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Abstract—Previous work to detect defects in food
packaging seals using pulse-echo ultrasound inspired the
backscattered amplitude integral (BAI) imaging technique,
which could reliably identify channels with diameters 38 �m
or larger at a center frequency of 17.3 MHz (� = 86 �m).
The current study presents two new processing techniques
that more reliably reveal smaller channels (� 6 �m in diam-
eter). The RF sampling technique (RFS) displays a single,
time-gated, pressure value from the received (not envelope-
detected) RF waveform at each transducer position. The RF
correlation technique (RFC) calculates the correlation co-
efficients of the RF signals with a reference signal that does
not pass through a channel. The correlation coefficient can
be calculated for the entire RF signal (RFCE) or over a
short segment of the RF signal (RFCS). The performance
of these imaging methods for detecting channel defects is
investigated for plastic and aluminum foil trilaminate films
with 6, 10, 15, 38, and 50 �m channels filled with water
or air. Data are collected with a focused ultrasound trans-
ducer (17.3 MHz, 6.35 mm in diameter, f/2, 173 �m -6 dB
pulse-echo lateral beamwidth at the focus) scanned over a
rectangular grid, keeping the package in the focus. Perfor-
mance is measured using detection rates, image contrast,
and contrast-to-noise ratio (CNR). Both RFS and RFCS
have improved detection rates relative to BAI for channels
15 �m or smaller. The RFCS technique is the most effective
at smoothing the background, leading to the greatest CNR
improvements.

I. Introduction

An important part of the food packaging process is
the detection of flaws in the package’s seal. Flaws in-

clude areas where the seal has wrinkled, failed to seal, or is
filled with air, water, food material, or other contaminants.
Channel leaks, in particular, can cause a pathway for mi-
crobial penetration that results in spoilage of the product
or in pathogen growth. Currently, detection of flaws in
the seal region of flexible food packages is accomplished
through visual inspection or through destructive testing.
However, channels smaller than 50 µm in diameter are not
clearly visible to the naked eye, and destructive testing is
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only valuable in a statistical sense [1]. To ensure the safety
of shelf-stable food despite these poor testing methods, it
is generally stored and reinspected for spoilage after stor-
age, which increases the cost of the product and reduces
production speed.
Similar problems of detecting flaws in layered mate-

rial have been studied through ultrasonic nondestructive
evaluation of composite materials. Frock and Martin [2]
showed that defects in graphite/epoxy composites, which
are small compared with the length of the transmitted
pulse, were not visible in C-mode images because of sur-
face roughness, variations in attenuation by the material,
and variable thickness of the material. The defects could
be more easily revealed by processing the C-mode image,
using a 3 × 3 mask to implement edge enhancement or
localized histogram modification. Kazys and Svilainis [3]
detected delaminations in thin (thickness less than a wave-
length) three-layer aramide-fiber-reinforced ARALL-type
composites. They used a modified L1 norm deconvolution
and frequency domain imaging technique. Both techniques
allowed them to determine the location of the delamina-
tion. Unlike Frock and Martin’s study [2], which applies
post-processing to the C-mode image, our study shows new
imaging techniques to improve detectability, and our tech-
niques are intended for use on smaller defects than those
studied by Kazys and Svilainis [3].
Previous investigations of food packages have shown

that channels in packaging seals, which are generally
smaller than defects in composite materials, can be de-
tected using the BAI imaging technique [4]. BAI images
display the integral of the envelope-detected RF signal
at each transducer position over a rectangular scan area.
Channels with diameters 38 µm or larger can be de-
tected reliably using this technique at a center frequency
of 17.3 MHz. However, the BAI technique is unable to de-
tect reliably channel defects smaller than 38 µm. Improved
signal processing methods are needed.
The RFS method displays, for each transducer position,

a single time-gated acoustic pressure value of the received
RF waveform. The processing for RFS is very simple, in-
volving only a single time gate. Because no envelope de-
tection is required to form the image, and no processing
is required after the image has been formed, images are
created very quickly, and, therefore, this new method is
well-suited for production line use. For RFS to be useful,
a method must be formulated for choosing the point from
each waveform for display, and images created using that
point must reliably show channels when they exist. The
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selection of points requires knowledge of the thickness and
average speed of sound in the packaging material, which
can be obtained off-line. By selecting only one point on
the received RF waveform, there is a risk that a channel
is present but not detected. This risk can be reduced by
forming multiple images with several time gates.
RFC requires less specific a priori information and offers

potentially higher detectability at a cost of greater com-
putational complexity. Although the exact depth of the
channel defect is generally unknown, very coarse range es-
timation can be given. Then, a window can be placed over
this range and the normalized correlation coefficient be-
tween RF signals can be calculated.
In the next section, we give a brief overview of the data

collection procedure. In Section III, we discuss the appear-
ance of channels in B-mode images that led to the consid-
eration of new techniques. Section IV describes the im-
age formation techniques and the analysis, including the
method used for comparing the imaging methods. In Sec-
tion V, we compare the three techniques in terms of chan-
nel detection rates, image contrast, and CNR. Finally, con-
clusions and suggestions for future work are given in Sec-
tion VI.

II. Data Collection

The materials and data collection method are discussed
extensively in [5]; therefore, these details will be mentioned
only briefly here. Two types of packaging film are exam-
ined, each with three layers of material. The first type of
film is plastic trilaminate with a layer of polypropylene
(80 µm; c = 2660 m/s), a layer of polyvinylidene chloride
(PVDC) (15 µm; c = 2380 m/s), and a layer of oriented
nylon (15 µm; c = 2600 m/s). The overall film is 110 µm
thick with a measured average speed of 2380 m/s. The
second type of packaging film is an aluminum foil tril-
aminate with a layer of polypropylene (c = 2660 m/s),
a layer of aluminum foil (c = 6420 m/s), and a layer of
polyester (c = 1950 m/s). The individual material thick-
nesses for this material are unknown. The overall thickness
of this film is 120 µm, and the measured average speed is
2460 m/s.
Smooth, die-drawn tungsten wires with 6, 10, 15, 38,

and 50-µm diameters are used to prepare the channel de-
fects. Each test object used in this study contains one de-
fect. Defects are created by using an automatic heat sealer
to fuse together two films with a tungsten wire in between
and removing the wire after the seal has cooled. The water-
filled channel is created by removing the wire axially with
the packaging material submerged in a water bath and
then sealing the ends of the channel. The air-filled channel
is created similarly by removing the wire with the sample
in air and then sealing the ends of the channel. For no-
tational convenience, channel defects are classified as air-
filled channel within plastic (ACP), water-filled channel
within plastic (WCP), air-filled channel within aluminum
foil (ACA), and water-filled channel within aluminum foil

(WCA). No smaller channels were made because of com-
plications with smaller wires. It is difficult to remove them
without breaking the wire.
Defect sizes have been confirmed using a light trans-

mission microscope. In general, the defects are somewhat
elliptical in shape; however, their approximate diameters
closely resemble the diameters of the wires used to create
them [5]. Therefore, we refer only to the diameter of the
wire when describing the channel size. Throughout this
paper, channels 38 µm or larger are referred to as large or
moderate-sized channels. Channels 15 µm or smaller are
referred to as small channels.
A three-dimensional data set is collected using a

nominal 20-MHz focused transducer (V317; Panametrics,
Waltham, MA) operating with at a center frequency of
17.3 MHz (6.35 mm in diameter, f/2, 173 µm -6 dB pulse-
echo lateral beamwidth at the focus). The transducer is
shock-excited by a pulser-receiver (Model 5800; Panamet-
rics) with a 300 V monocycle pulse. The transducer is
scanned in two directions, collecting waveforms spaced
30 µm apart in the seal direction and 100 µm apart in the
transverse direction. The surface of the packaging mate-
rial is approximately perpendicular to the beam axis, and
the sample is kept in the focal region of the transducer
throughout the scan. The signal is captured by a digitiz-
ing oscilloscope (9354TM; LeCroy, Chestnut Ridge, NY)
with a sampling rate of 500 MHz, keeping 512 samples for
each transducer position. This data set is also used in [6],
and [7] to form BAI images.

III. B-Mode and BAI Images of Channels

B-mode and BAI imaging techniques have been investi-
gated previously to determine their usefulness for detect-
ing channel defects. B-mode images require only a two-
dimensional data set rather than a three-dimensional data
set. The axis of the channel is oriented perpendicular to
the beam axis and also perpendicular to the scanning di-
rection. B-mode images of moderate and small channels
are shown in Fig. 1. In these images, the channel orienta-
tion is perpendicular to the page. Images in Fig. 1(a and b)
are formed using the same data set. Fig. 1(a) shows a B-
mode image of a 50-µm (ACP) defect without aligning the
received signals. Fig. 1(b and c) shows a 50-µm defect and
a 10-µm (ACP) defect, respectively, after the RF signals
have been aligned to provide an image that is surface-
justified. The justification is accomplished by aligning the
signals according to when the pressure reaches its maxi-
mum, taking advantage of the fact that the first reflection
from the surface of the package has the greatest amplitude.

The appearance of channels in a B-mode image depends
on the size of the channel relative to the size of the focal
spot of the transducer used. Moderate channels (with di-
ameter between 1/5 and 1 times the lateral dimension of
the focal spot) appear as a bright spot at the interface
at the top of the channel and a shadow behind the chan-
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Fig. 1. B-mode images of channels: a) 50-µm ACP trilaminate film
before alignment, b) channel from “a” after alignment, c) 10-µmACP
trilaminate film. The larger channel is visible as a brighter region
at the top of the channel and a shadow behind the channel. The
smaller channel is difficult to see, inspiring the search for a method
to produce higher contrast images.

nel. In Fig. 1(a), the backwall reflection appears across the
field of view at approximately 0.4 mm in the axial direc-
tion. In Fig. 1(b), the backwall reflection appears across
the field of view at an axial distance of 0.2 mm. The chan-
nel is detected as the bright pixels centered at 0.75 mm
in the lateral direction and 0.1 mm in the axial direction
and by the shadow at 0.75 mm in the lateral direction and
0.2 mm in the axial direction. Small channels show a slight
change in brightness at the location of the channel or they
do not appear at all. For example, 15-µm channels have
an average change in brightness of 10.3%, for which the
percent change is calculated as the change in average pixel

brightness divided by the average pixel brightness at the
same depth where there is no channel. In Fig. 1(c), the
backwall reflection appears across the field of view at an
axial distance of 0.2 mm, and the channel is barely ob-
served at a position centered at 0.75 mm in the lateral
direction and 0.08 mm in the axial direction.
The BAI technique was introduced to improve the de-

tectability of channel defects. It is a form of C-mode imag-
ing rather than B-mode imaging. BAI images of a 50-µm
and a 10-µm ACP trilaminate film are shown in Fig. 2.
In these images, the channels lie in the plane of the page.
The axis of the defect is perpendicular to the transducer
beam axis; however, the transducer is scanned across the
defect and along the axis of the defect. BAI images in
which a channel is detected have two mean brightness lev-
els, a high value at which there is no channel, and a low
value at which the channel exists. Because the maximum
and minimum brightness levels define the dynamic range
of the image, BAI images of channels can have higher con-
trast than B-mode images, which include a high brightness
level because of the reflection from the front surface as well
as a low brightness level from the tail of the received signal.

The BAI technique works well to increase the contrast
of moderate-sized channels. By summing the backscat-
tered amplitude, the channels, which manifest themselves
as shadows in the back reflection, appear darker than the
areas at which there is no channel. However, for small
channels, there is little change in the reflection from the
back of the material and minor change at the channel lo-
cation between the layers. Therefore, other changes in the
reflected signal, for example those caused by surface rough-
ness, mask the changes in BAI value caused by the pres-
ence of the channel, making it difficult to detect channels
with a diameter of 15 µm or less. RFS and RFC are ex-
pected to improve images of small channels by including
only information from the region where the change caused
by the presence of the channel is the greatest.

IV. Image Formation

The formation of BAI images has been described pre-
viously. The received waveform is envelope-detected using
the Hilbert transform, and the resulting envelope is inte-
grated to produce a single BAI value for each position of
the transducer. The two-dimensional BAI matrix is then
linearly interpolated by a factor of two in the sealing di-
rection and by a factor of seven transverse to the seal-
ing direction, yielding an image pixel size of 15.0 µm by
14.3 µm [4]. This interpolation is also used by the other
image formation methods.

A. RFS-Mode Imaging

To create RFS images, the waveforms at each trans-
ducer position are first justified in time as shown in Fig. 1.
This alignment corrects for flaws in the surface of the pack-
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Fig. 2. BAI images of channels: a) 50-µm ACP trilaminate film and
b) 10-µm ACP trilaminate film.

age and for the fact that the package surface is not per-
fectly perpendicular to the beam axis, both of which would
change the absolute time to the first reflection for each
waveform. For each position of the transducer, a single
sample of the time-justified waveform is kept. Because of
the sampling process, each sample of the waveform repre-
sents an integral of the analog waveform over a 10-ps win-
dow. Thus, BAI and RFS images represent two extremes
of C-mode imaging, one using the envelope of the entire
received waveform and the other using only one sample of
the RF waveform.
For RFS to be useful, it must be possible to detect chan-

nels of all sizes by creating a few images for each data set.
Unfortunately, the time gate that results in the highest
contrast image varies with channel size. For channels larger
than 15 µm, high contrast images are formed by selecting
a time gate close to the temporal location where the back-
wall reflection would occur when no channel is present.
For channels 15 µm and smaller, the highest contrast im-
ages are formed by choosing a time gate near the temporal

location of the bondline (center) between the two layers.
Both time gates are calculated using the measured speed
of sound in the packaging material. We do not use the
sampling point near the bondline of the package for the
large channels because there is more variation in the loca-
tion where the reflection from the front of the channel will
occur. We do not use the sampling point near the back-
wall for small channels because the difference in signals at
and away from channels is often too small to detect in an
image.
Within the group of samples for one channel size, there

is still some small variation in the time gate that produces
the highest contrast image. However, because the primary
goal is to detect the channels and producing the best image
is secondary, it is possible to choose two appropriate time
gates to produce all of the images for all of the channel
sizes.
It is possible that time gates chosen based on a priori

knowledge of speed of sound and layer thickness will create
low contrast images because waveforms received from lo-
cations where there is a channel and locations where there
is no channel will cross, that is, have similar values at the
chosen time gate. This risk of missing a channel defect that
is present is the major drawback of choosing a single time
gate and was often the case for the aluminum foil films.
To reduce the risk, different time gates were chosen exper-
imentally. The aluminum foil films illustrate the difficulty
in implementing RFS; however, the difficulty is overcome
by choosing proper time gates with a set of calibration
data for the material used.

B. RFC-Mode Imaging

To create an RFC image, a reference RF signal is first
chosen to represent the RF signal not passing through the
channel defect. We assume that there is no channel defect
close to the boundary of the scan region, so we take the
average of the first five RF signals and regard the aver-
aged signal as the reference signal. Fig. 3 shows an ex-
ample of two difference signals. The dashed line is an RF
signal passing through the channel defect minus the refer-
ence signal, and the solid line is an RF signal not passing
through the channel defect minus the reference signal. In
these plots, the channel defect is 6-µm ACP trilaminate
film. It is clear that the difference is relatively large for
the RF signal that passes through the channel defect com-
pared with the difference for the signal that does not pass
through the channel defect. For the figure, the reference
signal is subtracted to show the differences when a chan-
nel is present and when it is not; however, for the image
formation, we use the correlation coefficient, which does
not depend on differences in amplitude.
After forming a reference signal, we next calculate the

normalized correlation coefficient between the reference
signal and the RF signal at each transducer position to de-
termine the difference between the two ultrasound echoes.
Finally, the RFC image is created by displaying the nor-
malized correlation coefficients for each transducer posi-
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Fig. 3. Difference of RF signals and reference signal in the correlation
window.

Fig. 4. A 17.3-MHz RF signal with 6-µm ACP trilaminate film.

tion forming a two-dimensional matrix.
To implement this technique, we must choose the win-

dow at which the correlation coefficient is calculated. In
this work, the following two cases are studied.

• The correlation window is placed covering the entire
range of the RF signal starting from the front surface
of the package material. The channel defect must be
located within the correlation window. This case is
denoted as the RFCE.
• The correlation window is placed covering only a short,
specified part of the RF signal. In this case, the cor-
relation window is placed between t1 and t2 in Fig. 4.
There is uncertainty as to whether the channel de-
fect is located within the correlation window; there-
fore, a coarse estimation of the channel defect range is
needed. This case is denoted as RFCS.

C. Performance Measures

The response of an imaging system to a high contrast
target is often described by a quantity such as lateral reso-
lution (beamwidth). For targets that have lower echogenic-
ity than the background, such as cysts in medical imaging
or channels in the present application, a different quantity
is required to summarize the system response. Cyst de-
tectability depends on both beamwidth and sidelobe level
because sidelobes have the effect of “filling in” the cyst
with reflections from the background when the mainlobe
is over the cyst. Cyst detectability also depends on speckle
noise.
∆BAI was the quantity used to describe the contrast of

BAI images. It was defined as the difference between the
average BAI values of the background and the channel,
divided by the maximum BAI value in the image [4]–[7].
In [6], non-normalized ∆BAI values are calculated so that
differences between materials can be observed. ∆BAI is
useful for BAI images for which the BAI value is always
positive; however, it is an awkward measure for RFS and
RFC images, in which case pixel values can be positive or
negative.
There has been significant consideration in the liter-

ature given to quantifying system performance in lesion
detection [8]–[10]. The results show that contrast is an
important factor for cyst detectability, but CNR, which
includes the effect of speckle and noise, is a more complete
description of detectability.
Local contrast is defined as (Sb − Sc)/Sb, where Sb is

the mean value of the background image brightness and Sc
is the mean value of the channel [9], [10]. This measure is
useful for images that will be logarithmically compressed.
We measure the image contrast defined as the mean value
of the background minus the mean value of the channel
divided by the total range in the image

C =
1
Nb

∑
i pbi − 1

Nc

∑
i pci

maxi pi −mini pi
(1)

where pi represents an image pixel, N is the total num-
ber of pixels, and the subscripts b and c indicate pixels in
the background or in the channel, respectively. To define
CNR, the noise is defined as the standard deviation of the
background pixels, σb. CNR is

CNR =
C

σb
. (2)

This CNR is similar to the CNR described by Li and
O’Donnell [11]; however, this CNR is applied to images
that have not been logarithmically compressed.
In this work, five spatially separated regions covering

the background are used to calculate the mean pixel value
and the corresponding standard deviation. Three spatially
separated locations in the defect region are used to calcu-
late the mean pixel value in the defect.
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Fig. 5. Processed images for 10-µm, ACP trilaminate film: a) BAI, b) RFS (0.082 µs), c) RFCE, and d) RFCS (t1 = 0.08 and t2 = 0.14,
where t1 and t2 are given in terms of microseconds after the pressure maximum).

Fig. 6. Processed images for 6-µm, ACP trilaminate film: a) BAI, b) RFS (0.082 µs), c) RFCE, and d) RFCS (t1 = 0.08 and t2 = 0.12,
where t1 and t2 are given in terms of microseconds after the pressure maximum).



536 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 47, no. 3, may 2000

TABLE I
Evaluation of Robustness Based on the Detection Rate.

Film/ Size
channel (µm) BAI RFS RFCE RFCS

Plastic/ 50 5/5 5/5 5/5 5/5
water 38 5/5 5/5 5/5 5/5
(WCP) 15 2/7 3/7 4/7 5/7

10 4/5 3/5 2/5 4/5
6 1/4 3/4 2/4 2/4

Plastic/ 50 5/5 5/5 5/5 5/5
air 38 5/5 5/5 5/5 5/5
(ACP) 15 6/6 6/6 6/6 6/6

10 3/5 3/5 4/5 5/5
6 1/4 3/4 2/4 2/4

Foil/ 50 5/5 5/5 5/5 5/5
water 38 5/5 5/5 5/5 5/5
(WCA) 15 3/5 4/5 3/5 5/5

10 0/6 5/6 1/6 4/6
6 3/4 4/4 0/4 2/4

Foil/ 50 5/5 5/5 5/5 5/5
air 38 5/5 5/5 5/5 5/5
(ACA) 15 2/8 7/8 4/8 8/8

10 4/5 4/5 1/5 5/5
6 4/4 4/4 0/4 4/4

V. Results

Four to eight data sets were collected for each combina-
tion of channel size, type of packaging film, and material
in the channel. The specific number of samples for each
case is apparent in Table I. In this work, we only exam-
ine channel sizes 50 µm and smaller because larger defects
can be easily detected by any of the previously described
imaging techniques.
Fig. 5 and 6 show images created with each technique.

In Fig. 5, the defect is a 10-µm ACP trilaminate film. The
defect is most easily seen in the image created using RFCS
[Fig. 5(d)]. In Fig. 6, the defect is a 6-µm ACP trilami-
nate film. The defect is detected in the RFS and RFCS
images Fig. 6(b and d). The RFS image has greater con-
trast, but the RFCS image has the smoother background.
Table I shows the detection rates for BAI, RFS, RFCE,

and RFCS. All four techniques reveal 100% of channels
38 µm or larger, regardless of the type of channel defect.
From this table, we have the following conclusions. 1) BAI
imaging performance varies greatly for small channel sizes
(i.e., 6, 10, and 15 µm). Although BAI mode imaging al-
lows us to detect some channels as small as 6 µm, we can
only detect channels down to 38 µm reliably. 2) The de-
tection rate for RFS imaging technique is comparable with
the detection rate for RFCS. The RFS technique is slightly
more likely than RFCS to miss a 10- or 15-µm channel
and slightly less likely than RFCS to miss a 6-µm channel.
Further testing with a larger number of samples would be
necessary to determine whether the differences in detec-
tion rates for these two techniques are significant. 3) RFC
is not sensitive to correlation range for the larger channel
defects, i.e., 38 and 50 µm. Both RFCE and RFCS achieve
100% detection. 4) RFC is very sensitive to the correlation

Fig. 7. a) Contrast and b) CNR for ACP trilaminate film.

range for the small channel, i.e., smaller than 15 µm. The
smaller the channel size, the more sensitive RFC is. For
example, RFCS still achieves 50 and 100% detection of
channel size 6 µm for WCA and ACA, and RFCE has 0%
detection for these same channel defects. Therefore, the
appropriate choice of correlation window plays an impor-
tant role in RFC.
The contrast versus channel size for ACP trilaminate

film is shown in Fig. 7(a). BAI has the lowest contrast for
10- and 15-µm channels. RFS achieves the highest con-
trast enhancement among all four imaging techniques for
all channels except 15 µm. Contrast, a dimensionless quan-
tity, is approximately 0.05 larger for 38- and 50-µm chan-
nels. CNR versus channel size for ACP trilaminate film is
shown in Fig. 7(b). Clearly, RFCS and RFCE have sharper
curves than RFS and BAI. CNR separation becomes larger
as channel size increases, demonstrating that RFC tech-
nique has the better capability to smooth the background
than the other techniques. This property is an advantage
of RFC technique over RFS and BAI. Similar results are
obtained for WCP trilaminate film (not shown.)
Fig. 8 shows the contrast and CNR versus channel size

for WCA foil containing film. The RFS method shows
larger contrast than all other methods for channels 15 µm
and smaller and larger contrasts than RFCE and RFCS,
respectively, for 38-µm channels. Although RFCS is not
the best in terms of contrast enhancement, it has by far
the greatest CNR enhancement. Once more, it shows the
capability of RFCS to smooth the background area, i.e.,
smallest standard deviation of the background contrast.
Similar results are obtained for ACA foil film (not shown).

The success of the RFS imaging method in detecting
channels is related to the high degree of uniformity of the
sample thickness. The samples were examined for their
uniformity by looking at the received signals after the im-
age formation had been completed. After justifying all of
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Fig. 8. a) Contrast and b) CNR for WCA.

the signals, the time elapsed from the pressure maximum
(the peak pressure from the reflection at the front surface)
to the peak pressure from the reflection at the back surface
was measured for each waveform. For the plastic trilami-
nate film, we found that the time to the maximum acous-
tic pressure from the back reflection ranged from 0.156 to
0.160 µs for all channel sizes. For the aluminum foil film,
there was much more variation. The mean time of the peak
of the back reflection, averaged for each channel size and
filling material varied from 0.182 to 0.217 µs. Within one
package sample, the variance was as high as 0.018 µs. This
variability means that it is difficult to pick a single time
gate to detect all channels. Hence, RFS would be more
difficult to use for materials with a high variation in thick-
ness.
RFS allows us to create high contrast images very

quickly; however, because of the oscillations of the car-
rier signal, it can be difficult to find the location of the
time gate that will produce a high contrast image for ev-
ery defect. Therefore, channels will go undetected more
often. To increase the reliability for use on a production
line further, multiple images of the same package should
be created. This method of operation is still practical be-
cause no computation is required to form the images, and,
therefore, multiple images can be generated quickly. An
example of how this technique could be used in a produc-
tion line is shown in Fig. 9. The figure shows images of
the 10-µm diameter channel of Fig. 5. Three time gates
close to the bondline and three close to the backwall are
shown because we do not assume a priori knowledge of
channel size. In this case, the channel is clearly revealed in
Fig. 9(c). It can also be detected in Fig. 9(a) and possibly
in Fig. 9(f).
RFCS uses more information from the received signal

and, therefore, does not suffer as much as RFS with the
variability in the package, nor does it require the formation
of several images per package.

Fig. 9. Example of how RFS could be used in a production line.
Six RFS images are shown for the same data (10-µm ACP trilami-
nate film) using time gates a) 0.082, b) 0.092, c) 0.102, d) 0.174, e)
0.184, and f) 0.194. Time gates are expressed in microseconds and
are measured from time of the peak acoustic pressure.

VI. Conclusions and Future Work

In this paper, three imaging techniques are compared
on the basis of detection rate, image contrast, and CNR
to evaluate their performance in detecting channel defects.
We have shown that RFS and RFCS are superior to the
current BAI method for reliably detecting channel defects
less than 38 µm in diameter. Overall, the techniques that
limited the information to that closest to the defect per-
formed the best, as might be expected.
With RFS, we are able to detect channels as small as

6 µm in diameter using pulse-echo ultrasound with a 17.3-
MHz transducer. This imaging method has been applied
to a special imaging problem for which we have significant
information about the material properties and the location
of the channel defect. Given this a priori knowledge, we are
able to select two time gates to create images. The plastic
trilaminate film is an example of a material to which RFS
can be applied with ease. The aluminum foil trilaminate
film, for which sound speed and layer thickness are less
uniform is an example of a material to which the RFS
technique is applied with more difficulty.
It was experimentally found that RFC in a short, spec-

ified window generally has the highest detection rate and
greatest CNR enhancement. Also, because the correlation
is done within a short, specified range, RFCS is more com-
putationally efficient than the traditional BAI for which
the integral of the envelope-detected RF signal is over the
entire RF signal range. And, unlike the RFS technique,
RFCS can be used as easily with either of the two layered
materials.
Based on the results from the RFC study, we modify

the traditional BAI technique and integrate only over the
specified range used for RFCS. The results we have so far
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are promising and show the improvement in detection rate
and CNR enhancement. Further investigation is needed.
Future work also includes finding a way to choose the op-
timal correlation window automatically for RFC, using im-
age segmentation algorithms to detect channels automat-
ically and collecting data on a larger number of samples
for a complete statistical study.
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