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Introduction
It is an industrial requirement that material carrying pipes be frequently maintained.
Several noninvasive techniques were developed such as trained dogs that sniff or listen to
leaks, a laser controlled camera inside a pipe or X-ray tubes to photograph the pipes [1].
Yet, ground penetrating radars, GPRs, have shown the best efficiency. Several techniques
were used to process the GPR profiles in order to extract features that characterize the
media such as back propagating neural networks [2] that identify hyperbolic effects of
buried pipes.
In recent works [3], [4], the idea using elliptical antennas with notches as RFID has been
explored for detecting cracks in pipes. Complex natural poles unique to the structure were
extracted from the scattered field and used as an identification key. Projecting this onto
buried pipes, it is expected that a pipe with a crack will have poles that are in excess to a
pipe with no cracks [3], [4].
FEKO simulations are used to generate the scattered field. A PEC pipe that is 10cm long
with a diameter of 2.5cm and 5 mm thick is used for the proof of concept of the above
idea. The pipe, once with a crack and once with no crack, is simulated in free space,
hidden behind or immersed in a plywood wall and buried underneath sand. The synthetic
data is corrupted with white Gaussian noise up to SNR = 10dB. An algorithm is
presented to further process the data and to render it suitable for pole extraction using the
matrix pencil method (MPM) [6].
Matrix Pencil Method
A data sequence can be represented as a sum of exponentials and their residues as shown
in equations (1-3) [5].
0,1, …
;

= damping factors and ωi = frequencies

(1)
(2)
(3)

where I is the Identity matrix, the X
The poles are the Eigen value solution of
matrices are the shifted version of the original data matrix (+ denotes the conjugate
transpose). It should be noted here that the parameter M in (1) truncates the number of
poles. Several values of M are investigated in this work.
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Electromagnetic Configurations and Results
In the first simulation, a pipe of the aforementioned dimensions with no cracks immersed
in free space is excited with a plane wave in the –z-direction. This case is considered as
the reference. A pipe with a 6cm arc length crack as shown in Figure 1a is considered.
Figure 1b shows a comparison of the magnitude of the scattered far field of both cases at
an observation point of 60 cm away from the pipe. A Gaussian filter is applied to the
synthetic data to limit the bandwidth [7]. The filtered scattered field is then Fourier
transformed into the time domain. The matrix pencil method is applied to the late time
window to eliminate the incident wave. The extracted pole pairs with dominant residues
are shown in Figure 2a. A value of M = 6 was found to extract the pole pair for the
reference pipe and is later used as a starting point when evaluating other pipes. For a pipe
with the 6cm arc length crack, for M = 8 the reference 1 GHz pole pair was extracted
along with two extra significant poles at 3Ghz and 9.1 GHz. These poles are associated
with the crack.
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Figure 1 (a) Pipe Dimensions; (b) Magnitude of scattered field @ 60cm away from pipe

The results of Figure 2 show that the crack was detectable even when corrupting the data
with noise of SNR = 10dB as shown in Figure 2b. However, at that noise level, the higher
frequency pole at 9.1GHz associated with the crack was not extracted.
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Figure 2 (a) Extracted poles w/o crack; (b) Extracted poles w SNR = 10dB

The second case is a pipe with a 4cm arc length crack. The crack was simulated in two
different positions; once on the top of the pipe and once on the bottom of the pipe. The

scattered fields are plotted in Figure 3a and are compared with the reference pipe (no
crack). It can be seen from Figure 3b that all poles were extracted even when the 4 cm
crack was hidden underneath the pipe. The data was corrupted with a SNR = 10dB and
the cracks were detectable in both cases (not shown here).
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Figure 3 (a) Extracted poles; (b) Scattered Field Magnitude

The algorithm was tested against more challenging cases. The first of which was hiding
the pipe behind an infinite 10cm thick plywood wall having εr = 1.9 and tanδ= 0.027. The
pipe was 5cm away from the wall. Plane waves excited the geometry from the other side
of the wall. The observation point was 60cm away from the surface of the wall. The four
plots in Figure 4a show the scattered fields of a pipe immersed in free space and those of
the hidden pipe. The poles in Figure 4b show that the poles associated with the 6cm arc
length crack in the hidden pipe were extracted.
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Figure 4 (a) Scattered Field Magnitude; (b) Extracted poles for hidden pipe

Another case was to bury the pipe at 7.5 cm beneath the interface of the half space of
sand having εr =2.54 and tanδ= 0.005. Due to the change of contrast between the pipe and
the surrounding space, the “Buried Pipe” scattered fields in Figure 5a show a left shift in
the peaks. This was reflected in the poles plot of Figure 5b which also confirmed that the
crack was successfully detected through the 1.8GHz and 5.6GHz poles.
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Figure 5 (a) Scattered Field Magnitude; (b) Extracted poles for buried pipe

Conclusion
The matrix pencil method is a MatLab friendly algorithm that generates results in real
time. The technique was able to detect cracks in pipes whether they were on top of the
pipe or on the bottom up to a SNR = 10dB. Also cracks in hidden and buried pipes were
detected using the same technique.
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