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Abstract—There is a rapid trend in various industries to
replace the metallic pipes by nonmetallic ones. This is due to the
certain properties, such as high strength, lightweight, resilience
to corrosion, and low cost of maintenance for nonmetallic pipes.
Despite the abovementioned advantages, nonmetallic pipes are
still affected by issues, such as erosion, defects, damages, cracks,
holes, delamination, and changes in the thickness. These issues
are typically caused due to the manufacturing process, type of
carried fluid composition, and flow rate. If not examined well,
these issues could lead to disastrous failures caused by leakages
and bursting of the pipes. To prevent such major failures, it is
extremely important to test the pipes periodically for an accurate
estimation of their thickness profile. In this article, we propose
a nondestructive testing (NDT) technique, based on near-field
microwave holography, for identifying the fluid carried by a
nonmetallic pipe and estimating the pipe’s thickness profile.
Identifying the carried fluid helps improve the thickness profile
estimation. The performance of the proposed techniques will be
demonstrated via simulations and experiments.

Index Terms— Microwave imaging, millimeter wave imaging,
near-field holography, nondestructive testing (NDT), nonmetallic

pipes.

I. INTRODUCTION

OWADAYS, industrial pipes made with nonmetallic

materials are rapidly replacing the metallic ones. Fiber
reinforced plastic (FRP), glass reinforced epoxy resin (GRE),
high-density polyethylene (HDPE), reinforced rubber expan-
sion joints (REJs), carbon FRPs (CFRPs), and polyvinyl
chloride (PVC) are some examples of nonmetallic materials
used for making the pipes. The growing use of these materials
is due to certain properties, such as durability, lightweight,
resilience to corrosion, and low cost of maintenance. Despite
these advantages, erosion, defects, damages, cracks, holes,
delamination, and changes in thickness can lead to leakages
and bursting of the pipes. Thus, nondestructive testing (NDT)
methods are required for periodic testing of nonmetallic pipes
to detect and repair the abovementioned issues [1], [2].
Historically, various successful NDT techniques have been
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developed mainly for detection and localization of the buried
nonmetallic pipes. For a comprehensive review, please refer
to [3]. However, in this article, we focus on the assessment
of the defects on the pipe. In the following, we first review
various NDT techniques for nonmetallic pipe evaluation and
then discuss our proposed methodology.

Ultrasonic testing is a commonly used NDT method for
testing nonmetalic materials. This testing method fails for
composite materials, such as FRP/GRE and HDPE, due to the
structure complexity and type of defects [4]-[8]. Radiography,
which uses X-ray, is another method applied for such testing,
but it requires additional safety and cannot detect defects for
which the local density remains approximately constant [9].

Microwave measurement techniques have been employed to
solve the problems faced by traditional ultrasonic and radiogra-
phy NDT testing for inspection of the nonmetallic components
(see [10], [11]). There are two groups of microwave sensing
techniques for such applications: sensing or imaging based on
the raw responses and imaging based on the synthetic aperture
radar (SAR) processing.

For the first group, several near-field layered structure
inspection techniques have been developed using microwave
and millimeter waves (see [12]-[14]). Although very accurate
(in fraction of mm range) thickness estimations have been
provided in these works, they lack further postprocessing to
provide high resolution thickness profile estimation along the
cross-range direction. More recently, a line crawling robot
transmitting within the frequency range of 18-26.5 GHz
(K-band) has been used to apply microwave reflectometry
system and provide images of cracks within HDPE pipes [15].
Furthermore, in [16]-[19], 2-D imaging has been performed
using only scalar measurements.

As for the second group (SAR imaging), here, we focus on
the works related to the nonmetallic pipe imaging. In [20],
wideband millimeter wave SAR imaging has been employed
along with a low-cost portable single antenna reflectometer
operating in Ka-band (26.5—40 GHz). This method generates
multiple 3-D images of defects within curved and flat HDPE
pipes. In [21], an X-band (8.2-12.4 GHz) SAR imaging
has been employed for NDT of multilayered pipes. There,
an image reconstruction process is based on the use of
matched filters. In [22], an NDT process has been proposed for
symmetric and asymmetric layered cylindrical lossy dielectric
objects. The technique is based on the time reversal SAR
imaging in X-band (8.2-12.4 GHz) while considering the
transmission and refraction path at the boundaries between
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different layers. In [23], an algorithm has been proposed
based on autofocus range-Doppler and singular value decom-
position to attenuate the effect of the insulation layer and
improve the SAR imaging for insulated steel pipes using
X-band (8.2-12.4 GHz), Ku-band (12.4-18 GHz), and K-band
(18-26.5 GHz). Overall, the resemblance between SAR-based
imaging and direct holographic imaging is well understood
as explained in [24]. Despite being fast and robust, these
techniques suffer the following shortcomings. First, assuming
analytical forms for the incident field and Green’s function
limit their performance to far-field imaging applications. Since
they are incapable of processing evanescent wave spectrum,
their resolution is diffraction-limited even when part of the
evanescent wave spectrum can be measured in extreme near-
field imaging applications. Second, transmitting and receiving
antennas are assumed to be pointwise while this assumption
contributes to further errors in near-field imaging applications.
Third, exact dielectric properties of the background medium
need to be known a priori to use them in the relevant incident
field and Green’s function expressions.

To overcome the drawbacks described earlier, an extension
of the holographic imaging for near-field applications, referred
to as near-field holographic imaging, has been proposed for
2-D [25] and 3-D [26]-[28] imaging. In particular, in [29]
and [30], a method has been proposed to obtain Green’s
function and incident field information for a specific imaging
system by measuring the point-spread function (PSF) of the
system. In [31], near-field microwave holographic imaging has
been proposed for inspection of multiple concentric nonmetal-
lic pipes. Therefore, a standardized minimum norm approach
has been employed to mitigate the depth biasing problem.
To reduce the complexity of the system, narrowest possible
frequency band has been employed using an array of receiver
antennas.

Here, the near-field holographic processing is extended
further to provide thickness profile estimation for a single thick
pipe. Unlike the technique in [31], which provides qualitative
images of double pipes, here, using the striking range (radial)
resolution achieved when using arrays of receiver antennas
scanning a circular aperture, we derive a method to reconstruct
the thickness profile (quantitative image) of the pipe along the
azimuthal direction. Although the theory and the results pre-
sented here are for 1-D imaging (along the azimuthal direction
only), extension of the method to include the other cross-range
direction, namely, the longitudinal direction, is straightforward
(please refer to [31]). Furthermore, a novel technique is
presented to identify the type of fluid carried by the pipe along
with the thickness profile estimation. Identifying the carried
fluid results in reducing the errors in thickness estimations.
While preliminary results related to the proposed techniques
have been presented in [32], here, we provide a comprehensive
study of the effect of main parameters on the thickness profile
estimations via simulations and experiments.

II. THEORY

Here, we first review the theory of near-field holographic
processing in a cylindrical setup, with an array of receiver
antennas and multiple frequency data (preferably over a
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Fig. 1. Tllustration of the microwave imaging setup. (a) Transmitter antenna
and an array of receiver antennas scanning the PUT over a full circle. (b) Cross
section of the setup.

narrowband to reduce the cost and complexity of the system).
In [33], we have demonstrated that, using single frequency or
narrowband frequency data provided by an array of receiver
antennas, striking resolution can be achieved along the radial
direction. Here, we first review the theory of near-field holo-
graphic processing using an array of receiver antennas and then
proceed toward derivation of the thickness profile estimation
and fluid-type identification.

A. Near-Field Holographic Imaging of a Thick Pipe

Fig. 1 illustrates the setup including a transmitter antenna
to illuminate the pipe under test (PUT) and an array of Ny
receivers antennas that scan the scattered fields. The pipe has
a thickness of Tp and an outer radius of R,,. The transmitter
antenna and the array of receiver antennas scan a circular
aperture with a radius of r4. The antennas rotate altogether
over a full circle along the azimuthal direction ¢ at Ny evenly
distributed angles.

The complex-valued scattered field, ESC(¢), is measured,
at each sampling position, at N, frequencies within the band
of w; to wy,, by each receiver antenna. This complex-valued
scattered field, ESC(¢), is then calibrated by subtracting the
responses without the presence of the defects, namely, the
background responses, from the responses when the defects
are present. In practice, the responses obtained in regions far
away from the defects can be employed as the background
responses. The technique then provides 1-D images over N,
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=SC,PD =S5C,PD
circles with radii r; = Row — Tp + Tp(2i — 1)/(2N,), where { EL" (kg o) Eya, (ky, o1) -I
i=1,...,N, and (Royt — Tp) < ri< Roy, as described in the D = : : . (6)
following. o L =SC.PD [, =SC.PD [, J
g E.. (ks on,) EY, an (ks> on,)

The imaging system is assumed to be linear and space-
invariant (LSI), which indicates the use of Born approximation
for the scattering integral [26]. First, the PSFs of the LSI sys-
tem are acquired approximately by measuring small defects,
called pointwise defects (PDs), placed over imaged circles one
at a time. These responses are then calibrated, as discussed
earlier. The calibrated PSF recorded for a PD placed on the
ith circle measured by the anth receiver (a, = 1,..., Ny)
at frequency w, is denoted by ESC PD(g&, @y). According to
[31], the response due to the defects on all the imaged circles,
E3C(¢, @), is obtained as

ESC(¢, @n) = Z ESeP (¢, on)} fi(9) 1)

i=1

where %4 denotes the convolution operator along the ¢-axis,
and f;(¢) denotes the defects’ contrast function on imaged cir-
cle r = r;. This contrast function depends on the wavenumbers
of the defected region and the pipe. In (1), PSF functions,
ESC PD(¢ w,), can be obtained a priori via measurements.
Be51des E;C(¢, w,) is obtained by calibrating the recorded
responses for the defected PUT.

Let us first consider the spatially sampled versions
of ESC(p, ), E ™ (p,,), and fi(¢) denoted by
ESC(%,%) E 0™ (g, 0n), and fi(ng), ny = 1,..., Ny,
with angular mterval denoted by A¢. Considering the period-
icity of the functions along the ¢-direction, the discrete time
Fourier transforms (DTFTs) for the Ny-periodic sequences
along ¢ are computationally reduced to discrete Fourier trans-
forms (DFTs) of these sequences [34]. The DFTs with respect
to the ¢ variable for sequences E3C(ng, @y), lElSC PD(n,;,, ),
and f;(ng) are denoted by ESC(k¢, o), By "D(@, wp), and
fi (ks), where ky is an integer from O to Ny — 1. Equation (1)
can be written as

N,
5C (kg 0n) Z EXC™ (ky, an )i (ky)- %))

When meausirng the responses at all the frequencies and for
all the receivers, a system of equations can be constructed at
each Fourier variable ky as

E"=DF 3)
where
- SC _E?C-‘ _ ’V g‘ -‘ _ fi (kﬁf')
E"=| ¢ |, D=] ! |, FE= : 4)
& ] [Bn] Lk
and
[ E (kg on)
£, = 5 5)
| ES (ks )

These systems of equations are solved at each spatial
frequency variable kg to estimate the images in the Fourier

domain f (k¢) 1,..., N,. Then, inverse DFT along
azimuthal direction @5 is applied to reconstruct 1-D images,

'f‘, (ng), i =1,..., N;. At the end, the normalized modulus of
fg(nqb), |fi(n¢)|fM, where M is the maximum of |?,- (ng)| for
all r;, is plotted versus ¢ to obtain a 1-D image of the defects
on the ith circle. We call |?,- (ng)|/M the normalized image.

Recently, it has been shown in [31] that using standard-
ization of the minimum norm inverse solution leads to better
results compared with the conventionally used minimum norm
solution when processing the data from an array of receiver
antennas in near-field holographic imaging. Thus, the stan-
dardized estimate of F can be obtained as [31]

= -1
F=./(Diag(s.)) PE™ 0
= =
where
M H [~ + .
s. =b"(BB" +aL) D ®)
= = == =) =
~ H ~ ~ F +
P=D"L[LDD"L +aL] ©)
_7_ 11T T
LyNoxnon, —1711°/1°1 (10)
where 1 is the identity matrix, 1 is a vector
—Nm ﬁx mN,q —NmNA 1
of ones, [-]” is the Hermitian transpose operation, [-]* denotes

the Moore—Penrose pseudoinverse, a > 0 is a regularization
parameter, and Diag(S-) is the diagonal matrix formed by the
P

diagonal elements of S_.

|F

B. Pipe’s Thickness Estimation

In [31], when imaging double concentric pipes, we have
shown that excellent radial (range) resolution can be obtained
because of the near-field nature of the imaging technique.
Here, we exploit this characteristic to implement a quantitative
evaluation of a single pipe’s thickness. Rather than only
providing the 1-D images, we proceed to provide an estimation
of the thickness of the pipe at various angular positions. This
helps to estimate the material loss due to the defects. For this
purpose, first, we reconstruct 1-D images along the ¢-axis as
explained in Section II-A. Then, we combine these qualitative
images, as follows, to obtain a quantitative estimation of the
thickness variation along the ¢-axis T (ny4):

Z

In fact, this works by applying superposition of the effects of
the defect on all the imaged circles. The effect due to larger
defects along the radial direction will be observed on a larger
number of imaged circles, in turn, leading to larger deviation
from the nominal thickness.

if H¢

T(ng) = (11)
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C. Fluid Identification Approach

So far, we have assumed that the type (properties) of the
fluids carried inside the pipe is exactly known. However,
in practice, there might be uncertainty in knowing the fluid,
which leads to thickness estimation errors. To estimate the
fluid type, we propose an approach with the following steps.

1) Divide the responses acquired by all the N, receivers

(RX;, wherei =1, ..., N,) into two sets: Set 1 includes
responses corresponding to the receivers RX,, where o
is an odd integer number, and Set 2 includes responses
corresponding to the receivers RX,, where e is an even
integer number.

2) Guess Ny number of possible fluids carried by the pipe

and measure the PSFs related to these fluids a priori.

3) For each assumed fluid identified by number ny =

1,..., Ny, we use Set 1 and Set 2 responses cor-
responding to the relevant PSFs and PUT scenarios
and apply holographic algorithm on them separately to
obtain the estimated thicknesses, T}/ (n4) and T,” (ny),
respectively.

4) For each assumed fluid in Step 3, the difference between

the estimated thicknesses T, (n,4) and T, (n,) is eval-
uated as

AT (ng) = |17 (ng) =" (o)l (12)

where || - || is the two-norm operator.

5) The true fluid carried by the pipe is identified as the
one for which AT is the lowest. This indicates that
the estimated thicknesses obtained from Set 1 and Set
2 responses are the most consistent when they are
computed with the PSF corresponding to the right fluid.

Fig. 2 shows the flowchart of the algorithm summarizing

the abovementioned steps. Once the fluid type is identified,
responses from both sets and the PSFs corresponding to the
identified fluid are employed for the final thickness estimation.

ITI. SIMULATION RESULTS

To study the performance of the proposed thickness estima-
tion technique, here, we conduct a simulation study based on
the use of Feldberechnung fiir korper mit beliebiger oberfldiche
(FEKO) software. To have a realistic simulation study, white
Gaussian noise with signal-to-noise ratio (SNR) of 20 dB is
added to the data using the awgn command in MATLAB.
Besides, to evaluate the quality of the thickness estimation,
we define the total percentage of estimation error E7 as

2 |7(ny)  Tielrg)]
D D (]

where Tie(ny) is the true thickness profile of the pipe. The
computed values of Er will be presented on top of each
relevant figure.

x 100 (13)

A. Simulation Model

In the simulation setup, we use an array of 13 reso-
nant dipole antennas, as illustrated in Fig. 3, separated by
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Divide the acquired responses into two smaller sets
corresponding to two receiver subsets

3
Guess the possible type of fluids carried by the
pipes and collect the relevant PSFs for them

Implement thickness estimation for the PUT using
the collected PSFs for Ny fluid types and for the
two receiver subsets

For each assumed fluid type, evaluate the difference
between the estimated thicknesses for the two sets of data

E/2

Identify the true fluid type for which the estimated thicknesses
obtained using both data sets are the most consistent

Fig. 2. Flowchart of pipe’s fluid-type identification.
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L

Fig. 3. Illustration of FEKO simulation setup consisting of an array of
13 antennas with angular separation of Ag¢, scanning outside the pipe at
radius of ry and along the azimuthal direction. The pipe has an outer radius
of Row and a thickness of Tp. The pipe has three defects centered at ¢ =
—90°, 0°, and 90°. The pipe carries a fluid, which is a mixture of 20% water
and 80% glycerin.

A¢, = 10° along the ¢-direction (azimuth angle) and scanning
at r4 = 80 mm from the center. The center element is excited
while all the antennas are used as the receivers. In FEKO,
we perform the scanning of a circular aperture to get the
complex-valued S-parameters by rotating the antenna(s) along
the azimuth angle (¢) from 0° to 360° in 181 grid points
(every 2°). The outer radius and the thickness of the pipe are
Ry = 73 mm and Tp = 20 mm, respectively. There are three
defects on the pipe centered at ¢ = —90°, 0°, and 90° as
shown in Fig. 3 with the parameters of the defects as w; =
wy = w3 =2 mm, d; = d3 = 15 mm, and d> = 10 mm. Table I
shows the values of the parameters for this setup. The pipe is
assumed to be polyethylene with a relative permittivity &, of
2.25 and a loss tangent of 0.0004. The pipe carries a mixture
of 20% water and 80% glycerin with properties obtained from
[35] and presented in Table IL

To estimate the pipe’s thickness profile, holographic imag-
ing is applied to obtain 1-D images over N, = 4 circles
with the radii of r; = Rowt — Tp + Tp(2i — 1)/(2N,), where
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TABLE I E =1158%
25 T T T T T T T
PARAMETER VALUES FOR THE SETUP IN FIG. 3
Eao} ]
E
Ny Ag, ri Row Tp £ tand fluid 2 45| |
o
0, 0, E
13 10° 80mm73mm 20mm 225 00004 2070 Waterand80% 5.0 ]
glycerin £
o
— = — - True thickness
TABLE II o . . . ; i s s
ELECTRICAL PROPERTIES OF MIXTURE OF 20% WATER 200 50 00 50 0 0 1010 200
AND 80% GLYCERIN OBTAINED FROM [35] @ ((d';g"’“}
a
E.=10.19%
Frequency (GHz) & o (S/m) 25 . . — , , ,
1 22 1.25 _
7 10 4 E20f -
13 7 5 .
g 15} b
£ 10} 4
[
i =1,..., N,. For this purpose, first, the PSFs corresponding ;T st % [ E'stimated thickness | - 1
to these four imaged circles are simulated. This is performed — — — True thickness
by placing PDs, with the dimensions of 5 and 2 mm along the 200 4150 -100  -50 0 50 100 150 200
radial and azimuthal directions, respectively, over each circle “”({";)9““5’
one at a time and simulate the responses. Then, the scattered E =751%
responses (for PSFs and defect responses) are calibrated using 25 T . . . . T T
the simulated background responses obtained by scanning the = ]
PUT without any defects. Finally, the proposed thickness esti- %
mation method is applied on the calibrated scattered responses. 8 °T ]
&
210} .
[
-]
It ; - i 2 51 = Estimated thickness i
B. Quantitative Analysis and Feature-Based Evaluation & e hicknees
Here, we provide an analysis of the effect of parameters, 0 L ' . . ' L L
. . =200 =160 =100 =50 o 50 100 160 200
such as frequency, number of receivers, crack width, standoff # (degrees)
distance, and antenna separation. We also compare the raw ©

response obtained from a single waveguide against the thick-
ness profile estimated with the proposed method.

Fig. 4 shows the estimated thickness of the pipe when using
only single frequency data at 1, 7, and 13 GHz. It is observed
that the accuracy of the thickness estimation improves (Er
decreases) with the increase in the operation frequency. This
is mainly due to better resolutions at higher frequencies. For
example, at 1 GHz, the sizes of the defects along the radial
direction are overestimated. We continue implementing further
investigations with the operation frequency of 7 GHz, which
allows for a compromise between the cost of data acquisition
circuitry and resolution.

Then, we study the effect of number of receivers used for
thickness estimation. For this purpose, we leave out the data
for some of the receivers when employing operation frequency
of 7 GHz in the previous example. Fig. 5 shows the estimated
thickness profiles when we employ seven receiver antennas
(RX1, RX3, RX5, RX7, RX9, RX11, and RX13), five receiver
antennas (RX1, RX4, RX7, RX10, and RX13), three receiver
antennas (RX1, RX7, and RX13), and three receiver antennas
(RX6, RX7, and RX8). It is observed that the total error Er
in thickness profile estimation increases with the decrease in
the number of utilized receiver antennas, as expected.

Furthermore, we study the quality of thickness profile
estimations for cracks with the various widths (w) of 0.5, 1,
and 2 mm while keeping the thickness the same as the small
crack in Fig. 3. For this purpose, PDs with the dimensions

Fig. 4. Estimated thickness profile when using 13 receiver antennas and for
operation frequency of (a) 1, (b) 7, and (c) 13 GHz.

of 5 and 0.1 mm along the radial and azimuthal directions,
respectively, are used for collection of PSFs. Fig. 6 shows the
thickness profile estimations. It is observed that the estimated
thickness deviates from the true thickness as the crack width
reduces.

Next, we analyze the effect of standoff distance of the
antenna array from the outer surface of the pipe. For this
purpose, we increase and decrease the original r4 (80 mm)
by 0.5 mm for the PUT while the PSFs for the case of
ra = 80 mm are employed to evaluate the tolerance of the
technique with respect to the change in r4. Fig. 7 shows the
estimated thickness profiles. It is observed that, compared with
Fig. 4(b), the estimated thickness profiles deteriorate in both
cases. In particular, the estimated nominal thickness deviates
from the true 20 mm value with the error in the standoff
distance. Besides, the degradation is more when decreasing
the value of r4.

Here, we study the effect of increasing and decreasing
the angular separation between the antennas. The original
configuration of A¢, = 10° is varied by £2°. The PSF
information is collected with similar modified antenna con-
figurations. Table III shows the values of E corresponding to
these cases. It is observed that changing A¢, has little effect
on the estimated thickness profile.

Authorized licensed use limited to: New York Institute of Technology. Downloaded on July 13,2022 at 18:30:06 UTC from IEEE Xplore. Restrictions apply.



Pipe Thickness (mm)

Pipe Thickness (mm)

o
T

Pipe Thickness (mm)

b
[

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

E_=10.37%

[~
[=1
T

wm
T

=]
T

o
T

-150

-100

-50 0 50 100 160 200
¢ (degrees)
(a)
'ET =10.61%

10F

Estimated thickness | -
— — — - True thickness

-200

]
o

-50 0 50 100 150 200
@ (degrees)

(®)
E, =12.08%

(5]
(=1
T

-
w0
T

=
T

o
T

= = = True thickness

o
-200 -150 -100 -50 0 50 100 150 200
@ (degrees)
()
E_ =15.07%

15

10F

Pipe Thickness (mm)

s5F “ [——Estimated thickness| " 1
----- True thickness

0 ' . . ' ' ' .
-200 -150 -100 -50 0 50 100 150 200

@ (degrees)

(@

Fig. 5. Estimated thickness profile for configuration in Fig. 3 when using
(a) seven receiver antennas (RX1, RX3, RX5, RX7, RX9, RX11, and RX13),
(b) five receiver antennas (RX1, RX4, RX7, RX10, and RX13), (c) three
receiver antennas (RX1, RX7, and RX13), and (d) three receiver antennas
(RX6, RX7, and RX8).

TABLE III
ESTIMATED THICKNESS ERRORS FOR VARIOUS VALUES OF A¢, IN FIG. 3

Ad, () E, ()
8° 10.32%
10° 10.19%
12° 10.44%

To justify the use of the proposed technique, the same pipe
is scanned at the operation frequency of 7 GHz by a single
rectangular waveguide (WR137 in C-band). Similar as before,
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Fig. 6. Comparison of the estimated thicknesses for defects of three different
widths (0.5, 1, and 2 mm) and similar thickness as the small defect in Fig. 3.
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Fig. 7. Estimated thickness profiles at 7 GHz for the defects in Fig. 3 and

when (a) increasing rq by 0.5 mm and (b) decreasing ryq by 0.5 mm.

artificial noise is added to the raw response, and the response
is also calibrated. Fig. 8 compares the calibrated raw response
for the waveguide with the estimated thickness profile [similar
to the one in Fig. 4(b)] and the true thickness profile. It is
observed that the waveguide response can show the presence
of the defects. However, it suffers poor azimuthal resolution
and large levels of artifacts in nondefected regions. Besides,
the level of peaks in the calibrated response cannot be clearly
correlated with the thickness of the defected regions (the peaks
are lower for larger defects). This clearly justifies the need
for applying the proposed technique for the thickness profile
estimation along the azimuthal direction.

Finally, we performed a feature-based error analysis on the
results shown in Figs. 4-7. The three defects positioned at
—90°, 90°, and 0° are named L1, L2, and S1, respectively.
Table IV shows the thickness estimation error (Ep) for these
three defects in addition to summarizing the Ery values for
the studied cases. Furthermore, in Section III-D, we present
the results of thickness estimation for larger defects.
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Fig. 8.  Comparison of the calibrated raw response obtained from the
waveguide scan with the estimated thickness profile and true thickness profile.

TABLE IV
SUMMARY OF ESTIMATION ERRORS

Parameter Crack Er (%) Ep (%)
1 GHz {L1, 81, L2} 11.58 {23, 50, 23}
7 GHz {L1, 81, L2} 10.19 {5.83, 1.5, 5.83}
13 GHz {L1, S1, L2} 7.51 {4,2,4)
RX1, RX3, RX5, RX7,
RX9, RX11, RX13 {L1, 81, L2} 10.37 {6.5,1.5,6.5}
RX1, RX4, RX7,

RX10, RX13 {L1, S1, L2} 10.61  {11.66, 1.5, 11.66}
RX1, RX7, Rx13 {L1, S1, L2} 1208  {16.5,2.5,16.5}
RX6, RX7, RX8 {L1, 81, L2} 15.07 {16.5,2.5,16.5}

Defect width {0.5 mm, 31 10.19 (18,10, 1}
1 mm, 2 mm}
ry=0.5 mm {L1, 81, L2} 11.03 {5.83, 1.5, 5.83}
TABLE V

ELECTRICAL PROPERTIES OF THE MIXTURES OF WATER
AND GLYCERIN AT 7 GHZ OBTAINED FROM [35]

glycerin concentration (%) & o (S/m)
55 17 8
62 16 7
70 15 6
75 12 5
80 10 4
85 9 3
90 8 25
95 7 2
100 6 1.5

C. Fluid Identification

In this section, we demonstrate the performance of the
proposed fluid identification approach. For this purpose,
we assume the pipe in the configuration of Fig. 3 could
carry mixtures of water and glycerin with unknown glycerin
concentrations within the range of 5%—100%. Table V shows
the electrical properties of such mixtures obtained from [35].

4 T T T T T T T T

38

36 i

34 r

3.2

AT

3

28

26

24 r

22 L L L L
55 60 65 70 75 80 85 90 95 100

glycerin concentration (%)

Fig. 9. Variation of AT in (12) when using data from two sets of receivers.

First, we collect PSFs for the mixture corresponding to the
glycerin concentration of 80% and PDs with the dimensions
of 5 and 2 mm along the radial and azimuthal directions,
respectively. Then, nine PUT models are simulated with var-
ious glycerin concentrations within the range of 55%—100%,
as shown in Table V. Having the collected PSFs and the PUT
responses, we compute the thickness difference AT in (12)
for all the PUT models. To implement that, the 13 receivers
in Fig. 3 are divided into two subsets as Set 1 containing
the responses collected by RX, where 0 = 1, 3, ..., 13 and
Set 2 containing the responses collected by RX, where ¢ =
2, 4, ..., 12. Fig. 9 shows the computed AT wvalues. It is
observed that the minimum of AT is obtained for the glycerin
concentration of 80% for which the PSFs have been employed.

This confirms that the minimum of the AT function occurs
when the fluid type used in the PSF and the PUT models have
electrical properties that are sufficiently close. Once the fluid
type is identified, the right PSFs for all the 13 receiver antennas
can be employed to obtain the thickness profile estimation with
optimal accuracy, as shown in Fig. 4(b).

It is worth noting that, in practice, a database of PSFs for
the possible fluid types can be collected a priori through mea-
surements, and then, the thickness estimation along with fluid
identification procedure can be implemented after collecting
the responses for the PUT.

D. Defect’s Radial Profile Reconstruction

Here, we study the capability of the proposed technique in
radial profile reconstruction of larger defects. For this purpose,
we employ the setup shown in Fig. 3, but for a pipe that
has a large defect, the profile of that is shown in Fig. 10.
Table VI shows the defect parameters. Fig. 11 shows the
estimated thickness profile of the pipe. It is observed that the
reconstructed thickness profile closely follows the true defect’s
profile confirming the capability of the proposed technique in
reconstructing the shape of the defects.

IV. EXPERIMENTAL RESULTS

In this section, to validate the proposed pipe thickness pro-
file estimation and fluid identification techniques, we conduct
proof-of-concept experiments.
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® RX),

Fig. 10. lustration of FEKO simulation setup. All the parameters are similar
to those presented in Fig. 3 except the defect dimensions.

TABLE VI
PARAMETER VALUES FOR THE DEFECTS IN F1G. 10

d d; Ag Ag,
5 mm 10 mm 20° 20°
E, =6.82%
25 T
Eao}
E
B 15[
2
E 10
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— — —-True thickness
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-200 -150 -100 -50 0 50 100 150 200
& (degrees)
Fig. 11. Estimated thickness profile of the PUT shown in Fig. 10.

TABLE VII
PARAMETER VALUES FOR THE PIPES AND DEFECTS IN F1G. 12

825 66.5 66.5 65 . 12 ., 8
mm mm mm mm mm mm

A. Pipes, Defects, and Data Acquisition System

For estimating the pipe’s thickness at various angular
positions (¢), we designed and fabricated a two-layer pipe
consisting of an outer layer HDPE pipe and an inner layer 3-D
printed pipe including retractable defects. Table VII shows the
parameter values for the pipes and the defects. The material
used for 3-D printing is polylactic acid (PLA). Fig. 12 shows
the fabricated two-layer PUT including the HDPE pipe shown
in black, the 3-D printed layer seen in yellow, and the 3-D
printed retractable pieces to create defects shown in green.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 12.  Fabricated two-layer PUT including HDPE layer seen in black,
3-D printed layer seen in yellow, and 3-D printed retractable pieces to create
defects shown in green.

We use an array of 13 2.4-/5.8-GHz dual band 3-3.5-dBi
rubber duck dipole antennas manufactured by TAOGLAS [36].
The array of antennas consists of one transmitter antenna,
12 receiver antennas, and microwave absorbing sheets wedged
between adjacent antennas. The separation between each
antenna along the azimuthal direction is A¢, = 10°, con-
figured like the simulation study. To alleviate the undesired
effect of coupling between these antennas, while they are
placed in proximity of each other in the proposed setup,
we place microwave absorbing sheets in between them.
We have shown in [37] that this leads to higher quality
measurements. We employ this antenna array to measure
responses at 10 frequencies over 5.5-6.5-GHz band. We first
verified that the measured |Sy;| values for the antennas are
mostly below —10 dB over this band while the antennas are
inside a 3-D printed holder in contact with the pipes.

The antennas are connected to an RF SP8T switch
(EVIHMC321ALP4E) and have an operating frequency up
to 8 GHz. The RF switch is controlled via an Arduino
Uno board and MATLAB software. We have constructed a
cylindrical scanning setup with stepper motors to control the
azimuthal movements of the platform on which the PUT is
placed. Fig. 13 shows the complete scanning setup when the
antenna array supported by the 3-D printed holder is placed
outside the PUT.

At each sampling step along the azimuthal direction (in total
100 positions covering 360°), the complex-valued |S;| data
are measured by an Anritsu vector network analyzer (VNA)
MS46122B for each receiver antenna. The data acquisition
including switching between receiver antennas, controlling the
scanning system, and VNA measurement is implemented via
a single MATLAB code.

B. Pipe Thickness Profile

In the first experiment, the array of antennas scans the PUT
filled with 100% water. We assume two levels for thickness
estimation of the inner layer (3-D printed layer). For this
purpose, we obtain two PSFs, each time, by removing one
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Fig. 13. Experimental setup for thickness estimation of inner pipe in a
two-layer pipe configuration.
E = 1851%
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Fig. 14. Estimated thickness profile for the inner layer in Fig. 12.

TABLE VIII
VALUES OF Er WHEN USING DIFFERENT FREQUENCIES AND ANTENNAS

Parameters Value Er (%)
Utilized 6 GHz 30.08
Frequencies 5.5-6.5 GHz 18.51
6 and 8 21.19

No. of Utilized 1and 13 23.63
Antennas Odd 18.88
Even 25.29

of the small green pieces on the left-hand side of Fig. 12.
Then, we scan the PUT’s responses with all the green pieces
removed.

Besides, we perform the scan of the PUTs without the
presence of any defect (all the green pieces in place) to
obtain the background responses for calibrating all the other
responses (subtracting the responses without the presence of
defects from the responses with the presence of the defects).
Fig. 14 shows the estimated thickness profile of the inner layer
after applying the technique described in Section II-B.

In the following, we perform further measurement error
analysis. As observed from Table VIII, using data at the
narrowband of 5.5-6.5 GHz leads to less error compared with
using single frequency data at 6 GHz. Besides, the values
of Er when using antenna pairs 6 and 8 (one at each side
of the transmitter) are 21.19%, and when using antenna pair

TABLE IX
VARIATION OF AT FOR DIFFERENT GLYCERIN CONCENTRATIONS

glycerin concentration (%) AT (%)
0 18.21
20 20.67
40 27.25

farthest from the transmitter, i.e., antennas 1 and 13, are
23.63%. Both these errors are much larger than the error when
using the data from all the receiver antennas. Furthermore,
as observed in Fig. 8, estimation of the thickness profile is
highly influenced by even a small variation of the antenna
array’s standoff distance; i.e., the estimated nominal thickness
deviates from the true value. While performing the PSF and
PUT measurements, we always have some unavoidable small
random variation of the standoff distance due to our imperfect
scanning system. The effect of this variation can be observed
as the ripples in the estimated nominal thickness in Fig. 14.
This causes the increases in the value of E7.

C. Fluid Identification

In this section, we perform measurements and show results
supporting the performance of the proposed fluid identifica-
tion approach. For this purpose, we create two additional
fluid mixtures including 80% water—20% glycerin and 60%
water—40% glycerin.

In this section, we perform measurements and show results
supporting the performance of the proposed fluid identification
approach. For this purpose, we create two additional fluid
mixtures including 80% water—20% glycerin and 60% water—
40% glycerin. Then, we collect responses for the defected
pipe when removing the larger green piece and for all the
three liquid fluids (0% glycerin, 20% glycerin, and 40%
glycerin). We calibrate each of the responses by subtracting
the corresponding measured background responses. We use the
PSFs measured in Section I'V-B with 0% glycerin for all three
scenarios. Similar to the simulation study, first, the 12 receivers
are divided into two subsets as Set 1 containing the responses
collected by RX,, where 0 = 1, 3, ..., 11 and Set 2 containing
the responses collected by RX, where e = 2, 4, ..., 12. Then,
AT values are computed for the measurements with each one
of the three liquid fluids.

Table IX shows the variation of AT. It is observed that the
smallest AT is obtained for 0% glycerin for which the correct
PSFs have been employed. This confirms that the minimum
of the AT function occurs when the fluid type used in the
PSF and the PUT measurements has very identical electrical
properties.

V. CONCLUSION AND DISCUSSION

In this article, we implemented a quantitative thickness
estimation of thick nonmetallic pipes. We demonstrated the
capabilities of the proposed technique and also studied the
effects of important parameters on the thickness profile esti-
mations. We also proposed an approach for fluid-type identifi-
cation leading to optimal thickness estimations. Furthermore,
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we demonstrated the capability of the technique in thickness
profile estimation of large defects.

The dipole antennas used in this study offer these benefits:
1) compact size to be used in an array configuration; 2) high
sensitivity leading to better dynamic range; 3) relatively low
cost; and 4) omnidirectional leading to better resolution in the
holographic processing [24].

Furthermore, in general, users are more interested to eval-
vate common defects such as narrow cracks. In practice,
the dynamic range of the measurement system affects the
lower limit for the inspected defect size. The dynamic range,
in turn, depends on various factors, such as the data acqui-
sition circuitry’s noise, ripples in the mechanical scanning,
electromagnetic interferences, and so on. One may assume
that the accuracy of the thickness estimations will be higher
for larger defects. However, larger defects further violate Born
approximation used in the proposed technique. This imposes
an upper limit on the largest inspected defect size.

Conventionally range resolution is achieved via wideband
measurements. However, we have shown in previous works
(see [33], [37], [38]) that using an array of receiver anten-
nas scanning single frequency or narrowband data over the
measurement aperture (here, [0 to 2x]), allows for achieving
excellent range resolution. Here, in the simulation study,
we employed single frequency data, which along with the
use of receiver arrays allows achieving range (radial) reso-
lution. In experiments, we used narrowband data, which helps
improving the thickness estimation results compared with the
single frequency data. Utilizing the narrowest frequency band
allows for: 1) more cost-effective data acquisition circuitry;
2) reducing the errors due to the dispersion of the materials
(normally dispersion is not considered in SAR-based and near-
field holographic processing); and 3) utilizing more compact
and sensitive (resonant) antennas.

Finally, in the past two decades, various near-field layered-
structure microwave NDT techniques have been developed to
measure pipe thickness precisely, as discussed in Section L
However, they either lack further postprocessing to provide
thickness profile along the cross-range (here, azimuthal) direc-
tion or their processing is based on the SAR principles, which
cannot process the measured evanescent wave spectrum; i.e.,
their resolution is diffraction-limited.
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