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Abstract
Thin printed circuit boards (PCB) are the construction part in multilayer PCB manufacturing. Modern PCB
technologies offer buried capacitance embedded in one of the layers. In order to increase the capacitance per area
ratio high relative permittivity material is stacked between two copper layers. It is difficult to avoid trapping air
bubbles in prepreg during PCB laminate production. Use of high relative permittivity is more sensitive for any
inclusions which are of lower permittivity. In such case it is important to locate the air bubbles trapped in this
dielectric material. Effective technique for inclusions location ultrasonic inspection was suggested. It is based on
assumption that majority of the PCB are inspected does not contain defects. Then, averaged signal from all
inspection area is representing a fault-free A-scan. Subtracting such signal from A-scan obtained at every
individual position would enhance the signal from faulty areas. Experimental investigation results are given for
thin PCB imaging when conventional and spread spectrum signals are used. Spherically focused transducer was
used. It was demonstrated that choice of the signal significantly influences the detectability of the flaws. Best
performance was exhibited by chirp and Barker spread spectrum signals where probability of detection was 97%
at 1% false alarm rate.
Keywords: ultrasonic imaging system, arbitrary position and width pulse train signals, spread spectrum
processing, composite materials

1. Introduction
Printed circuit boards (PCB) are the essential part or modern electronics. Discrete decoupling
capacitors have become ineffective in modern printed circuit boards for electronics [1].
Reason is the associated parasitic inductance, higher speed and continuous demand for size
reduction. Efficient decoupling can be achieved [1,2] using the embedded capacitance which
is made of the closely spaced power and ground planes. Such approach improves electrical
performance, frees the PCB surface areas dedicated to discrete capacitors. Capacitance C
available from such embedded layers is defined by relative dielectric constant, area and
dielectric thickness. In order to increase the capacitance per area ratio thin, high relative
permittivity material is stacked between two copper layers. If planes spacing is small or
relative dielectric constant is high then resulting capacitance is quite impressive. Area
10x10 mm of the best known BC200 is 143 pF at h=25 µm [1]. TCC type at 12.5 µm is
216 pF, C-Ply at 16 µm is 1962 pF and one reported in [2] is 2100 pF at 250 µm. Capacitor
can be produced directly in inner layer instead of discrete component soldered on board. It is
difficult to avoid trapping air bubbles in prepreg during PCB laminate production. For
conventional PCB, when glass fiber-epoxy composition is used this does not create significant
problem since relative permittivity of such prepreg is low. Use of high relative permittivity
filler is more sensitive for any inclusions which are of lower permittivity (usually BaTiO3
with εr ~ 5000 vs. 1 for air). In such case it is important to locate the air bubbles trapped in
this dielectric material. Aim of the research was to develop a simple and efficient technique
for inclusions location using the ultrasonic inspection. Algorithm development and excitation
signal selection approach is presented below. Experimental investigation results are given for
thin PCB imaging when conventional and spread spectrum signals are used.

2. Test object
Object of the investigation was a 100 µm dielectric thickness PCB (figure 1 left) with double
sided 12 µm copper coating where it was necessary to locate the trapped air bubbles down to
100 µm in size.
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Figure 1. Cross section of the PCB layers (left) and drawing of the scanned area (right)

Such arrangement of the layers indicates that there will be two types of reflections prevailing:
reflection from the copper layer where trapped air bubble is present and reflection from full
copper-dielectric-copper stack where area is defect free. Assuming just dielectric layer prevail
in reflection, reflection from such laminate will be subjected to thickness resonances
occurring at [4]:
fλ / 2 =

c⋅n
, ................................................................. (1)
2⋅h

where c is the ultrasound velocity in dielectric material and n is 1, 2 etc. Then, for n=1,
h=100 µm and c=2600 m/s we get that resonance will be at 13 MHz.

3. Preliminary experimental results
Wideband, spherically focused, ultrasonic transducer IRY210 from NDT transducers LLC
was used. It has 10 MHz center frequency. At -20 dB it covers 3 MHz to 19 MHz bandwidth.
Region of interest (ROI) was selected at the edge of the laminate and 230x250 mm area
(figure1 right) was scanned using 0.1mm step. A-scans reflected from the laminate surface
were collected (figure 2).

Figure 2. Measurement setup for PCB inspection

Our own design system was used to collect the data [3]. Short, 50 ns duration 15 V amplitude
rectangular pulse was used for probing. Data was collected using 11 dB receiver gain. It was
assumed that amplitude of the reflection will be influenced by the inner structure of the
laminate. A-scans were gated to leave just reflection from sample surface. Peak value of the
raw data was plotted as C-scan (refer figure 3 left) and RMS, as signal energy representative.

Taking the peak value should maximize the image contrast, but RMS value should have better
signal-to-noise ratio (SNR).

Figure 3. C-scan of the preliminary scan using rectangular pulse: peak value of raw data (left) and RMS (right)

No significant indication of bubbles can be seen. The explanation is that reflection from
defect-free laminate is masking slight variations in signal due to trapped bubble. Processing of
the signal was suggested to improve the signals from defective areas. Horizontal strips at y
coordinate 0 to 3 mm and at 8 mm have occurred due to air bubbles build-up on transducer
surface.
In [5] authors suggest using the spectroscopy for bubbles detection in thin film. Spectroscopy
analysis has been carried out on rectangular pulse data. Results at 13 MHz and 11.42 MHz are
presented in figure 4.

Figure 4. C-scan of the spectroscopy at 13 MHz (left) and 11.42 MHz (right) using rectangular pulse

Thought signals from the bubbles can be detected now, quality of the image obtained is not
sufficient for reliable inspection. It was decided that better choice of probing signal is needed
or processing should be improved.

4. Average stripping to enhance the defect signals
Influence of the regions with bubbles present is too small to make significant influence of
reflection signal so simple reflection amplitude analysis does not produce the image of
bubbles location. If amplitude of frequency spectrum is used, then SNR is low since

information contained in the rest of frequency components is thrown away. It was
hypothesised that if signal from defect-free region is available, then subtracting this signal
from the signal collected at defective zone should amplify the signal from the flaw. Assuming
that that majority of the signals from the test object are obtained from the regions that do not
contain the defects, then averaging all the reflections should produce the signal of the defectfree laminate. This assumption works in case that thickness and the structure are stable.
Furthermore, reflections position in time should be the same in order to do the averaging.
Final processing algorithm is as follows:
i)
select signal sa at arbitrary coordinate and align all the signals s to this position;
ii)
take the mean value of the whole data set, keep it as reference signal sref;
iii)
subtract this reference signal from every individual A-scan;
iv)
take the peak or RMS value of the remainders;
v)
plot the result as C-scan.
Signals alignment carries innovative procedure: amount of required alignment is calculated
using accurate time of flight (ToF) estimation and is returned in subsamples [6] using
following steps.
Peak position of the cross-correlation function (CCF) xm is used as the rough ToF estimate:
K

xm =

∑ sak − m ⋅ sk , ToFDC = arg[max(xm )] ............................................. (2)
k =1

Cosine approximation is used on resulting CCF xm to obtain the subsample part δToF:
δToF = −
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Final ToFss is the sum of the rough and subsample estimates:
ToFss = ToFDC + δToF . .......................................................... (4)
This ToFss is used to subsample-shift the signal s to get new signal ssa which is aligned with
arbitrary chosen position signal sa:
ssa1..k (t − ToFi ) = IDFT DFT (s1..k ) ⋅ e jω1..k ToFssi ,......................................... (5)
Aligned signals are then averaged to produce a reference signal sr:
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, ............................................................. (6)

Now, this signal sr is subtracted from every individual A-scan by adjusting its temporal
position ToFadj and amplitude Amp:
ss1..k = s1..k − Amp ⋅ sr (ToFadj ) , ................................................... (7)
1..k
Values of Amp are calculated as:
K

∑ srk ⋅ sk
Amp = k =K1

,.............................................................. (8)

2
∑ (srk )
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Values of ToFadj are calculated using equations (2), (3) and (4). Remainder signals ss are used
to obtain the peak and RMS values which later are plotted as C-scan image. Results of such
average stripping algorithm application on same data obtained using rectangular pulse are
presented in figure 5.
It can be seen that average stripping significantly enhances the information from defective
areas. Results are better than the ones obtained by spectroscopy (figure 4). Yet, horizontal
strips at y coordinate 0 to 3 mm have occurred due signal energy reduction caused by air
bubbles build-up on transducer surface.

Figure 5. C-scan of the average stripping algorithm application on figure 3 data: peak (left) and RMS (right)

It should be noted that technique does not require additional measurement for reference signal
production. Reference signal is produced by taking the average of measurement signals over
sufficient surface area. It is not necessary to take all reflections for reference signal
production. In case of online inspection reference signal can be produced by running average
of raw data acquired within some time period.

5. Probing signal set selection
Search for better probing signal was initiated in order to improve the imaging results. Energy
of the probing signal can be increased by using continuous wave (CW) toneburst. But
temporal resolution is reduced though. Spread spectrum signals allow increasing the signal
energy and maintaining the temporal resolution [7,8]. Chirp signals are most widely used, but
suffer high correlation sidelobes. Phase coded sequences are another type of the spread
spectrum signals [4,5] where CW toneburst phase is manipulated according to the code.
Arbitrary position and width pulse (APWP) trains are a novel class of spread spectrum signals
[3]. Spectral spread is produced using trains of rectangular pulses which are placed at specific
positions in time in order to provide a spectrum spread of the signal.
Five candidate signals were selected for analysis. Experiment was aimed to establish the
performance of the different signals. Refer table 1 for signals description.
Table 1. Excitation signals used

Signal type
Rectangular pulse
CW toneburst
APWP
Chirp
Barker Code 13

Parameters
20ns
10 MHz @ 3 µs
3 µs duration
1-20 MHz @ 3 µs
Length 13, chip size 1.5 periods

Amplitude of all signals was 15 V. Pulse and CW toneburst are chosen as conventional
signals which are not compressible. Chirp, Barker code and APWP signals are spread
spectrum representatives, therefore can be compressed. APWP signal was optimised to
produce similar to pulse correlation performance. Total length of CW toneburst and spread
spectrum signals is 3 µs in order to equalise their initial energy. Spectrums of the candidate
signals obtained for reflection from the stainless steel slab are presented in figure 6.
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Figure 6. Setup for signals collection (left) and spectrums of the candidate signals used in investigation (right)

It can be seen that pulse has lowest energy and frequency components are concentrated at low
frequencies. CW toneburst has the highest energy, but most of it is concentrated at 10 MHz.
Since it is a non-sinusoidal signal, second harmonic is also present. Chirp has sufficiently
large energy and is covering wide frequencies range. Barker has more energy than chirp
around centre frequency but has significant energy reduction at high frequencies compared to
chirp. APWP signal has similar to pulse spectral shape but poses significant energy losses.

6. Final results
Same area was scanned, using all signals simultaneously. Average stripping procedure was
applied after data collection. Results are summarised in figures 7 to figure 10.

Figure 7. C-scan of the average stripping application using CW toneburst: peak (left) and RMS (right)

Figure 8. C-scan of the average stripping application using APWP: peak (left) and RMS (right)

Figure 9. C-scan of the average stripping application using chirp: peak (left) and RMS (right)

Figure 10. C-scan of the average stripping application using Barker 13: peak (left) and RMS (right)

It can be seen that chirp and Barker 13 produced best contrast. Actually other signals have
sufficient defect information, just they exhibit larger signals from edge defect located at the
upper right corner. It is complicated to judge about the processing quality just by analysing
the image produced. Probability of detection analysis was carried out. Since there was no
information on the inner structure of defects it was assumed that all signals contain some
useful information about the defects. Signals were averaged first, then thresholded at 0.5.
Mask produced (see figure 11) was used as a reference map of the defects.

Figure 11. C-scan of the reference map of the defects: peak (left) and RMS (right)

Every signal set was analysed by varying the threshold and evaluating the detection and the
false alarm rate. Receiver operating curves (ROC) produced are presented in figure 12.
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Figure 12. ROC curves for several probing signal types: peak (left) and RMS (right)

It can be seen that best performance was found for Barker 13 code. CW toneburst and chirp
performance is also acceptable. Pulse and the APWP performance at 1% probability of false
alarm are not acceptable. If 10% false alarm rate is acceptable, all signals have same
performance – detection probability is 100%. Results are summarised in table 2.
Table 2. Probability of detection at 1% of false alarm vs. excitation signal type

Signal type
Rectangular pulse
CW toneburst
APWP
Chirp
Barker Code 13

PD, % @ max
70
97
23
97
99

PD, % @ RMS
37
70
26
77
89

Results indicate that worst detection performance was for APWP signals. The reason is that
APWP signals were extremely good in detecting the delamination at the PCB edge (refer
figure 8). Since the rest of the signals did not detect this delamination, it was not included in
the reference map of the defects. Therefore probability of false alarm was significantly
increased.
We conclude that chirp and Barker spread spectrum signals are best suited for internal
bubbles detection.

8. Conclusions
Simple yet efficient technique was suggested for air bubbles detection in thin laminate plate
used in PCB production. Technique does not require any additional measurement and is
applicable for online inspection. Reference signal can be produced by running average of raw
data acquired within some time period. It was demonstrated that choice of the signal
significantly influences the detectability of the flaws. Best performance was exhibited by
chirp and Barker spread spectrum signals where probability of detection was 97% at 1% false
alarm rate. APWP signals were extremely good in edge delamination. For this reason
probability of detection of the bubbles was relatively lower.
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