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ABSTRACT Microwave Non-Destructive Testing (NDT) techniques for dielectric coatings are vital pro-
cesses in many industrial applications due to their superior defect detection capabilities over traditional
NDT methods. However, the limited bandwidth and post-processing complexities of these techniques cause
them to fall short of accurately estimating the delamination thickness in such structures. In this paper,
a novel low-complexity signal processing method is proposed to estimate the delamination thickness in
metal-backed dielectric coatings using bandwidth-limited Open-Ended Rectangular Waveguide (OERW)
probes. Here, Inverse Fast Fourier Transform (IFFT) process is used to convert the measured complex
reflection coefficients at the surface of the coating to the time domain. Next, the amplitude of a specific
time step is used to accurately estimate the delamination thickness without extra time-consuming processing.
Using a 3 mm-thick macor samples with machined defects, the proposed technique is validated by correctly
estimating delamination thickness down to 0.4 mm using an OERW probe with 13.5 GHz bandwidth.
Hence, this technique overcomes the challenge of the OERW’s limited bandwidth, which highly affects
the possibility of tracking shifting in the peak reflection in the time domain. Moreover, the proposed
method does not add to the complexity of the NDT process, which makes it suitable for in-situ real time
applications. Hence, following this approach would be of great importance to numerous industries, where

accurate thickness estimation of minute delamination in coatings is essential to avoid system failure.

INDEX TERMS Microwave NDT, TBC delamination, thickness estimation, IFFT.

I. INTRODUCTION

Polymer composites are widely used in many industries such
as construction, power plants, and aerospace. For instance,
applying ceramic based Thermal Barrier Coatings (TBCs)
onto metal surfaces of gas turbine components maintains their
durability as the surrounding temperature increases [1]. How-
ever, various factors, such as thermal stress and expansion
mismatch, can cause delaminated areas to appear between
the TBCs and the substrate of the component, as shown
in Figure (1) [2]. The existence of such areas could cause
major failures if not immediately repaired [3]. Moreover,
to avoid catastrophic consequences, early detection of delam-
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inated regions in vital system parts is imperative. Hence, it is
important for any Non-Destructive Testing (NDT) technique
to be able to detect such material failures in the early stage,
which means being able to identify areas with the lowest
possible delamination thickness.

Generally speaking, numerous non-destructive Test-
ing (NDT) methods are being used to detect such defects
[4]1-[7]. However, despite their success in detecting defects
in metals, most of these approaches fail to detect delami-
nated regions with small thickness inside polymer composite
materials.

Alternatively, other techniques have been reported to
specifically inspect TBC delamination. Two principal tech-
nologies are used for this purpose, namely Infra-Red Ther-
mography (IRT), and THz technology. IRT relies on heating
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FIGURE 1. Cross section of delaminated region of a thermal barrier
coating (TBC) sample [2].

the TBC sample using a heat source (usually a laser or a flash
lamp), and record the change in the temperatures in different
parts of the sample using an infra-red detector (or camera) [2],
[8]-[15]. Despite the ability of this technique to detect and
estimate the thickness of shallow delaminated areas in TBC
samples, reliable and accurate results rely on increasing the
complexity of the setup and the post-processing steps. There-
fore, in practice, inspecting TBCs for delamination represents
a significant challenge. On the other hand, THz technol-
ogy is based on electromagnetic interactions between the
TBC layer and signals in the THz frequency range (usually
0.1 — 10 THz) [16], [17]. THz inspection is conducted by
transmitting a short pulse into the sample and inspect its
reflections from the various discontinuities inside the mate-
rial. Therefore, the depth resolution provided by this method
relies solely on the bandwidth of the incident signal, which
is usually set to few-hundreds GHz. The generation of such
signal is usually done using a femotosecond laser that initiates
the pulse from a transmitting antenna [16]. Therefore, this
NDT technique mandates a costly apparatus to obtain an
accurate estimation of delamination thicknesses.

Because of the above, alternative microwave-based NDT
techniques have emerged [18]-[23]. The main advantage
of these techniques is the ability of electromagnetic sig-
nals in the microwave frequency range to penetrate dielec-
tric coatings. In addition, unlike THz pulses, generating
microwave signals can be done using modern solid-state
based circuits and components. Therefore, microwave reflec-
tions from the TBC internal structure could be collected
and processed using relatively simple and low-cost setups.
Most of microwave NDT approaches depend on scanning
the surface of the dielectric with an Open-Ended Rectangu-
lar Wavegiude (OERW) probe, and record the reflections at
discrete frequency points. Consequently, frequency domain
reflections could be mathematically processed to reveal the
accurate dielectric thickness [24], [25]. Despite their accu-
racy, such methods suffer from computational complexity,
which limits their usage in real-time NDT applications.

Recently, an alternative microwave NDT approach has
been proposed to reveal small changes in various type of
dielectric coating by converting the recorded reflections to the
time domain. By doing so, the reflections from various dis-
continuities inside the dielectric were detected by tracking the
reflected pulses to the OERW probe [21], [23]. Such methods
are similar to the well-established Time Domain Reflectom-
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etry (TDR) method used to estimate the defects’ locations in
faulty cables [26], and also the previously mentioned THz
technology [16], [17]. However, the main drawback of time
domain microwave NDT techniques is that, contrary to the
TDR and THz technologies, they use bandwidth-limited
OERW as a probe. This limitation highly affects the resolu-
tion of the detection, which is inversely proportional to the
bandwidth of microwave signal used for detection. To over-
come this limitation, a modified TDR method is proposed
in [27] to track the amplitude of the peak in the measured
time domain reflection peak instead of tracking the time
shift of the peak itself. Despite the ability of this method
to detect various defects, estimating the delamination thick-
ness proved to be challenging due to the nonlinear relation
between the reflection peak amplitude and the actual time
shift. Another method proposed in [23] used zero-padding
on the measured frequency domain reflection coefficient in
order to artificially increase the bandwidth of the signal. This
process has the effect of oversampling the time domain signal,
which causes the reflection pulses to be more pronounced and
hence, provides the possibility of tracking the shift in the peak
reflection in the time domain. However, this method increases
the computational complexity of the NDT process because
of the increased data points, which limits its applicability in
real-time NDT applications.

In this paper, a novel low-complexity microwave NDT
method is proposed for delamination detection and thick-
ness estimation. In this method, the Inverse Fast Fourier
Transform (IFFT) algorithm is used to convert the measured
frequency domain reflection coefficient to the time domain.
Next, based on a reference measurement, a certain time step
is identified to tack its amplitude for all the scanned locations.
The variation in the reflection amplitude is then normalized
and compensated for the nonlinearity using a pre-defined
sinc function to reveal an accurate estimation of the dis-
tance to the source of reflection (in this case, the location
of the delaminnation). Relying on the amplitude variations
of IFFT results to obtain the delamination depth information
represents a significant advantage over tracking the shift of
the reflected peaks, as in the THz technology [16], [17] and
previously-reported microwave NDT techniques [23]. This
is due to the simplicity, narrow bandwidth, and low cost of
the NDT setup when compared to the one used in the THz
technology. In addition, obtaining the time domain data using
the efficient IFFT algorithm without the need to zero-pad the
frequency domain measurements reduces the duration of the
post-processing steps, which makes the proposed technique
more suitable for real-time applications.

The rest of this paper is organized as follows: section II
gives an overview of the basic theoretical background nec-
essary for understanding the proposed technique. In section
II1, the proposed technique is outlined in details, followed by
applying the technique to two arrangements to evaluate its
capabilities. Processing the measured data for two samples
using the proposed techniques is described and discussed in
Section IV. Finally, Section V provides the main conclusions
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FIGURE 2. Open-ended waveguide structures considered for analysis:
(a) OERW terminated with a perfect conductor, and (b) OERW terminated
with a metal-backed sample with delamination.

drawn from the analysis and results outlined in the previous
sections.

Il. THEORETICAL BACKGROUND

Basic microwave network theory dictates that an OERW
probe can be regarded as a one-port network, where the
reflection coefficient at the input is defined as follows [28]:

rg) =249
ai(f)

where a; and b; are the frequency-dependent normalized

incident and reflected power waves at port 1, respectively.

The principles of Time Domain Reflectometry (TDR) is
based on detecting the arrival time of a pulse sent from the
probe towards the source of reflection. Based on the recorded
time of arrival of the pulse, the distance towards the source
of reflection can be deduced [29]. To apply this method, it is
imperative for the pulse to have ultra-short rise time to allow
distinguishing between adjacent sources of reflection. Conse-
quently, the signal needs to have an extra wide bandwidth to
cope with such requirement. On the other hand, a rectangular
waveguide can only be operated within the dominant TE¢
mode, which depends on the dimensions of the waveguide’s
cross-section [30]. This will result in a relatively wide pulses
in the time domain, which renders applying classical TDR
techniques using OERW impractical.

Here, a basic theoretical analysis is outlined for two OERW
arrangements: the first is a simple /-long rectangular waveg-
uide shorted at the end, as shown in Figure (2-a). The second
structure, on the other hand, is an OERW of the same length,
but with its open-end directly placed on a d;-thick dielectric
layer backed by a conductor. To account for the existence of a
delamination, an air-pocket of thickness (d>) is considered to
exist within the dielectric layer directly above the conductor,
as shown in Figure (2-b).

It is worthwhile to mention that the input port to the
waveguide is assumed to be well matched to the measurement
system such that multiple reflections can be ignored.

ey
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FIGURE 3. Magnitude and phase of the reflection coefficient for the
waveguide arrangement shown in figure (2-a).

A. SHORTED RECTANGULAR WAVEGUIDE

For the arrangement shown in Figure (2-a), given the limited
range of frequencies for this waveguide, the magnitude of the
complex reflection coefficient can be expressed as a rectan-
gular pulse in the frequency domain:

() = A rect (f_v‘vf°> SO0 @

where rect(.) is the rectangular function, fy is the central
operating frequency of the waveguide, and W is the band-
width of the operation. By neglecting the conductor loss in the
OERW and the reflecting plate at the open end, the magnitude
of the reflection coefficient (A) is considered to be unity
for all the frequencies. However, the phase will be directly
related to the length of the waveguide (/), in addition to the
frequency-dependent phase constant (8(f)).

As shown in (3), the phase of the reflection coefficient is a
function of f, and it can be described as follows:

é(f) =2B(N)l 3)

However, as a non-TEM media, rectangular waveguides
feature a phase constant (8) that is, in general, a nonlinear
function of the frequency. However, the frequency band of
operation can be carefully chosen to ensure a region where
B(f)is alinear function. Hence, a linear phase can be assumed
within the frequency range of interest, as shown in Figure (3).

Using basic Fourier analysis, the magnitude of the fre-
quency domain reflection coefficient in (1) can be expressed
in the time domain as [30]:

21
IT(2)] = 2A 7 W sinc (nW(t — —)> (4)
Vg
_ (dp\ 7", _
where v, = T is the group velocity of the wave

inside the rectangular waveguide. When a linear relation-
ship between phase constant and frequency is maintained,
the resulted group velocity will be constant within the fre-
quency range of interest [30].
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FIGURE 4. Magnitude of the reflection coefficient in the time domain
shifted by At.

It can be seen from (4) that the sinc function is shifted in
the time domain by (At = %), which is the time required
for the pulse to reach the reflector at the end of the waveg-
iude and travel back to the reference plane. A normalized
reflection pulse shifted by At is plotted in Figure (4). Given
that the frequency domain data is, in practice, provided at N
discrete frequency points over the bandwidth of operation.
These points can be efficiently converted to the time domain
by applying the Inverse Discrete Fourier Transform (IDFT).
Usually, IDFT is efficiently calculated using the Inverse Fast
Fourier Transform (IFFT) algorithm. Using the IFFT on
the N-points frequency domain data, the result will also be
N-points discrete time domain data separated by 1/W sec-
onds and span for N/W seconds.

Given the reflection coefficient at discrete frequencies
(T'(nf),n=0,1,2,..,N), the resulted time domain function
(|C'(k)|,k =0,1,2,..,N)canbe viewed as a sampled version
of the sinc function in (4) with a time spacing of (T = 1/W).

According to the principles of TDR, detecting the
shift in the peak of |I'(f)] would provide information
about the unknown distant to the source of reflection (in
this case, the length of the waveguide, /). However, for
bandwidth-limited measurements, the shift in the peak of the
sampled version of the time domain data will not be apparent
for time shifts of less than 1/W seconds. This will cast a seri-
ous hindrance towards the ability of frequency-limited mea-
surement probes, such as OERW, to detect minute changes in
the reflection distance.

It is worth noting that finding the IFFT with higher num-
ber of points can provide better depiction of the reflected
pulse since it operates oversampling in the time domain
(or zero-padding in the frequency domain) [23]. However,
that would highly increase the computational complexity of
the detection technique and compromise the ability of the
NDT system to track the shift in the peak of the resulted
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sinc function in the real time. However, by analyzing the
relationship between the sinc function in (4) and the sam-
pled version resulted from applying IFFT to the N —points
frequency domain reflection coefficient, it can be seen that
there is a relation between the amplitude at certain time steps
in the IFFT data and the actual shift in the sinc function. This
would allow detecting the smallest change in Af even when
the bandwidth of the measurement (W) is limited.

Figure (5) shows the reflection coefficient magnitude in
the time domain for two time shifts, namely A#; and Aft,.
On the same graphs, the first seven steps of the sequence
that would be obtained using IFFT are marked. It can be
noticed from Figure (5-a) that the peak of the IFFT occurs
at k = 2, which is associated with t = 2/W seconds with a
peak magnitude of P;. When the time of arrival (At) shifts
down by a small amount (less than 1/W), the peak remains at
k = 2. However, the magnitude of the peak increases to P».
Hence, despite the inability of the traditional TDR method
to detect the existence (and the amount) of time shift, it is
possible to detect the shift by observing the magnitude of the
IFFT data peak. Additionally, the amount of the shift in the
time (At; — At) can also be estimated to a reasonable degree
of accuracy.

From above, it can be concluded that it is possible to track
the changes in the length of the waveguide in the arrangement
shown in Figure (2-a) by tracking the amplitude changes
of the N-points time domain reflection coefficient resulted
from IFFT. However, to provide accurate estimation for the
amount of change in the length, the increase (or decrease)
in the amplitude of the IFFT results has to be mapped to
actual lengths. Nevertheless, it can be deduce from (4) that the
relation between the reflection coefficient in the time domain
(] (k)|) and the time shift (At) is nonlinear. Hence, there is a
need to apply an algorithm to inverse the sinc function in (4)
to account for the nonlinearity in the estimation.

B. MULTIPLE REFLECTIONS

To consider the multiple reflections scenario that accounts
for the realistic delamination detection NDT scanning,
the arrangement shown Figure (2-b) is analyzed next. In this
arrangement, the waveguide’s open end is placed on the
surface of a d-thick dielectric layer backed by a metal. The
dielectric layer contains an air gap (that resembles a delami-
nation) with a thickness of d» directly below the waveguide’s
aperture.

Compared to the shorted waveguide structure in Figure (2-
a), the reflections from this arrangement are affected by
numerous factors, the most important of which are the mul-
tiple reflections inside the dielectric and the excitation of
higher-order modes near the waveguide’s open end. These
factors might highly affect the detection and thickness esti-
mation process when the dielectric thickness is high com-
pared to the wavelength of operation. In practice, however,
the dielectric thickness for dielectric coatings doesn’t exceed
few millimeters, and the delamination thickness doesn’t usu-
ally exceed a fraction of that. Hence, an assumption can be
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FIGURE 5. Effect of shift on the time domain magnitude of the reflection coefficient resulted from a single-reflection arrangement with

time shift of (a) At;, and (b) At,.

made to ignore the multiple reflections inside the dielectric
and the waveguide maintains the dominant TEjg mode in the
vicinity of the probe’s open end.

From Figure (2-b), it can be seen that the expected number
of reflections is three: the first one originates from the inter-
face between the open-ended waveguide and the surface of
the dielectric. The second reflection comes from the interface
between the dielectric and the air gap, and the interface at the
back metal represents the third and final reflection. Hence,
the complex reflection coefficient in the frequency domain
can be expressed as [31]:

I'(f) = rect <%> (460100 4 Bt 4 D] (5)

Here, the reflection amplitudes A, B, and C depend on the
relative permittivity of the dielectric layer. The phase shifts,
on the other hand, are defined as follows: ¢1(f) = 28(f)l,
$2(f) = 2B(H)U + di — da), and ¢3(f) = 2B(f ) + da).

Applying the inverse Fourier transform to (5) will result in
the following time domain reflection coefficient magnitude:

()| =27 W [A sinc (nW(t — 3—1)) +

8
B sinc <7rW(t - w)) +
Vg
C sinc <7t Wt — M))} (6)
8

The addition of the three terms of (6) will cause the sinc
functions to mix, especially the second and third terms when
d> is in the order of a fraction of a millimeter. However,
for a delamination-free region, the second term in (6) will
vanish since the reflection from the dielectric/delamination
interface does not exist. Therefore it is expected for the time
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domain reflection coefficient to feature two peaks; one for the
waveguide/dielectric interface, and another one from the back
metal. However, when a small delmaination exists between
the dielectric and the back metal, the second peak will be
changed due to the existence of a new reflection that merges
with it and shifts it down in time as the delmaination thickness
(d) gets larger.

To detect a delamination, it is necessary to track the magni-
tude of one of the IFFT time steps that is related to the second
peak for a reference reading. This reference reading it taken
to be at a previously known delamination-free location. From
this reading in the frequency domain, it is required to find
the actual shape of the pulses in order to determine the exact
location for the IFFT time step to be tested for the rest of the
scan. To do this, the oversampling implemented in [23] will
be implemented on the reference reading so that the result will
resemble the reflection waveform shown in Figure (6). After
obtaining these results, the time step at which the second peak
appears will be noted and the associated time step in the [IFFT
results will also be known. Consequently, as the reflection
peak shifts down in time, the amplitude of this time step will
increase, and it will decrease if the shift goes the other way.

To obtain the accurate the shift in the time, the sinc function
has to be inverted to reveal the time shift associated with
the increase/decrease in the normalized amplitude of the
considered IFFT time step. Figure (6) shows the magnitude
of the time domain reflection coefficient obtained using (6),
assuming equal magnitude for all the reflections (A, B, and
C). Here, two cases for the second reflection are considered,
namely Af#; and Af, where Af; < Afy. On the same
graph, the sequence of I'(k) that would be obtained when
applying IFFT to the frequency domain data have also been
plotted. It can be noticed that the second peak of the reflection
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FIGURE 6. Effect of shift on the time domain magnitude of the reflection coefficient resulted from a
multiple-reflection arrangement with times shift of (a) At;, and (b) At,.

magnitude in the IFFT shows a decrease when the reflection
time shifts from A#; in Figure (6-a) to At in Figure (6-b).
It can also been seen that no significant change can be noticed
on the amplitude of the first reflection.

It can be concluded from above that it is possible to detect
delamination areas and estimate their thickness by track-
ing the amplitude of the IFFT-based time domain reflection
coefficient at a fixed time step. However, finding the cor-
rect time step and the reduction/increase in the magnitude
would require additional steps to be performed by the detec-
tion/estimation algorithm, as will be illustrated in the next
section.

Ill. PROPOSED TECHNIQUE
The proposed technique aims to work on the arrangement
shown in Figure (2-b) to detect and estimate the thickness
of delamination areas between the dielectric coating and the
back metal. The technique uses an OERW probe to scan
the surface of the dielectric while recording the reflection
coefficient (as Sy1) at N discrete frequency points. For each
scanned location, N-points IFFT is applied to obtain the
time domain equivalent of the reflection coefficient, namely
| (k)1.

The detection and estimation algorithm can be outlined as
follows:

1) N-points frequency domain reference reflection coef-
ficient (|[I"y(n)|) data are recorded for a previously-
identified delamination-free location.

2) The recorded reference reflection coefficient is pro-
cessed by applying M-points IFFT to get the time
domain reference reflection coefficient |I",(k)|, where
M > N. The resulted data represents the over-sampled
version of the N-points IFFT, and will be used to
identify the locations of the peaks in the time domain
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3)

4)

5)

6)

7)

reflection coefficient. Calculating the M-points IFFT
might consume more time than other processes in the
algorithm, but it does not add to the overall complexity
of the technique since it is only calculated once.
Using the previously known values of the waveguide
length (/) and dielectric thickness dj, the time shift
associated with the location of the reflection peak (Af,)
is found. Consequently, the estimated group veloc-
ity (vge) can also be found. Here, the chosen peak
depends on the considered structure; for example, for
the shorted waveguide shown in Figure (2-a), there
is only one peak to be chosen. However, for the
arrangement shown in Figure (2-b), the second peak is
identified since it is the one that shifts with increased
delamination thickness.
Using the recorded data, the time step for the M -points
IFFT data (xpy) is found. This time step is used to find
the time step to be tracked for the N -points time domain
reflection coefficient, xy using:

N

=xy— 7
XN xMM ()

For the rest of the sample, the magnitude of the
N-points IFFT at xy will be tracked and recorded.
Next, the scanning of the sample is started by moving
the location of the OERW by a pre-defined steps and
finding the frequency domain reflection coefficient at
each location.

For each recorded reflection coefficient, N -points IFFT
is applied and the value of |I"(xy)| is recorded and
normalized to the maximum amplitude obtained from
the reference time domain reflection, |I", (k).

The deviation from the reference time shift (Az) is
found for each location by mapping the changes in
|T"(xn)| for those locations on a reference sinc function.
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This step is performed to account for the nonlinear
nature of the amplitude changes by associating each
value of the normalized amplitude to a certain time shift
that is obtained from the function:

S = sincRmtW) (8)

Figure (7) shows the sinc compensation function for
W = 13.5 GHz. To apply this step, a look-up table
is used to identify the time shift associated with each
normalized amplitude.

From the above steps, the time shift associated with
the reflection from the delamintion can be tracked. Using
the previously calculated group velocity (vg,), the distance
to the source of reflection is found. Since the slightest shift
in the reflection time can be detected, it is possible to detect
shallow delamination areas and estimate their thickness.

To validate the proposed technique, the two arrangements
shown in Figure (2) were simulated using the full-wave elec-
tromagnetic simulation package (CST MWS).

Starting with the shorted waveguide shown in Figure (2-a),
a simulation model was created such that the waveguide
length is increased from 10 to 20 mm with a step of
0.2 mm. By simulating the structure in the frequency domain,
the reflection coefficient was recorded as Sy1, and processed
for each step as illustrated above.

Figure (8) shows the estimated waveguide length versus the
actual length resulted from applying the proposed algorithm.
It is clear that the proposed technique succeeds in estimating
the waveguide length. This accuracy is due to the single-mode
propagation nature of the waveguide structure, in addition to
the lack of any source of loss in the waveguide or the reflector.

Next, the arrangement shown in Figure (2-b) was consid-
ered. Here, the OERW length (/) and the dielectric thickness
(d1) were assumed to be 10 mm and 3 mm, respectively. The
dielectric layer was considered to be lossless with ¢, = 5.2.
Here, the thickness of the delamination region between the
dielectric and the back metal (dp) is increased from 0 mm
to 2.6 mm, with a 0.1 mm step. Applying the proposed
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FIGURE 8. Estimated shorted waveguide length resulted from simulating
the arrangement shown in figure (2-a).
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FIGURE 9. Estimated delamination thickness resulted from simulating the
arrangement shown in figure (2-b).

technique to the simulated frequency domain reflection coef-
ficients for each step resulted in the delamination estimation
shown in Figure (9). The estimated delamination thick-
ness for this arrangement has a margin of error of about
0.1 mm due to the assumptions applied in the estimation
technique. However, there is a steady linear change of the
estimated thickness with the actual thickness change of the
delamination.

The correct estimation of the thickness in the case of simu-
lation results proves the validity of the technique to estimate
delamination thickness with small margin of error, which
qualifies it for reflection measurements on practical samples,
as illustrated in the next section.

IV. RESULTS AND DISCUSSION

To perform practical validation for the proposed tech-
nique, two samples were fabricated using low loss glass
ceramic (macor) with a dielectric constant of 5.67 at
8.5 GHz [23]. Both samples contained machined recesses
with different areas and depths, as shown in Figures (10)
and (11). To conduct the tests, the samples were pressed
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against a metallic surface such that the machined recesses
acted as differently-sized delamination regions, while scan-
ning was performed on the upper (smooth) surface of the
samples.

One-port reflection measurements were collected using
a portable Vector Network Analyzer (VNA), calibrated to
the end of a 2.92 mm coaxial wire. A WR-28 coaxial-to-
waveguide adapter was used as an OERW probe to scan the
surface of each sample. Recommended frequency band for
the WR-28 was used by measuring the one-port scattering
parameter (S11) at 101 equally-spaced discrete frequency
points from 26.5 to 40 GHz (W = 13.5 GHz) for each
scanned location. For this VNA, the sweeping time required
to obtain the reflection data for each scanned location is
432 ps. This time can be reduced by changing the Intermedi-
ate Frequency (IF) setting of the device [32]. Both scanning
time and size of the apparatus could be further reduced by
using a commercial one-port reflectometer analyzer, which
is capable of performing the same task more efficiently [33].
It is worthwhile to notify that this experimental setup is very
similar to numerous commercial NDT systems. Therefore,
vital modules such as probe positioning system and pro-
cessing unit used for other techniques, such as ultrasonic
testing, can also be utilized for this technique with minimal
modifications.

Figure (12) shows the experimental setup, where an auto-
matic mechanical positioner was used to move the probe
along the sample under test with pre-defined steps, while the
VNA recorded the frequency domain reflection coefficient at
each step.

The sample in Figure (10) was tested first. This sample
contained five delamination areas with different sizes and
depths. The OERW probe was placed on the surface of the
sample (standoff distance = 0 mm), and oriented as illus-
trated in Figure (10-a).

After recording the reference reflection coefficient at a
delamination-free location (|I";(n)|), the inspection process
started by scanning along the two lines highlighted in Fig-
ure (10-a) with 1 mm step.

Before performing IFFT on the scanned points, M -points
IFFT was taken for the reference reflection coefficient. Here,
M was set to 214, which artificially extends the bandwidth to
2211.7 GHz. This process revealed two distinct peaks; one for
each source of reflection. As illustrated before, the time step
for which the amplitude is to be tracked (xy) was determined
from the second peak, since it is the one affected by the
existence of a delamination.

For each scanned location, after finding the 101-points
IFFT, the normalized amplitude of I (xy ) was found and con-
verted to the associated time shift according to the pre-defined
sinc function shown in Figure (7). Finally, the time shifts were
converted to the estimated delamination thickness using the
estimated group velocity found from the reference reading.

Figures (13) and (14) show the estimated delamination
thickness resulted from scanning the first and second lines
marked in Figure (10-a), respectively. It is clear from the
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FIGURE 10. Layout of the first tested macor sample (a) top view, showing
the locations of the delamination areas, (b) side view across the dashed
lines marked in (a) (all dimensions are in mm, and the layouts are not
drawn to scale).
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FIGURE 11. Layout of the second tested macor sample (a) top view,
showing the locations of the delamination areas, (b) side view across the
dashed line marked in (a) (all dimensions are in mm, and the layouts are
not drawn to scale).

results that the proposed technique provides good estimation
for the delamination areas in Line 1, where all three loca-
tions were identified correctly. However, it can be seen that
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FIGURE 13. Estimated delamination thickness resulted from scanning
along line 1 of sample 1.
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FIGURE 14. Estimated delamination thickness resulted from scanning
along line 2 of sample 1.

the estimated thickness fluctuates around the mean value of
1.5 mm, which is the actual delamination thickness. These
variations are attributed to the aperture effects of the OERW,
where the distribution of the electric field would cause peaks
in reflection when encounters sharp delamination edges. This
problem can be compensated either by applying an averaging
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FIGURE 15. Estimated delamination thickness resulted from scanning
along the central line of sample 2.

filter to the final estimation data [27], or by applying a
de-convolution post processing steps to reverse the aperture
effects of the OERW.

On the other hand, the estimated delamination thickness
obtained from scanning Line 2 results in a close estimation
for the 1 mm-thick delamination. However, the estimated
thickness for the second delamination (2 mm-thick) shows
an estimation error of about 0.5 mm. The inability of the
technique to accurately estimate the thickness of the second
delamination is due to the relatively large time shift of the sec-
ond peak of the time domain reflection when encountering
this delamination. This shift causes the peak of the pulse to
pass the time step at which the amplitude is recorded and
hence, results in an estimation error.

From above, it can be concluded that the proposed tech-
nique might show errors in estimating the thickness of
delamination over a certain thickness. However, this can
be corrected by adding another step to the aforementioned
procedure to update the chosen time step (xy) whenever
the time shift passes a certain value. Nevertheless, since
having delmaination with large thickness is unlikely, it is
more important to focus on delamination areas with finer
thickness, as in the second sample illustrated in Figure (11).
This sample contains 7 machined delamination regions of
equal areas (100 mm?) with thickness varying from 1 mm
to 0.05 mm. By scanning this sample along the line marked
on Figure (11-a) and applying the same aforementioned pro-
cessing steps, the estimated thickness shown in Figure (15) is
obtained.

It can be seen form these results that the smooth depth
changes in the delamination areas causes less fluctuations in
the estimated thickness values. In addition, it is clear that the
proposed technique is able to distinguish between the various
sub-mm delmaination areas down to 0.2 mm. However, there
is an error margin or about 0.1 mm for the delamination
with thickness between 0.8 mm and 0.4 mm. Moreover, the
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TABLE 1. A comparison between different microwave NDT techniques in terms of accuracy and complexity.

Accuracy (in thickness estimation)

Complexity

Reference | Proposal Methodology

[18] Dielectric Phase measurement-based
thickness Microwave NDT
estimation

[22] Dielectric Principle component
thickness analysis-based Microwave
estimation NDT

[35] Dielectric Genetic optimization
thickness algorithm-based Microwave
estimation NDT

[36] Defect Smooth nonnegative ma-
detection trix factorization-based Mi-

crowave NDT

[37] Delamination | Bi-long short term memory-
detection based Microwave NDT

[38] Dielectric Sum-average  magnitude-
defects based Microwave NDT
detection

[39] Dielectric Circular ~ probe  phase
defects response-based Microwave
detection NDT

[40] Dielectric Artificial neural network-
defects based Microwave NDT
detection

[41] Delamination | K-means clustering
detection algorithm-based Microwave

NDT

[23] Delamination | IDFT-based time domain
thickness reflectometry ~ Microwave
estimation NDT

[This Work] | Delamination | IFFT-based Microwave
thickness NDT
estimation

Low: the technique did not
achieve an accurate phase-
difference estimation when using
OERW, therefore it was replaced
by a horn antenna at higher
frequency range (75 — 110 GHz)
High: The technique succeeded
in estimating the thickness of di-
electric coatings of pipes using
a limited-bandwidth OERW ar-
rangement

High: The technique was able
to provide accurate dielectric
thickness estimation (within few-
millimeter range) using X-band
OERW

Low: The technique did not pro-
vide estimation for the thickness
of the defects embedded in the di-
electrics

Low:The technique showed the
ability to detect shallow delami-
nation without providing thickness
estimation

Low:The technique did not pro-
vide estimation for the thickness
of the defects embedded in the di-
electrics

Low:The technique did not pro-
vide estimation for the thickness
of the defects embedded in the di-
electrics

High: The technique succeeded in
detecting ring-shaped defects of
small size without giving informa-
tion about their thickness

Low: The technique showed the
ability to detect shallow delamina-
tion without thickness estimation
High: The technique was able to
estimate the thickness of shallow
delamination with relatively nar-
row bandwidth

High: The proposed technique is
able to estimate delamination in
dielectric of less than 1 mm us-
ing an OERW probe of 13.5 GHz
bandwidth

Low: the technique is based on
direct frequency-domain measure-
ments. However, no further pro-
cessing has been done to match the
phase shift to the actual thickness
estimation.

High: The technique requires ap-
plying Synthetic Aperture Radar
(SAR) tomography to ensure fea-
ture extraction.

High: An iterative optimization
method is required to minimize the
cost function resulted from calcu-
lated and measured reflections.

High: Requires the application of
Non-negative Matrix Factorization
(NMF) algorithm in addition to
smoothness constrains to extract
the features of the sample.

High: The technique requires
maximal overlap hybrid discrete
wavelet packet transform for each
frequency point.

Low:The technique processes the
frequency domain data and applies
filtering to reduce the effects of
noise.

Low:The technique is based on
detecting the variation in the phase
response of the reflected signal
from an open-ended waveguide
probe.

High: Artificial Neural Networks
(ANN) algorithms have to be used
to preform the detection.

High: Extensive post- and pre-
processing is required for the tech-
nique to perform the detection.
High: The estimation technique
is based on the oversampling the
time domain reflections by using
N-points IDFT, which increases
the complexity of the process to be
O(N?) for each scanned location.
Low: The conversion to the time
domain is achieved using the IFFT
algorithm (O(N logN) for each
scanned location), and the remain-
ing signal processing steps do not
add much to the complexity of the
NDT approach.

techniques seems to be unable to correctly identify delamina-
tion locations with thickness below 0.2 mm.

Given the relatively narrow bandwidth used for these
measurements, detecting and estimating the thickness
of sub-millimeter thick delamination without excessive
post-processing steps is significantly promising. When com-
pared to other NDT technique, the proposed approach is able
to achieve the required material evaluation without increasing
the complexity and the cost of the setup (as in the IRT
technique), not to mention maintaining the speed of the NDT
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process to achieve real-time applicability. This technique is
also advantageous over the THz NDT technology since it is
based on the same principle but using much simpler appara-
tus, smaller bandwidth, and low-complexity post-processing
steps. As for other microwave-related NDT techniques,
the proposed approach provides better results while reducing
the processing time by using the efficient IFFT algorithm to
obtain the time domain reflection coefficient. Compared to
an N —points IDFT with the computational complexity per
scanned location given by O(N?), the IFFT algorithm reduces
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the complexity for the same processes to O(N logN) [34],
which represents a significant advantage, especially for high
values of N.

Table (1) illustrates most of the previously-reported similar
microwave NDT approaches and their accuracy in estimating
dielectric thickness as well as their relative computational
complexities. When compared to these approaches, the tech-
nique proposed in this paper can be regarded as a promising
candidate for quick and accurate identification of shallow
delamination in dielectric coatings.

V. CONCLUSION

In this paper, a novel microwave NDT technique is proposed
for detection and thickness estimation of delaminated regions
in dielectric coatings. The technique is based on scanning
the surface of the dielectric using an Open Ended Rectan-
gular Waveguide (OERW) connected to a Vector Network
Analyzer (VNA) that measures the reflection coefficient at
specific frequency points within a pre-defined bandwidth.
After processing the reflections from a reference location on
the sample, the measured reflection coefficients for the rest of
the sample are converted to the time domain using the Inverse
Fast Fourier Transform (IFFT) algorithm. During the scan,
the amplitude of the reflection coefficient at a certain time
step is recorded, normalized, and converted to a dielectric
thickness estimation. This technique has been validated by
simulating a structure with OERW placed over a dielectric
layer backed by metal and contains an air gap with varying
thickness to account for a delamination. The results show that
the proposed technique is able to estimate the thickness of the
delmaination to a high degree of accuracy. Moreover, Two
samples with different machined delamination regions have
been tested and analyzed. The results show that the proposed
technique succeeds in detecting delamination of thickness
down to 0.2 mm, with correct estimation for delamination
thickness from 0.4 mm to 1.5 mm. The outcomes of the
simulation and measurement tests prove the validity of the
proposed technique as a promising approach for accurate
delamination detection in the real-time.
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