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Abstract— Electromagnetic induction imaging (EII) is an
attractive imaging modality due to its contactless operation,
low cost, and good penetration depth. To implement real-time
imaging, in applications such as object tracking or functional
biomedical imaging, fast data acquisition is required. To proceed
toward this goal, in this article, we propose the use of a single
coil for 3-D EII along with a fast inversion approach. To
collect sufficient data that allow 3-D imaging, we propose two
approaches: collecting data at multiple coil’s drive current levels
and collecting data with multiple tank circuit’s capacitor values.
We show that the use of such data when using a single coil
allows for 3-D EIIL. For proof-of-concept experiments, we use
a commercial data acquisition board, that is, LDC1614EVM
module, and multilayer planar coils made by Texas Instruments.

Index Terms— Electromagnetics, eddy currents, imaging and
sensing, inductive sensing.

I. INTRODUCTION

LECTROMAGNETIC induction imaging (EII) [1] is a

technique for imaging of conductive objects. In EII,
a magnetic field is generated by a current-carrying coil.
This field induces eddy currents in the objects. These cur-
rents, in turn, produce a secondary magnetic field which
is measured by the same coil or a receiver coil. It is this
secondary magnetic field that carries information about the
shape, size, and location of the objects. The main advantages
of using EII include: 1) noncontact operation; 2) good pen-
etration; 3) cost-effectiveness compared with microwave [2]
and millimeter-wave [3] technologies; and 4) sensitivity to
all three electromagnetic properties: conductivity, permittivity,
and permeability [4]. Due to these advantages, EII has gained
significant attraction in various applications, including imaging
of metallic objects (see [5]-[7]), biomedical imaging (see
[8]-[17]), nondestructive testing (see [18]-[20]), and national
nuclear security (see [21]).

Here, we first briefly review the eddy current testing (ECT)
techniques in terms of the utilized spectral content. In ECT
techniques, the use of single-frequency excitation [22] limits
the operation to single depth sensing. To obtain resolution
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along the depth, multiple-frequency ECT techniques [23] have
been developed with simultaneous or sequential excitations.
The simultaneous excitation approach is faster and requires
less power in each frequency component compared with the
sequential excitation. On the other hand, the frequency sweep
approach [24] allows for data collection over a broad band-
width leading to higher depth resolutions. However, sweep-
ing the frequency increases the duration of data acquisition
process. Pulsed ECT technique [25] using a wide bandwidth
solves this issue, leading to shorter data collection times for
multiple depth inspections. Furthermore, the use of wireless
power transfer concepts along with multiple resonant frequen-
cies and their relevant responses has shown promising results
for multiple depth inspections [26].

Furthermore, in the following, we review some of the
main EII configurations. In [15], a two-coil system has been
proposed, in which the imaged object was scanned between
the coils. The system operated at 2 MHz and the receiver
coil formed a resonant circuit together with the capacitance
of the cables and circuitry. In [1] a multiple pole system was
developed at 100 kHz. Sixteen transmitter/receiver coils were
wound on cores that were mounted on a ferrite rod surrounding
the imaged domain. This avoided the need for mechanical
scanning. The system had a magnetic shield to concentrate
the field inside the imaged domain, increase sensitivity, and
reduce susceptibility to interferences. In [27], a 500 kHz
system has been proposed to increase the sensitivity at the
center of the imaged domain. The system was composed
of four parts: transmitter coils, receiver coils, a magnetic
confinement screen, and an external conducting screen. The
transmitter coil consisted of two pairs of orthogonal windings
surrounding the imaged domain to ensure generation of a
parallel uniform magnetic field inside the imaged domain. The
system proposed in [28], contained 16 transmitter and receiver
coils along with their transceiver modules. The transmitter and
receiver coils were reeled up in pairs on cylindrical formers
and placed along a circular imaged domain. In EII systems,
the large primary field signal limits the accuracy with which
the small in-quadrature secondary signal can be measured.
To avoid this shortcoming, the use of back-off coils [4] and
gradiometers [29]-[32] has been investigated, which reduces
the sensitivity of the measurement coils to the primary field.
Data collection by scanning a single gradiometer [33] or using
a planar-array scheme [34], [35] has been studied. Along
biomedical imaging applications, in [36], the better sensitivity
distribution of the hemispherical arrangement for the coils
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was confirmed. Construction of a 15-channel hemispherical
helmet-shaped EII device for brain imaging was also reported
in [10]. Furthermore, in [16], detecting a cerebral hemor-
rhage has been proposed with a hemispherical coil array of
56 transmitter/receiver coils operating at 1 and 10 MHz.

For higher dynamic range in an EII system, resonant-based
measurement systems have been used. In [19], Q-detection
sensors have been used for inspection of steel reinforcing bars
in concrete. In [37] and [38], LC resonance systems have been
proposed for detection of metallic wear debris in rotating and
reciprocating machinery. In [39], 2-D EII has been proposed
with the use of a resonant LCR circuit for imaging of metallic
samples. It has been extended in [40], for imaging of similar
samples covered by conductive barriers.

So far, attempts have been made to implement fast 3-D
EIl. Most notably, in [41], a planar array of 4 x 4 coils has
been used for this purpose and a linear inverse solver together
with the Tikhonov regularization has been used for imaging.
There, the depth information has been obtained via the use of
nonadjacent coils. Recently, in [42], a fast and robust approach
has been proposed for 3-D EII. There, the assumptions that
the imaging system is linear and space-invariant led to the
development of a fast inversion approach based on the use
of convolution theory. In [42], the depth resolution has been
achieved via the use of multiple coils with various parameters
and the data acquisition has been implemented via raster
scanning of the coils which is slow. This prevents the use of
such system in real-time or quasi real-time applications such
as object tracking or functional biomedical imaging. These
applications demand for fast data acquisition, for instance,
by electronically scanning an array of sensors. The spatial
limitations for a sensor array necessitate achieving depth
resolution via the use of a single coil.

Thus, to bridge the above-mentioned gap, in this article,
we propose the use of a single coil along with multiple
coil’s drive current levels or multiple resonant capacitor values
to achieve depth resolution with a single sensor. Although
we still use raster scanning of the coil for proof-of-concept
experiments, we demonstrate that the collected data are suffi-
cient for 3-D EII, paving the way toward construction of an
electronically scanned array of coils. The performance of the
proposed techniques will be validated through experiments,
and the quality of the reconstructed images is compared using
a quantitative measure.

II. THEORY

Fig. 1 illustrates the proposed imaging setup. It includes a
transceiver coil connected in parallel with a capacitor to pro-
vide an LC tank circuit for high dynamic range measurements.
In such a system, the presence of the objects under test (OUTs)
can be sensed via the measurement of the resonant frequency
of the tank circuit since the presence of the OUTs changes
the equivalent inductance of the coil leading to a change in
the resonant frequency of the corresponding LC tank circuit.
From now on, we refer to this measured resonant frequency
change as the “response.” Here, we propose data acquisition
with a single coil but at N; levels for the drive current I,
and N, different values for the resonant capacitor C. For this
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purpose, at each sampling position (x, y), the responses are
acquired at all the current levels and all capacitor values. Then,
we aim at reconstructing images over the z = z; planes for
i=1,...,N..

Similar to [42], assuming that the system is linear and
space-invariant, we use convolution theory, that is, the OUTS’
response is considered as the convolution of the point-spread
function (PSF) of the system and the spatial shape function
(contrast function) of the OUTs. The PSF of the system is
approximated by the response for the smallest measurable
OUT placed at the origin of the xy plane representing a
Dirac delta function. We call these small OUTs calibration
objects (COs).

To obtain the PSF data, we collect the responses
R°(x,y,1I;, Cy) at each drive current level /;, j =1,..., N;
and capacitor value Cy, k = 1, ..., N¢ due to the COs placed,
one at a time, at (0, 0, z;), i =1, ..., N; . The total response
R(x,y,1;, Cy) due to the OUTs can then be approximated
with the superposition of the OUT responses corresponding
to each plane. The OUT response at each plane, in turn, can
be written as the convolution of the measured PSF at that
plane R°(x, y, I;, Ci) with the spatial shape of the OUTs on
the corresponding plane c;(x, y). Thus, R(x, y, I;, Ci) can be
written as

NI
R(x, y,1j,Co) = D RP(x, ¥, 1, Co) %, %,6i(x, y). (1)

i=1

In (1), R°(x,y,1;,Cy) and R(x,y,1;, Cy) functions
are known due to the measurement of the COs and
OUTs responses, respectively. To estimate ¢;(x, y) functions,
the responses are acquired at N; levels for the drive current
1; and N, different values for the resonant capacitor C. Thus,
the following system of equations can be constructed (using
s = (x, y) for brevity):

N,

R(S, Il’ Cl) = ZRI'CO(Sa Il’ Cl) *x *_vci(s)

i=1

NZ'
R(s, Iy,,Cy) = Z R°(s, In,, C1) ¢ *,ci(S)
i=1
(2)
N.

z

R(s. 11, Cn.) = D R(s, I, Cn,) #x #yci(S)

i=1
N, '
R(S, IN, . CNC) = Z RiCO(S, IN, N CNC) Xy *yci (S)
i=1

For solving the system of equations in (2), 2-D Fourier
transforms (with respect to the x and y variables) are applied
on both sides of the equations leading to the following system
of equations at each spatial frequency pair (here, we use
k = (ky,k,) for brevity, where k. and k, are the Fourier
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Fig. 1. Tllustration of the EII setup.

variables corresponding to the x and y variables, respectively):
~ Nz ~
Rk, I, C1) = > R°(k, I, C1)& (k)

i=l1

Nz
R(k, Iy, C1) = D R{°(k, Iy, C1)é (k)

i=1

3)

NI
R(k, I, Cne) = D R°(k, I, Cn. )& (k)

i=l1

NZ‘
R(k, I,, Cne) = D~ R°(k, Iy, , Cx)é (k)

i=1

where R(k, I, Cy), Rfo(k, I;,Cy), and Gi(k) are the
2-D Fourier transforms of the functions R(x,y, I;, Cy),
R°(x,y,1;,Cy), and c;(x,y), respectively. The system of
equations at each k shown in (3) can be solved using
beamspace transformation [43].

Using beamspace transformation allows for dimension
reduction by designing a transformation to focus on each
imaged plane, that is, z = z; plane, one at a time. For this
purpose, we first re-write (3) at each k in a matrix form as

b(k)= A(k)x(k) (4)
where :
[ R(k, I, Cy)
Rk, Iy,, Cy) & (k)
b(k) = : , x(k)=|: (5)
Rk, Iy, Cy,) e, (k)
L ﬁ(k, IN;» Cn.) |
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Ry (k. 1, C1) RY e 1. Ch) ]
ﬁ?o(ka IN[) Cl) ﬁ%z(k, INI,CI)

Ak) = : . (6)
Re(k, I1, Cy,) R$p (k. I, Cy,)

RTO(k, INI’CNC) ﬁf\?(k, INI’CNC) _

Hereafter, we omit the notation (k) for brevity. The beamspace
transformation is implemented using the (N¢N;) x 1 matrix
T and obtaining the M < (N¢N;) dimensional beamspace
data vectors as br = T’'b, where the prime symbol denotes
the Hermitian transpose of a matrix. The columns of T are
assumed to be orthonormal. To determine matrix T, we min-
imize the average error between the original and beamspace
representation of the solution in (4). The beamspace trans-
formed data can be considered as the data in the space
spanned by the columns of T. Therefore, the component that
is neglected in beamspace is the projection of the data onto
the space orthogonal to T which is (I — TT")b. Accordingly,
the squared error related to the mapping an object on the
imaged plane z;, i = 1, ..., N, into the beamspace is

(i) = |- TT)A | %

where A; is the ith column of A. To minimize the error for all
the imaged planes, matrix T needs to be selected appropriately.
One approach is based on minimizing the error (7) over each
plane

miny (e%(i)). ®)

The problem in (8) is equivalent to a maximization problem
as

max tr(T'GT) s.t TT =1 9)

where

G=AA), i=1,2,...,N,. (10)

We select the columns of matrix T as the eigenvectors cor-
responding to the M largest eigenvalues of the matrix G.
Then, the minimum error in (7) is obtained by the sum of the
(N¢N;) — M smallest eigenvalues of G. Here, the dimension
of A; is (N¢cNy) x 1. This leads to a rank of one for matrix
G (M = 1). Thus, matrix T is reduced to a vector, that is,
the eigenvector corresponding to the largest eigenvalue.

The beamspace transformation algorithm needs to be
applied at each k to solve the corresponding system of
equations. For this purpose, the matrix A must also be
transformed as

Ar=TA. (11
Then, a system of equations need to be solved as
bT = ATX (12)

at each k to estimate & (k) at the imaged plane 7z = z;. The
solution approach described above has to be implemented N,
times to estimate ¢ (k) functions. It is worth noting that since
G = AA’;, T is proportional to A;. Hence, the left-hand
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Fig. 2. Photograph of the imaging setup.

side of the transformed equation (12) becomes the inner
product of A’;b, and the coefficient matrix on the right-hand
side becomes A’;A. Therefore, the resulting & (k) can be
considered as (A’;A)*(A’;b), where the superscript “+”
denotes matrix pseudoinverse.

After solving the systems of equations for all k, inverse 2-D
Fourier transform is applied to ¢ (k) functions to reconstruct
2-D images c¢;(s). For final visualization, the normalized
magnitude of each ¢;(s) function, |c;(s)|/L, where L is the
maximum of |c;(s)| for all z;, is plotted which represents the
2-D image of the OUTs at the z = z; plane. The collection of
these 2-D slice images is considered as a 3-D image.

III. IMAGING RESULTS

To validate the proposed methods of imaging OUTs at
various depths, we use an apparatus shown in Fig. 2. It con-
sists of two NEMA 17 stepper motors, two Arduino UNO,
a CNC motor shield with DRV8825 drivers, and a Texas
Instruments LDC1614EVM evaluation module [44], [45]. The
CNC motor shield and DRV8825 drivers are selected for
precise control of the positioning system to implement the
raster scanning process. The inductive sensors that are used
in the first set of experiments consist of two supplied coils
for the LDC1614EVM module (we refer to them as small
coils). For the second set of experiments, we use Coil H
from the LDCCOILEVM kit [46] (we refer to that as large
coil). Table I shows the parameters of these coils. The use
of two identical small coils with different capacitor values
allows for an easy proof-of-concept study of the effect of
varying the capacitor values without the need to make a
capacitor switching network when using a single coil. Thus,
when using the small coils, the LDC1614EVM module is
altered to have two different resonant frequencies of 2.812 and
9.327 MHz. Channel 0 (CHO) uses a 30 pF capacitor to acquire
a resonant frequency of 9.327 MHz and channel 1 (CH1) uses
the supplied 330 pF capacitor to resonate at 2.812 MHz. When
using the large coil, we do not use a capacitor for the tank
circuit. Instead, we exploit the coil’s parasitic capacitance to
resonate at 7.8 MHz. Fig. 3 shows the two identical small coils
with different capacitor values. It also shows the large coil.

The 2-D scanned area in all the experiments has dimensions
of 200 mm x 200 mm with sampling steps of 10 mm in both
the x and y directions. The imaged OUTs are steel cubes with
dimensions of 23 mm x 24 mm x 15 mm. The depth of an
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TABLE I
PARAMETERS OF THE USED COILS

. Diameter ~ Turns per Trace WidthTrace Spacing  No. of
Coil
(mm) Layer (mm) (mm) Layers
Small coils 13.9 19 0.15 0.15 2
Large coil 46 50 0.15 0.15 2
Jevils
(small coils)
Fig. 3.  Photograph of the used coils, i.e., the supplied coils with the

LDC1614EVM module (small coils) and the Coil H (large coil).

object is measured as the distance from the surface of the coil
sensor downward to the top surface of the OUT.

A. Configuration of the LDC1614EVM Module

To change the drive current level /; for a coil, we configure
the LDC1614EVM module according to the reference doc-
ument provided by Texas Instruments [45] (summarized in
Table II). As per instructions, we need to first determine the
OUT distance, the factor of resolution, and the used sensor. For
the used sensor, we set the channel divider as per the reference
document and the sensor’s frequency. The resonant frequencies
of the small sensors are smaller than 10 MHz. The settling
count register which indicates a stabilized measurement is set
using the following formula to minimize the noise:

O fREF,

SETTLECOUNT; >
16 fSENSOR,

(13)
where subscript i denotes the channel number (0 or 1), Q is the
quality factor for the sensor, fsgnsor, is the resonant frequency
of the ith channel, and frgr, is the reference frequency for
the internal or external oscillator used in the LDC1614EVM’s
core to measure the sensors’ frequency. The LDC1614EVM
has a maximum internal reference frequency of 40 MHz
for a single sensor and 35 MHz for a dual sensor. The
digitized output for each channel is proportional to the ratio of
JSENSOR/ fREF-

For the case that we use two small sensors with different
capacitor values, a channel switching delay of 1 us was used
for the reference frequency of 21.7 MHz based on a divider
code of 2. In our Arduino code, we also included a delay
of 250 ms after each programming of the sensor for further
stabilization.

Next, the reference count for channel i, RCOUNT;, is
programmed to determine the conversion resolution (a longer
conversion time 7., provides a higher resolution for the
measurement) as
16RCOUNT;

14
JREFR, (14

leoi =

According to the reference document, we use decimal value
of 1238 for RCOUNT;.
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TABLE 11
INITIAL CONFIGURATION OF REGISTERS FOR LDC1614EVM MODULE

Address Value Register Name Comments

0x08 FFFF RCOUNTO For CHO with max resolution of 65535
0x09 FFFF RCOUNT1 For CH1 with Max resolution of 65535
0x10 0610 SETTLECOUNTO For CHO, Settling Time 1552us
0x11 0610 SETTLECOUNTI1 For CHI, Settling Time 1552us

For CHO, FIN_DIVIDER=01
0x14 1002 CLOCK_DIVIDERSO0 For CHO, FREF DIVIDER=10

For CHI1, FIN_DIVIDER=01
0x15 1002 CLOCK_DIVIDERSI1 For CHI, FREF DIVIDER=10
0x19 0000 ERROR_CONFIG 0000

AUTOSCAN_EN - bl [Sequential Mode]
0x1B 820D MUX_CONFIG [30pF] RR_SEQUENCE - b00 [CHO CH1]
DEGLITCH - 10 MHz
AUTOSCAN_EN - b0 [Continuous Mode]

0x1B 820C MUX CONFIG [330pF] RR_SEQUENCE - b00 [CHO CH1]

DEGLITCH - b100 - 3.3 MHz
0x1E 0800 DRIVE_CURRENTO0 For CHO, CO — 18uA
0x1F 0800 DRIVE CURRENTI For CHI, CO — 18uA

ACTIVE_CHAN - b00 [Perform continuous conversion on channel 0]
SLEEP_MODE EN - b0 [Active], RP_OVERRIDE EN - bl [Rp Override On]
SENSOR_ACTIVATE_SEL - b0 [Full Current Activation Mode]

0x1A 1401 CONFIG AUTO_AMP_DIS - bl [Automatic Amplitude Correction is disabled]

REF_CLK_SRC - b0 [Use internal oscillator as reference frequency]
INTB_DIS - b0 [INTB pin will be asserted when status register updates]
HIGH _CURRENT DRV - b0 [The LDC will drive all channels with normal sensor current]

The ERROR_CONFIG register was not used and was set to
a binary value of 0000.

The drive current levels for the ith channel can be changed
through the CH;_IDRIVE register (selected from the 32 pos-
sible fixed values). To change the current, after programming
of the initial registers, the line drop compensator (LDC) is
programmed into the sleep mode. Then, the current register
is written and the LDC is programmed back into the normal
mode (the LDC registers can only be programmed in the sleep
mode). At each sampling position, the data are collected at
four drive current levels at 424, 736, 1173, and 1563 uA for
each used coil.

Following the programming of CH;_IDRIVE register,
we program the MUX_CONFIG register which deals with the
configuration of the data acquisition setup. AUTOSCAN_EN
is set to a binary O to enable continuous mode for a
single-sensor setup (when using the large coil) and a binary
1 is used to enable sequential mode for multiple sensors
(when using small coils). The RR_SEQUENCE field of the
MUX_CONFIG was set to a binary value of 00 for both
single- and dual-sensor setup on CHO and CHI. Finally, one
of the most important characteristics of the MUX_CONFIG
that needs to be set appropriately is the DEGLITCH segment.
The DEGLITCH field of the MUX_CONFIG is required
to filter out noise based on the operating frequency of
the sensor. The input DEGLITCH filter bandwidth was
selected for the lowest setting that exceeds the maximum
sensor oscillation frequency: for the small coil with a 30 pF
capacitor, a DEGLITCH value of 10 MHz was used while for
the small coil with 330 pF, a DEGLTICH value of 3.3 MHz
is used. Finally, for the large coil without a capacitor, a
DEGLITCH value of 3.3 MHz is used.

Finally, the CONFIG register is programmed to transition
the LDC from the sleep mode to the operational mode. For
the CONFIG register, the ACTIVE_CHAN field was set to

binary 00 to select channel 0, the
MUX_CONFIG.AUTOSCAN_EN determines which
channels are selected based on its operational mode,

SLEEP_MODE_EN is set to a binary of 0 to enable
conversion (setting that to 1 takes the LDC into the sleep
mode), RP_OVERRIDE_EN is set to a binary 1 to disable
auto-calibration (this is needed to manually set the current
levels), SENSOR_ACTIVATE_SEL is set to a binary O for a
full current drive during sensor activation, AUTO_AMP_DIS
field is set to binary 1 to disable auto-amplitude correction
so that the raw data readings are not altered after every
current change, and finally the REF_CLK_SRC field is set to
a binary O to use the internal clock source.

After the initial setup of the LDC, we change the current
of the sensors by sending a trigger character over serial data
from MATLAB to the Arduino. The Arduino code uses various
functions that write to the LDC registers to first place the LDC
into the sleep mode, and then write the new current levels to its
respective register followed by writing to the CONFIG register
to bring LDC back into its normal mode. After the LDC is
placed into the normal mode, data are read from the register
in a buffer variable. After the buffer is read, a delay (the 250
ms delay mentioned before) is applied to allow the sensor
reading to stabilize beyond its settling time prior to returning
to the main program where the data are once again read and
sent back to MATLAB over serial communication port. After
all data are read, MATLAB commands the move to the next
sampling position.

B. Imaging Results for Small Coils

The first set of experiments are conducted with the
small coils connected at channels CHO and CHI1 of the
LDCI1614EVM sensor with tank capacitors of 30 and 330 pF,
respectively. The drive current levels are changed according to
the four levels described before. The two imaged planes are
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Fig. 4. Reconstructed images at two depths of z =5 and 15 mm with the
use of small coils and when using (a) CHI coil and two drive current levels,
(b) CH1 coil and four drive current levels, (c) CHO and CHI coils and two
current levels, and (d) CHO and CHI1 coils and four current levels. The white
dotted lines show the boundaries of the OUTs. The value of the computed
SSIM parameter has been provided in the title of each image.

at z =5 and 15 mm. After measuring the PSFs corresponding
to COs, we place two OUTs, one at z = 5 mm and the second
one at z = 15 mm.

Fig. 4 shows the reconstructed images for four scenarios
to study the effect of increasing the number of drive current
levels and the number of capacitor values. Fig. 4(a) shows the
images when using data corresponding to only two current
levels (minimum and maximum levels) and using CHI1 coil
only (one capacitor value). Fig. 4(b) shows the images when
using the data corresponding to all four current levels but
still using CH1 coil only (one capacitor value). Fig. 4(c)
shows the images when using the data collected at two
current levels (minimum and maximum levels) and using
CHO and CHI coils (two capacitor values). Finally, Fig. 4(d)
shows the images when using the data collected at all four
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current levels and using CHO and CHI coils (two capacitor
values).

Here, we use a quantitative metric, called structural
similarity (SSIM) index [47], to assess the quality of the
reconstructed images. The SSIM parameter is obtained from
the product of three terms: luminance term, contrast term, and
structural term. Here, this parameter is computed for each
reconstructed 2-D image with respect to a reference image
of the OUTs (which is zero everywhere except being 1 at the
positions of the OUTs). Higher SSIM values are desirable.

By comparing the values of SSIM for various scenarios
in Fig. 4, it is observed that the quality of the images
improves when using the collected data at larger number of
currents and more capacitor values. The quality improvement
is more drastic for the deeper imaged plane at z = 15 mm.
By comparing the SSIM values, it is observed that the quality
of the images degrades as the imaging distance increases.
The best image quality is achieved when using all the current
levels and both capacitor values as expected and demonstrated
in Fig. 4(d). One last observation is that the magnitude of the
images at z = 5 mm is much stronger compared with those at
z = 15 mm (please refer to the colorbars).

C. Imaging Results for Large Coil

In the previous section, we presented the imaging results
for the small coils and studied the effects of the number of
drive current levels (N;) and number of capacitor values (N¢).
Two imaged planes were considered at z = 5 mm and z =
15 mm. We also tried to implement imaging at an additional
imaged plane at z = 25 mm when using data collected by the
small coils but it was not successful. We do not present the
results for the sake of brevity. The small sensors even with
the maximum drive current level and for both used capacitor
values do not show much sensitivity to an OUT at z = 25 mm.
Thus, we conducted a second set of experiments using the
large coil introduced before. This large coil allows for sensing
and imaging OUTs at farther distances as we demonstrate in
the following.

Fig. 5 shows the reconstructed images using the large coil
with four drive current levels and over three imaged planes
at z = 5, 15, and 25 mm. The three objects distributed
over these three planes can be reconstructed correctly in the
images although the magnitude of the objects decreases for
deeper OUTs as observed in the previous examples as well.
Comparing the SSIM values also shows that the quality of the
images degrades as the imaging distance increases.

Due to the use of system linearity assumption in deriving
(1), the interaction between the OUTs is neglected. This
implies that the quality of the proposed inversion technique
degrades with the increase in the number, size, and conduc-
tivities of the OUTs. To study this degradation, we conduct
another imaging experiment with the use of large coil and four
drive current levels for that. The imaged planes are similar to
the previous example, but this time the OUT is composed of
five metal blocks used in the previous experiments attached in
a row to make a big “line-shaped” object. This object is placed
at the z = 15 mm imaged plane and the data acquisition and
image reconstruction are implemented as before. Fig. 6 shows
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Fig. 5. Reconstructed images at three depths of z = 5, 15, and 25 mm, when
using Coil H and using four drive current levels. The white dotted lines show
the boundaries of the OUTs. The value of the computed SSIM parameter has
been provided in the title of each image.
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Fig. 6. Reconstructed images of a large object at z = 15 mm using the large
coil and four drive current levels. The white dotted lines show the boundaries
of the OUT. The value of computed SSIM parameter has been provided in
the title of each image.
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the results of this experiment. It is observed that the object
is detected on the corresponding imaged plane. However,
a weaker shadow of that is observed at the z = 5 mm
plane and a stronger artifact is observed on the z = 25 mm
plane (please refer to the colorbars). This clearly demonstrates
the degradation of the image reconstruction results for larger
OUTs.

IV. CONCLUSION AND DISCUSSION

In this article, we proposed techniques to achieve 3-D EII
of metallic objects when using a single coil along with a
fast and robust image reconstruction technique. This allows
for proceeding toward building a fast 3-D EII camera based
on the use of sensor arrays to expedite the data acquisition
process. The depth resolution with a single coil has been
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achieved by changing either the drive current level for the
coil or by changing the capacitor in the corresponding tank
circuit or a combination of both techniques. Having a coil
with stronger magnetic field (here achieved by larger diameter)
allows for imaging objects at larger distances. Obtaining
stronger magnetic field for imaging at farther distances can
also be achieved via the use of larger number of turns, more
layers, or larger drive current levels for the used coil.

A common problem in EII is the relatively small OUTSs’
responses superimposed on a much larger background
response which makes extracting the OUTSs’ responses chal-
lenging. A convenient solution is obtaining and subtracting
the background response without physically changing the
measurement setup. Practical approaches to estimate the back-
ground response include (assuming large scanned aperture
compared with the size of the OUTs): 1) sampling the
responses in a position far from the OUTs; 2) averaging the
responses measured over the scanned aperture; and 3) creating
the histogram of the responses and using the response which
is the most common.

In the proposed techniques, selecting the range of the
spatial Fourier variables’ pair k = (ky, ky) needs meticulous
work. Larger ranges allow for obtaining better lateral spatial
resolution for the images and also boost the high-frequency
noise. In practice, tuning the range of these variables can be
performed for imaging pre-known objects.

In EII techniques, 3-D image reconstruction involves solv-
ing a nonlinear inverse problem which is very costly in
terms of computational memory and time (see [16]). One
common method for more affordable solutions is to linearize
the forward problem and optimize the material properties using
an iterative optimization technique (see [33], [35], [41], [48])
which is still computationally expensive even with additional
simplifications such as breaking the original 3-D problem into
several independent 2-D problems. Another common approach
is reconstructing the 3D scene slice by slice using back-
projection algorithms (see [15], [27], [28]). Each slice is the
image of a cross section of the 3-D scene. In addition to
the model’s linearity assumption, this approach suffers from
neglecting the responses of the OUTs on the adjacent 2-D
slices. In general, the above-mentioned approaches provide
qualitative images. The technique proposed here can be cat-
egorized as a qualitative technique as well due to the use of
model’s linearity assumption. However, the solution process
is much faster and less memory consuming compared with
the optimization-based techniques, thanks to the breaking of
original large system of equations in (2) into many smaller
systems of equations in the spatial frequency domain. Besides,
the technique is more accurate compared with back-projection-
based approaches since the 3-D imaging problem is solved as a
whole. In general, linear models have been used extensively in
the electromagnetic imaging applications such as the millime-
ter security screening systems used at the airports (see [49])
which provide striking image resolutions. However, it is well-
known that linearity assumptions lead to further degradation
of the image quality for larger OUTs (see [50] and [51]). This
has been demonstrated by the last example (Fig. 6) in this
article.
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One main advantage of eddy-current-based techniques is
their noncontact operation and their immunity to some envi-
ronmental influences such as oil and dirt [52]. However,
the ripples in the lift-off distance for the sensor, that is,
distance between the sensor and the surface of the tested
medium, produce undesired effects in their responses [53],
[54]. Such ripples that can be due to the tilt, vibration,
deformation of samples, and the micro-displacement of the
scanning system/operator are difficult to control in industrial
settings. Thus, making an array of sensors facilitated by the
approaches proposed in this work will be a significant step
toward alleviating this problem, in addition to the faster data
acquisition process.

As a final note, to compare the diversity of data using the
two proposed techniques, we compute the correlation coeffi-
cients for the collected PSFs at two current levels or two capac-
itor values for each depth. The correlation coefficient between
the measured PSFs at maximum and minimum current levels
for each channel (CHO or CHI) coil is within the range of
0.2-0.7 at various imaged planes. We believe that these
nonunity values are mainly due to the use of ferromagnetic
OUTs, the nonlinear properties of which lead to the change in
the total coil inductance, the change in resonant frequencies,
and thus the change in field distributions when the current level
changes. This implies that the technique based on the use of
current level works only for imaging of ferromagnetic OUTs.
On the other hand, the correlation coefficients between the
PSFs measured by CHO and CHI1 coils (different capacitors)
are much lower and within the range of 0.01-0.1 (at various
current levels and various imaged planes). It is expected since
the change in tank circuit’s capacitor leads to more drastic
change in resonant frequency and the corresponding field
distribution for the coil. Overall, our study shows that the
change in capacitors can be a more effective approach for
obtaining more diverse information and for imaging of a wider
range of OUTs.
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