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ABSTRACT Transient electromagnetic (TEM) techniques have been proven to be efficient for nonde-
structive testing (NDT) operations due to their pulsed eddy-current properties. However, in the field of
downholemeasurements, harsh environmentsmay significantly influence theNDT performance in downhole
casings. In this paper, an empirical mode decomposition (EMD) method based on borehole TEM array
signal denoising and baseline wander (BW) correction is proposed to compensate for the bad measurement
conditions that affect downhole NDT. Based on the borehole TEM signal model, we investigated the principle
of the EMD approach for the borehole TEM response, where the backgroundmagnetic noise and temperature
drift effects were analyzed by considering the motion measurement and effective permeability. It was found
out that although the BW can be effectively removed with the EMD approach, the performance of the signal
denoising is closely related to the measurement speed of the downhole NDT sensors. To solve this problem,
we proposed an array-based ensemble EMD method to improve the denoising performance of the borehole
TEM signals by formulating a three-dimensional borehole TEM data structure, where the generation of
the noise-aided data can be more efficient by employing the borehole TEM array. The performance of the
proposed method was verified by applying it to a borehole TEM system for the NDTs of oil-well casings.
In addition, field experiments were conducted, and the results demonstrated the effectiveness of the proposed
method.

INDEX TERMS Borehole, transient electromagnetic system, array, nondestructive testing, empirical mode
decomposition.

I. INTRODUCTION
Borehole transient electromagnetic (TEM) [1] techniques are
widely used in the field of the nondestructive testing (NDT)
of downhole metal casings [2], [3] due to their rapid and
accurate acquisition of broad-frequency-range data [4], [5],
pulsed eddy-current properties [6], [7], and accessibility to
targets [8]. However, the harsh environments of bad bore-
hole conditions, such as the narrow underground confined
space [9], cumbersome metal tool housings against the high
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wellbore pressure [10], high temperatures [11], and required
motion measurements for improving the measurement effi-
ciency [12], making borehole TEM systems quite different
from those used for surface measurements. Thus, such envi-
ronments have a great influence on the performance of NDTs
in downhole casings.

To overcome the impacts of the bad borehole conditions,
a lot of research works have been conducted with respect
to the design and use of eddy-current sensors for improving
the performance of downhole NDTs. Aimed at improving
the signal-to-noise ratio (SNR) of borehole TEM systems,
multi-turn approaches [13]–[16] that are composed of coaxial
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multi-turn transmitting and receiving coils wound around
magnetic or air cores were proposed to enhance the eddy-
current response in high-temperature applications. Based on
the correlation of the multiple receivers with the differ-
ent distances between the transmitting and receiving (TRD)
coils [13], [14], a multi-receive single transmit TEM array
was proposed to improve the SNR of borehole TEM systems
for NDTs in downhole casings, and the multi-receive array
was weighted according to the array signal processing in
order to improve the detection performance [13]. Also, aimed
at improving the spatial resolution of the NDT of metal pipes,
a combination of transverse and longitudinal sensors was uti-
lized to inspect different crack shapes of metal casings [15].
In [16], multi-pipe strings, which were required to protect
oil and gas wells from by-products for safety considerations
but made NDTs more difficult in terms of data interpretation,
were inspected using the eddy-current diffusion properties of
a TEM systemwith amulti-turn coil-based auxiliary sensor in
the longitudinal direction. Similarly, the distortions of mea-
sured remote eddy-current field signal are analyzed and elim-
inated for pipeline inspection [17]. The above methods have
been proven to be efficient for borehole TEM systems, as they
improved the accuracy of downhole NDTs by reducing the
influence of bad borehole conditions. However, in the field
of borehole measurements, the sensors have to go through the
wellbore to have an overall evaluation with respect to lots of
periods that correspond to different borehole depths, where
the nonconstant parameters of the temperature and motion
speed lead to serious distortions that appear as baseline wan-
ders (BWs) andmotion-induced electromotive forces (EMFs)
in the TEM response, thus strongly influencing the long-term
precision.

So far, there are only minimal attempts that aimed to elimi-
nate the influence of the nonconstant temperature and motion
speed parameters on the downhole surveys. Generally, such
influence is difficult and inefficient to suppress by repeatedly
using measurement data from one or few periods, as both
the temperature and motion speed would irregularly change
with the increase of the borehole depth [8], [9]. Refer to [18],
a temperature calibration procedure was employed to retrieve
the temperature sensitivity of a fiber-optic distributed temper-
ature sensing system that was used in downhole oil produc-
tion. Also, [19] presented a temperature correction scheme
that uses multiple temperature sensors to reduce temperature
errors and help maintain accuracy over the entire temperature
range. Following the same idea, a calibration module was
developed to calibrate the temperature changes and parameter
variations for a measurement system in a directional borehole
radar [20]. The abovemethods are based on calibration coeffi-
cients to reduce the influence of the nonconstant parameters
on borehole measurements. However, they are quite ineffi-
cient for borehole TEM systems, as too many measurement
data that corresponds to a broad frequency range from early to
late sampling times are involved in each signal period of the
TEM signal because of the eddy-current diffusion properties
in the time domain [3], [13]. Similar to the TEM denoising

method in [21] and [22], [23] presented a discrete wavelet
transform-based denoising method for borehole TEM data
by employing a curve fitting technique. Furthermore, con-
sidering the effect of the motion measurement, a reference
multi-turn receiver was used to cancel the magnetic back-
ground noise (MBN) effect in the main channel by employing
the time domain property in each period [12]. However,
the information from different periods were not exploited,
and the influence of the temperature drifts was not corrected.
By using multiple periods of TEM data in [24] and [25],
the influence of BW and the noise caused by the motion
measurement of the airborne TEM system were corrected
with the wavelet transform and empirical mode decomposi-
tion (EMD) methods [26], [27], respectively. Although the
EMD-based method was effective for the airborne TEM sys-
tems, the TEM response of different measurement periods
were not separately processed, which made the denoising and
BW correction performance for borehole TEM systems be
strongly influenced by the magnetic hysteresis effect on the
different sampling times.

In this paper, we present an EMD method based on bore-
hole TEM array signal denoising and BW correction to
compensate the variation in the temperature and motion mea-
surement of downhole NDTs. Using the EMD algorithms,
we analyzed the motion measurement and temperature drift
effects on the performance of the borehole TEM system with
respect to the MBN and effective permeability. Moreover,
by formulating a three-dimensional borehole TEMdata struc-
ture, we proposed an array-based ensemble EMD (AEEMD)
method to improve the denoising performance of the borehole
TEM signals. The effectiveness and accuracy of the proposed
method were verified by applying it to an oil borehole TEM
system to inspect an oil-well casing.

The rest of this paper is organized as follows. Based
on the borehole TEM array signal model, the influence of
the temperature drifts and MBN is presented in Section II.
In Section III, we present the principle of the EMD approach
for borehole TEM signal denoising and BW correction.
An AEEMD method for improving the denoising perfor-
mance of the borehole TEM signal is presented in Section IV
and the experimental and simulation results are discussed in
Section V. Finally, we conclude the paper in Section VI.

II. BOREHOLE TEM ARRAY SIGNAL MODEL
By considering a borehole TEM array system in a multi-
cylindrically layered structure as shown in Fig. 1, with the
electrical parameters (relative permeability, relative permit-
tivity, and conductivity) and geometrical parameter of the
jth layer being defined as µj, εj, σj, and rj, respectively,
we employed a single transmitter and M receivers with their
number of turns given byNT andNR, respectively, where each
receiver has the same number of turns.

As illustrated in Fig. 1, the transmitter continuously sends
the TEM pulse, and theM receivers receive the TEM signals
for each positive or negative period. Furthermore, with the
movement of the borehole measurement system, each period
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FIGURE 1. Borehole transient electromagnetic (TEM) array system.

corresponds to a borehole depth, where it is assumed that
there is no displacement in a single measurement, and the
measurement curves can be obtained by stacking the receiv-
ing signal of each period versus the borehole depth, where
the negative period data have to be negated to maintain con-
sistency. For each single period, the induced EMF of the mth
receiver can then be calculated by [16]

Um (zm, ω, θ)=−iωµ1NR

∫ r1

0
Hz1 (zm, ω, θ, r) 2πrdr (1)

where Hz1(zm, ω, θ, r) denotes the vertical component of the
magnetic field for each single period with TRD zm and radius
r (0 < r < r1); θ is the thickness of the metal casings that
can be expressed by r5 - r4 if only one casing is used [16], and
zm is the TRD between the mth receiver and the transmitting
coil with an inter-element distance of 1z. The induced EMF
in the time domain can then be obtained by the S-stage
inverse Laplace transform method of Gaver–Stehfest with
iω = sln2/t [13]:

Um(zm, t, θ) =
ln 2
t

S∑
s=1

DsUm(zm, s ln 2/it, θ) (2)

where t and Ds denote the observation time and the
integral coefficient of the Gaver–Stehfest inverse Laplace
transform, respectively. According to the numerical approxi-
mationmethod of [13], (2) can bewritten into the vector form:

Um(zm, t, θ) = x (zm) · gT (t, θ) (3)

where
g (t, θ)

=
[
A1g1,1,1 (t, θ) , . . . ,AQgS,Q,P (t, θ)

]
1×SQP (4)

x (zm)

=

cos(λ0zmB1 + 1
2

), . . . , cos(λ0zm
BP + 1

2
), . . .︸ ︷︷ ︸

P

. . . , cos(λ0zm
B1 + 1

2
), . . . , cos(λ0zm

BP + 1
2

)︸ ︷︷ ︸
P


1×SQP

(5)

denote the influence of the sampling time and geometric
parameters of all the layers and the TRD, respectively. Also,
λ0 is a constant coefficient, P andQ represent the series of the
two Legendre polynomials, and their quadrature coefficients
and the zero-point are expressed by A and B, respectively.
In the previous studies [13]–[16], to measure the thickness
of the metal casings, the electrical and geometric parameters
of all the layers except for the outer radius of the metal
casing were assumed to be constant [16]. However, for a
high-temperature borehole TEM system, not only the tem-
perature drifts but also the magnetic hysteresis effect had
a great influence, especially on the effective permeability
µ1 of the soft magnetic core [28]. On one hand, different
borehole depths may correspond to different temperatures,
which lead to irregularly changes of the effective perme-
ability. On the other hand, since the TEM responses appear
as typical exponential attenuation, the effective permeability
of the TEM sensor at early and late times would be quite
different due to the magnetic hysteresis effect, even though
all the other system parameters are not changed. Thereby,
to make a clear expression, we rewrote g(t, θ) as g(t, θ,T )
to represent the influence of the electrical and geometric
parameters with respect to the effective permeability µ1,
which is changed with both the sampling time t and the
borehole temperature T . Moreover, we assumed that the
induced EMFs of each receiver are discretely sampled with a
sampling length L. Then, considering the effect of the MBN,
the induced EMFs at the lth sampling time can be rewritten
as

Um,l(zm, tl, θ,T ) = x (zm) · gT (tl, θ,T )+ nm,l(tl,T ) (6)

where nm,l(tl,T ) denotes the MBN that is caused by the
motion-induced EMFs in the receiving coils due to the
nonhomogeneous residue magnetic field of the metal cas-
ings. Moreover, the noise level increases with the increase
of the sensors movement speed. In [25], the BW and the
motion-induced EMFs for the airborne TEM systems could
be corrected using the ensemble EMD (EEMD) method.
However, the TEM responses of different measurement peri-
ods were not separately processed, which substantially led
to a performance loss due to the magnetic hysteresis effect
on the different sampling times. In this paper, we use θd
and Td to represent the casing thickness and temperature of
the d th (d = 1,. . . , D) depth. Then, the TEM response of
the mth receiver and the lth sampling time for all depths
can be obtained by staking (6) along the borehole axis, such
that

Um,l(zm, tl, θ ,T)

=
[
Um,l(zm, tl, θ1,T1), · · · ,Um,l(zm, tl, θD,TD)

]
∈ C1×D

(7)

where θ = [θ1. . .θD] and T = [T1 . . . TD]. By using the field
experiments of an oil-well in the Shengli Oilfield of China as
examples, the experimental sampling induced EMFs versus
the borehole depths are demonstrated in Fig. 2 with a motion
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speed of 300 m/h, where the TRD of the four receivers are
5 cm, 10 cm, 15 cm, and 20 cm, respectively.

FIGURE 2. The experimental EMFs of the Receivers 1 to 4 versus the
borehole depth with a speed of 300 m/h at (a) 20 ms, (b) 30 ms,
(c) 40 ms, and (d) 50 ms.

From (7) and Fig. 2, it can be deduced that M × L
EMF curves exist with respect to the different TRDs and
the sampling times with the indices of m and l, respectively.
Specifically, the recurring peaks denote the casing collars,
and the TEM data was recorded according to the borehole
depth. In the field of oil & gas production engineering,
the wellbores are usually protected by metal casings, and
the threaded collar is used to connect two joints of casing.
Notably, the casing collars will substantially increase the
thickness of the pipe strings and appear as many ‘peaks’ in
the measured EMF curves. But fortunately, the positions of
these collars are prior known for a certain oil-well, because
the lengths of each casing are measured previously. Usu-
ally, by interpreting the induced EMF curves along with the
borehole axis as thickness curves, the NDT of the downhole
casings are realized. However, as shown in (7) and Fig. 2,
the EMF curves are not only related to the sampling time
and TRD, but they are also affected by the temperature drifts
and the motion-induced EMFs, which appeared as BW and
motion-induced noise, respectively, and which would have a
great influence on the performance of the downhole NDTs.

III. THE EMD PRINCIPLE FOR THE BOREHOLE TEM
SIGNAL
A. THE EMD OF THE BOREHOLE TEM SIGNAL
In Section II, we describe the effect of the temperature drifts
and the motion-induced EMFs on the measurement curves
of the borehole TEM array, which appear as the BW and
undesired noise that influence theNDTperformance in down-
hole casings. In addition, in this section, the use of the EMD
approach for removing the BW and denoising the borehole
TEM signals is demonstrated. According to the EMD prin-
ciple in the matrix form, the borehole TEM response in
(7) can be decomposed into K IMFs and a residue signal

R(zm, tl , θ , T), such that [29]

Um,l(zm, tl, θ ,T) =
K∑
k=1

Ck (zm, tl, θ ,T)+ R(zm, tl, θ ,T)

(8)

with

Ck (zm, tl, θ ,T) = [Ck (zm, tl, θ1,T1),

. . . ,Ck (zm, tl, θD,TD)] ∈ C1×D (9)

R(zm, tl, θ ,T) = [R(zm, tl, θ1,T1),

. . . ,R(zm, tl, θD,TD)] ∈ C1×D (10)

where the index k denotes the order of the IMFs. To simplify
the expression, the residue signal can be defined to be the
K + 1th IMF. By taking one of the experimental data
in Fig. 2 from 2465 to 2545 m as an example, the TEM curve
of the Receiver 2 at 30 ms can be decomposed into 9 IMFs,
as shown in Fig. 3.

FIGURE 3. The EMD of the borehole TEM response of the Receiver 2 at
30 ms at a measurement speed of 300 m/h.

The first subfigure denotes the original data, and the
9 IMFs correspond to the different frequency components
from high to low. Usually, it is assumed that the noise infor-
mation is mainly included in the first several IMFs of the
high-frequency components, while the baseline information
is mainly included in the last several IMFs of the low-
frequency components. In [29], the BW correction and the
signal denoising can be realized by applying the windowing
and filtering approach to the first and last several IMFs,
respectively. According to the order determination method
in [29], we define the first F orders as the noisy IMFs.
As for the last E orders, they mainly correspond to the base-
line components. For the BW correction, we apply a bank
of low-pass filters to extract the BW components from the
last E IMFs. Then, the residue part of the last E IMFs after
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the BW correction can be written as:

BWC(zm, tl, θ ,T)

=

K+1∑
k=K−E+2

Ck (zm, tl, θ ,T)

−

K+1∑
k=K−E+2

LPFT
k−(K−E+1) ∗ Ck (zm, tl, θ ,T) (11)

where ∗ is the convolution, and LPF denotes the low-pass
filters. The cutoff frequencies of the low-pass filters are cho-
sen according to [29]. In order to reduce the influence of the
noise in the first F orders of the IMFs, the positions of the
peaks of all the casing collars are utilized to form the denois-
ing window. Then, for the noise reduction, we first apply a
tapered cosine window ψk with two widths of τ1 and τ2 to all
the collar peaks of the curve to reserve the collar information
of the first F noise order of the EMD results. Then, we use a
complementary window ψ̄k of the above window to suppress
the noise information so that the residue signal of the first F
IMFs after the noise suppression can be written as

DEN(zm, tl, θ ,T) =
F∑
k=1

(
Ck (zm, tl, θ ,T)� ψk

+αk · Ck (zm, tl, θ ,T)� ψ̄k
)

(12)

where
⊙

denotes the inner product of the two vectors
0 < αk < 1 is the attenuation coefficient and ψ̄k = 0 − ψk ,
where 0 = [1, 1, . . . , 1]1×D. Clearly, the aim of the window
function ψk is to retain the collar information. ψ̄k is used to
suppress the collar information and retain the noise informa-
tion. Its effect is contrary to that of ψk . Here, ψ̄k is applied
to the first F IMFs in conjunction with ψk . Then, the BW
correction and signal denoising results can be reconstructed
by combining (11) and (12):

U′m,l(zm, tl, θ ,T)

= DEN(zm, tl, θ ,T)+
K−E+1∑
k=F+1

Ck (zm, tl, θ ,T)

+BWC(zm, tl, θ ,T) (13)

In (13), the second term represents the middle IMFs
that neither contain noise components nor baseline
components.

B. EFFECT OF THE MEASUREMENT SPEED ON THE EMD
The EMD-based signal denoising and BW correction in
Section III.A are effective for the experiment curves shown
in Fig. 2 at a measurement speed of 300 m/h. However, in the
case of the borehole measurement, the motion speed of the
sensor would have a great influence on the performance of
the EMD for the TEM signals, as a fast motion speed may not
only make the noise strong, but it can also reduce the effective
number of measurement points in a certain range of borehole
depths.

FIGURE 4. The EMD of the borehole TEM response of the Receiver 2 at
30 ms at a measurement speed of 600 m/h.

In Fig. 4, we show the original data and the EMD results
at a measurement speed of 600 m/h, to be compared with
Fig. 3, where the experimental data are also chosen from the
2465 to 2545 m range of the Receiver 2 at 30 ms. Obvi-
ously, the original data with the different measurement speeds
have the same collar locations and the same mean value of
the induced EMFs, but the noise strength and the number
of effective measurement points are different. Furthermore,
by comparing the EMD results of Fig. 3 and 4 with measure-
ment speeds of 300 m/h and 600 m/h, respectively, it can be
seen that the difference of the lower-order IMFs between the
two different measurement speeds is much larger than that of
the higher-order IMFs. Especially, in comparison with Fig. 3,
there is a more serious EMD aliasing in the first F IMFs
in Fig. 4, where the peaks with respect to the casing collar
are mixed with the noise component. To further investigate
this problem, the BW and noise components of the EMD
results of the differentmeasurement speeds are compared. For
convenience, the sum of the first F IMFs is used to represent
the most part of the noise component and express the noise
level because noise is mainly included in the first F IMFs.
Then, the correspondence of the noise component in the sum
of the first F IMFsUN(zm, tl , θ ,T) and the estimated baseline
components UBW(zm, tl , θ , T) can be represented as

UN(zm, tl, θ ,T)=
F∑
k=1

Ck (zm, tl, θ ,T) (14)

UBW(zm, tl, θ ,T)=
K+1∑

k=K−E+2

LPFT
k−(K−E+1)∗Ck (zm, tl, θ ,T)

(15)

By using the above equations to process the EMD results
in Fig. 3 and 4, the two EMF curves of the borehole TEM
data and their noise and baseline correspondence in Fig. 5
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FIGURE 5. Comparison of (a) the two EMF curves of the experimental
data, (b) their noise, and (c) baseline wander correspondence with
measurement speeds of 300 m/h and 600 m/h, respectively.

(E = 2, F = 3) are compared based on the same parameters
except for the measurement speeds of 300 m/h and 600 m/h,
respectively.

It can be observed from Fig. 5 that the noise components
of the different motion speeds are quite different, while the
BW components are almost the same. Specifically, the noise
strength of the case with the speed of 600 m/h becomes much
larger than that with the speed of 300 m/h. Also, the noise
component near the position of each casing collar is par-
ticularly strong and seems to be caused by the non-suitable
cutting-off of the window function, which is actually due to
the mode aliasing of the casing collars peak and the noise
peaks. On one hand, the effect of the high temperature range,
which appeared as various BWs, does not change with the
motion speed, and can easily be removed using the BW
correction principle of Section III.A. On the other hand,
the MBN effect, which appeared as motion-induced EMFs,
is closely related to the motion speed, since faster speeds may
not only correspond to stronger MBN values but also to more
serious mode aliasing due to the reduction of the number
of effective points in a certain measurement depth range.
Although the stronger noise can be suppressed by modifying
the attenuation coefficients in (12), the distortion of the noise
component, which becomes stronger near the position of each
casing collar, cannot be easily cancelled.

IV. AEEMD FOR BOREHOLE TEM SIGNAL DENOISING
A. THE EEMD FOR THE BOREHOLE TEM SIGNAL
In Section III, we showed the principle of the EMD approach
for the borehole TEM signal denoising and BW correction.
However, since the noise component is closely related to the
motion speed of the sensors, the noise suppression perfor-
mance of the borehole TEM signal with the fast measurement
speed would be significantly decreased. Thus, to improve the
signal denoising effect, the EEMD algorithm [25], a noise-
assisted data analysis, was developed to eliminate the mode
aliasing of the IMFs. According to the EEMDmethod, the jth

stage of the noise-aided data of (7) can be formulated by

Um,l,j(zm, tl, θ ,T)=Um,l(zm, tl, θ ,T)+ n′j(zm, tl, θ ,T)

(16)

where nj′(zm, tl , θ , T) denotes the jth artificial identi-
cally independently distributed (I.I.D.) Gaussian white noise.
In this paper, we chose to add noise of an amplitude that is
about 0.2 standard deviation of that of the data. By using
the EMD-based borehole TEM system model in Section III,
the EEMD can be expressed by averaging the EMDs of the J
noise-aided data as follows

Ûm,l(zm, tl, θ ,T)

=

K∑
k=1

Ck-EEMD(zm, tl, θ ,T)+ REEMD(zm, tl, θ ,T) (17)

where

Ck-EEMD(zm, tl, θ ,T) =
1
J

J∑
j=1

Cj,k (zm, tl, θ ,T) (18)

REEMD(zm, tl, θ ,T) =
1
J

J∑
j=1

Rj(zm, tl, θ ,T) (19)

denote the kth IMF and residue term of the EEMD, respec-
tively.Cj,k (zm, tl , θ ,T) andRj(zm, tl , θ ,T) denote the kth IMF
and the residue signal of the jth noise-aided data, respectively.
As we all know, the EEMD method belongs to a class of
noise-assisted EMD methods that are aimed at alleviating
mode mixing caused by noise and signal intermittency. The
use of the EEMDwill substantially improve the signal denois-
ing performance for the borehole detection in this paper.
Usually, we need to estimate the noise variation for the gener-
ation of artificial noise with Gaussian distribution. However,
in the field of borehole detection, the noise variance would
irregularly change due to the bad borehole conditions that
come with the increase of the borehole depth with respect
to change of temperatures and pressures. So under this sit-
uation, the generation of the artificial noise data for the
EEMD method will become difficult and time consuming
for in-time NDTs. In order to solve this problem, we herein
present an AEEMD denoising method for the borehole TEM
system.

B. THE THREE-DIMENSIONAL STRUCTURE OF THE
BOREHOLE TEM ARRAY DATA
By stacking the induced EMF of each receiver in (6),
the matrix form of the received signal of the uniform linear
multi-coil array on the d th depth can be expressed, such
that

U1−M ,1−L,d

=


x (z1) · gT (t1, θd ,Td ) · · · x (z1) · gT (tL , θd ,Td )
x (z2) · gT (t1, θd ,Td ) · · · x (z2) · gT (tL , θd ,Td )

...
. . .

...

x (zM ) · gT (t1, θd ,Td ) · · · x (zM ) · gT (tL , θd ,Td )


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+


n1,1(t1,Td ) n1,2(t2,Td ) · · · n1,L(tL ,Td )
n2,1(t1,Td ) n2,2(t2,Td ) · · · n2,L(tL ,Td )

...
...

. . .
...

nM ,1(t1,Td ) nM ,2(t2,Td ) · · · nM ,L(tL ,Td )


M×L
(20)

In (20), each element of the noise matrix can be assumed
to be I.I.D., as the measurement conditions of each receiver at
different sampling times are almost the same. Similar to (7),
the response of the TEM array for all depths can be obtained
by staking (20) along with the borehole axis, such that

U1−M ,1−L,1−D

=
{
U1−M ,1−L,1 U1−M ,1−L,2 · · · U1−M ,1−L,D

}
M×L×D

(21)

It can be observed from (21) that the borehole TEM array
data correspond to a three-dimensional structure, where the
three axes are represented by the M receivers, L sampling
times, and D depths (also known as D measurement times).
In order to distinguish the two ‘time’, we define the sampling
time and measurement time as the fast time and slow time,
respectively. Considering the motion speed, each measure-
ment period in the slow time would correspond to a borehole
depth, as shown in Section II (depth= speed×measurement
time), and would also comprise the sampling data of the fast
time from the early time t1 to the late-time tL with respect to
receivers 1 to M . Specifically, the 3-D data structure of the
borehole TEM array is shown in Fig. 6.

FIGURE 6. The 3-D data structure of the borehole TEM array.

From Fig. 6, it can be observed that M × L independent
TEM data curves exist along with the borehole axis with
the D depths, where each of them has a model, as shown in
Section II, and can be processed using the EMD principles.
If the common information of theM × L data can be used to
realize the EEMD, the artificial noise-aided procedure can be
substantially reduced. Here, the EMD and EEMD are applied
on univariate signals (a function of depth). Although the
borehole TEM array data can be expressed as 3-D structure,
where the induced EMFs are with respect to the depth (D),
the sampling times (L), and the receivers (M ), the effect of the
three variables are quite different. Firstly, the BW and noise
of the borehole TEM data are mainly caused by the change
of the depth as illustrated in Section II. Secondly, the dimen-
sion of the M (e.g. 8) and L (e.g. 50) are not long enough

to realize the EMD and EEMD algorithms. Thirdly, only
when we treat the TEM data as a function of depth channel-
by-channel with each of them corresponding to a specified
m and l, just as shown in Fig. 2, the TEM data appear as
the M × L EMF curves with the same positions of recurring
peaks of the casing collar, thus offering an opportunity to
process all of these EMF curves using the EMD and EEMD
with the same denoising window. In order to analyze the
common information of the M × L data curves, we here
compare the normalized induced EMFs of 7 cases, as shown
in Fig. 7, including Receiver 1 at 20 ms, Receiver 1 at 30 ms,
Receiver 1 at 40 ms, Receiver 1 at 50 ms, Receiver 2 at
30 ms, Receiver 3 at 30 ms, and Receiver 4 at 30 ms, where
the experimental parameters are the same as in Fig. 4 at a
measurement speed of 600 m/h.

For the L-dimension of Fig. 7, it can be observed that the
TEM data of the same receiver at different sampling times
are similar because of the eddy-current diffusion property
of the TEM system, indicating the great similarity between
these cases after the cancellation of the BW information.
However, for the M -dimension, the difference in the TEM
data of the different receivers is mainly manifested as ‘phase’
shifting [13] along with the longitudinal (borehole) axis due
to the difference in the TRDs.

FIGURE 7. Comparison of the normalized EMFs of different data curves.

C. THE AEEMD METHOD
Different to the original EEMD method that uses lots of
artificial noise data, the AEEMD method proposed in this
paper involves a dimension reduction operation by employing
the M and L data with their common information and I.I.D.
noise to improve the denoising performance. The procedure
of the AEEMD method is shown in Algo. 1.

The procedure of the AEEMDmethod contains four basial
steps for the BW correction and signal denoising, the array
weighting, EMD decomposition, BW correction, and the
L-stage EEMD. The details of the implementation of the
proposed AEEMD method are shown as follows.

Firstly, in order to make use of the M -dimension data,
we apply an array weighting approach to the lth column
of (20) to compensate for the ‘phase’ shifting by cancelling
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Algorithm 1 AEEMD
Require: Um,l(zm, tl , θ , T), m = 1, 2, . . . ,M; l =
1, 2, . . . ,L;

1: Apply an array weighting approach to M EMF curves
(M -dimension data) with the same sampling times l (l =
1, 2, . . . ,L);

2: Decompose the array output into K + 1 IMFs for all l
(l = 1, 2, . . . ,L) using the EMD principle;

3: Apply a bank of low-pass filters to extract the BW
components of the L EMD results to achieve the BW
correction;

4: Use the EEMD method to the L EMD results (L-
dimension data) after BW correction to further denoise
with dimension reduction.

the effect of the TRDs, according to [13]:

yl,d =WTU1−M ,l,d =

M∑
m=1

wmUm,l(zm, tl, θd ,Td ) (22)

where W= [w1w2. . .wM ]T. The shifting can be compensated
by weighting the array output to be subjected to the response
of the receiver with z = 0 using the linearly constrained
minimum variance criterion. Moreover, considering the I.I.D.
noise of the array receiving, we can use the EMD of the
array weighting output to improve the SNR, which is also
an averaged dimension reduction operation like the M -stage
EEMD. Note that although the shifting may be removed
by other methods besides the array weighting, all methods
are mainly averaging operations as well as the dimension
reduction of theM receivers.
Secondly, by applying an EMD to the array outputs, we can

obtain L EMD results, where each of them contains K + 1
IMFs. The EMD of the weighted borehole TEM array can be
calculated by substituting (8) and (22) into (21):

Yl =
[
yl,1 yl,2 . . . yl,D

]
1×D

=

K∑
k=1

CY ,k (tl, θ ,T)+ RY (tl, θ ,T) (23)

where CY ,k (tl , θ , T) and RY (tl , θ , T) denote the kth IMF
and residual signal (K + 1th IMF) of the EMD results of Yl ,
respectively.

Thirdly, by cancelling the BW component again with the
EMD principle for the borehole TEM signals in Section III,
the residue part of the weighted array signal can be
expressed as

Yl−Residue = Yl − Yl−BW (24)

where

Yl−BW =

K+1∑
k=K−E+2

LPFT
k−(K−E+1) ∗ CY ,k (tl, θ ,T) (25)

represents the BW component of Yl according to (15).
Following the EEMD idea and considering the similarity

between the TEM data at different sampling times after the
cancellation of the BW information, we can directly average
the data of different sampling times in (24) to further reduce
the dimension.

Finally, using the EEMD method that averages of the
obtained modes by the EMD of the L dimension data, and
can be further denoised with EMD principle for the bore-
hole TEM signals in Section III. Then, the AEEMD can be
expressed as

YAEEMD =
1
L

L∑
l=1

Yl−Residue

=

K∑
k=1

Ck−AEEMD(θ ,T)+ RAEEMD(θ ,T) (26)

where

Ck−AEEMD(θ ,T)

=



1
L

L∑
l=1

CY ,k (tl, θ ,T) 1 ≤ k < K − E + 2

1
L

L∑
l=1

(
CY ,k (tl, θ ,T)−LPFT

k−(K−E+1)∗CY ,k (tl, θ ,T)
)

K − E + 2 ≤ k ≤ K
(27)

and RAEEMD(θ , T) has the same expression as Ck−AEEMD
(θ , T) with k = K+1. As illustrated in (20), the noise of the
L-dimension data are still I.I.D., thus allowing the averaging
of the L-dimension data to form an L-stage EEMD. By using
the AEEMD method, no artificial noise is needed, which
substantially improve the efficiency of the denoising proce-
dure. Moreover, the use of the array weighting can achieve
a pre-improvement of the SNR, the denoising performance
can be also improved as long as the sizes of M and L are
great enough. It has to be mentioned that since this approach
makes an assumption that the signals of the different sampling
times are almost the same after the cancellation of the BW
information, as shown in Fig. 7, the sampling time should be
as late as possible to ensure the similarity of the array data.
Thereby, the main shortcoming of the proposed AEEMD
method is that it is not suitable for the early time TEM data
denoising.

V. FIELD EXPERIMENTS
A. EXPERIMENTAL RESULTS
The validity of the AEEMD method for borehole TEM array
signal denoising and BW correction was confirmed by field
experiments for the NDT of downhole casings. The experi-
ments were conducted in a production oil well of the Dongxin
oil production plant in Shengli Oilfield, China, with stan-
dardized 51/2-inch metal casings, and the parameters of the
borehole TEM array system are shown in Table 1.

In our experiment, we chose the EMF curve of Receiver 2
at 30 ms from 2465 to 2545 m with measurement speed
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TABLE 1. Parameters of the borehole TEM array system units for
magnetic properties.

of 600 m/h as the EMD and EEMD data, and all M × L
EMF curves were employed in the AEEMD, where all the
data were repeatedly experimented with different measure-
ment speeds, and the corresponding temperature range was
approximately from 99 to 104 ◦. The experimental conditions,
including the measurement speeds, the temperature range,
the casing thickness, and the casing structures, are shown
in Fig. 8.

FIGURE 8. Experimental conditions from 2465 to 2545 m, including
(a) the measurement speeds, (b) temperature range, (c) casing thickness,
and (d) casing structure.

In Fig. 8, two typical measurement speeds of 300 m/h
and 600 m/h were approximately implemented, where the
temperatures curves at different speeds were almost the same.
The metal pipe string has a thickness of 7.72 mm and an
outer diameter of 139.7 mm, where each casing is con-
nected by a collar with a thickness of approximately 7 mm.
Thus, the corresponding thickness in the collar becomes
14.72 mm [16]. Notably, the metal casings thickness can
sometimes suffer from various damages resulting from cor-
rosive well liquids, scrapes of various downhole tools, which
non-homogeneously decreases their thickness. In that case,
the NDT of the residue thickness has to be implemented to
evaluate the safety of the oil-well casing.

Fig. 9 and 10 show the comparison of the proposed
AEEMD and original EEMD results of the borehole TEM
system, where the ensemble stages of the noise-aided data
of the Fig. 9 and 10 were set to 80 (M = 4 and L = 20
for AEEMD) and 400 (M = 8 and L = 50 for AEEMD),
respectively. We can observe from Fig. 9 and 10 that, on the

FIGURE 9. Comparison of the proposed AEEMD and original EEMD
results of the borehole TEM array data with the ensemble stages of the
noise-aided data of 80 (M=4 and L=20 for AEEMD) at a measurement
speed of 600 m/h.

basis of the ensemble average operation, the mode mixing
can be cancelled effectively for both the AEEMD and EEMD
methods. However, as illustrated in Section IV, the EEMD
method performed better than the original EMDmethod with
a large number of stages of the noise-aided data, which is
required for suppressing the influence of the mode aliasing
due to the fast motion measurement, thus making the bore-
hole system inefficient for implementation. As an alternative,
the AEEMD method made use of the array data from the two
dimensions of theM receivers and the L late sampling times.
Furthermore, by comparing Fig. 9 and 10, the difference
in the AEEMD and EEMD results is mainly manifested in
the first two and last IMFs. As shown in Fig. 9 and 10,
the noise level in the first two IMFs of the proposed AEEMD
method is lower than that of the EEMD method, especially
for the small number of stages. This is because that the
array weighting approach of AEEMD method can achieve a
pre-improvement of the SNR. In addition, when the number
of stages is not great enough, the artificial noise introduced in
the EEMDmethod cannot be cancelled effectively.Moreover,
since the L-stage ensemble operation of the AEEMDdoes not
introduce any artificial noise, but the I.I.D. noise of different
sampling times, the total noise level will be lower even small
number of stages can be used. In the last IMF (IMF 10),
which includes the BW components, the EEMD results are
almost the same as those of the IMF 9 of EMD results in
Fig. 3 and 4 since the BW is not affected by the motion speed.
In contrast, there are no BWs in the IMF 10 of the AEEMD
because the BW component was removed in advance with the
AEEMD method, as shown in Section IV.C.

B. ANALYSES AND DISCUSSION
In order to demonstrate the effectiveness of the proposed
method, in Fig. 11, we compared the noise correspondence
(the sum of the first three IMFs) of the AEEMD and EEMD
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FIGURE 10. Comparison of the proposed AEEMD and original EEMD
results of the borehole TEM array data with the ensemble stages of the
noise-aided data of 400 (M=8 and L=50 for AEEMD) at a measurement
speed of 600 m/h.

methods at a measurement speed of 600 m/h, with ensemble
number of 80 and 400, respectively.

It can be observed from Fig. 11 that the noise level of
both the EEMD-600 m/h and AEEMD-600 m/h are much
lower than that of the EMD-600 m/h as shown in Fig. 5. As
a comparison, the EEMD method with the small ensemble
number of 80 performs not well because the artificial noise is
not cancelled effectively, but the AEEMD with 80 stages can
almost reach the level of the EEMD method with 400 stages.
Moreover, in the case of ensemble number is great enough
of 400, the AEEMD also has relative lower noise level since
the array weighting can achieve an improvement of SNR
previously.

FIGURE 11. Comparison of the noise correspondence of EEMD-600 m/h
and AEEMD-600 m/h with (a) 80 stages; (b) 400 stages.

In order to further analyze the performance of the pro-
posed AEEMD method, we compared the BW correction
and denoising results of the above cases and the original
measurement curves at a motion speed of 300 m/h and
600 m/h, as shown in Fig. 12, where the BW components
were removed to make the comparison more clearly. In our
experiments, we define an ideal case that was taken by an
almost static measurement with a maximum motion speed

FIGURE 12. Comparison of the BW correction and denoising results of
different cases, including (a) Original-300 m/h and EMD-300 m/h,
(b) Original-600 m/h and EMD-600 m/h, (c) EEMD (80)-600 m/h and
AEEMD (80)-600 m/h, and (d) EEMD (400)-600 m/h and AEEMD
(400)-600 m/h.

that did not exceed 30 m/h, whose original measurement
curves are not influenced by the motion measurements, and
where the noise level may be sufficiently reduced by averag-
ing the repeated measurement points along with the borehole
axis. On this basis, we also removed the BW correspondence
of the static measurement to represent the ideal case. Without
a loss in generality, we employed the normalized root-mean-
square error (RMSE) of different cases in comparison with
the ideal case in Fig. 12, where the RMSE is defined as:

RMSE =

√√√√ 1
D

D∑
d=1

(1 (d)− Ideal (d))2 (28)

where 1(d) denotes the different cases of the data curves,
including the data after the BW correction and the denoising
process using the EMD, EEMD, and AEEMD. From Fig. 12,
it can be observed that the lower the motion speed, the better
the denoising performance. However, a lowmotion speed also
signifies a low efficiency, whichwould be inefficient for bore-
hole measurement systems. Thereby, an appropriate motion
speed is always required to maintain both the measurement
performance and efficiency. As shown in Fig. 12(b), when
the speed is increased to 600 m/h, the noise level obviously
increases, and the EEMD and the proposed AEEMD method
could significantly improve the denoising performance of
the borehole TEM system for NDTs in downhole casings,
as shown in Fig. 12(c) and (d). Also, with only 80 stages,
the AEEMD method could achieve similar performance in
comparisonwith the EEMDmethodwith 400 stages. Tomake
a clear description of the AEEMD method on the denoising
performance for the borehole TEM array, we setM = 1, 2, 4,
and 8 and L = 1 . . . 50, so that the number of stages of
the noised-aided data of the AEEMD method is changed
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FIGURE 13. Normalized root-mean-square error (RMSE) of the different
cases of the data curves.

from 1 to 400. Since the ideal case is used as the standard
one in RMSE, it appears as the straight line with all the
RMSEs=0. Moreover, all the RMSEs of the different cases
are normalized by the maximum RMSE that corresponds to
the worst case of the original data at a measurement speed
of 600 m/h, which appears as the curve of RMSEs=1. The
experimental results are shown in Fig. 13.

Obviously, the AEEMD and EEMD methods could sig-
nificantly improve the denoising performance. By increas-
ing M × L, which denotes the number of stages of the
noise-aided data for the AEEMD, the RMSE correspondingly
decreased, where both the M -dimension of the number of
receivers and the L-dimensions of the number of the late
sampling times could improve the denoising performance.
Specifically, whenM ×L was great enough, the RMSE level
of AEEMD became a little lower than the EEMD method,
which is due to the improved SNR of the array weighing and
data averaging without introducing extra noise. Moreover,
we can also find that when L was great enough with L = 50,
the case with M = 1 still had a great performance loss due
to the small number of M × L. Notably, simply increasing
M or L separately cannot achieve ideal performance, as a too
large number of M and L may lead to a certain degree of
distortion due to the decreased signal strength of the large
TRDs and because of the too-long sampling time. There-
fore, reasonable values of M and L can not only increase
the denoising performance but can also improve the effi-
ciency of the borehole TEM system. Thus, optimizing the
M and L values for borehole TEM array signal denoising
needs to be further investigated in future studies. It has to
be mentioned that since the proposed procedures are all
based on the principle of original EMD and EEMD methods,
we made comparisons only between the proposed AEEMD
method and the original EMD as well as EEMD methods.
If we replace the original EMD and EEMD method by using
some advanced EMD-based methods, such as the median
EEMD [30] and multivariate EMD [31], the corresponding
performance improvement gained from the advanced EEMD
method can be also inherited; and this would be an interesting
research direction to further improve the denoising perfor-
mance to the borehole TEM system.

VI. CONCLUSION
In this study, EMD-based borehole TEM array signal denois-
ing and BW correction methods were proposed to com-
pensate for the bad measurement conditions in downhole
NDTs. Considering the motion measurement and effective
permeability, we investigated the effects of the MBN and
temperature drift, and it was shown that the BW could be
effectively removed with the EMD approach, but the signal
denoising performance was significantly affected by the mea-
surement speed of the downhole NDT sensors. Moreover,
we proposed an AEEMD method to improve the denoising
performance of the borehole TEM signals, and the generation
of the noise-aided data could be improved by employing
the borehole TEM array. The conducted experiments in a
standardized oil-well casing demonstrated the effectiveness
of the proposed system.
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