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Abstract: This paper discusses the author-developed novel method for the detection of buried
metal objects that combines two basic subsurface sensing methods: one based on changes in the
electromagnetic field parameters as induced by the inner or surficial impedance of the medium
when affected by a propagating magnetic field; and one based on changes in the input impedance
of the receiver as induced by the electromagnetic properties of the probed medium. The proposed
method utilizes three instrumentation channels: two primary channels come from the ferrite magnetic
antenna (the receiver), where the first channel is used to measure the current voltage amplitude of
the active input signal component, while the second channel measures the current voltage amplitude
of the reactive input signal component; an additional (secondary) channel comes from the emitting
frame antenna (the transmitter) to measure the current amplitude of the exciting current. This data
redundancy proves to significantly improve the reliability and accuracy of detecting buried metal
objects. Implementation of the computational procedures for the proposed method helped to detect
and identify buried objects by their specific electrical conductance and magnetic permeability, while
also locating them depth-wise. The research team has designed an induction probe that contains two
mutually orthogonal antennas (a frame transmitter and ferrite receiver); the authors herein propose
a metal detector design that implements the proposed induction sensing method. Experimental
research proved the developed combined method for searching for buried metal objects efficient and
well-performing.

Keywords: combined induction sensing method; buried metal objects; metal detector; induction
probe; in-phase and quadrature components of the data signal; algorithmic signal processing

1. Introduction

Detection of buried metal objects (BO) has many important applications in the con-
struction and operation of utility infrastructures, civil engineering, geological survey-
ing, archeology, forensics, and geophysical logging, as well as treasure hunting and
mine/weapon search [1-6]. For instance, public utility infrastructures are nowadays
often laid underground, not only for esthetics or comfort of city /countryside dwellers, but
also to protect said infrastructures against weather hazards and mechanical impacts [7].
Subsurface infrastructures include underground power lines, gas lines, telephone landlines,
fiber-optic cables, TV cables, water pipelines, sewerage, etc. Engineering-related BOs also
include a variety of metal components found inside the walls, between the flooring and the
ceiling in high-rise buildings such as concrete reinforcement bars or various bearing struc-
tures. Apparently, some operations may damage BOs [8]. For instance, in any construction
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project that involves earthworks or drilling the walls, such objects might be damaged
accidentally, which might have severe consequences. In such cases, workers have to avoid
hitting such buried objects. In other cases, workers might actually want to hit a BO, e.g.,
when repairing a pipeline or a cable line, or making a tie-in, or drilling a hole that must go
exactly through reinforcement bars inside a wall. Some may need to detect undesirable
metals in foods [9-11]. Thus, accurate detection and localization of BOs is crucial.

Buried metal objects are searched for primarily by means of metal detectors [12-18].

2. Known Metal Detection Methods

Metal detectors are mainly based on generating a scanning alternating magnetic field
and detecting its disruptions caused by metal objects. A metal detector contains two anten-
nas, a transmitter and a receiver positioned in such way as to nullify the instrumentation
signal if there are no BOs in the area. If there are any, they will disrupt this equilibrium
that the receiver will respond to. Known metal detector designs are based on a variety of
BO detection methods [15,18-21], with four being most prominent:

1. BFO, or the beat frequency oscillation method that uses a single frame antenna. It
measures how the electromagnetic properties of the probed medium affect the input
impedance of the receiver that receives the re-emitted electromagnetic wave. The
method essentially consists of reading the difference in the pulse frequency of signals
coming from two generators, one of which generates a stabilized frequency, while the
other one has a frame antenna in its frequency-setting circuit.

2. OR, or the off resonance method that uses a single frame antenna. It measures how
the electromagnetic properties of the probed medium affect the input impedance of
the receiver that receives the re-emitted electromagnetic wave. The method is based
on measuring the changes in the signal amplitude on the coil (the frame antenna) of
a circuit whose resonance frequency is close to that of the signal that the reference
generator feeds to the circuit.

3. 1B, or the induction balance method based on the reception—transmission principle:
the frame receiver registers a signal re-emitted by a metal object (the target) when
affected by an alternating magnetic field that is generated by the frame transmitter.
This method is based on registering the response to the inner or surficial impedance of
the medium as affected by the electromagnetic wave propagating in or above ground;
the response manifests itself in the parametric changes of the electromagnetic field.

4. PI, or the pulse induction method uses a single frame antenna that alternates between
emission and reception; or two combined wideband 2D antennas. This method is
based on registering the response to the inner or surficial impedance of the medium
as affected by the electromagnetic wave propagating in or above ground; the response
manifests itself in the parametric changes of the electromagnetic field. The device
further analyzes the signal that metal objects produce after being exposed to an
exciting pulsed signal.

Metal detectors based on methods 1, 2, and 3 use a continuous sinusoidal signal in
resonance or frequency mode; they thus belong to the frequency domain.

Those that use the fourth method are referred to as the time-domain metal detectors.
They utilize a pulsed signal to further analyze how its parameters change over time.

The conventional 45° method is what is normally used to measure the depth at which
buried metal objects are found. For this method, the operator moves the receiver angularly
or linearly with respect to the BOs and monitors the strength of the re-emitted field signal.
Apparently, the need to direct the receiver in space so as to find the depth does complicate
the measurement procedure and incurs significant time and labor costs while compromising
the reliability. Some metal detectors are designed to generate additional instrumentation
signals by using secondary coils; they utilize special algorithms to process the signals
from primary and secondary receiver coils to measure the depth that the BOs are at [22].
However, such cable avoidance tools (CAT) offer rather poor accuracy of BO localization,
as their computational accuracy depends on the precision of coil positioning, which is
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rather difficult to be done well in the process. Besides, mechanical loads or changes in
temperature in operation might induce a decompensation signal between the coils, which
carries additional interference. Some papers suggest using a single coil for real-time 3D
imaging in biomedical applications [23,24]. Enough data can be collected by sampling
readings (i) at several levels of exciting current and (ii) using capacitors varying in capacity.
The paper shows that such data suffice to generate three-dimensional images of hidden
objects while using only a single coil. However, such industrial sensing could be difficult
to deploy in the field.

Thus, the core disadvantages of the known BO detection methods is that none offers an
optimal balance of sensitivity, selectivity, constructiveness, and versatility. Thus, designing
new metal detection methods and devices for greater accuracy, convenience, and usability
remains relevant.

3. Development and Substantiation of a Novel Combined Buried Metal
Detection Method

Earlier analysis of the known metal search and identification methods proves each of
them to have certain drawbacks. The authors hereof have developed a novel subsurface
sensing method for detection of buried metal objects that combines two basic methods:
one based on changes in the electromagnetic field parameters as induced by the inner or
surficial impedance of the medium when affected by a propagating magnetic field; and one
based on changes in the input impedance of the receiver as induced by the electromagnetic
properties of the probed medium. Thanks to this, the developed methods enable the device
to register parameters in a wider range to provide greater metal detection accuracy, making
it more informative and expanding its possible application. Figure 1 shows the diagram of
the developed combined method.

Below is the implementation of the method. The sinusoid voltage generator (6)
transmits a signal to the frame transmitter (1) to generate the primary electromagnetic field
in the surrounding area. By placing the transmitter FT (1) and the receiver FR (2) adjacently,
the device generates the primary electromagnetic field and registers the secondary one; the
receiver here is a ferrite magnetic antenna: an induction coil with a core of a ferromagnetic
material that amplifies the magnetic flux linked to the FR turns. For the lack of a BO (8)
in the containing medium (7) to induce zero induction EMF in the FR (2), eliminate the
direction FT—FR link by placing the FR axis in the FT plane, which provides geometric
compensation for this primary field.

Should a BO (8) emerge in the containing medium (7), the primary field will mag-
netize it and induce an eddy current (9) in it that will generate a secondary (re-emitted)
electromagnetic field with the polarized magnetic component Hg. The secondary field
affects FR (2) and induces induction EMF in it to generate the signal Urg. The primary
instrumentation channel converts the signal Urg into an in-phase signal and a quadrature
signal, where the in-phase signal is proportional to the specific conductance of the ¢ BO
(8), while the reactive signal is proportional to the magnetic susceptibility y of the same.
These in-phase and quadrature signals form the PIC output. The PIC-provided conversion
procedures are synced to the temporal parameters of the harmonic signal of the sinusoidal
voltage generator (6) that excites the primary electromagnetic field.

The induced eddy currents (9) of the BO (8) create a secondary electromagnetic
field whose direction is opposite to the exciting field per Lenz’s law. The intensity of
the magnetic component in the resulting electromagnetic field will equal the difference
between the magnetic-component intensities of the exciting/secondary electromagnetic
fields. Thus, provided there is a constant supply voltage of the transmitter (1), the eddy-
current electromagnetic field increases its impedance, thus reducing the current flowing
through it. Thus, the impedance of the FT (1) will depend on the value and distribution
of eddy currents in the BO (8) in the containing medium, i.e., on the specific conductance
o and the depth /4, at which the BO (8) is found. In this case, the informative parameter
is the amplitude of the FT (1) excitation current. A secondary instrumentation channel
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registers the changes in the impedance of the emitting antenna FT (1) as induced by the
electromagnetic properties of the BO (8).
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Figure 1. A schematic block diagram of a thermal protection device with the procedure for extracting
DC components from alternating phased voltages and currents: 1 is the frame transmitter (FT); 2 is the
ferrite receiver (FR); 3 is the registration and in-phase/quadrature conversion of the signal (induction
EMF) from the FR, which uses the primary instrumentation channel (PIC); 4 is the registration and
conversion of the impedance response of the transmitting FT as induced by the electromagnetic
properties of a buried metal object. The secondary instrumentation channel (SIC) is what converts
this response into an electrical signal; 5 is the algorithmic processing of the instrumentation data
that determines the BO parameters; 6 is the harmonic signal Uy generator that excites the primary
electromagnetic field; 7 is the containing environment; 8 is a BO; 9 are eddy currents; Hp is the
magnetic component of the primary electromagnetic field; Hg is the polarized magnetic component
of the secondary electromagnetic field; Hx and Hy are the horizontal and the vertical components
of the polarized magnetic component of the secondary electromagnetic field; Rg is the measuring
shunt; 2y and b; are the PIC static function coefficients for in-phase conversion; a, and b; are the
PIC static function coefficients for quadrature conversion; a3 and b3 are the coefficients of the SIC
static conversion function; Urp is the data signal (induction EMF) from the FR; U;p;c and Ugpic
are the in-phase and the quadrature component of the data signal Urg; Ugjc is the FT data signal;
F(w; @; t) is the process of synchronizing the PIC conversion procedure to the temporal parameters
of the harmonic signal that excites the primary electromagnetic field; ¢ and u are the specific
electrical conductance and the magnetic permeability of the metal object, respectively; h is the BO
location depth.

To that end, the instrumentation shunt Rg of the SIC sends an electrical signal propor-
tional to the excitation current of the FT (1) to be converted further. The resulting signal
functions as the SIC output. The next step is to run the data processing algorithm to find
the BO parameters. To that end, enter the input data (the coefficients a1, b1, a; and b, for
the static functions of the PIC; a3 and b3 for the static conversion function of the SIC) and
process the PIC/SIC output signals jointly. From the algorithm output, find the depth at
which the subsurface BO (8) lies, if there is any; identify the BO by finding its magnetic
permeability and conductance. To run the data signal-processing algorithm, find all the
necessary components when preparing the device by exposing the FR to a predetermined
set of references.

In fact, the proposed hybrid subsurface sensing method uses three data channels to
collect readings:
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- two instrumentation channels from the ferrite receiver to measure the current voltage
amplitude for the active component and for the reactive component of the input
signal;

- the third instrumentation channel comes from the frame emitter and measures the
current amplitude of the exciting current.

This data redundancy does significantly improve the reliability and accuracy of de-
tecting buried metal objects. As a result, subsurface sensing performs better in general.

To better understand the essence of the proposed combined induction sensing method,
consider the physical processes behind it.

Consider the functioning of the two FR data channels that form the primary instru-
mentation channel. According to Faraday’s law, the output voltage Upg of the induction
coil can be written as follows for an external re-emitted magnetic field with the amplitude
Hg that changes by the harmonic law with the cyclic frequency w, which amplitude is a
function of the physical parameters ¢ and u [25]:

Upr = —j - @ pegs - o~ w - Hs - S, 1

where j is an imaginary unit; y, ¢y is the effective magnetic permeability of the core; po =
477 -10~7 H/m is the magnetic permeability of the vacuum; w is the number of turns in the
FR induction coil; S = 71d? /4 is the cross-section of the FR core; d is the FR core diameter;
Hg = F(c; i) is the intensity of the magnetic component of the secondary electromagnetic
field; o and u are the specific conductance and magnetic permeability of the BO.

In this case, the following holds true for the magnetic-component intensity of the
secondary electromagnetic field provided that on the surface of a conductive BO, this
intensity equals some Hp (the magnetic-component intensity amplitude of the primary
electromagnetic field) [26]:

Hs(y, £ = Hpe_"‘yej(‘*’t_ﬁy), ()

wherea:w,/’;S( 1+(f22€2—1>,‘3:w ”;( 1—1—;2224—1) are the attenuation

coefficient and the phase coefficient.
Given that for the case under consideration, the BO conduction current density far
exceeds the displacement current (for a purely sinusoidal process), i.e., 0/ (we) > 1, one

can write:
_ jpow 1 1
R N A

The Equation (2) ultimately transforms into:
Hs(y,t) = Hpe §el“(= %), 3)

From the properties of the Equations (1) and (2), it appears that the in-phase compo-
nent of the PIC data signal is mainly proportional to the specific electrical conductance o
of the BO, while the quadrature component of the same is proportional to the magnetic
permeability u of the BO, thus:

Uipic = KIPIC’UFR‘ sin ¢, 4)

Ugpic = KQPIC‘UFR’ cos ¢ ®)

where ¢ and w are the phase and the cyclic frequency of the FT excitation current; Kjpjc
and Kgpjc are the PIC static conversion function for in-phase and quadrature conversion,

respectively Upg.
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For any transducer such that the output y and the input x are in the following depen-
dency: y = f(x), the static conversion function can be written as a generalized mathemati-
cal model in the form of a power series around a center of zero:

n
y:Eaixlil:al-ﬁ-ﬂzxx“r---‘f’anxxnil/ (6)
i=1

where v is the output value; a1, . . ., a, are the transducer parameters; x is the measured value.

In case the output y and the input factors x; = (i = 1+ n) are in a dependency of
the type y = f(x1, x2, ..., x,), the static conversion function of the transducer should be
written as a corresponding polynomial by decomposing it into Taylor series:

n n n
y=f(x1,x2, ..., %y) =ap+ Zaixi—i— Z ajixix; + Zaiixlz—i— e, (7)
i=1 ji=1 i=1

where ay, a; aji, ajj are the constant coefficients of the Equation found by staging and
carrying out a passive experiment; # is the number of the most significant inputs.

For the case under consideration, where the PIC has virtually no zero signal (zero
drift) and features linear conversion, the Equation (7) transforms into:

n
y=f(x;, x) =) ax. 8)
i=1
Given (8), the Equations (4) and (5) can be rewritten as:

UQPIC =ay-s+by-m; ©)
Uipic = a2-s+by-m,

where a1, b1, a; and b, are the coefficients of the static PIC functions for quadrature and
in-phase conversion, respectively, found when preparing to scan the containing medium
by exposing the FR to a specific set of references.

The values of a3, b1, a; and b, obtained in this manner are used as inputs when running
the data signal-processing algorithm.

Based on (3) and (4), the derived conversion Equations (9) are linearly independent
algebraic Equations (the invariance principle), making this a correct and solvable equation
system for the desired parameters ¢ and p.

Consider the SIC conversion procedure, see Figure 2.

If there is no BO in the containing medium, the following holds true for the FT:

Uy = Irr(R + Rg + jwL). (10)

When the FT passes over a buried metal object found in the containing medium, which
object has the inductance Ly and the resistance g, the magnetic flux originating from the
loop current of the generator coil I rr induces the eddy current I o in the circuit Ly, rg. The
loop L, rg of the BO and the loop L, 7 of the FT are thus bound by their mutual induction
M;. An analytical expression for these interconnected loops can be written as:

(11)

*

{ Up = Irp(R + R + jwL) — jwoM Io;
jleIFT — (T() +ijo)Io =0.

Given that Uy = const, the loop current I rr in the BO loop will change to I ;T.
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Figure 2. FT interaction with a BO in the containing medium.

Subject the Equation (9) to simple transformations to obtain

w?M? ) w?M?
R+ Rg+ -7 ro | +j| wL — 7 wlo | |- (12)
0 0

where Zy = 4/ r(% + sz% ; My = Moe®"/PE, 1 is the depth, at which the BO is found in the
containing medium, Dr is the equivalent diameter of the FT, M is the mutual induction
coefficient for the FT loop and its mirror image at & ~ 0.

The Equation (12) means that the FT impedance components have changed, respec-
tively, to:

. Lk
Uy = Ipr

212 2A142
w-M w-M
AR = —1trg; AXp = —j—Lwly.
2 4 2
ZO ZO

Rewrite the Equation (10) in a more generalized form:
Un = Ipr - Zpr, (13)

where Z;T is the value of the altered FT impedance.
According to (13), the signal from the measuring shunt Rg can be written as a
complex value

Us = Ugic = UTH *Rs = F(c; h). (14)
FT
Similarly to the Equations (7), the following equation can be written for the conversion
procedure performed by the secondary instrumentation channel of the FT (1) in accordance
with (12):
Usic = a3 -0 +bs - h. (15)

where a3, b; are the static conversion function coefficients for the secondary instrumentation
channel of the FT.



Machines 2021, 9, 92 8 of 14

Overall, the measurement process equation system is written as:

Uopic = a1 -0+ by - y;
Uipic = a2- 0+ by - (16)
U51czﬂ3'0'+b3'h.

The Equation (14), which is part of the algebraic equation system (16), is by virtue of
its physical nature linearly independent from the Equations (7). Thus, the system (16) is
also correct and solvable with respect to the desired BO parameters:

_ by by .
= Tbi—aik; HIPIC ~ ab=arm; UQPICS

- 4B _ . m .

H = ob=as, Horic — op—ar, Uipic; (17)
h— (a2b1 —a1 by )Usic —azbi Uppic +asbaUgpic
b (azb1 —aqb) )

The obtained expressions (17) are in fact the computational algorithm for finding the
BO parameters.

4. Developing the Circuitry of a Metal Detector Based on the Proposed Buried Metal
Detection Method

Research produced circuitry for a metal detector with a novel IP design, see Figure 3
for the diagram.

-
sic \: I Usie
I
I
I
Urpre
y y
11 ¥ 15
A A
14
Uoric

Figure 3. Metal detector diagram: 1 is the instrumentation probe; 2 is the frame antenna; 3 is the receiver coil; 4 is the ferrite
core; 5 is the instrumentation amplifier; 6’ and 6” are buffer amplifiers; 7 is the generator that produces sinusoidal voltage at
sound frequencies; 8 is the generator of quadrature reference voltage; 9’ and 9” are synchronous detectors (SD); 10" and 10”
are the ADC units; 11 is the computational unit; 12 is the current meter; 13 is the ADC unit; 14 is data input device; 15 is the
indicator; Rg is the measuring shunt. The elements (3) and (4) of the probe (1) form the FR. The FT (2) is orthogonal to the
receiver coil (3) of the FR to attain the required geometric compensation of the primary field for the FR.

The proposed SU metal detector functions as follows. The frame antenna (7) connected
to the sinusoidal voltage generator (7) generates the primary alternating magnetic field
that induces eddy currents in the BO, which in turn produce a secondary magnetic field.
This field induces EMF in the receiver coil (3) of the FR, which goes to the input of the
instrumentation amplifier (5). The output voltage of the amplifier (5) passes through the
buffer amplifiers (6)' and (6)” to the data inputs of the synchronous detectors (9) and
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(9)”. At the same time, the reference voltages for these synchronous detectors are derived
from the operating sinusoidal voltage that is fed from the generator (7) to the input of the
generator (8) that produces in-phase or quadrature reference voltage. The outputs of the
generator (8) are connected to the reference inputs of the synchronous detectors (9)" and
(9), the outputs whereof are connected via the corresponding ADC units 10’ and 10” to the
data inputs of the register (11), which is in fact a microprocessor computational unit.

Thus, the output of the primary instrumentation channel (PIC) is a data signal that
has in-phase and quadrature components: Urp;c and Ugpic.

The measuring shunt R sends an electrical signal proportional to the FT (2) excitation
current that is further read by the current meter 12, which filters and amplifies this signal
at the FT excitation frequency while also detecting its amplitude. From the output of the
current meter (12), the converted signal goes via the ADC unit (13) to the corresponding
data input of the register (11). Thus, the output of the secondary instrumentation channel
SIC is the data signal Ugjc.

The computational unit (11) receives data via the data input device (14). It uses this
data to jointly process the signals Ujp;c, Ugpic, and Usjc receive from all the three data
inputs; the algorithm thus determines the required parameters of a BO in the containing
medium. The output of the computational unit 11 is displayed by the indicator (15).

5. Development and Pilot Testing

In order to test the proposed combined induction sensing method, the research team
designed an induction probe (IP) that contained the receiver FR and the FT that had
both transmission and reception functions. The FR uses the parametric response of the
electromagnetic field to the inner or surficial impedance of the medium, while the FT uses
the response of the input impedance of the receiver to the electromagnetic properties of the
probed medium; the FR is a single-section magnetic antenna in a coplanar position inside
the horizontal FT. Figure 4 shows a general FR/FI-based IP design.

Multilayer A-4  Dielectric  Circular
Solenoid Frame  Dielectric
Frame
Cardan Ferrite  Multiturn
Suspension Core FT

Pins

Figure 4. Layout of an induction probe featuring a frame emitter and a ferrite receiver in a
coplanar position.
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The IP comprises the flat multiturn FT placed on the circular dielectric frame and the
FR that consists of electric winding: multilayer solenoid and dielectric frame, together
forming the receiver coil, and the cylindrical ferrite core. The FR is anchored inside the
circular frame in its plane by special dielectric sleeves on the dielectric circular cardan
suspension, which enables directing the FR sensitivity axis in the required plane. In turn,
the cardan suspension is based on the cylindrical pins and that are placed symmetrically
on the inner surface of the circular dielectric frame. This design enables an orthogonal
placement of the FT and the receiver coil of the FR. Such spatial orientation of the generator
frame and the receiver coil will nullify the mutual induction thereof.

The cardan suspension must be on the same order of height as the circular dielectric
frame to attain and keep the desired inclination of the FR sensitivity axis with respect to
the FT plane so as to attain the required geometric compensation of the primary field. The
FR receiver coil and the FT are arranged in the horizontal plane in two steps: first place it
roughly by securing the FR receiver coil at a specific point in the ferrite core, then adjust
the position using a special microscrew adjuster (not shown in Figure 4).

One version of the described induction probe was made and tested in the process of
experimentation. Figure 5 shows an overview of that pilot probe.

Receiver Coil Ferrite Core

Basing Dielectric Frame Frame Antenna

Figure 5. Pilot induction probe: a design version.

The test BOs were AVVG and VVG quad power cables of finite length (up to 5 m),
which had aluminum/copper conductors, insulation and outer shells of PVC. The cables
were laid 0.5 to 2 m deep in the ground.

Each of the cable types had a specific design and conductors of three alternative
cross-section values for main and for neutral conductors: (1) AVVG/VVG — 3 x 95 + 1 x
50; (2) AVWG/VVG — 3 x 70 + 1 x 35; (3) AVVG/VVG — 3 x 16 + 1 x 10.

The frame antenna was fed with a 60V, 7 kHz variable voltage from an external
sinusoidal signal generator, which also synchronized the PIC parameters.

For primary and secondary signal processing, the research team used a special elec-
tronic module whose functional units were based on precision operating amplifiers while
digital—analog conversion and further numerical (digital) transmission of signals to the reg-
ister were provided by a standard E502 data collection system manufactured by LCard [27].
This data collection system is actually a universal 16-bit I/0 module that supports up to 32
analog and 17 digital signals and feeds them to a PC via high-speed USB 2.0 and 100-Mbit
Ethernet interfaces with a conversion rate of up to 2 MHz; it also provides real-time digital
processing.

A laptop was used as a portable register; it had software developed to run the instru-
mentation algorithm and visualize the search procedure.

As noted above, a variety of BOs were used to test the performance of the sensing
unit that implemented the proposed combined buried metal detection method; these were
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buried at specific depths in the containing medium (a sandy and clayey soil). Each cable
type was laid one by one in the containing medium to depths of hp5 = 0.5m, h; = 1m,
hy =2 m, h3 = 3 m. Figure 6 shows some results of testing buried metal depth detection
in containing medium, where h is the depth, S is the cross-sectional area of the main
(copper—Cu and aluminum—Al) conductors. Measurements were run several times at
each depth value; the curve shows arithmetic means connected by smooth, unkinked lines.

0 10 20 30 40 50 60 70 80 90 100 S,mm2
Figure 6. Measurements at different depths.

The Y-axis shows the depth of metal placement in the containing medium; the detector
had to identify these values. The X-axis shows different main-conductor cross-sectional
area values of the cable that was placed at different points of the experiment to different
depths h in the containing medium; the same metal detector was expected to detect that
cable at each specific depth. For instance, for the cable with S = 95 mm? conductors, the
points on the curves show the measured depths h matching in a certain way with the
prespecified placement depths (0.5 m; 1 m; 2 m, and 3 m). Similar experiments had been
run for other cable types having the same cross-sectional area values. Figure 6 shows that
the accuracy of detecting the depth h depends on the material: the more conductive it is,
the more accurately it is detected. This is why h values were more accurate for buried
copper conductors than for their aluminum counterparts.

Figure 7 shows the distribution of relative depth error for copper conductors varying
in the cross-sectional area.

Relative depth detection error peaked at 23% on average at 3 m for the cable whose
main conductors (copper) had S = 50 mm?; minimum error of 2% was observed for
S = 95 mm? copper conductors.

For the cable where the main conductors were of copper and had S = 16 mm?, depth
was not determined in accurate numbers, as the relative depth detection error was 35% at
0.5 m. Besides, deepening the cable further (4 > 1 m) forced the metal detector to reach
the limits of its sensitivity, meaning it could only detect the presence of metal but not the
depth of its placement.

Experimental research thus proved the proposed SU implementation and the devel-
oped combined induction sensing method to be efficient.
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Figure 7. Distribution of relative depth detection error.

Note that the research team did not seek to compare this pilot unit against mass-
produced metal detectors performance-wise. Further research is planned to develop and
optimize hardware based on the proposed sensing method in order to optimize the eigen-
parameters of all the nodes and components for better accuracy. This paper describes
the pilot unit and the experimental results only as a proof of concept. Therefore, the goal
hereof is to highlight the essence and substantiate the theory behind the physical effects
upon which the new, unprecedented sensing method is based [28]; besides, this study also
tested the feasibility of using the method to find buried metal, identify it, and determine
the depth at which it is found in the medium.

6. Conclusions

Thus, the proposed combined method for the detection of buried metal objects actually
combines two basic subsurface sensing methods: one based on changes in the electromag-
netic field parameters as induced by the inner or surficial impedance of the medium when
affected by a propagating magnetic field; and one based on changes in the input impedance
of the receiver coil as induced by the electromagnetic properties of the probed medium.
Thanks to the data redundancy it provides, the method effectively improves the subsurface
sensing performance in general. Implementation of the computational procedures for the
proposed dual method would help to detect and identify buried subsurface objects by their
specific electrical conductance o and magnetic permeability y while also locating them
depth-wise. All of this improves the performance and informativeness of the proposed
combined BO detection method while also expanding the range of possible applications.

Experimental research proves the developed combined method for searching for
buried metal objects to be efficient and well-performing.
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