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Near-field imaging of buried
conductors using transient EM
signal transfer

Tomas Dolezal™ & Martin Stumpf:2

A novel time-domain electromagnetic (TDEM) technique for reliable detection and imaging of visually
obscured buried conductors using only two rapidly acquired measurements via a simple and cost-
effective antenna system is presented. This non-invasive method exploits transient electromagnetic
(EM) interactions to detect contrasts in electrical conductivity between targets and the surrounding
medium. This approach provides a practical and flexible alternative to conventional subsurface sensing
technologies. The presented results show that the proposed technique yields accurate and repeatable
outcomes across various shapes of buried targets.

Keywords EM imaging, EM coupling, Time-domain analysis, Non-invasive approach, Subsurface detection,
Buried conductors

Accurate detection and characterization of subsurface inhomogeneities-such as hidden unexploded ordnance
(UXO), structural defects, and pathological tissue alterations-are essential in diverse fields. These include
geophysical prospecting!?, military defense®*, structural health monitoring®®, and biomedical diagnostics”®.
Indeed, the reliable identification of such inhomogeneities is crucial to ensure safety, maintain structural
integrity, enable early diagnosis, and mitigate security risks.

Variations in signal acquisition hardware and processing algorithms fundamentally determine the strengths
and limitations of EM sensing techniques. Traditional frequency-domain EM (FDEM) methods analyze steady-
state or frequency-specific responses to extract material EM properties. However, various techniques, such
as ground penetration radar®!® (GPR) and eddy current testing''? (ECT), incorporate time-domain (TD)
processing to capture transient signals. This hybrid approach facilitates better target resolution and enhanced
noise immunity by harnessing temporal decay characteristics, resonance phenomena, and dispersive behaviors
that are not readily accessible in pure FDEM analysis. Nonetheless, these dual-domain methods pose challenges
in hardware, data acquisition, and computation.

Over the past decades, time-domain EM (TDEM) methods have emerged as a particularly promising
approach to near-surface investigation. As detailed in Nabighian’s seminal work, TDEM techniques may exploit
the analysis of transient secondary fields to enable sensitive detection of conductive targets compared to FDEM
techniques'®. Chen and Peters show that complex natural resonances (CNRs) in TD backscattered EM signals
enable a robust, orientation-invariant subsurface target characterization'®. Recent studies show that TDEM
methods, combined with resistivity and seismic imaging, excel at delineating water-rich zones, altered rock
boundaries, and underground voids, especially in geologically complex mining settings where conventional
FDEM approaches face limitations!>1®.

In the context of UXO, traditional FDEM methods such as magnetometry, EM induction (EMI), and GPR
frequently produce numerous false positives. To improve target detection, singularity expansion methods (SEM)
exploit the natural resonant frequencies of the objects by analyzing their EM, magnetic, and acoustic responses.
However, these advanced approaches often involve high costs and significant computational effort, which limits
their widespread use!’.

In this paper, we present a fully TDEM method that achieves reliable detection and image of visually obscured
targets using only two rapidly acquired measurements via a simple and cost-effective antenna system. This
approach balances operational efficiency and accuracy by relying solely on contrast between the target and its
surroundings, while allowing scalability for improved resolution through additional measurements. The method
extends a non-invasive EM technique, originally developed for measuring human tissue conductivity'® as based
on the analytical framework!*?’, to the detection and identification of metallic objects. It exploits the interaction
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of transient EM fields with buried metallic targets, enabling their identification through the close-range coupling
between two loop antennas positioned above the ground.

Problem definition

The starting point of the analysis is the problem configuration depicted in Fig. 1. Position in the examined 3-D
space R is specified by coordinates {x, y, 2} with respect to the Cartesian coordinate system with the origin O
and the three mutually perpendicular unit vectors {iz, iy, i- } forming the standard base.

The problem configuration consists of two thin-wire loop antennas located in the plane separating two
dissipative half-spaces Do,1. The EM constitutive properties of Do 1 are described by their electric permittivity
€o,1, electric conductivity ¢o,1, and magnetic permeability po, with corresponding EM wave speeds
co,1 = (€0,1p10,1) /2. Within D1, a metallic object D2 is buried, characterized by its own EM properties:
{€2,02, po}. In pract1cal scenarios, the lower half-space, D1, typically represents the ground, while the upper
one, Doy, is free space. The transmlttl /% loop is assumed to be located at the origin, while the receiving antenna is
placed at a distance ro = (3 + y3)'/* far apart. The respective areas of the transmitting and receiving loops are
denoted by Ar = Agr = 7r°. The transmittin (g loop is activated by an excitation electric current pulse, denoted
as i(t). Consequently, the voltage response V'~ (¢) is induced across the ports of the receiving loop. The voltage
signal is to be measured and further processed usmg the algorithm closely described in'® or summarized below
in. In this experimental scenario, D2 represents a metallic object buried within the region D;. The unbounded
region Dy surrounding D; is assumed to be free space.

Methodology

In this section, we describe the applied imaging methodology including the pertaining signal processing
technique. The measurement setup used for this practical experiment is the same as in'®. The methodology is
divided into four main parts. First, the algorithm!® used for the extraction of the effective electrical conductivity
is summarized. Next, the fundamental principle of the measurement approach is introduced, using two antennas
to illustrate the underlying concept. Further, a specific antenna field configuration is presented, along with its
associated scanning procedure to examine the target area. In the last section, the signal processing techniques
applied to the measured data are discussed.

Algorithm for electrical conductivity inversion

The core principle lies in comparing the measured voltage Tesponse Vi () with a theoretically calculated response
V£ (t). After acquiring the measured voltage response Vi (t), the signal is imported into the algorithm as input
for subsequent processing. The main function of the algorithm is to calculate the theoretical voltage response
ViE (t) for specific predefined conductivity values o1 € [0 4, o 5], using the following equation, derived in®

lim VA (8, 01(4)) (A" A™ /218 ) o (7)™ Qui(E)s, [9:ert(T/26/) =T (mt) /2 (9437 /241" /4¢")
xp(—T7 /4t)]H(t).

where T' = ro(01110)*/?, erf(z) denotes the error function and index j € [1, P],where P is the number of
division points, determines the specific value of or in the input sequence [oa,og]. The time coordinate is
denoted by ¢, time convolution is *; and time- derlvatlve operator is J;. To quantify the difference between the
theoretically computed voltage response samples V& (nAt, or(4)) and the actual measured voltage response,
we used the root-mean-square error (RMSE) evaluation as follows

D)

{€0, 00, o}

Fig. 1. Transmitting and receiving loop antennas situated on the examined material sample D; in presence of
a buried conductor occupying a bounded domain Ds.

Scientific Reports |

(2026) 16:15853 | https://doi.org/10.1038/s41598-026-46396-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

RMSE(o(j)) = | 5 D[V (e, () — Vi§ (1) @

where At > 0 is the time step. The time step is chosen to be a small fraction of the pulse time width, ¢, and
the length of the time window of observation is taken to be its multiple, e.g., Ttot = 3tw, which is sufficient
to capture the diffusive propagation effects. Afterwards, the electrical conductivity o can be determined by
detecting the minimum value of the RMSE function

o1 = argminaTe[(,A,UB]RMSE(UT(j)) ®)

Measurement principle

The employed analytical model describes the transient EM signal transfer between two loop antennas located
on the ground. The model assumes that the ground is homogeneous in its EM properties. However, in this
experimental scenario, the presence of a buried metallic object introduces a significant EM inhomogeneity,
thereby violating this underlying assumption. Despite this, it remains suitable for this study, as the primary
objective is not the precise estimation of absolute electrical conductivity, but the identification of EM
inhomogeneities within the subsurface. The inherent limitation of the method, in which the transmitting and
receiving loops interpret the medium as homogenized, results in a spatially averaged conductivity value. This
value does not reflect the true conductivity of the embedded metallic object, but rather the contrast it introduces
relative to the surrounding medium. Therefore, it is appropriate to introduce the term effective conductivity o, a
derived quantity that reflects the presence and spatial distribution of the object, rather than its intrinsic electrical
properties.

The area between the transmission and the receiving loops is divided into uniform cells, each assigned the
same 0. value obtained from a single measurement. Essentially, the measured conductivity is considered as an
average conductivity for the entire area beneath the loops in a single measurement. This results in the creation of
a conductivity vector for the scanned region beneath the loops, as illustrated in Fig. 2, which is then used as input
for the signal processing block. The process of creating the conductivity vector is shown in Fig. 2

The methodology for extracting o. is based on the approach described in'®. The signal processing block in
Fig. 2 implements the same algorithm used in'® to calculate the conductivity of human tissue.

To calibrate the system before the main measurement, the electrical conductivity of ground must be
determined in the absence of any object beneath the loop antennas, providing a reference value et This
reference conductivity is then compared with the conductivity o. obtained in the presence of a contrasting
conductive object. The resulting deviation, calculated in the conversion block shown in Fig. 3, is used to estimate
the probability of the object being located at a specific position within the 2D field under examination as

‘Ue(I, y) — U'ref(l’, y)'

Po(z,y) = — (loe(z,y) — oret(z, y)])

(4)

where, x and y represent the coordinates in the 2D field, P, (z,y) denotes the matrix of probabilities of the
presence of object at (z,y), oe(z,y) is the matrix of measured effective electrical conductivities at (z, y) with
the object, and oret(z, y) is the matrix of reference conductivities at (z, y) without the object. In this work, the
term probability refers to a normalized quantity that represents the relative change of the measured parameter
with respect to the background. It is not a statistical probability, but a percentage-based measure of relative
contrast.

Subsequently, the thus computed probability values are used as inputs for the signal processing algorithm (see
Section Signal Processing for Data Analysis), to determine the location and shape of the object. The measurement
principle is illustrated in Fig. 3, demonstrating the detection of a metal object positioned at the center of the
examined 2D field. The probability matrix P, (z,y) is obtained from three individual measurements, each
performed with a step size As = 27 using a pair of loops.
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Fig. 2. Illustration of constructing the conductivity vector from single measurement.
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Fig. 3. Block diagram representing the process of constructing the probability matrix of a scanned 2D field.

(a) (b)

Fig. 4. Configuration of the antenna array with a central transmitting loop (red) and four receiving loops
(blue): (a) theoretical schematic of the antenna array (b) practical implementation used in this study.

Antenna configuration and scanning method

In this section, we describe the antenna array configuration as used in the experiment, along with the scanning
methodology applied to the examined area. The antenna array has been designed and manufactured to estimate
the shape and position of the object with the minimal number of measurements while also optimizing the
number of antennas used. Although different antenna array configurations could be employed, the fundamental
principle would remain unchanged.

The antenna array consists of five loop antennas, one transmitting and four receiving (see Fig. 4). All antennas
are placed in the same horizontal plane, with the central antenna acting as the transmitter that is surrounded by
four receiving probes.

The scanning methodology employs the specified antenna array to acquire transient EM data. Conceptually,
a 3 x 3 grid can be considered beneath the antenna array, where each transmitter-receiver pair provides
conductivity values and the probability of presence of an object. The scanning process is conducted in two steps,
which can be seen as a stamping method, effectively capturing two “stamps” of data.

In the first step, the electrical conductivity values are measured with each transmitter-receiver pair of
loops for the first configuration that corresponds to ¢rot = 0° as shown in Fig. 5a. These values correspond to
0e(1,2),06(2,1), 06(2, 3), and 0¢(3, 2) in the 3x3 conductivity matrix o< (z, y). The value at position o.(2, 2)
is calculated as the average of the surrounding values, while other positions are substituted with the reference
soil conductivity o.f, as depicted in Fig. 5b. This generates a probability map PS (x, i) for ¢ror = 0° via (4).

In the second step, the same procedure is repeated for the antenna array rotated by ¢ror = 45° (see Fig. 5a).
This yields the second probability map P2 (z,y) shown in Fig. 5b. Lastly, the probability map obtained using
the 45°-rotated antenna array but represented in the 0° reference frame, is rotated by 45° to restore the correct
spatial positions. Both maps are then used as inputs in the signal processing block (see Section Signal Processing
for Data Analysis).

In both steps, the antenna array provides valid measurements only at the central and edge positions. The four
corner entries of the 3 X 3 data matrix are not measured and are temporarily assigned the reference conductivity
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Fig. 5. Measurement and conversion of electrical conductivity distributions for two antenna array
orientations. (a) Measurement of electrical conductivity matrix oo (, y) for ¢ror = {0°;45°} in a scanned
area with a buried metal object using a 5-loop antenna array configuration. (b) The conversion process of
the electrical conductivity matrix oe(z, y) for ¢ror = {0°;45°} into the corresponding probability maps
PS’ (z,y) and P’ (,y).
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Fig. 6. Averaging of probability maps P *(z,y) and P2 (, ), followed by upsampling and smoothing with
Gaussian filter to produce the final probability maps.

Oret solely to preserve matrix dimensionality for rotation and signal processing. These placeholder values are
overwritten during the data-combination step and therefore have no influence on the reconstructed image.

Signal processing for data analysis

This section outlines the processing of two probability maps generated for ¢rot = 0° and ¢rot = 45° antenna
field orientations. This procedure is illustrated in Fig. 6. In the initial stage of processing, these maps are combined
via point-wise averaging to produce a unified and normalized probability map as

3 (P (z,y) + P&’ (2,1))

max [L (P9 @0) + P47 @) ©

P&Vg(‘ra y) =

This probabilistic map originates from a 3 X 3 coarse measurement grid, which produces sharp cell-to-cell
transitions that reflect the sampling layout rather than the true spatial behavior of the field. In order to obtain
a continuous and spatially coherent conductivity distribution, the coarse map is first upsampled so that each
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original measurement cell is represented by a dense block of pixels (see Fig. 6). A Gaussian filter is then applied
to suppress the artificial block boundaries and to introduce smooth spatial gradients across the map, providing
a suitable input for the subsequent processing steps.

Consequently, three probabilistic maps are generated for each scan area by smoothing the averaged and
upsampled map with Gaussian filters of standard deviations oy, , 0%, , 0¢,, yielding the final probability maps
Py (JJ, y)7 P2($7 y)7 P3 (m’ y)

These maps are further processed using two independent techniques: binary segmentation via thresholding
and morphological transformation, each aiming to enhance object localization and shape estimation.

Binary segmentation via thresholding
The thresholding operation is applied to the probabilistic map Py, (z, y) to obtain a binary map By, (z, y), where
n denotes the index of the given probabilistic map, as defined by:

_ [ 1, ifPu(z,y) > Tin
Bu(z,y) —{ 0. if Pp(z.y) < T (©)

where T3y is the threshold value. This process converts the probability values into a binary representation,
indicating the presence (1) or absence (0) of the object at the specific location (x, y). Thresholding enables the
extraction of the object shape and its localization by isolating the most probable regions within the map.

Binary image refinement via morphology

In this procedure, dilation, erosion, and gradient operations were applied to probabilistic maps with continuous
values to refine object boundaries and improve detection accuracy. These operations use a structural element .S.
This element S defines the local neighborhood used in morphological operations and is represented as a discrete
disk

S = {(x’,y') €z’

Va?+y? < rs} )

where ' and y' are spatial offsets relative to the center. The radius rs determines the extent of the neighborhood
applied around each pixel.

« Dilation (@) expands high-probability regions by assigning each pixel the maximum value within its S-de-
fined neighborhood:

_ / /
P@(m,y)—(zg;agesP(x+x7y+y) (8)

« Erosion (©) shrinks these regions by assigning each pixel the minimum value within its neighborhood:

o . ’ ’
Pe(x,y)—(x,rgglesp(ﬂx,wy) (9)

« The morphological gradient (Pg..q4) highlights object boundaries by calculating the difference between the
dilated and eroded maps:

Pgrad(z,y) = Pe(z,y) — Po(z,y) (10)

These operations improve object localization and reduce noise in probabilistic maps. The shape of S and
size control the spatial extent of the operation on each pixel, allowing for refined object shapes and enhanced
detection accuracy.

Results

In this section, we present the results that have been achieved through the methodology discussed in section
Methodology. The primary objective of this experiment is to validate the applicability of the introduced
methodology for the localization and shape estimation of buried metallic objects. First, we provide an overview
of the measurement setup, including a description of the manufactured antenna array employed in the
experiment. In addition, metallic test objects are introduced and characterized. Finally, the results obtained with
both processing techniques are presented.

To evaluate the location and shape of an object, the algorithm originally developed to estimate the electrical
conductivity of biological tissues'® was employed to calculate apparent conductivity contrasts within the scan
area. The conductivity values were then calculated from the measurements acquired with and without the buried
metallic object, and the resulting differences were used to generate probability maps. These maps represent the
estimated location of the object, based on changes in the EM response caused by conductivity differences in the
surrounded medium.
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Fig. 7. Experimental setup and object configurations used in measurement procedure. (a) The configuration of
the actual measurement workplace. (b) Configurations of the objects used for experiment.
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Fig. 8. Measured voltage responses under controlled conditions. (a) The response recorded in the absence of
a buried object. (b) Measured responses with amplitude variation due to presence of examined objects, shown
for both antenna array orientation ¢rot = 0°, ¢rot = 45°.

Measurement setup and excitation pulse

The experimental setup (see Fig. 7a) consists of a custom-designed loop antenna array, an arbitrary waveform
generator Siglent SDG6022X, and a 4-channel digital oscilloscope Keysight DSOX2024A. The practical
implementation of the antenna array employed in this study is illustrated in Fig. 4b. The metallic object was
completely buried beneath a 5 mm layer of silica sand inside a 37 x 26 x 12 cm plastic box outlined by the
red boundary in Fig. 7b. The silica sand provided a controlled and homogeneous surrounding medium for
subsurface imaging.

Three metallic configurations of the object were composed of hollow circular steel sections with a diameter of
20 mm to evaluate the ability of the method to detect objects of various geometric complexity. The object shapes
are represented with letters X, Y and Z, as shown in Fig. 7b. The green boundary delineates the 20 x 20 cm
scanning region.

The antenna array consists of five loop antennas of radius of » = 30 mm arranged in a fixed geometry with
the central element acting as the transmitter and the remaining four as receivers (see Fig. 4). The antennas are
evenly spaced with a distance 7o = 7.5 cm between the transmitting and each receiving loop. They are enclosed
within a plastic box with all outputs routed externally via SMA connectors. Each antenna was constructed from
a 2mm thick copper wire to provide sufficient mechanical stability.

The transmitting loop was excited by a continuously differentiable, time-windowed current pulse as defined
in reference!® and shown in Fig. 8a. However, the methodology is not restricted to this specific waveform. Under
the assumption that the receiving loop is positioned sufficiently close to the transmitting loop, the contribution
of displacement currents can be neglected, and the induced open-circuit voltage can be attributed to conduction
currents?’. This quasi-static approximation is valid when the condition r¢ < cotw is satisfied, where t
corresponds to the full width at half maximum duration (FWHM) illustrated in Fig. 8a. In accordance with this
requirement, we set tw = 125 ns. The amplitude of the exciting electric-current pulse was set to i, = 0.5 A. It
ensures that the induced voltage at the receiving loop remained measurable with the available instrumentation.
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This parameter serves solely to achieve an adequate signal level and does not affect the underlying physical

model.

Measured data and analysis
In the initial step of the experiment, the voltage response was recorded in the absence of any object to determine

the reference effective conductivity or.r. Effective conductivity reflects the presence of EM inhomogeneities
within the subsurface region beneath the loops rather than intrinsic conductivity. The corresponding measured
response V' (t), accompanied by the value of oyer, is presented in Fig. 8a.

Afterward, this process was repeated for all three metallic object configurations. The responses V, (t) with
n = 1,2, 3, 4 denoting the receiving antenna index, were acquired from all receiving antennas in both antenna
array orientations ¢rot. Figure 8b provides a comprehensive representation of the measured responses. To
highlight the amplitude differences caused by the presence of an object, a reduced time window was selected for
visualization. The black curve shows the reference response measured without any object from Fig. 8a.

The calculated components of the effective conductivity matrices o<(z,y) corresponding to the antenna
array orientation ¢rot = 0°, ¢rot = 45° and all examined objects are presented as follows

. 3.02 2.68 3.02 . [3.02 1.56 3.02]
olx(z,y) =246 249 242 o (v,y) = [1.38 145 141
3.02 240 3.02 3.02 143 3.02

i 3.02 220 3.02 . [3.02 1.62 3.02]
oly(z,y) = |2.94 241 2.96 ot (z,y) = [1.40 220 2.90
3.02 154 3.02 3.02 2.89 3.02

. 3.02 1.65 3.02 . [3.02 1.71 3.02]
ol (z,y) = [2.77 221 2.79 ol (z,y) = |247 210 244
3.02 1.62 3.02 3.02 1.78 3.02

Furthermore, the effective conductivityomatrices oex(z, Y), e,y (z,y), and e z(x,y) were converted into
the corresponding probability maps Py (z,y) and PS> (z,y), following the procedure illustrated in Fig. 5b.
Consequently, these maps were used to calculate the averaged probability map Pavg(z,y), as defined in (5).
These maps are presented in the first row of Figs. 9a, 10a, and 11a for each examined object.

Next, the Gaussian filtering was applied to smooth spatial variations in the probability distributions and
to compensate for the assumption of locally uniform conductivity beneath each pair of coils as shown in Fig.
2. The resulting smoothed maps, denoted as P1(z, y), P2(x,y), and P3(z, y), were calculated with standard
deviations of, = 2, o5, =4, and o¢, = 6, respectively. These filtered maps are shown in the second row of
Figs. 9a, 10a, and 11a. These standard deviations were chosen through a structured empirical evaluation to
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(a) Indirectly measured (top row) and Gaussian-filtered (bottom row)
probability maps.

(b) Binary maps (top row) and morphological gradients (bottom row)
calculated from Py (x,y), P2(x,y), and P3(x,y), respectively.

Fig. 9. Results of detection for object “X” buried beneath a 5 mm layer of silica sand. (a) Raw and filtered
probability maps, while (b) presents the corresponding binary segmentations and morphological gradients

calculated from the probability maps.
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(a) Indirectly measured (top row) and Gaussian-filtered (bottom row) (b) Binary maps (top row) and morphological gradients (bottom row)
calculated from Py (x,y), P2(x,y), and P3(x,y), respectively.

probability maps.
Fig. 10. Results of detection for object “Y” buried beneath a 5 mm layer of silica sand. (a) Raw and filtered

probability maps, while (b) presents the corresponding binary segmentations and morphological gradients

calculated from the probability maps.
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(a) Indirectly measured (top row) and Gaussian-filtered (bottom row) (b) Binary maps (top row) and morphological gradients (bottom row)
calculated from P (x,y), P2(x,y), and P3(x,y), respectively.

probability maps.
Fig. 11. Results of detection for object “Z” buried beneath a 5 mm layer of silica sand. (a) Raw and filtered
probability maps, while (b) presents the corresponding binary segmentations and morphological gradients

calculated from the probability maps.
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provide progressively stronger spatial smoothing. Increasing o¢ produces smoother probability maps and
gradually suppresses the edges of artificial blocks introduced by coarse 3 X 3 sampling, while still preserving
the spatial extent of the buried object. Across all results, this empirical approach yielded stable and interpretable
probability maps and provides a reliable basis for the binarization and morphological operations.

The binarized versions of P1(z,y), P2(x,y), and P3(z, y) are shown in the first rows of Figs. 9b, 10b, and
11b. A fixed threshold of Tt = 50% was applied across all objects and Gaussian filter settings to obtain the
corresponding binary maps B1(z,y), B2(z, y), and Bs(z, y). A threshold of Ti, = 50% was selected because
it represents a neutral, scale-independent midpoint of the normalized probabilistic map. This ensures a robust
and unbiased separation between target responses and background. The areas influenced by the target generally
exceed this level, whereas the background remains below it across all smoothing configurations.

Morphological gradients Pgrada(z,y) calculated from Pi(z,y), P2(z,y), and Ps(z,y) are shown in
the second rows of Figs. 9b, 10b, and 11b, using disk-shaped structuring elements with radii s = 3, 4, and
6, respectively. The choice of the structuring-element radii s follows directly from the physical scale of
the experiment. Each hollow circular steel section used to create the objects (see Fig. 7b) has a diameter of
20 mm. The scanning area (20 x 20 cm), marked by the green boundary in Fig. 7b, is sampled by a 3 x 3
grid, producing an initial cell size of &~ 66.7 mm. After upsampling Pavg(z,y) by a factor u = 40, each cell is
represented by a 40 x 40 pixel block, resulting in an effective pixel size of approximately ~ 1.67 mm (see Fig.
6). In this representation, the 20 mm tube width spans about 12 pixels. To avoid boundary deformation during
morphological operations, the structuring-element radius s must therefore remain below or equal to half of
this width. The selected radii of 3-6 pixels (corresponding to ~ 5 — 10 mm) satisfy this requirement. The finer
probabilistic maps (lower o) use the smaller radius, while smoother maps (higher o) allow for a slightly larger
radius because their boundaries vary more gradually and remain stable.

Reconstruction accuracy analysis

The reconstructed probability maps (Figs. 9a, 10a, and 11a) are calculated from the spatially averaged value of
0Oe, obtained from the antenna array measurements. The spatial averaging corresponds to the sensing area of
the loop antennas (see Fig. 2). As a result, the reconstructed object exhibits a spatially extended representation
relative to its true geometry. In this context, the normalized mean absolute error (NMAE) and the skeleton-
based intersection-over-union (IoUgke1) were used as complementary evaluation metrics to characterize
different aspects of reconstruction quality. All evaluations were performed within a predefined region of interest
(ROI), indicated by the green rectangle in Figs. 9, 10, and 11.

The NMAE measures the average pixel-wise deviation between the probability maps P1 (z, y), P2(z, y), and
P3(x,y) (see Figs. 9a, 10a, and 11a) and the corresponding reference masks Gx (z, ), Gy (z, y), and Gz(z, y).
These reference masks represent the true object geometry. The left panel of Fig. 12 shows the reference mask
Gz(z,y) for object “Z” (see Fig. 7b). The NMAE is defined as follows

1
NMAE= &} [P(r,y) - G(z,y)| (11)
(z,y)€ROI

where N denotes the number of pixels within the ROL, P(z, y) represents the probability map normalized to the
interval [0, 1], and G(z, y) denotes the corresponding reference mask. Equation 11 is evaluated separately for
each probability map and its corresponding reference mask. The spatial distribution of the absolute difference
|P1(z,y) — Gz(z, y)| within the ROI is visualized in the middle panel of Fig. 12 for object “Z’, corresponding
to the probability map P+ (z, y) shown in Fig. 11a.

Gz(x,y) \P1(z,y)—GZ(x.,y)\ yp75ﬂc

Y-Dim [cm)]
Y-Dim [cm)]
Y-Dim [cm)]

10 20 30 10 20 30 10 20 30
X-Dim [cm)] X-Dim [cm] X-Dim [cm)]

Fig. 12. Evaluation of reconstruction accuracy for object “Z”. The left panel shows the reference mask
Gz(z,y) derived from the true object geometry shown in Fig. 7b. The middle panel visualizes the absolute
difference |P1(z, y) — Gz(z, y)| within the ROI used for NMAE computation, corresponding to the
probability map P1(z, y) shown in Fig. 11a. The right panel shows the skeleton-based geometric comparison,
where one-pixel-wide skeletons of the reference mask (white dotted line) and the reconstructed probability
map (yellow dotted line) are used to calculate IoUgkel.
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To explicitly evaluate the geometric consistency of the reconstruction, IoUser was employed as a
complementary measure. Unlike boundary-based metrics, IoUgkel assesses the alignment of the medial axes
of the reconstructed object with the reference geometry and is therefore less sensitive to spatial broadening.
Both the probability maps and the reference masks are reduced to one-pixel-wide skeletons, as illustrated for
object “Z” in the right-hand panel of Fig. 12. The skeleton of the reference mask (white dotted line) represents
the medial axis of the true object geometry. The skeleton of the probability map P1(z, y) (see Fig. 11a) (yellow
dotted line) provides a compact representation of the spatially most stable region of the probability distribution
and approximates the central geometric axis of the reconstructed object. This representation emphasizes the
geometric structure rather than the extent of the object. The IoUjxel is defined as

|Sp ﬁSG|

I skel — To o |
OUsce |Sp U Sc|

(12)

where Sp and Sg denote the skeletons of the probability map and the corresponding reference mask, respectively.
Prior to evaluation, both skeletons were dilated by three pixels to allow small spatial misalignments between the
reference and reconstructed skeletons.

Figure 13 shows the joint NMAE-IoUsyer evaluation of the results for all object geometries and filtering
settings (see Figs. 9a, 10a, and 11a). The joint interpretation of NMAE and IoUsye enables a compact classification
of the characteristics of the reconstruction. Low NMAE with high IoUjye indicates correct probability values
and geometry. Low NMAE with low IoUgker indicates agreement in spatially averaged values but geometric
distortions, such as missing branches or incorrect connectivity. High NMAE and low IoUske indicate both
amplitude errors and incorrect geometry. High IoUskel with elevated NMAE indicates correct localization of
the object axis, but systematic deviations in object extent, such as over- or underestimation of object thickness.

Extended results and analysis

This section provides additional experimental insight into the practical behavior of the proposed method beyond
the baseline measurements. In particular, it examines how the measured effective conductivity o. responds to
controlled variations in the depth of the object and the lateral position beneath the loop pair. These outcomes
are intended to characterize fundamental trends and limitations of the current configuration while maintaining
identical measurement, excitation, and inversion settings.

Burial depth

In order to assess the achievable detection depth of the proposed method, an additional burial-depth experiment
was conducted. The primary objective of this experiment is the reconstruction of the object at greater burial
depth than in the baseline configuration. In addition, the effective conductivity o. is analyzed as a function of
burial depth for a selected antenna-pair configuration of the antenna array.

For the sake of clarity and reproducibility, all measurement parameters were kept identical to those described
in section Measurement setup and Excitation pulse. This includes the pulse shape, pulse width ¢, = 125 ns,
pulse amplitude i, = 0.5 A, and data acquisition settings. Owing to this strictly controlled setup, the influence
of burial depth is effectively isolated.

0 0.2 0.4 0.6 0.8 1
IOUskel [']

Fig. 13. Scatter plot showing the relationship between NMAE and IoUsie1. Blue markers correspond to the
X-shaped object, red markers to the Y-shaped object, and green markers to the Z-shaped object. Circular,
square, and triangular markers indicate Gaussian filtering with standard deviations o1 = 2, o2 = 4, and
o3 = 6, respectively. IoUgkel was computed using a dilation-based tolerance of 3 pixels to account for minor
spatial misalignments. Dashed lines denote threshold values used to distinguish different reconstruction
regimes, while the green shaded region indicates the parameter space where the combined values of NMAE
and IoUgkel correspond to acceptable reconstruction quality.
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First, the metallic object “X” (see Fig. 7b) was fully buried beneath progressively increasing layers of silica
sand, with burial depths ranging from 1 mm to 30 mm, while all other experimental conditions remained
unchanged. For each burial depth, the effective conductivity o. was evaluated using the same analytical model
and inversion procedure as the results described in section Measured Data and Analysis. The evaluated response
Va2 (t) corresponds to the configuration between the transmitting antenna and the receiving loop n = 2 (see
Fig. 4 and Fig. 8b), which forms part of the antenna array oriented at 45°, with a center-to-center spacing of
ro = 7.5cm.

With increasing burial depth, the magnitude of the measured conductivity contrast systematically decreases,
indicating a gradual convergence of the measured o. towards the reference conductivity orer. This trend is
consistently observed throughout the investigated depth range, as shown in Fig. 14, and reflects the combined
effects of EM field attenuation and spatial averaging inherent to the measurement geometry.

A burial depth of 20 mm was selected for full reconstruction of object “X, since at this depth the transient
voltage responses show only weak variations while still maintaining a measurable contrast relative to the
background, as also demonstrated in Fig. 14. The matrices containing absolute, non-normalized values of o
for both measurement orientations ¢rot = 0° and ¢rot = 45° are shown below. The corresponding normalized
probability maps are presented in Fig. 15. All reconstruction parameters, including binarization thresholds and
morphological operations, were maintained constant throughout the signal processing, as in the results shown
in Figs. 9, 10, and 11.

. 3.02 2.96 3.02 . 3.02 2.46 3.02
olx(z,y) = 289 295 3.01 oi% (v,y) = |2.68 252 2.52
3.02 292 3.02 3.02 254 3.02

Lateral offset

This section examines the sensitivity of the proposed method to small lateral displacements of a conductive
target. The analysis focuses on the influence of positional offsets on the measured effective conductivity. The
excitation conditions were kept constant as in section Measurement setup and Excitation pulse. This includes the
pulse shape, pulse width ¢, = 125 ns, and current amplitude i, = 0.5 A. The lateral-offset (LO) experiment
was conducted using a single transmit-receive loop pair with a spacing of 7o = 7.5 cm, identical to the spacing
used in the main experimental configuration.

The object consisted of a hollow metallic tube with a circular cross section, a diameter of ~ 20 mm, and a
length of 20 cm, fully buried beneath a 10 mm layer of silica sand. The object was laterally displaced in discrete
steps of 2 cm, referenced to the tube axis. Displacements parallel to the line connecting the loop centers are
shown in Fig. 16a. Displacements perpendicular to this line, between the two loops, are shown in Fig. 16b. A
burial depth of 10 mm was selected as an independent reference depth. At this depth, the lateral-offset response
for a centered object shows close agreement with the corresponding point of the burial-depth analysis (see Fig.
14), despite minor differences in target geometry. The depictions in Fig. 16a and b are illustrative only and show
the object placed on the surface for clarity.

The measured curves indicate that the evaluated effective conductivity . depends strongly on the lateral
position of the object relative to the loop pair. The largest deviation from the background value occurs when the
object is located near the midpoint between the two loops. As the object is displaced away from this position,
the response weakens and o smoothly approaches the reference level oes. Both displacement directions exhibit
a similar overall trend, characterized by a distinct minimum and a symmetric return toward the background.
Minor differences between the two curves reflect the directional sensitivity imposed by the loop geometry.

3.0

251

— 0, [S/m]

201

15 . I | . |
0 5 10 15 20 25 30

— Depth [mm]

Fig. 14. Dependence of the measured effective conductivity o on burial depth for object “X”, obtained for the
antenna array orientation of ¢t = 45° using the transmitting loop and receiving loop n = 2, demonstrating
a systematic reduction of conductivity contrast and convergence toward the reference conductivity oe.
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(a) Indirectly measured (top row) and Gaussian-filtered (bottom row) (b) Binary maps (top row) and morphological gradients (bottom row)
probability maps. calculated from Py (x,y), P2 (x,y), and P3(x,y), respectively.

Fig. 15. Results of detection for object “X” buried beneath a 20 mm layer of silica sand. (a) Raw and filtered
probability maps, while (b) presents the corresponding binary segmentations and morphological gradients

calculated from the probability maps.

Conclusion
In this paper, we present a TDEM approach to the reliable imaging of buried targets using only two rapid

measurements via a simple and cost-effective antenna system. Additionally, this method builds upon a low-
complexity and easy-to-implement processing algorithm!® that has been extended within this study to suit
radar-based imaging of buried conductive targets. This algorithm was applied to real measured data from the
antenna array, yielding accurate shapes of buried metallic objects. Thus, the reliability and functionality of the
algorithm were thoroughly validated.

During the experiment, three different configurations of metallic targets were employed to demonstrate the
ability of the method to detect objects with varying geometric complexity. The results demonstrate that the
method can accurately reconstruct the shape of buried objects from only two antenna array positions. Despite
these minimal measurement and computational requirements, the reconstructed profiles closely match the
actual geometries. This confirms the effectiveness of the proposed approach for low-cost, real-time subsurface
imaging.

The proposed method holds strong promise for practical use in many areas as near-surface geophysical
applications, structural health monitoring, and UXO detection. Future development will aim at enhancing the

resolution and extending the applicability through multi-position measurements and real-time implementations.
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Fig. 16. Lateral-offset sensitivity of the measured o. for a metallic object fully buried beneath a 10 mm
layer of silica sand. (a) Displacement parallel to the line connecting the loop centers. (b) Displacement
perpendicular to the line connecting the loop centers. The photographs illustrate the corresponding real
measurement configurations, where the object is shown placed on the surface for clarity, while in the actual
experiment it was fully buried beneath the sand layer.

Data availability

The code scripts that support the findings of this study are publicly available at https://doi.org/10.5281/zenodo

.18939967.
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