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Abstract—In this paper, we present a space-time pulsed eddy
current (PEC) array for nondestructive testing (NDT) of wellbore
casings using a multiple-input multiple-output (MIMO) technique.
On the basis of a multilayered cylindrical wellbore model, a
MIMO-PEC model is developed according to the phase shift
characteristics of the PEC response corresponding to different
transmitting—receiving (TR) distances. To achieve a more
significant number of TR channels than in a traditional receiving
array to reduce the complexity of the transmitting-receiving
structure, a space-time transmission scheme is proposed to recover
multiple TR channels. Moreover, a specific space-time MIMO
array structure is designed to maximize the number of
independent TR channels. The effectiveness of the proposed
method is verified by applying the proposed MIMO array to a
borehole PEC system for NDT of wellbore casings. The simulation
and experimental results demonstrate that using the array
structure and space-time transmission scheme proposed in this
paper, a MIMO structure consisting of M transmitters and N
receivers can be equivalent to a transceiver system with a single
transmitter and M>N receivers. Thus, MIMO technique can be
effectively applied to PEC-NDT systems and drastically reduce the
cost and complexity of the PEC system.

Index Terms—Borehole, pulsed eddy-current (PEC), non-
destructive testing (NDT), multiple-input multiple-output
(MIMO)

I. INTRODUCTION

ecently, with the increasing concern for safety in oil and
gas production, the use of eddy current nondestructive

testing (NDT) [1] for wellbore casings has undergone
considerable investigation. As a general solution, pulsed
(transient) eddy current (PEC) techniques [2,3] are employed
for NDT of wellbore casings [4,5] as they enable rapid and
accurate acquisition of low-frequency range data from time
decay signals [6,7]. A borehole PEC system typically uses
pulsed or transient signals as the coil excitation [8,9], and the
metal pipe thickness as well as various defects can be
determined by the amplitude and phase of the response received
by a magnetic sensor, such as a coil sensor [10], hall sensor
[11], and magnetic resistance sensor [12].
Unlike in surface PEC applications, the high temperature
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[13] and tool shell against downhole pressure [14] significantly
affect the borehole PEC testing accuracy of metal pipes [15,16].
To improve the performance of borehole PEC technologies for
metal casing or pipe evaluation, a number of studies have been
conducted to understand the effect of the probe parameters of a
PEC system [17-23]. The size and shape of the transmitting and
receiving coils have been demonstrated to significantly affect
the performance of the PEC system [17], and varying the coil
height and width can offer improved sensitivity [18]. In
addition, the number of turns of the coil is important in
determining the strength of the magnetic field generated by the
coil [19]. In [20], the influence of the emission current
parameters, including the pulse waveform and width, on the
response signal was analyzed to improve the resolution of the
defect depth of the PEC system. Furthermore, much research
has been conducted on the distance between the transmitting
coil and receiving coil as another important parameter [21-25].
In PEC testing of a ferromagnetic casing, the authors of [21]
divided the spatial distribution of the magnetic field emitted by
the transmitting coil into three different regions according to the
distance from the transmitting coil and analyzed the response of
the receiving coil in each region. In addition, it has been found
that the response signal varies with the transmitting—receiving
(TR) distance, which is similar to the phase difference between
different array elements in the phased array radar signal caused
by the position of the receiving array element [22-24].

The phase shift characteristics of the TR distance provide a
solid foundation for PEC array processing, and numerous
promising results have been reported for PEC testing. In [25],
based on the discrepancies caused by the receiver’s position,
dual receivers were set coaxially to the transmitter to obtain
differential signals and remove secondary peaks caused by
defects passed by the transmitter. A novel pulsed remote field
eddy current probe array was also developed for NDT of
ferromagnetic tubes in [26]. Using four detector coils with the
small inner diameter distributed along the tube wall with equal
spacing, the experimental results demonstrated that the array-
based pulsed remote field technique exhibited high precision
and sensitivity. In [24], a uniform linear multicoil array-based
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borehole PEC system for NDT of downhole casings was
presented, and the signal received by the multicoil array was
weighted to cancel the influence of the TR distances of the
different array elements and improve the signal-to-noise ratio
(SNR) of the system. In [27-29], synthesized magnetic field
focusing was proposed using a multicoil transmitting array. It
was demonstrated that the magnetic field could be synthesized
at a particular position by adjusting the current of each
transmitting array element, which was calculated according to
the distance between each transmitting array element and the
magnetic field focusing position. A novel method to calculate
the current distribution, which performed magnetic field
focusing to improve the receiving SNR, was also proposed in
[30] using a multicoil transmitting array. The above studies
indicate that signal processing methods using a receiving or
transmitting array of sensors are effective in improving the
detection performance and accuracy.

In recent decades, the improved spatial diversity, parameter
identifiability, and detection performance offered by multiple-
input multiple-output (MIMO) array systems [31-34] have led
to the widespread use of these systems in a variety of
applications, including wireless communication [35-36], radar
and sonar detection [37-39], speech recognition [40]. A MIMO
array comprises both a transmitter array and receiver array,
where a set of noncoherent orthogonal waveforms are
transmitted and can be extracted at the receiver by a
corresponding number of matched filters [41]. However,
compared to radar systems, the ramp signal used in PEC
systems is more difficult to modulate, affecting the application
of MIMO technology and the resolution and accuracy of PEC
systems. A space-time borehole MIMO-PEC system for NDT
of wellbore casings is presented in this paper to apply MIMO
technology to PEC systems effectively. Based on the borehole
PEC signal model, the influence of the number of TR channels
with different TR distances on the NDT performance of the
PEC array is analyzed. To increase the number of TR channels,
a space-time transmission scheme using a MIMO array is
proposed. In addition, a space-time multiplexing MIMO array
structure is designed to maximize the number of independent
TR channels. The simulation and experimental results reveal
that the proposed transmission scheme using the designed
MIMO array improves the performance of NDT of oil and gas
well casing.

The remainder of this paper is organized as follows. In
Section 2, the influence and application of the TR distance
based on the borehole PEC signal model are discussed. In
Section 3, the effect of the number of TR channels is analyzed
in the borehole PEC receiving array system. In Section 4, a
space-time multiplexing-based transmission scheme based on a
borehole MIMO-PEC array is presented, and in Section 5, a
space-time multiplexing MIMO array structure is designed to
maximize the number of independent TR channels. In Section
6, the experimental and simulation results are discussed, and in
Section 7, the conclusions are presented.
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I1. TRANSMITTING—RECEIVING (TR) DISTANCE ANALYSIS OF
BOREHOLE PEC SYSTEM

A borehole PEC system with a multilayer coaxial cylindrical
structure is illustrated in Fig. 1. Under the control of the winch,
the borehole PEC system is suspended on the cable to realize
the NDT of casing pipes. The transmitting and receiving coils
have the same inside and outside diameter and are wound
around the magnetic core, with their centers located at zr and zg
on the borehole axis, respectively. According to the multilayer
electromagnetic model with coaxial excitation, the induced
electromotive force (EMF) of the receiving coil can be obtained
as [3,41]

U(l,d,t,h)zgljo” f (t,h, 2)cos(Ad)d 1 , 1)

where | represents the amplitude of the transmitting current,
which uses the ramp signal as the pulse (transient) excitation, 1
is an introduced variable for solving the Helmholtz equation,
and d = z1 — zr represents the TR distance. In addition,

S —tyrsIn2/t
f(t,h,/1)=ZEsu

pr (sin2/t)
where Es and S denotes the integral coefficient and stage
number of the Gaver-Stehfest inverse Laplace transform [3],
respectively. tq is the turn-off time, x is an introduced variable
satisfying x?>=A>-usw’+iuow, u, ¢ and o are the magnetic
permeability, capacitance and conductivity of the core,
respectively. Ko(.) represents the modified Bessel function of
the second type with order zero. C is the reflection coefficient
related to the wall thickness h of the measured casing and the
environment under test. Furthermore, &= —uN:Nri/tor, where N
and Ny are the numbers of turns of the transmitting and receiving
coils, respectively.
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Fig. 1. Borehole pulsed eddy- current system.

In our simulation, assuming that N; = 88, N, = 462, x = 5000,
and zr = 0 mm, the diameter of the core, the outside diameter of
the coils, and the inside and outside diameters of the casing
were set to 28 mm, 30 mm, 62 mm, and 73 mm, respectively.
The winding widths of both the transmitting and receiving coils
were 15 mm. We used a ramp signal with a transmitting current
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of 1 A and a turnoff time of 30 |6 as the transient pulse
excitation [42] and simulated the induced EMF of the receiving
coil at different TR distances by changing the value of zg (from
10 to 80 mm) based on the finite element method using
COMSOL Multiphysics. The simulation results are presented
in Fig. 2(a). It can be seen that the induced EMFs corresponding
to different TR distances exhibit the same overall trend of a
rapid increase followed by a slow decrease. However, as the TR
distance increase, the peak of the induced EMF gradually
decreases and appears at a later time. To visualize the difference
in the induced EMFs at different TR distances more clearly, we
normalized the induced EMFs of Fig. 2(a) and obtained the
curves in Fig. 2(b). It can be seen that the normalized induced
EMF curves of different TR distances appear indicative of
phase shifting similar to that of phased arrays in radar and sonar.
To fully utilize multiple configurable receivers to achieve array
gain, we revised the borehole PEC received signal model to
form an array manifold for further processing.

5

——d=10mm
—d =20mm |{
d =30mm
—d =40mm |{
d =50mm

d =60mm |4
——d=70mm
d =80mm |4
—d =90mm

w A

Induced EMF (V)
N

7

0 10 20 30 40 50
Time (ms)
(a) Induced EMF

1 1w
I§ V —d =10mm
L osl ——d =20mm ||
8 . d=30mm
_g 0.6 —d =40mm ||
< d=50mm
8 0.4 d =60mm |}
N ‘ —d =70mm
g 0.2 d = 80mm ||
5 —d=90mm
pd 0 . : —
0 10 20 30 40 50

Time (ms)
(b) Normalized Induced EMF
Fig. 2. (a) Induced electromotive force (EMF) and (b)
normalized induced EMF of the receiving coil with different
transmitting—receiving distances.

In this paper, the upper limit of integration is approximated
as Ao, and 4 is replaced by Ao(x + 1)/2. Thus, the induced EMF
of the receiving coil can be approximated by converting it into
a cumulative sum form using the Gauss—Legendre quadrature
rule [43], and the term related to the TR distance is extracted
separately [24,30]. The process can be then expressed as
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where A, and x, are the coefficient and the Gaussian point of
the pth-order Gauss—Legendre polynomial, respectively, where
P is the number of points of the Gauss—Legendre polynomial
[43]. The larger P is, the closer the value obtained by (3) is to
the actual induced EMF. From (3), it can be seen that the target
information and casing wall thickness h are included in G(t,h),
and X(d) can be regarded as the term corresponding to the phase
shift generated in Fig. 2(b). Considering the system noise, the
induced EMF signal for a receiving array of N elements can be
expressed as

u(l,d,t,h)z[U(I,dl,t,h) u(l,d,,t,h)
=£1Y(d)g' (t,h)+n
where n € Ry <1, and each element of n follows a Gaussian

distribution and is independent and identically distributed. Y (d)
denotes the array manifold matrix, and we have

Y(d)=[v(d).v(d,), ...v(d)] .. )
where d = [dy, da, ..., dn]"n =1 is @ vector consisting of the TR
distances of N array elements. The received signals of each
element of the receiving array correspond to an independent
spatial TR channel with different TR distances. From (6), it can
be seen that the same g(t,h) of each TR channel can be
extracted, while the remaining terms of the phase difference are
combined into matrix Y(d). If the weighting matrix w € RN *!
can be designed such that w™Y(d) = f7, where f € R” *! is an
all-1 row vector representing v(0) of the channel with a TR
distance of 0, the SNR can be improved by fully utilizing
multiple TR channels while eliminating the effect of phase
difference [28].

According to the linearly constrained minimum variance
(LCMV) criterion in array signal processing, we can perform a
weighted summation of (6); that is, we can compensate the
phase difference for each received signal before summing [44].
This process is expressed as

y=w"u(l,d,t,h)
=&IfTg(t,h)+w'n’
The weight vector w must satisfy the following constraint [44]:
min w'R w
{st wiv(d)=f""
where R, is the autocorrelation matrix of (6). This constraint

states that with minimum variance, only the medium- and time-
dependent g(t,h) remains after all TR channels are weighted,

U@L dth)] ©
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and there is no longer a phase difference term. The useful signal
is the same except for the noise, which can be summed to
achieve coherent accumulation. Moreover, it should be noted
that Ry is related to the sampling time t; therefore, the optimal
weights of the signals at different moments in Fig. 2 are
different. The constrained problem of (9) can be solved using
to the Lagrange multiplier method, and the optimal weight can
be expressed as follows [44]:

w=RAY (@) (Y (@R,Y()) v(0), (10)

It can be seen that the solution of the weighting coefficients
requires the inverse of YH(d)R,*Y(d) € R”*P. And a necessary
and sufficient condition for Y"(d)R,*Y(d) to be reversible is
that its rank is equal to P. Since Y(d) € RN*P and R,* € RNV ™
N we have

rank(YT (d) R;lY(d)) < min (rank(Rj),rank(Y(d)))
<min(N,P)

(P N2P
N

»(11)

P>N

That is, the necessary condition for the weighting coefficients
to be solvable is that the number of points P of the Gauss—
Legendre polynomial must be less than or equal to the number
of TR channels.

From (3), it can be seen that the Gauss—Legendre quadrature
results are approximate, and their accuracy can only be
improved by increasing the number of points P of the Gauss—
Legendre polynomial. Therefore, for the approximation error to
be sufficiently small, P is generally chosen to be as large as
possible. In the solution of the weighting coefficients of the
received signals in the downhole PEC system, when P < 6, the
solved weighting coefficients are not sufficiently accurate due
to the relatively large approximation error of the model, which
results in poor performance of the PEC system. Therefore, the
number of TR channels affects the accuracy of the weighting
coefficients of the received signals, provided that the weighting
coefficients can be solved (by ensuring that YT(d)R,*Y(d) is
invertible). The more TR channels there are, the larger P can be
set, and the smaller the approximation error of the model will
be; thus, the more accurate the weighting coefficients will be.
In addition, an increase in the number of TR channels leads to
a higher SNR of the PEC system. This phenomenon is similar
to that in radar or sonar array signal processing, which can be
regarded as array gain.

I11. SPACE-TIME PEC ARRAY USING MIMO TECHNIQUE

Section 2 demonstrates that an increase in the number of
spatial TR channels leads to a higher SNR and reduces the
model error. However, in a limited downhole space, a large
number of TR channels requires a large number of receivers,
which increases the cost and complexity of the PEC system. As
a result, it is critical to obtain more channels by using a limited
number of array elements. To address this problem, we propose
a MIMO-PEC array that allocates a limited number of array
elements for transmitting and receiving separately, thereby
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obtaining more spatial TR channels by using multiple
transmitters and receivers.

Suppose that the MIMO-PEC array contains a transmitting
array with M elements and a receiving array with N elements,
and that both the transmitting and receiving arrays are uniform
linear arrays. For the mth transmitter, the induced EMF of the
nth receiver at sampling time t is

U(l,,dy,th) =&V (d,,)g(tx)+ N, (), (12)

where I, is the transmitting current of the mth transmitter, dmn
is the TR distance from the mth transmitter to the nth receiver,
and noise Np n(t) follows the same Gaussian distribution as (6).
Considering the multiple transmitters and receivers of the
MIMO system, spatially, the MIMO-PEC array can form MN
spatial TR channels between M transmitters and N receivers.
However, since there are only N receivers, the actual received
signal is combined as an N-dimensional vector, which is
expressed as follows:

M
Uyiio = 2 U (1,8t h)

m=:
M

=Y [1.8(dyuth)

1

) S(dyuitih)]
SN ()

m=1 Mo (t) ]T

where S(dmn, t, h) = &/T(dmn) g(t,h) denotes the signal part with
respect to (mN + n)th spatial TR channels. By extracting the
transmitting currents to form a vector as imimo = [l1 I2 ... Im]1 %
M, (13) can be rewritten as

U (1Ot ]

Upino = IinioS(D 1 X) +Nyo (t). (14)
where
S(dy,.t.h) S(dy.t.h)
S(D,t,h) = : , (15)
S(@uth) - (bt
represents the signal part of MN spatial TR channels, and
dy, - dy
D=| : : , (16)
Qs Gy -

denotes a matrix consisting of MN TR distances. From (14) and
(15), it can be seen that although S(D,t,h) has a dimension of M
< N that corresponds to the MN spatial TR channels, it is
coupled with immo to be transformed into a 1 < N vector as a
dimensionality reduction operation. As a result, each element
of umimo can be regarded as a summation of the response of a
certain receiver to M transmitters, and the actual number of TR
channels that can be obtained is only N.

In this paper, we propose a space-time transmission scheme
to obtain more TR channels of the MIMO-PEC system by
recovering MN spatial channels. A diagram of the proposed
method is presented in Fig. 3. Similar to the traditional space-
time method used in wireless communication and radar systems
[35], whose multiple channels are usually recovered at the
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transmitting end by designing orthogonal waveforms, this study
also aims to design a transmitting waveform to recover MN TR
channels. However, as illustrated in (14) for the MIMO-PEC
system, since the transmitting current imimo is a row vector of 1
x M, it is impossible to recover the information of MN spatial
TR channel in S(D,t,h) from the coupling of imimo except for the

case of M = 1. To solve this problem, we extend a single
transmission period to L transmission periods so that the
transmitted waveform becomes a matrix with dimensions M x
L, comprising M transmitting elements in L transmission
periods at the transmitting end.
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Fig. 3. Proposed space-time transmission scheme using the multiple-input multiple-output (MIMO) pulsed eddy current array.

The waveform matrix composed of the designed transmitting
currents is expressed as

11 21 IM 1
i _ Il,Z 2,2 I M,2
MIMO — : : .. : ’ (17)
I1,L IZL IM,L LxM

where 7.1 denotes the transmitting current of the mth
transmitting element in the Ith period. Then, the current vector
of the mth transmitting element for all L periods can be written
as In = [Im1 In2 ... Ini]. At the receiving end in Fig. 3, the
induced EMFs of the nth receiving element in the Ith period can

be expressed as
M

Un,l

[ S(dn )+ N (1), (18)
m=1
where K (t) is the noise of the nth receiving element in the Ith
period. The received signals for all N elements with L periods

can then be expressed as
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~ ~ ~ AT
U, U1,z U,
U _ Uz,1 Uz,z U,
MIMO —| . .
: : , (19)
UN,l UN‘Z UN,L

LxN
= irvmvlos(Dltf h) + NMIMO (t)

where Nwimo(t) € R v is the noise matrix composed of N,
Comparing (19) and (13), it can be seen that they both contain
the original MN TR channels S (D,t,h). However, the coupling
matrix is expanded from a 1 <M vector immo to an L <M matrix
Imimo; therefore, the received signal is also expanded from a 1
»x N matrix uwmimo to an L x N matrix Uwimo according to the
time-division principle.

Therefore, as long as the waveform matrix of the transmitting
current Tmivo is left-invertible, the M <N matrix S(D,t,h) of the
MIMO array can be recovered by left-multiplying (Tmimo)L™ to

the received signal Umimo,
1~

OMIMO = (iMIMO )L Univo
~ 1. . 1.
= (IMIMO )I_ IMIMOS(Dlt’ h) + (I MIMO)L Nyimo (t) ,(20)

=S(D,t,h) + (T o )Ll Nymo (1)

where (9. denotes the left inverse. Furthermore, by reshaping
the recovered Umimo in (20) from N <M to NM x 1 according
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to the TR distances from small to large, the array-weighting
algorithm described in Section 2 can be used to improve the
NDT performance. The reshaped Umimo can be written as

uMIMO-D = VeC(UMIMO )

= 7Y(d)g(t,X)+Nymon (1)

where d = [d1, da, ... , dun]"mnsa is the result of sorting the
elements of (15) in increasing order. Y(d)= [v(d1), V(d2), ... ,
V(dmn)]Twnse is the array manifold matrix of MN channels, and
I']M|1\,1o.|3(t):VEC[(iy\/||1\/|())|_'1 NMIMO(t)]Mle is the noise vector.
From (21), it can be seen that by extending the transmission
period of all M transmitting array elements from a single period
to L periods, a MIMO array consisting of M transmitters and N
receivers can theoretically achieve up to MN channels using the
transmitting waveform, which is an L > M-dimensional
transmitting current matrix. For comparison, a receiving array
consisting of M + N elements can only achieve M + N — 1 TR
channels. Therefore, by weighting the signal, the space-time
MIMO-PEC array proposed in this paper can increase the
number of TR channels to MN and thereby improve the SNR.

It should be noted that the necessary condition for (20) to
recover the signals of MN channels is the existence of the left
inverse of the transmitting current matrix Imimo; that is, Tvimo
must be full column rank. Therefore, it is necessary to ensure
that the number of periods L is greater than or equal to the
number of transmitting array elements M, and to design the
transmitting current matrix such that rank(imimo) = M. If L is
smaller than M, the left inverse of Twimo does not exist, and the
dimensionality of the received induced EMF matrix is too low
to recover the signals of MN channels. The most
straightforward design scheme is to set L = M and design the
transmitting matrix Imimo as an M <M unit matrix E. However,
different transmitting current matrices result in different noise
fractions of the final extracted signal, and the design of the
transmitting current waveform to achieve improved
performance is left for future work.

: 1)

IV. SPACE-TIME MIMO-PEC ARRAY DESIGN

As illustrated in Section 3, it is possible to recover MN TR
channels from the MIMO-PEC array to improve the array
weighing performance according to the space-time method.
However, the full use of MN TR channels requires MN different
TR distances. In the receiving array corresponding to the model
consisting of a transmitter and multiple receivers, as long as the
positions of the receiving array elements are different, the TR
distance of each channel is not repeated; that is, the TR channels
are independent of each other. In a MIMO-PEC array, this
situation is different. From (16), it can be seen that the TR
distance of each channel is related to the position of not only
the receiving element but also the transmitting element, and the
TR distance may be repeated. According to the space-time
MIMO-PEC array scheme presented in Section 3, we present
two cases of different MIMO array distributions consisting of
two transmitters and two receivers and their equivalent
receiving arrays (illustrated in Fig. 4) as examples.

As illustrated in Fig. 4, the MIMO arrays in both cases can
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be recovered to four channels with TR distances of dy 1, di 2, d2 1,
and d; 2, and each channel is equivalent to the corresponding TR
channels in the receiving array according to the TR distance. In
Case 1, since d11 and d, are equal and the signal forms of the
two TR channels are the same, which are both equivalent to the
channel from Transmitter 1 to Receiver 2 in the receiving array.
However, in Case 2, the TR distance of each channel is different
and is equivalent to four different TR channels of the receiving
array. Therefore, Y(d) of (21) in both cases is a 4 x P matrix
after channel recovery; however, the row rank of Y(d) in Case
1 becomes 3 after recovery due to the existence of channels with
an equal TR distance. According to Section 3, to make
YT(d)RutY (d) invertible (Ry is the autocorrelation matrix of
Umimo-p), It IS necessary to ensure that the number of points of
the Gauss—Legendre polynomial is less than the number of
independent channels. However, the reduced row rank may lead
to an increase in the approximation error.

equivalent
MIMO Receiving array
1
0
|
Lot
2 ‘ dy 1 =2Az
3 oncr [Resveri Y o2y, /[ Resevera ] <2
3z [Remmer ) 9205
0
A GEmwined
z - Ll’]_|:2AZ -
& 2nc- Rl g -a.
361
anz- [Rewvern {9200

Fig. 4. Two multiple-input multiple-output (MIMO) array
layouts and their corresponding receiving array layouts.

To avoid repetition of the TR distance, this paper also
proposes a space-time MIMO-PEC array design method to
obtain MIMO arrays with uniform linear arrays at both
transmitting and receiving ends. Assuming that the TR
distances of MN channels are different and that the equivalent
receiving array is an equidistant uniform array with spacing Az,

dn, €{Az,2Az,..,MNAz}, (22)

We also suppose that the position of each transmitting and
receiving element can be expressed as

{ZT,m =(m-1)Az; + Ity

o, =(N=DAz, + 12, ' (23)

where z7 is the position of the mth transmitting element, zr is
the position of the nth receiving element, and Azt and Azg
denote the element spacing of the transmitting array and
receiving array of MIMO, respectively. Let all the elements of
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the transmitting array lie above those of the receiving array;
then, the TR distance from the mth transmitting array element

to the nth receiving array element can be expressed as
d Z,. 1

mn

=(n-1)Az; + 25, —(M-1)AZ; -7,

R,n T,m

(24)

At this point, the TR distance between the first transmitter and
Nth receiver is the largest, while the TR distance between the
Mth transmitter and first receiver is the smallest, and we obtain

d,, = MNAz
dy,=Az

In addition, if the transmitting array element spacing Azr is less
than the receiving array element spacing Azg, dm-11 should be
the only TR distance greater than dwm i, that is, dv-11 = 2Az.
Therefore, the transmitting array element spacing Azr is the
same as that of the equivalent array of MIMO arrays, that is,
Az, = dM—l,l - dM,l =Az (26)

Letting zr1 = 0 and substituting (25) and (26) into (24), we
obtain

(25)

{AZR =MAz
(@7)

Z, =MAz"
Then, we can obtain the position of each array element of the

transmitting uniform linear array and the receiving uniform
linear array that satisfies (22) as follows:

Z; = (M-1)Az
Zo,=NMAZ

Therefore, the TR distance between the mth transmitter and the
nth receiver in the MIMO array can be updated as

d Z, —1

(28)

m,n = R,n T,m

=("M-m+1DAz’
According to (28), we can obtain the distribution of the MIMO

array designed in this paper and the corresponding distribution
of the receiving array (presented in Fig. 5).

(29)

Recovery & Rearrangement
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Fig. 5. Distribution of the designed multiple-input multiple-
output (MIMO) array and the corresponding receiving array.
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Figure 5 indicates that the difference between the TR
distance from the mth transmitter to the nth receiver and the TR
distance from the kth transmitter to the jth receiver can be
expressed as

d,,—d, =(M-m+1)Az - (kKM - j+1)Az
=((n—kM +(j—m))Az

Since j — m < M, the above equation can be zero only when m
= jand n = k, that is, when the TR distances of channels
between different transmitters and different receivers are not
equal. It can be seen from (29) that the TR distances of MN
channels are all multiples of Az and that the minimum is Az and
the maximum is MNAz. Then, the TR distances of all channels
of the MIMO array designed according to (28) are Az, 2Az, ...,
MNAz, respectively. Therefore, the MIMO array is equivalent
to a uniform receiving array consisting of a single transmitter
and MN receivers with element spacing Az. According to the
space-time transmission scheme described in Section 3, the
signal of each channel can be recovered and recombined as
(21). The form of the signal is the same as that of the receiving
array consisting of a single transmitter and MN receivers
because of the TR distances of MN channels are as follows

d=[Az7 2Az MN AZ]T , (31)

Therefore, the MIMO-PEC array designed in this paper can
recover to MN independent channels, which can not only
achieve channel multiplication and improve the SNR, but also
reduce the approximation error by providing the opportunity to
select a larger P. It should be noted that the design method of
MIMO array distribution proposed in this paper is based on the
distance of each channel. Translating the entire designed
MIMO array or mirroring and inverting the positions of all
array elements centered on any point on the line does not
change the TR distance of each channel. In addition, if the
functions of the array elements (for transmitting or receiving)
are interchanged (i.e., a system consisting of M transmitters and
N receivers is converted to a system consisting of M receivers
and N transmitters), the TR distance of each channel remains
unchanged.

. (30)

V. EXPERIMENTS AND SIMULATION

The validity of the proposed space-time MIMO-PEC array
was evaluated by both simulation and experiments for NDT of
wellbore metal casings, where a standard 2”8 inch casing with
a thickness of 5.5 mm and several annular thickness reductions
were utilized. To clearly illustrate the effectiveness of the
MIMO-PEC array, the results of a MIMO array with three
transmitters and three receivers were compared to the results of
a traditional receiving array with one transmitter and nine
receivers. The number of TR channels for MIMO array and
receiving array is equal, and both are 9. The simulation and
experiment parameters are presented in Table I, and the
structures of the traditional receiving array and the proposed
MIMO-PEC array utilized in our simulation and experiment are
illustrated in Fig. 6.

As illustrated in Fig. 6, the receiving array has a total of 10
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elements, including one transmitter and nine receivers, while
the proposed MIMO-PEC array has a total of six elements,
including three transmitters and three receivers, where the
parameters of the transmitters and receivers in the MIMO array
and receiving array are the same. Using the space-time
transmission scheme, the MIMO-PEC array can achieve nine
TR channels like the receiving array by transmitting a set of
space-time waveforms and extracting them at the receiver by a
corresponding number of matched filters. As described in
Section 3, the number of periods must be greater than or equal
to the number of transmitters to ensure that the transmitting
current matrix is left-invertible. Without loss of generality, we
expand each period to three periods, as illustrated in Fig. 7. In
each period, the transmitting waveform of each transmitter is a
ramp excitation that comprises an on-time part of 100 ms for
excitation and an off-time part of 200 ms for measurement. In
denotes the transmitting current of the mth transmitter in the Ith
period mentioned in (17). Uy, represents the induced EMF of
the nth receiver in the Ith period mentioned in (19), which can
be obtained by measurement at different sampling gates.

TABLE |

PARAMETERS OF SIMULATION AND FIELD EXPERIMENT
Parameter Symbol Value
Radius of transmitters r 28 mm
Inter-element spacing Az 20 mm
Number of receiving coil turns Nr 462
Number of transmitting coil turns Nt 88
Wire diameter of receiving coils dr 0.13 mm
Wire diameter of transmitting coils dr 0.33 mm
Length of array Ia 195 mm
Length of transmitters Ir 15 mm
Length of receivers Ir 15 mm

1 lrfmsmn[er 9 lecel\ ers Receiving Array

_"!%E%EEE 5

Magnetic ( ore A" 1z

I:I

MIM() Array

3 ‘I ansmitters 3 rl.CCl\ ers

—EEED D

Fig. 6. Proposed multiple-input multiple-output (MIMO)
pulsed eddy current array (bottom) and traditional receiving
array (top) utilized in the simulation and experiment.

Magnetic ( ore
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Fig. 7. Diagrammatic sketch of transmitting and Induced EMFs
of receivers of space-time multiple-input multiple-output
pulsed eddy current array.

Notably, the power of each array element is limited by
parameters such as the wire diameter in the transmitting system.
Therefore, the current values of each transmitter in each period,
that is, all elements of Tyimo, should not exceed the current
threshold corresponding to the maximum power of each array
element. In this paper, the current threshold is assumed to be 1
amp. The following is an example of the transmitting current:

1 08 06]
T,uo=08 1 08|,
06 08 1

Using the transmitting waveform in (32), place the PEC array
in a standard 27 inch casing with a wall thickness of 5.5 mm,
as shown in Figure 8. At the transmitting end, to avoid mutual
electromagnetic interference in the case of individual excitation
of each probe, the three transmitting coils are excited
simultaneously. At the receiving end, we employ an 8-1
switcher (ADG798) for each receiver to realize the multi-
channel acquisition, and a high-speed analog-to-digital
converter (AD7981) is used to sample the PEC responses of
different sensors at different sampling times. The original
responses and recovered nine TR channel data of the MIMO
array and the traditional receiving array are presented in Fig. 9.

(32)

Static measurements
. 55mm ] N

PEC array

------------- i

asing

Fig. 8. The experiment structure of the static measurements
using PEC array for the NDT of a standard 278 inch casing with
a thickness of 5.5 mm.
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Fig. 9. Comparison of the responses of the receiving array with
(@ the original responses and (b) the recovered nine
transmitting—receiving (TR) channel data of the multiple-input
multiple-output (MIMO) array.

Figure 9 (a) presents a comparison of the induced EMFs of
the receiving array with those of the three receivers of the
MIMO array in three periods, where the induced EMF of the
nth receiver in the Ith period is referred to as RnPl. The
responses of the receiving array represent nine TR channels,
which are the same as the nine TR channels of the designed
MIMO array. As illustrated in Fig. 9 (a), the nine curves for the
MIMO array with respect to the three periods and three
receivers are different from those of the receiving array with
respect to three transmitters and three receivers. Specifically,
multiple transmitters of the MIMO array are excited
simultaneously in each period, and the response of the receivers
of the MIMO array is the superposition and coupling of the nine
TR channels. Figure 9 (b) presents a comparison of the nine TR
channels recovered by the nine curves of the MIMO array using
the method described in Section 3 with the nine TR channels of
the receiving array. It can be seen that the recovered response
curves of the nine TR channels of the MIMO array are highly
consistent with the nine response curves of the receiving array,
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which demonstrates the effectiveness of the space-time
transmission scheme and space-time MIMO-PEC array design
method.

As described in the analyses in Section 3, as long as the
space-time transmitting current satisfies the conditions for
invertibility, each TR channel can be accurately recovered
theoretically. However, the selection of transmitting waveforms
affects the power efficiency and the complexity of the recovery
process. Considering the implementation complexity, by
designing the transmitting current matrix, the transmission
weighting and channel recovery can be simplified, and the
recovery error can be reduced. For example, using an identity
matrix, the TR channels do not need to be recovered with no
recovery error. However, an identity matrix of the transmitting
current may also result in low power efficiency. In fact, the
power excited by the transmitting array should be adjusted. To
maximize the power efficiency, the power of each element of
the transmitting array should be maximized. However, a power-
maximized transmitting array, such as a transmitting current
matrix with all elements of 1, would cause the transmitting
current matrix to be invertible. The proposed space-time-based
MIMO-PEC array method has a tradeoff design, where a larger
number of TR channels are achieved by sacrificing the time and
power efficiency. The optimal waveform design of the
transmitting array is an interesting direction to pursue to
improve the performance of the space-time MIMO array.
However, in this paper, we focus on the principle and feasibility
of the space-time MIMO array, and the design of the
transmitting waveform is left for future work.

5.5mm Casing
1/
PEC array
Borehole
Motion Axis

measurements

Undamaged 310 c:m§ i10 cm§ 310 cmi i10 r:m3
Fig. 10. The experiment structure of the motion measurements
with PEC array for the NDT of a standard 27 inch casing with

four types of circular symmetry defects.

To further verify the effectiveness of the space-time MIMO
array, a set of motion measurements were performed for a
section of 278 inch casing (standard thickness of 5.5 mm). In
total, four types of circular symmetry defects with thickness
reductions of 4 mm, 3 mm, 2 mm, and 1 mm, respectively, were
set in an experimental casing as shown in Fig. 10. Furthermore,
because the method proposed in this paper does not provide a
performance advantage in terms of the longitudinal resolution,
instead of complex casing structures, a simple set of four
defects with a uniform spacing of 10 cm was utilized in the
experiments to evaluate the effectiveness of the proposed
method for motion measurements. Using the MIMO array in
Fig. 6 and the transmitting waveform of (32), the recovered nine
TR channels are presented in Fig. 11, where the signals of each
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(b)
Fig. 11. Nine normalized transmitting—receiving (TR) channels
of the space-time multiple-input multiple-output pulsed eddy
current array at (a) 5 ms and (b) 15 ms of motion measurement.

Figure 11 presents the nine normalized TR channels of the
space-time MIMO-PEC array for NDT of metal casing, where
Fig. 11(a) and (b) represent the early stage (5 ms) and late stage
(15 ms) of the off-time, respectively. It can be seen that the nine
recovered TR channels of the MIMO array are also highly
consistent with those of the receiving array in motion
measurement for the four different defects in both the early and
late stages. In addition, the nine recovered curves
corresponding to nine different TR channels can be weighted
using the array-weighting method described in Section 2, and
the weighting results are presented in Fig. 12.

Figure 12 compares the weighted output curves of the MIMO
array, receiving array, and transmitting array with different
array element numbers at 5 ms and 15 ms in 3 cases. In the first,
the weighted output of the designed MIMO array with 3
transmitters and 3 receivers (termed MIMO Array - T3R3) is
presented, where the total elements number (sums of the
number of transmitters and receivers) is 6. For comparison, the
weighted output of receiving array [24] with 1 transmitter and
9 receivers (termed Receiving Array - TLR9) is presented in the
second case, where the total element number is 10. In the third
case, the weighted output of the transmitting array [30] with 9
transmitters and 1 receiver (termed Transmitting Array — T9R1)
is presented, where the total element number is 10. The three
weighting methods used in the comparison adopted different
array structures and fitted the weighted output of TR channels
to the same as the TR channel with the TR distance of 0 to
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improve the SNR. Although the number of elements in each
array structure differs, the TR channel number is all 9 (the
number of transmitting elements > the number of receiving
elements). It can be seen from Fig. 12 that the weighted outputs
of the MIMO array, with a lower total number of elements, are
highly consistent with those of the receiving array and
transmitting array with the same number of TR channels at
different sampling times.
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Fig. 12. Comparison of the normalized weighted array output
of the multiple-input multiple-output (MIMO) array |,

receiving array and transmitting array at (a) 5 ms and (b) 15 ms.
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In order to quantify the comparison results, the experiment
uses a TR channel with the TR distance of 0 as the standard
signal and 100 times repeated measurements to obtain a high
SNR. Without loss of generality, the root mean square error
(RMSE) of the weighted output to the standard signal is used to
evaluate the performance of the weighting method and is
defined as

RMSE = éi(vq -0,),

CE]

(33)

where Yq and U, denote the weighted output and standard

signal of the gth depth, respectively. It should be noted that the
RMSE used to evaluate weighting performance is affected by
both SNR and weighting error. As demonstrated in Section 2,
with a larger number of TR channels, a higher SNR can be
achieved due to the accumulation of coherent signals. In
addition, a larger value of P can be obtained to reduce the model
error and improve the accuracy of the weight. Since different
total numbers of transmitters and receivers may lead to different
numbers of TR channels, the approximation error and
weighting performance are also affected. The relationship
between the TR channel number, transmitter number, and
receiver number is shown in Figure 13. The experiment and
simulation results of the RMSE of different TR channel
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numbers are presented in Figure. 14.
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Fig. 13. The relationship between the number of TR channels,
the number of transmitters, and the number of receivers.

01y
—+— Simulation
Receiving Array (experiment)
0.08 A Transmitting Array (experiment) |
® - MIMO Array (experiment)

I(.IDJ 0.06 - T2R2
= ~
¥ £

0.04 - \A

A T2R4
T\.\‘ T3R3
0.02 - 5. 4 4L 1
T2R3
O 1 1 1 1 1 1 1 1 1 F

VD %004 D3 2,00 000000 2P

The Number of TR Channels
Fig. 14. The experiment and simulation results of the RMSE of
different TR channel numbers

The number of TR channels that can be achieved is positively
correlated with the number of transmitters and receivers and the
structure of the array, as shown in Figure 13. For example, 16
TR channels can be obtained through a receiving array with 1
transmitter and 16 receivers, a transmitting array with 16
transmitters and 1 receiver, or a MIMO array with different
transmitter and receiver numbers combinations. Among them,
the MIMO array with 4 transmitters and 4 receivers has the
lowest total number of elements, and its total number of
elements 8 is far less than 17 of the transmitting array and
receiving array. It can be seen from Fig. 13 that the space-time
MIMO array can obtain more TR channels than the receiving
array with the same total number of array elements due to the
multiplication of the number of transmitters of the MIMO array,
and the difference becomes greater with the increase in the total
number of elements.

Figure 14 simulates the RMSE as the number of TR channels
changes and compares the experimental results with different
array structures with different array element numbers. TMRN
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represents a MIMO array with a transmitter number M and a
receiver number N. The simulation results show that RMSE
gradually decreases as the number of TR channels increases due
to channel gain and the reduction in weighting error caused by
multiple TR channels. The experimental results of multiple
array structures are consistent with the simulation results,
proving this conclusion. In addition, the weighted outputs of the
MIMO array are highly consistent with those of the receiving
array and transmitting array with the same number of TR
channels. Therefore, the MIMO array with only 6 elements can
achieve the same number of TR channels and the same PEC
performance as the receiving array or transmitting array with 10
elements, which indicates the ability to obtain a large number
of TR channels in a borehole PEC system with a smaller
number of array elements and thus reduce the probe
complexity.

Moreover, the above experimental and simulation results
show that the signal of the separated TR channels MIMO array
is very similar to that of the receiving array at different
sampling times, and the same processing method can also
obtain similar processing results. The comparison and analysis
of the output results of the proposed method for the
experimental casing structure can also effectively indicate the
NDT performance of the proposed method without the need to
further explain the thickness. It should be noted that the main
contribution of this paper is that a small number of array
elements can be used to obtain the same multi-TR channel
signals as the receiving array for further processing, by using
the proposed space-time transmission scheme and designed
MIMO-PEC array, which can significantly reduce the
complexity and cost of a downhole system in a harsh borehole
environment with limited space. In fact, since the separated TR
channel signals of MIMO array can be processed in the same
way as the signals of the receiving array eclements, the array
signal processing method and wall thickness interpretation
method [45] are not the focus of this paper.

V1. CONCLUSIONS

In this paper, a space-time MIMO-based borehole PEC
system is proposed to improve the NDT performance for
wellbore casings. On the basis of PEC array signal processing,
the influence of the number of independent TR channels is
analyzed. The results indicate that an increase in the number of
independent channels not only increases the SNR, but also
reduces the approximation error. To achieve a larger number of
TR channels, a MIMO array with multiple transmitters and
receivers is employed, and a space-time transmission scheme is
proposed to recover multiple TR channels. Moreover, a space-
time MIMO array design method is presented to maximize the
number of independent TR channels. Simulation and
experimental results on standardized oil well casings show that
MIMO arrays with fewer array elements can obtain as many
independent TR channels as traditional receiving arrays and
thus drastically reducing the complexity of the transceiver
module.
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