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Abstract—This article presents a new UWB impulse radar
system consisting of a central radiating antenna (1.9-GHz cen-
ter frequency, 2-GHz bandwidth) and four receiving antennas
designed for the detection and location of dielectrically large
objects with dimensions comparable to the spatial dimensions
of the probe pulse. Together with the radar system, a solution
method for determining the coordinates for detected targets is
developed based on the time of flight (TOF) of the probing pulse
along raypaths from the radiating antenna to the object, and
then reflected to each of the receiving antennas. An algorithm
based on the Pearson’s correlation coefficient is used to accurately
determine the TOF of the signals scattered by the object. The
antenna geometry makes it possible to use simple trigonometry
and Heron’s formula, to calculate the coordinates of the reflecting
bright spot on a target. The algorithm has been tested by
numerical simulations and experiments with a cylindrical metallic
object (diameter 10 cm) and a plastic-cased PMN-2 landmine
buried in natural clay soil. For the experiment, GPR signals were
acquired on a 4 x 4 square grid at 10-cm step from a height of
about 30 cm above the ground. The system detected the test
object in all positions and the positioning error in majority is
equivalent to the object size.

Index Terms— Antenna system, Heron’s formula, humanitar-
ian demining, landmine, Pearson’s correlation, target location,
time of flight (TOF), UWB impulse radar.
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1. INTRODUCTION

S PART of the construction of a low-cost robotic

landmine detection vehicle carrying multiple sensors—
including ground-penetrating radar (GPR) [1]-[8], we have
developed a novel one-transmitter and four-receiver (1 Tx +
4 Rx) UWB antenna array that is cantilever-mounted ahead
of the robotic platform as shown in Fig. 1. This impulse
GPR system was specifically designed for rapid detection of
subsurface mine-like targets [9]. With four receivers, it is
possible to obtain the coordinates (x,y,z) of the effective
reflection point or bright spot on the target. Upon initial
detection of a strong reflection, the robot automatically halts,
and the time of flight (TOF) data for each receiver are used
to determine the target coordinates. Following this detection
and localization, holographic subsurface imaging radar and
a 3-D TOF camera will identify and classify the detected
target as possible mine or harmless clutter as described in [10]
and [11]. This article focuses on the algorithm for determining
target location. The antennae and the allied system design and
integration are described in concurrent [12], [13] and future
works.

This article is organized as follows. In Section 1l, the pro-
posed target detection and discrimination strategy is out-
lined, and in Section IlI, the algorithm for object detection
is detailed, followed by the TOF measurements method in
Section 1V. Finally, Section V presents experimental validation
of the method and discussion of the results.

II. 1 TX + 4 RX ANTENNA SYSTEM

The antenna system is shown schematically in Fig. 1,
mounted ahead of the robotic platform. Overlain on this
rendering is the local Cartesian coordinate system. M is a
cylindrical landmine (see gray disk in Fig. 1). To perform
the search phase, the robot advances under remote control
along Y. Initially, we assume that the top of M is flush with the
ground surface. This assumption is shown (in Section V) to be
valid for mine-like objects at typical shallow depths less than
10 cm [14]. This specific reference system simplifies and is
validated by the analysis of real radar data later in this article.
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Fig. 1. Schematic of the 1 Tx + 4 Rx UWB antenna system and geometric
parameters. The 1 Tx + 4 Rx UWB antenna system is housed in the green
case. Light gray cylinder: holographic radar for target discrimination.

In the adopted reference system, the possible object coor-
dinates satisfy the following conditions:

—00 < x £ +00 ¢))
Y = Ymin 2
z2<0 3

where Ypn is the minimum y coordinate before which the
object must be detected. Assume that the system can detect
targets without errors ahead of Ty (y is positive). This means
that Ypi, = 0. By constraining y to positive values, we assume
that as the robot moves along a survey lane, any “new” object
can appear only in the lower front quarter of the coordinate
space. That is, no objects of interest are located above the
antenna system (e.g., spurious overhead reflections), and no
objects of interest are located under or behind the robotic
platform (e.g., spurious reflections from the vehicle itself). The
intention is to minimize false positive detections and provide
a factor-of-safety in the automatic halting of the vehicle by
classifying reflections as possible targets before the x-axis
crosses the position of the object. This also allows exclusion
of false positive detections related to the measurement errors
in the TOF data as described in Section V. Note that here,
false positive refers only to mistakenly classifying a phantom
as a real target. Discrimination of mines from clutter is not the
 task of the 1 Tx + 4 Rx impulse GPR; that is accomplished
with a holographic radar as described in [11].

III. GEOMETRICAL APPROACH BASED
ON HERON’S FORMULA

We can consider the whole antenna system as two indepen-
dent arrays, each consisting of the transmitter and two receiv-
ing antennae. Each array defines one of the local horizontal
coordinate axes. For each part, we can independently solve for
target location within a two-dimensional plane containing the
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Fig. 2. Coordinate systems and geometric parameters for (a) Rx2-M-Rx4
plane and (b) Rx1-M-Rx3. The coordinates y")" and xa‘ may not be the same
as yg and xq in Fig. 1 because the considered planes are not horizontal.

two Rx antennae and the target M (Fig. 2). Although these
planes also contain Tx, we will distingnish them by naming
one plane Rx2-M-Rx4 and the other Rx1-M-Rx3.

For the sake of completeness, we report the full mathemat-
ical details leading to the solutions for the planes Rx2, Rx4,
and M (and Tx) and Rx1, Rx3, and M (and Tx). The two
solutions in terms of measured TOFs (¢, 1, t3,t4), v and a,
are reported in (18)—(20) and (34)—(36), respectively.

A. Solution in the Plane Rx2-M-Rx4

‘Consider the plane containing Rx2, Rx4, and M (and Tx).
Rx2 and Rx4 are symmetrical with respect to the origin at
a distance a [see Fig. 2(a)]. For the solution in this plane,
we use the coordinate yx which may not match the local
reference system in Fig. 1 because this plane is not horizontal.
The known parameters in this calculation are the TOFs for
signals along the paths Tx-M-Rx2 and Tx-M-Rx4. These
TOFs are designated #, and 4, respectively. The speed of the
electromagnetic wave propagation is v. The immediate task
is determination of the coordinates for object M in this plane
(x0, y3) and the distance r from Tx at (0,0) to M.

We introduce the following definitions: co =v-ta =r+r2
c4a=v-l4=r-+ra.

Consider triangles Tx-M-Rx2 and Tx-M-Rx4. Their areas
(S) are equal because S = ah/2, where h is the common height
of triangles Rx2-M-Tx and Rx4-M-Tx [with Tx at (0,0)]. The
areas of these two triangles can also be found using Heron’s
formula

“
(&)

where ps and p4 are the corresponding semiperimeters of the
above-defined triangles with

Stx—m—rx2 = v/ p2(p2 —a)(p2 —r)(p2 — r2)
Stx—M—Rxa = \/ pa(pa — a)(pa —r)(ps — ra)

P2 = (2 +a)/2; ®)

respectively. Equating RHS of (4) and (5) we obtain the
equation for r

(2 —a®)(a* - (c2 —2r)%) = (] —a?)(@® — (cs — 2r)?).
)

and ps = (c4 +a)/2
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Algebra yields
20% 26 % 2
5 —(c2—2r) + (ca—2r)"=0. (8
c; —a? -

We can define s as
s =cq—2r. 9)

Substituting (9) into (8) yields the quadratic equation in s

(c2 + ca)s* +2(c — a®)s + c2(c3 — 2a* — c2¢4)=0 (10)
solutions of which are
. —-(C% - 02):’:(02 + cacq) an
c+ca

or
242 — c% + ccq

=—= " §_=—C). 12
S+ s+ Ca s c2 (12)
We can find r using (9)
2, .2
r+=c2+c4—2a2 _ctea (13)

s ro =
2(cy +ca) 2
Asa — 0, thenry — r and r— — 2r. So, the only physically
correct solution is for r,. Thus, the distance r to the object is
v? (t% + t}) — 24
20(t2 +t4)

In the next step, we can find the coordinates for the object.
Substituting (6) into (4) and (5) and equating these, we obtain

(14)

r=rq=

ah 1
. ='Z\/(c% —a2)(a? — (c2 — 2r)?). (15)
From (15), we can solve for the triangle height &
c2 —a?)(a? — (2 — 2r)?)
= Y- : (16)

2a

From Fig. 2, y; = h.
The xo coordinate of the object is found based on the
relations

=VrZ—h?2=4/r2— (y(")‘)z, (c2 <ca)

%0 = —Vr2—h2=—\/r = (%)’, (c2>cs). (17)

Thus, the distance r from the origin of the coordinate system
to the object M at (xo, y3) can be found with the formulae

_ 02 +13) —24°
- 20(ty + 4) o
022 — a?)(a? — (vtr — 2r)?)
X9 = Vrz — (_)73)2, (2 < 14)
%0 ==\~ (%)’ @>w. @0)

These are the formulae for calculation of true coordinate xg
and distance from Tx (origin) to the object r.
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Fig. 3. (a) Shaped slot in elliptical metal plate, (b) exciting impulse of the
generator at a load of 50 Q, (c) direct coupling signal between Tx and Rx
antennae, and (d) signal reflected by a metal sheet located at distance 50 cm
from the antenna system.

B. Solution in the Plane RxI1-M-Rx3

A similar approach is used to calculate the distance r from
the origin of the coordinate system at Tx to the object M at
(xg, yo) where x§ may not be equal to xo because this plane
is similarly non-horizontal. In this plane, the y coordinate is
yo in the local reference system defined in Fig. 1.

This plane contains Tx, Rx1, Rx3, and M. In this plane,
Rx1 and Rx3 are symmetrical with respect to the origin at
a distance a [sée Fig. 2(b)]. The geometrical definitions and
mathematical procedure for this plane are analogous to those
in Section IlI-A, with the goal being to determine the object
coordinates (xg, yo) and distance r in this plane from the
origin to the object M.

As for the prior plane, we define ¢; = v -t; = r +r)
¢3 =0 - t3 = r + r3, with the common height of the triangles
Tx-M-Rx1 and Tx-M-Rx3 given by § = ad/2, with d as
shown in Fig. 3.

The areas of these two triangles can also be found using
Heron’s formula

21
(22)

Vpi(pr —a)(p1 —r)(p1 —r1)
vV p3(p3s —a)(p3 —r)(p3 — r3)

STx—M—Rxl =

STx-M-Rx3 =

where p; and p3 are the corresponding semi-perimeters of the
triangles Tx-M-Rx1 and Tx-M-Rx3, with
= (c1+a)/2; and p3 = (c3+a)/2 (23)

respectively. Equating RHS of (21) and (22), we obtain

(¢? —a*)@* - (c1 —2r)?) = (c} — a®)(@® — (c3 — 2r)?).
(24)
This rearranges to
261 =3 2 1 2
@t - (c1 — 2r) + (c3=2r)"=0. (25
c3—a
We can define d as
d=c3—2r. (26)
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After substitution of (26) into (25) and (24) and equating
these two, we obtain the quadratic equation with respect to
a variable d

(€1 +c3)d® +2(c} —a?)d +ci(c] —2a* —ci1c3) =0 (27)

solutions of which are
-~ —(c% — az)j:(a2 +cjc3)

d 28
+ o (28)
or
202_ 2
g, odraes 29)
cy+c3
Equation (26) yields r
2 2 2
ci+c5—2a c1+c3
ry=————, r_= . 30
T 2 +a3) 2 (30)

Asa — 0, then ry — r and r— — 2r. So, the only physically
correct solution is for r4. Thus, the distance r to the object is
20,2 4 42 2
rmry = v (tl +t3)—~211
20(ty +t3)

Substituting (23) into (21) and (22) and equating these (similar
to Section B, but following Fig. 3) yields the x; coordinate of
the object as

€2V

\/(c% —a?)(@? - (c1 —2r)?)
2a ’
The yq coordinate of interest is the positive value given by

yo=Vri—d=1/r2—(x8)% (c1<c3). (33)
The distance r from the origin to M and the coordinates
(x5, yo) are given by
02 (12 +13) — 2a°

" T 2 + ) %)

\/(1)2t12 —a?)(a? - (vty — 2r)?)
2a

yo=/r?— (x)% & <)

Given the constraint (2), the condition t3 > ¢ is always
valid and only the positive solution to (36) is considered.

xi=t4d=1=% (32)

Xt = (35)

(36)

C. 3-D Solution

Using the results of Sections IlI-A and III-B for the 2-D
cases, we obtained the coordinates xo and yg for target M.
Moreover, in both cases, we determined the distance r from the
origin of the local coordinate system to the object M. Because
it is truly the same object in both cases, the values of r must be
equal for the two calculations. Thus, it is possible to calculate
the vertical coordinate zg of the object M using the formula
rP=x}+ y(z) + z2. 37
So
(38)

z20 = r2—x§—y§-

The sign of zo follows from condition (3).
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Thus, using TOFs t;, t2, 13, and 14 measured by the 1 Tx
+ 4 Rx antenna system, we can get all three coordinates of
the bright spot reflection from the object using formulae (20),
(36), and (38).

IV. TOFS’ DETERMINATION

To implement this algorithm, it is necessary to determine the
TOFs for each of the receiver antennae Rx1-Rx4. One possible
method is to use Pearson’s correlation [15]. As described
in [16], this method makes it possible to identify the object
reflection in the recorded A-scans for each Rx antenna.

The definition of the TOF for a UWB radar is the delay
between the transmitted and received pulses, with the latter
representing the former as reflected by a remote target at a
certain distance.

The estimation of the TOF must overcome problems posed
by precision constraints that may be comparable to the pulse
duration itself. Due to error propagation in the mathematical
formulae, for even a coarse target positioning, a precise TOF
estimation is required.

The basic idea is to estimate the time lag between a
reference signal Sgrer and the received signal Srx and to use
it for TOF calculation.

The reference signal Sper is obtained by the reflection
from a target at known distance Dgrgr for a certain known
propagation velocity uRrgf.

The TOF of the reference signal is known

2 - DREefF
DREF

The lag defined by the delay between the signal received
from the target StgT and the signal received from the reference

SREF i

TOFRgr = 39)

LAG = TOFrgT — TOFREF. 40)

The lag can be estimated using a function F that is
maximum when the reference signal, delayed by a time 7,
correlates well with the received signal, and thus,

LAG = arg mrax{F[SREF(t — 1), Srx(H)1}. 41)

The function F used for this article is the absolute value
of Pearson’s correlation [15] between the two signals Srx(f)
and Sreg(t — 7).

The TOF of the target is thus given by

2 - DRefF
DREE

TOFrgT = LAG + TOFrgr = LAG + 42)

V. EXPERIMENTAL DATA AND ANALYSIS

For the validation of this algorithm, a preliminary set of
experiments based on the 1 Tx + 4 Rx antenna system [12]
with upgraded impulse GPR “ODYAG” (18] (Fig. 4) were
carried out in laboratory. The results of this set of experi-
ments were presented in [13] which show that a metal target
of 10 cm diameter and 4 cm height was correctly detected
on a 30 cm x 30 cm quadrant, and the positions located with
an error less than the object radius of 5 cm. These results
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Fig. 4. Target descriptions. (Top) Metal tin of 10 cm diameter and PMN-2
plastic landmine 12 cm diameter.

motivated testing of a realistic scenario for landmine detection,
an outdoor experiment with buried metal and plastic targets in
natural soil.

For this set of experiments, we used an upgraded 1 Tx +
4 Rx antenna system. As it was before [9], [12] the base of the
antenna is a shaped slot in an elliptical metal plate [Fig. 3(a)].
The transmitting antenna dimensions are 1.5 times increased
(186 x 90 x 50 mm?>). This creates a more powerful sounding
impulse. The receiving antennas are shielded by a cone of
metal (like the transmitting antenna). All antennas are placed
on the same plane so that the E-field of Tx is directed at
an angle of 45° to Rx1 and Rx3 and —45° to Rx2 and Rx4
(Fig. 5). The distances between the center of the transmitting
antenna element and the centers of the four receiving antennae
in the xoy plane are a = 10 cm.

The transmitting antenna is excited by a triangular impulse
of voltage [Fig. 3(b)]. It induces the direct coupling signal
[Fig. 3(c)] at the output of the receiving antennas. Reflection
from a metal sheet located at a distance of 50 cm is shown
in Fig. 3(d). The spatial characteristics of the antennas are
similar to those presented in [9].

The antennae and the UWB pulse are designed with very
short duration (0.3 ns) to achieve high-range resolution. The
theoretical limit to range resolution corresponding to this dura-
tion for an impulse radar is 4.5 cm. Antenna switching for four
positions provided sequential connection of the GPR receiver
to all Rx1-Rx4 receiving antenna elements. The experimental
setup and the discussion of results are reported in Section V-A.

A. TOF Measurement Setup

“The targets selected for the outdoor experiment were a metal
tin of 10 cm diameter and an inert plastic-cased landmine
(PMN-2) with 12 ¢cm diameter. In Fig. 4 (top) are shown the
two targets on the natural ground before burial.

In Fig. 4 (bottom), we can observe the internal complexity
of the plastic landmine with several mechanical components
that make the electromagnetic response more complex than
for the symmetrical cylindrical tin target.

The ground in the field in front of the Institute for Radio-
physics and Electronics in Kharkiv is covered by short grass
growing in clay-rich soil (see Fig. 4). During testing, the air
temperature was +17 °C, and the snow had melted 4 weeks
prior, leaving the ground still damp.
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Fig. 5. Outdoor experimental set up. (Top) Grid of 6 x S antenna positions
drawn on Styrofoam sheet. (Bottom) Antenna position in the origin of the X-Y
coordinate system for the background signal acquisition. Antenna height from
the ground is about 30 cm. The receiving antennas RX1 and RX3 are aligned
on the OY-axis, while RX2 and RX4 are aligned on the OX-axis.

The data acquisition was made with similar setup as the
previous experiments [13] to compare the detection and
positioning performance. The antenna system was placed on
Styrofoam blocks of 5 cm thickness at an approximate height
of 34 cm over the ground (Fig. 5). At the beginning, we
recorded the background signals for all four Rx antennas, with
“pbackground” meaning that no objects were in the ground
for these measurements. The background measurements were
acquired first and stored for further processing on all nodes of
the 4 x 4 grid (see Fig. 5) covering an area of 30 cm x 30 cm
as shown in Fig. 6.

Next, for the target detection experiment, the targets were
buried a few centimeters in the damp clay soil corresponding
to the position (X = 0, ¥ = 0, Z = —34 cm). Then,
the antenna system was placed sequentially at the nodes of the
grid, numbered P_0-P_15. At each position, we recorded the
signals from each of the Rx1-Rx4 antennae. Precise alignment
of the antenna system was facilitated by a red string crosshair
(see Fig. 7).

The radar acquisition unit was set with 10-ps sampling time
for the recorded signal and 16-bit analog-to-digital converter
resolution.
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Fig. 6. Square grid of positions of the antenna (P_0-P_15) in the experimen-
tal reference system (see also Fig. 5). Unit of measure for (X, Y) coordinates
is cm. Circle of diameter 10 cm corresponds to the projection of the target
on the plane Z = 0.

Fig. 7. Alignment of the buried target with origin of the antenna position P_0.

B. Dependence of the Waveform of Reflected Signals on
Distance and Angle of Illumination

Because the transmitting and receiving antennae are in
proximity, there is still quite strong direct electromagnetic
coupling between them. Therefore, to get only signals reflected
by the object, we applied a procedure for subtraction of the
background signal, including direct coupling, for each receiver
from the signal recorded when the object was placed on
the grid with a buried target. After the background removal,
an example of the acquired signals (A-scans) for the four
receiving channels RX1-RX4 is shown in Fig. 8 for two
antenna positions P_0 and P_1.

The experimental data show that the reflected signals have
different shapes and amplitude depending on the distance to
the metal tin and on the angle of illumination relative to
the scattering center of the target for each receiving antenna.
In particular, in Fig. 8 (top) we can observe that after the
negative peak at about 0.7 ns from the residual of the direct
coupling signal from the Tx to each receiving antenna, the set
of four signals acquired from symmetric positions (same

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 58, NO. 2, FEBRUARY 2020

0.02|

-0.02

Fig. 8. A-scans for Rx1-Rx4 after background removal. (Top) Antenna
position P_0 corresponding to the origin of the X-Y scanning plane. (Bottom)
Antenna position P_1. Horizontal time scale ¢ is [ns]. Vertical amplitude
U scale is [volt].

distance and illumination angle) of the receiving antennae
are very similar. Moreover, at about 2.7 ns, the four positive
peaks reveal the sign inversion of the electric field on the
metal surface and the differential TOF of (2.8 — 0.7 + 0.3)
[ns] * 30 [cm/ns] = 72 cm. This empirical estimation was
made to quickly verify that the signals are consistent with the
theoretical travel path in air calculated as (34 + 35.4) [em] =
69.4 cm, considering the center of the metal tin at (X = 0,
Y=0,Z=-34)cm.

A small amplitude (U) variation in the direct coupling signal
from P_0 and P_1 can be observed and is due to a time shift
of the UWB radar with temperature; however, this residual
signal remains always well-separated from the reflected signals
and has little influence on the following TOF estimations.
In addition, a small difference in the shape and amplitude of
the four pulses can be explained by the fabrication tolerances
of the antenna system, or a slight non-horizontal tilt to the top
of the tin target (i.e., slight variation in soil cover thickness).

Fig. 8 (bottom) shows the set of four received signals with
the antenna at grid node P_1. In this example, RX4 (dot-
dashed line) occupies position P_0 and then corresponds to
the shortest TOF, as demonstrated by the experimental signals,
while RX1 (dotted line) and RX3 (dashed line) have the
same geometrical path length and the corresponding signals
have the same TOE Finally, the longer travel path is shown
by the greatest TOF for RX2 (continuous line). Moreover,
as expected, the amplitudes of the peaks decrease according
to the increase in the path length (and therefore attenuation)
depending on the receiving antenna positions.

The next step in our procedure is determining the TOFs
for input to the location algorithm. To use the Pearson’s
correlation method described in Section 1V, we need a digital
sampling of the signal waveform that contains the reflection
from the object. Considering the variation in waveforms
(see Fig. 8), we decided to use a reference waveform obtained
from a metal sheet located at a distance of 30 cm from the
antenna system. A reference signal length of 150 samples
(1.5 ns) was chosen (see Fig. 9).
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Fig. 9. Reference signal for cross correlation processing.

C. Coordinates of the Targets

For the next step of data processing, we analyzed all
possible combinations of TOFs from Rx1 with Rx3, and
Rx2 with Rx4. Using formulas (20), (36), and (38) we
calculated feasible coordinates for the object (based on the
three conditions in Section II). If the considered reflections
correspond to the same object, the distance r must be the same
in both planes of interest (Rx2-M-Rx4 and Rx1-M-Rx3). This
is a criterion for arranging pairs of measurement results in the
two planes. Note that the Zx coordinate is the depth coordinate
Z calculated based on the data from the Rx2 and Rx4 plane,
while the Zy coordinate is Z based on the data from the
Rx1 and Rx3 plane. The averaged coordinates z = (zx+2y)/2
were used as a result.

Some of the combinations of the TOFs lead to unfeasible
imaginary coordinates, immediately reducing the number of
valid combinations. However, there are still many sets of
physically possible coordinates: for 16 positions we obtained
52 set of possible coordinates for the metal object and 87 sets
of coordinates for the plastic object.

At this stage of work, we have not yet developed an auto-
matic algorithm to choose the “true” coordinates of the object.
However, to determine whether the 1 Tx 4+ 4 Rx antenna
system yields accurate coordinates for the object, the obtained
data are enough. Because we know all coordinates of the object
in all positions, we can check whether the true coordinates
or close-to-true coordinates exist in the corresponding sets.
To account for the different signal-to-noise ratio, the threshold
for Pearson’s correlation is adjusted and set equal 0.2 for
the metdl tin and 0.1 for the plastic landmine. A visual
representation of. the results is shown in Fig. 10.

D. Discussion of Results

Regarding the metal tin, we found that the target is always
detected. All target positions are detected, but only four are
incorrectly located, being outside the target footprint (indicated
with arrows in Fig. 10). In all other positions, the target
location is correctly within the metal tin diameter. Regarding
the plastic landmine, only three target positions are missed
(P_12, P_13, and P_15) and half are detected incorrectly.
However, for both cases, we can say that acceptable per-
formances (no missed target) and precise positioning (i.e.,
within the diameter) are obtained in a full quadrant area
of 20 cm x 20 cm,; this result is consistent with that observed
in the laboratory experiments [13].

It is also of interest to note the accuracy estimation for these
experiments. Table I below lists the positioning errors for the
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Fig. 10. Calculated positions of the two targets. (Top) Metal tin 10 cm
diameter (blue circles). (Bottom) Plastic landmine 12 cm diameter (green
circles). X-Y scale axes are in centimeter and origin P_0 on top and right
corner.

metal target calculated as the distance from the GPR location
to the nearest edge of the target footprint in the xy plane.
Empty cells in Table 1 mean that the calculated position is
inside the contour of the object. As we can see, the errors in
positioning of the metal object are quite small (on the order
of few centimeters) and are much less than the diameter of
the metal target.

The results are not as good for the plastic target. There are
two detected positions P_12 and P_13 with the correspond-
ing errors almost two times larger than the target diameter.
Assuming the worst case, this means that in these positions
the objects are missed. However, it is important to remember
that the robotic platform is moving, so the target should be
detected as it moves to another position in the grid.

As is evident in Fig. 10, if the metal target is located right
under the antenna system, then the detected coordinates are
usually very close to the center. While if the target is located
outside of the antenna array footprint, the coordinates of the
detected position tend to shift onto the side of the cylindrical
target facing the array.

If we consider the signal path geometry sketched in Fig. 11,
there is a possible explanation of this phenomenon—which
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TABLE I
POSITIONING ERRORS IN CENTIMETERS
Metal PMN-2
P N X y z Err X y z Err
0
1
2
3 -31.9 -5 =335 035 | -14.40 4.10 -342 10.13
4 -1.00 0.50 -32.3 4.55
5
6 -9.20 -6.60 -252 532
7 -33.70  -17.30 -38.7 2.18
8 -0.70 2930 -35.1 333
9
10
11 -34  -13 -353  3.06 0.34
12 -6.5 -302 -356 1.50 21.20
13 23.95
14 4.91
15 | -285 -37.6 -287 275 1.16
Tx Rx1

AN

? projection
e

projection

Fig. 11. (Left) Path for reflection of the transmitted impulse if the object is
located under the antenna elements and (Right) if the object is located out of
projection of the circle containing the antenna array.

was also observed in the experiments reported in [13]. In the
target positions P_0, P_1, P_4, and P_S5 (see Fig. 6), reflections
come mostly from the top surface of the object. In this case,
the detected coordinates are very close to the top center of the
object and the radar cross section (RCS) is high. However,
if the object is located outside of the projection of the array
footprint (see right image in Fig. 11), the side surface of the
targets may produce the brightest reflection, and the detected
positions move away from the center of the object. This can
be observed in Fig. 10 for positions far from origin at P_0.
For the plastic landmine target, the electromagnetic response is
even more complicated due to the response of the internal parts
that modify the waveform of the reflected signal. This behavior
was studied systematically by the MIMEVA project [19] for
several landmines. An angular dependence of the RCS for the
targets placed just outside the array footprint can be considered
to improve the precision of positioning.

VI. CONCLUSION

On the basis of a simple model and experiments, the pos-
sibility of using the 1 Tx + 4 Rx antenna system and UWB
impulse GPR to detect a mine-like object and determine its
Cartesian coordinates has been demonstrated. The dimensions
of the mine-like object are equivalent to the spatial duration of
the pulse, which does not allow us to consider the object as a
point target. The detection of the object and determination of
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its coordinates are performed in the near zone of the antenna
system, which necessitates the use of an object coordinate
determination algorithm based on measuring the TOFs of the
probing signal from the transmitter to the object and then to
each of the receiving antennae.

The design of the antenna system, in which the transmit-
ting antenna is in the center and four receiving antennas
are in the corners of a square (with a radius of circum-
ference of 10 cm), as well as its geometrical parameters,
made it possible to obtain simple relations for calculating all
three Cartesian coordinates for the object using four TOFs.
Because the real objects are not point targets, the TOFs and
the coordinates correspond to the bright spot or strongest
reflecting area.

In this article, an algorithm based on the calculation of
the Pearson’s correlation coefficients is applied to determine
the TOFs, allowing determination, with sufficient precision,
the arrival time of the reflected pulse. However, the presence
of the interfering rereflections of the probing signal in the
received signal as well as the nonidentical form of the signals
scattered by the object from different angles led to the presence
of several possible values of the TOF and the need to develop
an algorithm for selecting true TOFs [13].

It was found that among the combinations of TOFs that
determine the distance from the object to each of the receiving
antennae, there is a set of coordinates corresponding to the
location of the object. Moreover, in all cases, the buried
plastic landmine and metal tin targets were detected, and the
calculated targets position falls in most cases within the object
diameter achieving the successful detection and location of a
shallow target. We also observe the rather remarkable success
for the plastic mine—getting 50% correct locations in a real
scenario where damp clay soil often renders GPR useless, and
the transparency of a plastic case plus internal structure adds
complication.

It was shown by the field experiments that the task of
determining the coordinates is solved in the left upper quadrant
of the coordinate system with a scanning region size of
30 cm x 30 cm. Hence, the total size of the surveyed area
would be at least 60 cm x 60 cm for a real survey. This area is
quite large for the survey of a lane in humanitarian demining
applications.

This antenna system has also been used in experiments on
detection of plastic mine simulants buried in natural ground
when mounted on a robotic vehicle achieving similar perfor-
mances, with the results of this work described in [20].

In general, these results demonstrate the capability and
accuracy of the 1 Tx + 4 Rx antenna system. Automatic
determination of unambiguous TOFs by identification of true
reflections from the target will be solved in the next steps
of research. Using a single reference signal to calculate the
correlation is probably too simple, and an adaptive reference
signal could be calculated to compensate for soil conditions
and UWB GPR electronics jitter with time.

In the future, an extensive campaign of experiments on
different targets in varied soil types will reveal the statisti-
cal detection performances based on the receiver operating
characteristic (ROC) analysis across multiple tests.
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