 
are induced by the applied B and also flow in z axis or scanning direction. Because of 
the skin depth effect, the eddy-currents flow very close to surface or boundary of the 
PCB conductor. Whenever a defect or the PCB conductor boundary that is perpendi-
cular to scanning direction is found, the eddy-currents will change its path and flow in 
x direction generating a magnetic flux density Bz,  flowing in the z direction. There-
fore, defects on the PCB conductor or the conductor boundary can be identified if Bz 
is detected. Partial defects, occurring on both PCB conductor width and PCB conduc-
tor thickness,   also have an effect on the eddy-current path. As show in Fig. 6, low  
eddy-currents flowing in the x axis generate a weak Bz.  
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(b) Cross section 

Fig. 2. Proposed ECT probe for printed circuit board inspection 
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Fig. 3. Magnetic flux distribution obtained from a meander coil with 4 turns 
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Fig. 4. The GMR sensors used in experiments 

 

Scanning

Exciting current

y

x
z

Eddy-current

DC current

Conductor disconnectionPCB conductor

Meander coil

Sensing axisBz

Bz

Bz

Bz Bz

Bz

SV-GMR sensor

r

r

r

r

r

r

r

r

r

r

r

Exciting magnetic fields

Magnetic fields from eddy-current flow  

Fig. 5. Basic principle of ECT technique for printed circuit board inspection 



 High-Spatial Resolution Giant Magnetoresistive Sensors 217 

 

y

x
z

Defect

Eddy-current

Bz

Defect

Eddy-current

Bz

 
Fig. 6. Eddy-current paths for partial defects occurring on a PCB conductor, in width (left) and 
thickness (right) 

 
It is more difficult to measure Bz than By, because Bz appears at a very short dis-

tance from the test PCB conductor and its value is not as high as By. However, Bz only 
appears when there are defects or at the boundaries of a PCB conductor. The output 
signal does not have to be extracted from other signals as in case of the inspection 
utilizing By. The magnetic sensor moving above the test PCB conductor is not pene-
trated by Bz until it encounters a defect; therefore, the magnetic sensor is less suscept-
ible to noise in the output signal. This is a big advantage of the proposed ECT probe 
and the main reason for its high sensitivity. To detect the defect occurring on the PCB 
conductor, the magnetic sensor, therefore, has to detect only Bz or the magnetic flux 
density that is parallel to the scanning direction. 

2.2.3   Finite Element Analysis of Eddy-Current Flow 
Eddy-currents flowing in the PCB conductor and B distribution generated by the ed-
dy-currents were studied based on the Finite Element Method (FEM). Three types of 
defects on the PCB conductor, namely conductor disconnections, partial defects on  
 
 

 
(a) 100 μm PCB conductor width. 50 μm PCB conductor width. 

 
Fig. 7. Magnetic flux distribution over a PCB conductor at an exciting frequency of 5 MHz 
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(a) 100 μm PCB conductor width. (b) 50 μm PCB conductor width. 

 
Fig. 8. Magnetic flux distribution over a PCB conductor at an exciting frequency of  
10 MHz 

 

 
PCB conductor width, and partial defects on PCB conductor thickness, are analyzed. 
Disconnection length of 50 µm is allocated on the conductor disconnection model. 
For partial defects, the disconnection region also is set to 50 µm where the disconnec-
tion region is only 50 % of the PCB conductor. The skin depth or depth of penetration 
is an important parameter that must be considered. The skin depth of copper at a fre-
quency of 5 MHz can be calculated by referring to equation (3). Sinusoidal current of 
200 mA at a frequency of 5 MHz and 10 MHz was fed to the planar meander coil 
model to generate a B over the PCB conductor. As shown in Fig. 7, because of flux 
penetration effects, B distribution over the PCB conductor at a frequency of 5 MHz 
differs from one without a PCB conductor, as was seen in Fig. 3. A narrow PCB     
conductor has less effect than a wide PCB conductor. In case of high frequency (10 
MHz)  excitation, the flux penetration effect is stronger than that at a frequency of 
5 MHz as shown in Fig. 8. Eddy-currents flow on a PCB conductor and the resulting 
magnetic flux distribution over the PCB conductor when a defect is found on the PCB 
conductor are shown in Fig. 9. Eddy-currents usually flow along the scanning direc-
tion, but whenever there is a defect or soldering point on the PCB conductor the eddy-
currents change its path resulting in a measurable Bz. Moreover, the distribution of 
eddy-currents is mainly along the PCB conductor boundary because of skin depth 
effect. Therefore, peak values of Bz appear at the defect point region or the PCB  
conductor boundaries. 
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Fig. 9. Eddy-current flow in a PCB conductor for different types of defects 

Based on FEM analysis, the magnetic flux distribution over a PCB conductor with 
defects is shown in Fig. 10. Bz fluctuates at the defect point or displacement distance 
at 0 mm. The wider PCB conductor generates a higher Bz variation than the narrow 
PCB conductor because of high-density eddy-current flow. For a partial defect on the 
PCB conductor track width, magnitude of magnetic flux density variation at partial 
defect on PCB track width does not differ from that of a conductor disconnection 
point. In addition, the effect of exciting frequency and PCB conductor width influ-
ences the B variation at a defect point. A partial defect on PCB thickness generates 
the lowest B variation because of low eddy-current flow. However, the B variation is 
high enough to be detected by the magnetic sensor. 

 
2.2.4   Solder Microbead Detection by the ECT Probe 
The proposed ECT probe is also applied to detect solder microbeads that are placed 
on the PCB for assembly; Ball Grid Array (BGA) package based on surface mounting 
technology. As shown in Fig. 11, the principle of solder microbead detection is simi-
lar to the inspection of PCB defects. Eddy-currents are induced by alternating exciting 
B which flow on the  surface of the microbead. These eddy-currents generate a Bz 
that usually occur at the microbead boundary. Therefore, the ECT probe can obtain   
information about the position of the microbead by detecting Bz as in the case of PCB 
defect detection. 

The same technique as mentioned above was applied to analyse the magnetic flux 
distribution obtained from eddy-current flow inside a solder microbead. The micro-
bead size of 125 µm radius (250 µm diameter) was used in the analysis model. Eddy-
currents are induced and flow in the microbead as shown in Fig. 12 and this  
eddy-current flow generates a Bz as shown in Fig. 13. The shape of the signal obtained 
in the solder ball region is very similar to the signal obtained at the disconnection 
point of the PCB conductor. At the microbead center, the signal changes from positive 
to negative at a displacement distance of 0 mm. Therefore, the FEM analysis results 
confirm that the proposed ECT probe can also be applied for the detection of solder  
microbeads. 
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(a) Conductor disconnection 
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Fig. 10. Magnetic flux density in scanning direction (Bz) for different defect types over the 
reference line, as in Fig. 9 
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Fig. 11. Detection of solder microbeads by the ECT probe 
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Fig. 12. Eddy-current flow inside a solder microbead of 125 μm radius when placed under a 
meander coil generating a magnetic flux density at a frequency of 5 MHz 
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Fig. 13. Magnetic flux distribution Bz over the solder microbead obtained from FEM analysis; 
exciting frequency is 5 MHz 
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2.3 ECT Probe Characteristics and Inspection System 

2.3.1   Characteristics of the GMR Sensor   
A magnetic flux density ranging from -4 to 4 mT are generated by a DC exciting cur-
rent that is fed to the Helmholtz coil. The nominal resistance of the GMR sensor is 
400 Ω. The DC characteristic of the GMR sensor in its sensing axis is shown in  
Fig. 14. From the characteristics, the proposed GMR sensor has a maximum magneto-
resistance ratio of approximately 12 % of its normal resistance, or has a resistance 
variation between 370 and 420 Ω. The linear region sensitivity of the proposed GMR 
is  approximately 12 %/mT or 48 Ω/mT with a low hysteresis loop. Moreover, the 
GMR sensor has a high-sensitivity in the applied B range from -1 to 1 mT. 
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Fig. 14. DC characteristics of the GMR sensor 
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Fig. 15. Small signal AC characteristics of the GMR sensor at an exciting frequency of 100 
kHz 
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Small signal AC characteristics of the GMR sensor in the x, y and z axes were 
tested with a B in the range of -200 to 200 μT; the detected B generated from eddy-
current, for the purpose of PCB inspection, is smaller than ±200 μT. A DC bias cur-
rent of 4 mA, the usual bias current used in the experiment, is applied to the GMR 
sensor. The small signal characteristics of the proposed GMR sensor are tested at a 
frequency of 100 kHz as shown in Fig. 15. From the characteristics it can be seen that 
the GMR sensor is most sensitive in the z (sensing) axis. The sensitivity of the pro-
posed GMR sensor in the sensing axis is around 150 μV/μT. 
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(a) Exciting frequency of 100 kHz. 

-30

-15

0

15

30

-220 -110 0 110 220

Exciting magnetic fields (μT)

V
ol

ta
ge

 v
ar

ia
ti

on
 a

cr
os

s 
S

V
-G

M
R

 (
m

V
)

 

(b) Exciting frequency of 1 MHz. 

Fig. 16. Effect of external magnetic flux amplitude on the GMR sensor output 
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Fig. 17. Effect of an external magnetic flux density Bx on Bz and GMR sensor output 

The sensitivity of the GMR sensor in the linear region is independent of the applied 
B amplitude as shown in Fig. 16. However, there is a marked increase in hysteresis 
with increasing B and frequency. Therefore, the GMR sensor used in the high-spatial 
ECT probe will be operated at magnetic flux densities lower than 20 μT; so that hys-
teresis effects will be at a minimum when the probe is used for defect detection.  
Planar meander coils normally generate a B in the x and y direction; therefore, expe-
riments were done to observe the effect Bx has on the detection of Bz. Figure 17 shows 
the effect of constant external magnetic flux density Bx at the same frequency of mag-
netic flux density Bz and its effect on the GMR sensor output. It can be seen that the 
Bx results in a constant resistance variation, whereas resistance variation depends on 
the external magnetic flux density Bz. This shows that the constant magnetic flux 
densities in other axes have no effect on the detection of Bz.  

 
2.3.2   Characteristics of the ECT Probe for PCB Inspection 
Three types of defects on a PCB conductor are experimentally analyzed. 9 μm thick 
PCB conductors made from Cu coated with 0.05 μm Au were used as a PCB model 
with conductor disconnections and partial defects on the PCB track width as shown in 
Fig. 18. Conductor disconnections ranging from 50 to 500 μm were allocated on the 
PCB conductor as shown in Fig. 18 (a). Distance between the defects is 10 mm. For 
partial defects on PCB conductor track width, the conductor disconnection region was 
fixed at 100 μm as show in Fig. 18 (b). The conductor disconnection regions vary 
from 25 % of PCB track width to a total disconnection. For partial defects on PCB 
thickness, PCB conductors with thickness of 35 μm are used. Two chipping defects, 
as shown in Fig. 18 (c), were allocated on the model. The disconnection region is 
fixed at 100 μm as in the case of partial defect on PCB track width. 
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(a) Conductor disconnection model (top view). 
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(b) Partial defect on PCB conductor track width (top view). 
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Fig. 18. Model of defect on PCB conductor 

 
The B generated by eddy-current flow at defect points on a PCB conductor can be 

detected by the ECT probe as shown in Fig. 19; the signal obtained from the ECT 
probe agrees with the aforementioned FEM analytical results. The signal has the same 
pattern and its amplitude depends on defect size; the phase of the ECT signal also 
varies at defect points. As shown in Figs. 20 and 21, although the ECT signal varia-
tions are very small, the utilization of the GMR sensor as a magnetic sensor provides 
the possibility of defect detection on a narrow, 50 μm wide, PCB conductor and a 
conductor disconnection length of 70 μm. The noise level is constant at around 
0.7 μV. As shown in Fig. 21, signal variation depends on PCB conductor size and 
decreases almost linearly. Imperfections on a PCB   conductor track width and 
thickness can also be inspected by the ECT probe. Figures 22 and 23 show the signal 
variations at partial defects on a PCB conductor track width and thickness, respective-
ly. The signal variations at partial defects are lower than the signal variations at con-
ductor disconnections. The signal variations at thickness defects are very small but 
large enough to identify the defect points. 
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Fig. 19. ECT signal and its phase obtained from scanning over a 200 μm wide PCB conductor 
using the ECT probe  
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Fig. 20. Signal amplitude variation for different conductor disconnection lengths 
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Fig. 22. Signal amplitude variation for partial defects on PCB conductor track widths 
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Fig. 23. Signal amplitude variation for partial defects on PCB conductor track thicknesses 

The ECT signal waveforms in Fig. 24 obtained from the detection of a solder mi-
crobead with 125 μm radius at the frequency of 5 MHz and 10 MHz agree with the 
ECT signal waveforms obtained from FEM analysis. The determination of the micro-
bead position is done by considering the peak of signal gradient. Figure 25 shows the 
maximum variation of the ECT signal versus the radius of the solder microbead, rang-
ing from 125 to 300 μm. The maximum signal variation at an exciting frequency of 
10 MHz decreases with the solder microbead radius and it is lower than the signal 
variation at exciting frequency of 5 MHz when the solder microbead radius is bigger 
than 200 μm. This is because the planar meander coil cannot generate a uniform B 
distribution. The experimental results also shows that signal variations at the solder 
microbead depend on the frequency of the exciting B and the solder microbead radius. 
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Fig. 24. ECT signal obtained from the detection of a solder microbead (PbSn) with 125 μm 
radius and its signal gradient 
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Fig. 25. Maximum signal variation vs. conductive microbead (PbSn) radius 

2.3.3   PCB Inspection System 
The PCB inspection system consists of two parts as shown in Fig. 26; the data acqui-
sition process by the ECT technique and the image processing technique used to iden-
tify defect points on a PCB conductor. PCBs are scanned and the collected data is sent 
for identification of defects. The data acquisition apparatus consists of the ECT probe, 
a PCB position controller, exciting system, and measurement system, as shown in 
Fig. 27. The position controller is controlled by the computer for scanning regions on 
PCBs. High-frequency excitation at a frequency of 5 MHz is generated by a function 
generator and is fed to the power amplifier before feeding to the meander coil. The 
output signals from the ECT probe are very weak and comprise many unwanted sig-
nals; the harmonics and high-frequency noise. Therefore, the signal-to-noise ratio 
must be improved. 
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Fig. 26. PCB inspection system 
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Fig. 27. Data acquisition system based on ECT technique 
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A lock-in amplifier based on phase-sensitive detection can be used to measure very 
small signals embedded in a lot of noise. This is because phase-sensitive detection can 
improve signal-to-noise ratio of noisy signals, which is usually higher than 60 dB 
[43]. A simple block diagram  representing the basic principle of a lock-in amplifier 
is shown in Fig. 28. The input signal ( ) ( ) +++= noisenoisenoisessin tVtVtv θωθω sinsin)( , 

which consists of a signal and noise term, (where Vnoise, ωnoise, and θnoise are amplitude, 
frequency, and phase shift of the noise, respectively), is multiplied by the sine and 
cosine function at the fundamental frequency. 

Therefore, the noisy signal can be obtained as following: 

( ) ( ) ( ) ( )srssrsx tVVV θθωθθ +++−= 2sin2sin22

( ) ( )( ) −+−+ noisernoisenoise tV θθωωcos2

( ) ( )( ) ++++ noisernoisenoise tV θθωωsin2 . 

(4)

( ) ( ) ( ) ( )srssrsy tVVV θθωθθ +++−= 2cos2sin22

( ) ( )( ) −+−+ noisernoisenoise tV θθωωsin2

( ) ( )( ) ++++ noisernoisenoise tV θθωωcos2 . 
(5)

It can be seen from equations (4) and (5) that there are 3 components; DC, low-
frequency, and high-frequency. Due to the relationship between time constant τ, and 
cut-off frequency fc, the AC component can be rejected by the low pass filter resulting 
in only a DC component, by increasing the time constant τ. If the low-frequency 
component is very close to DC, time constant of the low pass filter needs to be in-
creased in order to eliminate the low-frequency component. This means that the ECT 
probe have to wait until the lock-in amplifier acquires a steady state value before the 
ECT probe can be moved to measure the signal at the next position. This is a cause of 
scanning speed restriction if a lock-in amplifier is used to measure the ECT signal. 

Fourier analysis can also be applied to measure low, noisy signals. By applying 
Fourier analysis on the measured signal, the signal amplitude at the required frequen-
cy can be extracted in a shorter time than by using a low pass filter. Amplitude of the 
signal at the fundamental frequency can be obtained within a few cycles of the meas-
ured frequency (5 MHz) [44]. Therefore, the PCB inspection with high-speed scan-
ning can produce inspection results without or minimum distortion. A Fourier series is 
an expansion of a periodic function f(t) in terms of an infinite sum of sines and co-
sines. The computation and study of Fourier’s series is known as harmonic analysis 
and is extremely useful as a way to break up an arbitrary periodic function into a set 
of simple terms that can be plugged in, solved individually, and then recombined to 
obtain the solution to the original problem or an approximation to it to whatever  
accuracy is desired or practical.  
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A signal f(t) can be expressed by a Fourier’s series in the form: 

( ) ( ){ },sincos2/)(
1

0 
∞

=
++=

n
nn tnbtnaatf ωω  (6)

where n represents the rank of the harmonics (n = 1 corresponds to the fundamental 
component). The term 20a  represents the mean value or DC component of wave-

form and an and bn are Fourier coefficients. 

2.4 High-Density PCB Inspection 

2.4.1   PCB Defect Inspection 
As shown in Fig. 29, ten PCB conductors with different conductor widths, W, and 
gaps, G, was used as a model. Two PCB models were used: 

1) 100 µm PCB conductor width, W, with 200 µm gap, G 
2) 100 µm PCB conductor width, W, with 100 µm gap, G 
 

5 mm

W

G

 

Fig. 29. Single layer PCB model used in an experiment 

The PCB images and scanning results after image processing was applied, as shown 
in Fig. 30. The same defects were allocated on both the PCB models. The smallest 
conductor disconnection was only 20 µm. Furthermore, different kinds of partial de-
fects were located on this model. The scanning results show that the ECT probe can 
inspect defects on a PCB conductor. From the inspection results of a bare PCB with a 
100 µm track width, the defects on PCB conductor are not difficult to identify    
although the images are not clear. PCB conductor gap is one of the parameters that 
affect the signal variations. Signal variations at defect points decrease when the gap 
between PCB conductors is small and if the spatial resolution of the GMR sensor is 
not high enough. Hence, the spatial resolution needs to be increase for the inspection 
of high density PCBs that with less than 100 µm gap. 

Distance between PCB conductors and sensing level is very important for inspec-
tion of the bottom-layer of double-layer PCBs. Figure 31 shows the inspection results 
obtained from scanning over a 100 μm wide PCB conductor. The GMR sensor can 
detect the B variation at defect points and provides variation of both signal amplitude 
and phase. The complex plane is convenient to represent the variation of both signal 
amplitude and phase at defect points as real and imaginary components. The results  
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Fig. 30. Inspection results of the PCB model with 100 µm PCB conductor width (W) and gap 
(G) of 200 µm (left) and 100 µm (right) 

show that the proposed ECT probe is able to inspect the defects on the PCB conductor 
with 235 μm lift-off height although the signal variations are very small. This means 
that the probe is capable of inspecting the defects at the bottom layer if the distance 
between PCB conductor and sensing level is less than 200 μm. Two models of high-
density double-layer PCBs with a dimension of 5 mm × 5 mm as shown in Fig. 32 
was used for experiments. Both models have a conductor width of 100 μm with 100 
and 200 μm gaps between its conductors. The top layer has PCB conductors parallel 
to the x direction while the conductors are in the bottom layer. The disconnection and 
partial defects are also allocated on both the top and the bottom layer of the PCB 
model. 2-D images reconstructed from the ECT signals obtained from scanning over 
the top layer of the both PCB models in x and y directions are shown in Figs. 33 and 
Fig. 34. Numerical gradient technique is a simple image processing technique that is 
used to eliminate signal offset and to enhance the signal at the defect points. The 2-D 
images show that the proposed ECT probe is capable of inspecting the defect clearly 
although the defect points are also allocated on bottom layer of the test PCB. Moreo-
ver, not only conductor disconnections but also imperfections on PCB conductor can 
be detected.  
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(a) Lift-off height = 185 μm 
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(b) Lift-off height = 235 μm 

Fig. 31. Complex plane of ECT signal obtained from scanning over a 100 μm wide PCB con-
ductor, at different distances from sensing level to the PCB conductor 
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Fig. 32. Double layer PCB models. (a) 100 μm PCB conductor model with gap of 200 μm, and 
(b) 100 μm PCB conductor model with gap of 100 μm 
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Fig. 33. PCB inspection results for a 100 μm conductor width with a gap of 200 μm 
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Fig. 34. Eddy-current flow (a) magnetic flux density over a PCB conductor in the sensing di-
rection on the Z line from A to B; (b) when the probe scans along the PCB conductor 

2.4.2   PCB Dimension and Alignment Inspection 
Eddy-currents are usually distributed near the PCB conductor boundaries, as in Fig. 34 
(a). Therefore, peak values of B in sensing direction occur near PCB conductor boun-
daries that are perpendicular to the scanning direction. These characteristics indicate 
that both length and width of the PCB conductor can specified by considering the peak 
values of B with measurement error less than 70 μm and 30 μm, for measurement of 
PCB conductor length and width, respectively. For precise measurement,  exciting 
frequency should be higher than the frequency in simulation to generate eddy-currents 
flowing as close as possible to the PCB conductor boundary. Therefore, peak values of 
B in sensing axis will occur very close to PCB conductor boundary that is perpendicu-
lar to scanning direction. Absolute measurement errors, when the probe has been ap-
plied to measuring PCB conductor width and disconnection length, are shown in 
Fig. 35 (a) and (b) respectively. From these results, absolute measurement errors are 
lower than 100 μm for measurement of PCB conductor width. In case of conductor 
disconnection and PCB conductor length measurements, the absolute measurement 
errors are lower than 400 μm. However, it is not more than 200 μm when disconnec-
tion or gap between PCB conductors that are longer than 200 μm is measured. 
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Fig. 35. Absolute measurement errors obtained when the ECT probe is used to measure PCB 
conductor width (a) and disconnection length (b) 

High-density PCB models with 100 μm PCB conductor width were used as a mod-
el in the experiment and gap between the conductors is 100 μm, as shown in Fig. 36 
(a). The high-density PCB model images and its reconstructed 2-D images from ECT 
signals without offset are shown in Fig. 36 (b). Conductor disconnection and partial 
defects were allocated on the conductor. Basic filtering techniques were applied to 
eliminate noise before the reconstruction of the 2-D image. From the reconstruction of 
the 2-D image, the defect points on the conductor were clearly identified. The PCB 
conductors are able to be identified by considering the peak of ECT signal as shown 
in the strip chart. Inspection of the larger gap model provided not only clearer details 
and easier identification of PCB conductor size but also gap between conductors (with 
error less than 100 μm) than the smaller gap model. In addition, the distance between   
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defect points, both the larger and smaller gap model, is also able to be specified accu-
rately with an error less than 200 μm. However, more effective image processing 
techniques should be applied to improve the information [45, 46]. 
 

 

  

Fig. 36. High-density PCB images of a 100 μm wide PCB conductor; (a) inspection results (b) 
with gaps of 100 μm. The strip charts obtained from the line reference show the high signal 
variation occurring at the PCB conductor region. 
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Fig. 37. Identification of the solder microbeads by the application of numerical gradient to the 
ECT signals 

2.4.3   Ball Grid Array Detection 
The numerical gradient technique is applied to ECT signals obtained from the detec-
tion of solder microbeads [47, 48]. The results show that the   numerical gradient is 
able to enhance the signal at the microbead as shown in Fig. 37. As a result, the mi-
crobead position is easily identified by considering the peak of the signal gradient.  
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In addition, the pitches of the conductive microbead are also measured by considering 
the peak of the signal gradient. The solder microbead array model with 250 μm di-
ameter and 410 – 460 μm microbead pitches and its detection results are shown in 
Figs. 38 (a) and (b) respectively. The proposed ECT probe scans over the solder mi-
crobead with areas of 4 mm × 4 mm. Form the detection results, the solder micro-
beads are clearly recognized and the pitches of the conductive microbead are also 
accurately specified with errors within 50 μm. 
 

 

       
(a)     (b) 

Fig. 38. Solder microbead array model (a) and its detection results (b) 

3 Conclusions 

The design and development of an ECT probe for high-density PCB inspection was 
reported in this section. The ECT probe consists of a magnetic sensor and a planar 
meander coil functioning as an exciting coil. A GMR was chosen as the magnetic 
sensor because it provides the advantages of high-spatial resolution due to small di-
mensions, high sensitivity to low magnetic fields over a broad range of frequencies.   
Moreover, it is inexpensive and is able to operate at room temperature. Behavior of 
eddy-current flow and magnetic flux distribution was studied using FEM and the 
results confirmed that the proposed ECT probe can be applied to high-density PCB  
inspection.  

The GMR sensor was characterized in order to determine its capability of magnetic 
field detection and sensitivity; these results were used to develop a high performance 
ECT probe. Characterization of the probe with GMR sensor showed that measure-
ment could be performed with high signal-to-noise ratio. Furthermore, the probe with 
GMR sensor is capable of defect detection on PCB conductor with width of 70 μm 
and thickness of 9.05 μm. Three kinds of defect were tested in the experiment. The 
first was conductor disconnection, the second was partial defect on PCB track width, 
and the third was partial defect on PCB thickness. The results show that the inspection 
results can be performed by the proposed ECT probe. Inspection of high-density  
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single and double layer PCB models were demonstrated. Inspection of the PCB model 
with conductor width and gap of 100 μm was performed by the proposed ECT probe. 
In case of double layer PCB inspection, the probe is capable of inspecting the defects 
at the bottom layer if the distance between PCB conductor and sensing level is not 
over 200 μm. Moreover, dimension and alignment of PCB conductor can also be 
examined. Consideration of the peak of magnetic flux density that usually occurs at 
boundary of PCB conductor is useful for investigation of PCB dimensions and align-
ment. The inspection results showed that the proposed ECT probe is able to examine 
PCB conductor dimensions and alignment with an error less than 200 μm. Further-
more, the ECT probe was also successfully utilized to detect the position of 125 μm 
radius solder microbeads on a BGA. 
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