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Detection of Metal Objects near a Random Rough Surface
of Medium at Sounding by Orthogonally Polarized
Ultrawideband Pulses

Vladimir I. Koshelev®, Andrey A. Petkun, and Vyacheslav M. Tarnovsky

Abstract—Using the program of numerical simulation of ultrawideband pulse reflection from dielectric
medium with random rough surface, a possibility to detect ideally conducting objects placed near the
surface was investigated. Medium parameters corresponded to the cases of the dry and wet sandy
ground. Based on the correlation analysis of the reflected objects with orthogonal polarizations, a
decision about the presence or absence of an object was made. An ideally conducting rectangular
object was buried into the ground with a random rough surface to different depth. A cross-shaped
metal object was disposed above the surface.

1. INTRODUCTION

One of the branches of electrodynamic researches is development of methods for detection and
recognition of objects, including biological ones, in the conditions complicating direct object observation
by means of optical devices. Among the problems under solution, one can mark object detection against
the background of a random rough surface (RRS). It can be both a ground surface with vegetation and
a waved sea surface.

A traditional device for the ground object recognition is ground penetrating radar (GPR) [1].
Usually, it presents bistatic land-based radar. So, in order to use GPR, it is necessary to have
direct access to the search area. For remote object detection, a synthetic aperture method is often
used [2, 3]. However, for the radar imaging of the search area, certain time is also necessary for steering.
Development of the methods for the object detection near RRS in the real-time mode, e.g., by means
of aerial devices, is of importance. Herewith, a sounding signal should be ultrawideband to increase
the information capability, and received reflected signals should be exposed to the fast correlation
processing [4].

A number of papers consider new methods of object detection against the background of a RRS.
In [5,6], not only fields scattered by a random surface but also responses of common targets are
considered. It is shown that when the statistic surface characteristics and targets are found, it is possible
to create the filters “whitening” the noise and to construct an optimal detector. In the investigation [7],
to minimize clutter created by a random surface, an iterative correlation procedure is used. To detect
objects, the “memory effect” is used for the angular correlation function in [8,9]. In [10], a correlation
processing method in the near-field zone with transition from the time to space information concerning
the scattered fields is suggested. Further development of this method of phase space with application
of the averaged Wigner distribution function was suggested in [11].

However, it should be noted that most of the above-mentioned methods require the preliminary
information storage before processing. In this paper, a new method for fast detection of metal objects
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near a RRS of medium is studied using ultrawideband (UWB) pulses with orthogonal polarization. A
possibility to radiate and record ultrawideband pulses with orthogonal polarization was shown previously
in [12,13] as well as a possibility to construct multielement antenna arrays. Below we will show that
in a number of cases this enables recording only maxima of reflected signals and herewith detecting an
object located close to RRS.

To simulate the electromagnetic wave scattering from RRS, two classes of numerical methods are
used most often [14]. For the problems of scattering by slightly rough surfaces, the integral equation
method is preferable. For the problems with rough media and complex geometry, including objects or
scatterers, the finite-difference time-domain (FDTD) method is more applicable. The integral equation
methods are used for investigations both in frequency and time domain for ultrawideband signals.
Method of moments (MM) is used, as a rule, for solution of integral equations by transforming them
into the system of linear equations [15-18]. The main problem in the given models is the absence of
natural representation for a half-space Green function into the presence of a random rough reflecting
surface. Random characteristics of a reflecting surface are usually accounted by means of Monte Karlo
method. In [3], several methods are compared. They are the following: method of moments, multilevel
fast multipole method, and physical-optical method. Moreover, there are experimental data obtained
by the method of aperture synthesizing. In [19,20], a “four-path” method has been developed by the
author. Various approximate models for estimation of field scattering from RRS in the presence of the
objects based on the modifications of the integral equation method are presented as well in [21-24].

The FDTD method is comparatively simple. However, exact simulation requires significant
computation resources. One of the first complete models of GPR was constructed using FDTD method,
though in one-frequency case [25]. The accuracy of the calculation domain simulation for the subsequent
more reliable comparison with the experiment was emphasized in the research [26]. To calculate by
FDTD method, the real antennas, mine models, ground roughness, water puddles and grass on the
surface (using fractal methods) were simulated. When simulating radar for the road surface diagnostics,
the symplectic Euler method is used to solve Maxwell equation in time domain [27]. In [5,6], the
computation of the scattered fields was made by FDTD method. In our work, we also use the FDTD
method as the most universal.

2. SOFTWARE PROGRAM

To investigate reflection of UWB electromagnetic pulses from the surfaces of a definite shape having the
prescribed electric characteristics and containing metal objects, a program based on the finite-difference
time-domain method for Maxwell equations [28] has been developed. Basic geometry of the problem
presents a three-dimensional parallelepiped with the 3D cell dimensions of 240 x 240 x 240 partially
filled with the medium of conductivity ¢ and relative dielectric permittivity €. Note that the geometry
of the domain of computation in the next Figures is presented without conservation of proportions. A
cross-section of the region z-z is presented in Fig. 1. The cross-section of the region y-z is of the same
form. To simulate a plane wave falling from free space normally to the surface, an approach consisting
in division of the regions of the total and scattered fields (TF/SF) was used. The boundary of these
regions is a parallelepiped surface (4 in Fig. 1).

According to this approach, the value of the incident field should be known at any moment of
time at the full surface. The difference of this problem from the standard ones, in which a domain
decomposition method is used, is that the surface crosses the physical interface of media. So, to assign
the incident field inside the medium, a numerical solution of one-dimensional Maxwell equation is used.
This approach better matches the calculated fields inside the total field region and outside it (scheme
errors and numerical dispersion coincide).

In the program, a completely centered finite-difference Yee scheme is used. Objects and medium are
assigned by means of a three-dimensional cell array. Each cell stores one bite of information concerning
medium (air, dielectric, metal surface, inside part of metal) for all three electric field components. The
characteristics are determined separately for each component due to the shifted grid. The shape of the
medium surface is read off from the previously prepared file.

The best choice to match the equations at the open boundaries of the computing area is a completely
absorbing layer. For the problem under study, the insertion of the absorbing layer at all the boundaries
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Figure 1. Geometric pattern of the problem: 1 — free space, 2 — dielectric medium , 3 — matched
absorbing layer, 4 — boundary surface of the total and scattered field regions.

results in great overhead since the boundaries are located in different media. So, realization of this
method results in the insertion of four subsidiary vector quantities in addition to the main fields E and
H. When saving the memory, the structure of the internal cycles in the program becomes complicated,
and unified equations result in greater memory expenses and large volume of idle computations. Thus,
we have chosen a compromise approach: the matched layer method of UPML-type is used at the
uniform boundaries by x while at other boundaries the Mur 2nd-order absorbing boundary conditions
are applicable. The tests have shown satisfactory use of this approach.

Time and space steps with respect to three coordinates for FDTD computation were At ~ 16.7 ps
and A = 1 cm, respectively. The program was realized in C++ language for a personal computer with
Intel i7 processor; the calculation time of one realization was about 0.5 hour using 1 Gb of RAM.

3. SIMULATION OF A RANDOM ROUGH REFLECTED SURFACE

To obtain a random surface with assigned smoothness, we transmit the normal random stationary
uncorrelated process through the filter with the assigned impulse response h(z,y) = exp|[—(2? + y?) / b?
(Fig. 2). Fig. 3 demonstrates the normal random stationary uncorrelated process g(z,y). Fig. 4 presents
a two-dimensional signal ¢(z,y) at the filter circuit output at b =4 (RRS realization).

Analysis of the results obtained indicates that this approach is applicable for simulation of the
surface with the assigned correlation length varying the scale coefficient b.

Jg(xy) “Hq(x.y)

Lon—|
X

Figure 2. Filter impulse re- Figure 3. Filter input signal. Figure 4. Filter output signal at
sponse at b = 4. b =4 (RRS realization).
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4. OBJECT DETECTION NEAR A RANDOM ROUGH SURFACE

Here, we consider the problem of the metal object detection against the background of an underlying
surface. To solve this problem, we use the following approximations: the underlying surface relief is
random and weakly correlated. The effective radar cross section (RCS) of a metal object exceeds RCS
of any part of the reflecting surface which in terms of area is comparable with the metal object one.
The sounding UWB signal presents two identical three-lobe pulses with linear polarization and plane
front edge. The pulses are displaced relative each other in time by the value ¢y equal to the pulse length
7, ~ 0.7ns and rotated by 90° (Fig. 5). The central frequency of the sounding pulse spectrum and
corresponding wave length were fy = 2GHz and Ay = 15cm, respectively. The receiving process is
realized by the antennas oriented by the same polarizations. The effects related to the influence of one
polarization to another will be neglected.

To investigate the detection of the metal objects located at the dielectric medium with RRS,
the calculations were carried out both with application of the metal object and without it. Further,
mutual correlation function K(7) = (EM(t)E®)(t —ty + 7)) of the received signals with orthogonal
polarizations at each receiving point was calculated for each case. Maximum of this function is evidently
achieved at the point 7 = ¢y corresponding to the relative displacement of the orthogonally polarized
pulses at the receiving point. In addition, in view of random roughness of the relief surface, the maximum
correlation function value at the point 7 = t¢ in the presence of an object can exceed the analogous value
without the metal object that will be the criteria of the object detection. To increase the statistical
significance of the simulation result, the computations were carried out for 10 different RRS realizations
with the subsequent averaging.

Figure 6 presents the simulation scheme where 7,¢ is the sounding pulse spatial length (c is the
velocity of light). A metal object 1 was placed to the RRS dielectric medium 2. The reflected signal
accumulated at 25 receiving points 3 presenting a 5 x 5 array located opposite the metal object at a
distance 6.57,c from its center. The distance between the receivers was 0.57,c.

Tl 1
T~

/\; t

Figure 5. Sounding pulse. Figure 6. Simulation scheme: 1 — metal object,
2 — dielectric medium with a random rough
surface, 3 — receiving array.

For this investigation, we used the RRS relief characterized by the value of the root mean square
deviation (RMSD) of the surface from the average level o, = 0.147,c and average length of the roughness
correlation I = 0.557,c. The metal body was a parallelepiped of the thickness 0.57,c and width equal
to a half-length. Five different lengths of the space length object L = (0.8;1.1;1.5;2.2 and 3)7,c were
chosen for study. The long side of the object was located along the axis z. When choosing the dimensions
of the object L and correlation length [, we assumed that the case of the ratios of these close to 1
parameters to Ay will be optimum to illustrate the method of metal object detection near a random
rough surface. In total, these ratios were the following: /Ao =~ 0.73; L/)\g = (1.07;1.47;2;2.9;4). In
this case, the ratio /L changes in the limits from 0.69 to 0.18. In future investigations, we suppose to
perform the analysis of influence of the correlation length [ of the rough surface on the possibility of
object detection. The objective of the work is representation of the method of metal object detection
near a random rough surface.
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The dry sandy ground (¢ = 4, 0 = 0.002 Sm/m) and the sandy ground of the humidity about 12%
(¢ = 10, 0 = 0.07Sm/m) were chosen as the dielectric medium parameters [29]. These parameters
correspond to the medium characteristics at the central frequency of a sounding pulse. Subsequent
calculations are carried out in the assumption that frequency dispersion of the electric parameters of
the ground is of weak influence [30].

Figure 7 demonstrates the signals reflected from the underlying surface at two perpendicular
polarizations in the presence (a) and absence (b) of the metal object.
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Figure 7. Reflected pulses with orthogonal polarizations: (a) in the presence and (b) in the absence
of the object.

Figure 8 presents the result of calculation of the mutual correlation between the orthogonally
polarized signals received at one of the points. The diagram shows that correlation at the maximum
point 7 = tp in the presence of the metal object (solid line) exceeds the correlation without the one
(dashed line).

Figure 9 presents the values of the correlation functions at 7 = ¢ in case of presence (solid line)
and absence (dashed line) of the metal object calculated at 25 receiving points.
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Figure 8.  Mutual correlation between the  Figure 9. Distribution of the correlation function
orthogonally polarized reflected signals. maxima of the orthogonally polarized reflected
pulses.

Figure 10 demonstrates the maximum value of the mutual correlation function K., of the
orthogonally polarized reflected pulses versus the relative dimension of the metal object for the dry
(symbols e) and wet (symbols [J) ground for one receiving point (central in the receiving array). These
symbols for the dry and wet ground will be used in all subsequent diagrams. The value in the diagrams
L/7pc equal to zero here and further denotes the absence of the metal object. The interval of RMSD o
of the maximum correlation function value in the absence of the body is highlighted in grey. Assume
that the body is detected if the interval of RMSD o of the maximum correlation function value in the
presence of the object has no interconnection with the U% interval. Fig. 10 shows that for one receiving
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element, the metal object is detected by the specified criterion at its linear dimensions L/7,c > 1 for the
dry ground and L/7,c > 1.5 for the wet one. In the diagram presented, the RMSD interval corresponds
to RRS realizations.

Figure 11 presents the maximum value of the mutual correlation function K¢ of the reflected
signals versus the metal object dimensions for the dry and wet ground of RRS for the receiving point
located at the angle of a 5 x 5 plane receiving array. One can see from Fig. 11 that the metal object is
detected at its linear dimensions L/7,c > 1 for the dry ground and only at L/7,c > 3 for the wet one.
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Figure 11. Maximum of the mutual correlation
function of the orthogonally polarized reflected
signals versus the metal object dimension for the
angular element of the receiving array for the dry
and wet ground.

Figure 10. Maximum of the mutual correlation
function of the orthogonally polarized reflected
signals versus the metal object dimension for the
central element of the receiving array for the dry
and wet ground: e — dry ground, [ — wet
ground.

Analyzing the data of the diagrams presented in Figs. 10 and 11 as well as the results obtained
for other receiving points, a conclusion can be made concerning the possibility to detect metal objects
at RRS using a single antenna. However, to decrease the spread of the data at high values of the
dielectric permittivity and medium conductivity, it is necessary to increase the number of the elements
in the receiving array. In addition, application of multielement arrays allows narrowing the pattern and
increasing the signal amplitude.
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Figure 12. Average maximum values of the Figure 13. Average maximum values of the

mutual correlation function of the orthogonally
polarized reflected signals versus the metal object
dimension for the linear 5-element receiving
antenna for the dry and wet ground.

mutual correlation function of the orthogonally
polarized reflected signals versus the metal object
dimension for the plane 25-element receiving array
for the dry and wet ground.
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Figure 12 shows the average maximum values of the mutual correlation function K.y of the
orthogonally polarized reflected signals versus the relative dimension of the metal object for the linear
5-element receiving antenna placed perpendicular to the metal object for the dry and wet media. Fig. 13
presents the average maximum values of the mutual correlation function of reflected signals versus the
relative dimension of the metal object for a plane (5 x 5) receiving array consisting of 25 elements. In
these calculations, the averaging was carried out both by RRS realizations and by the maximum values
of the mutual correlation function of the reflected signals for all elements of the receiving array taken
into account. RMSD intervals correspond to the averaging by maximum of the correlation function. We
can see from the figures that in case of the dry ground, the object detection by the previously inserted
criterion is possible for both cases at L/7,c > 1. At the ground humidity of about 12%, the detection
is possible only at L/7,c > 2.

In case of using a plane 25-element receiving antenna, the additional signal processing is possible
allowing increasing the possibility of detection due to the calculation of the mutual correlation between
distributions of the reflected signal maxima at the orthogonal polarizations. Fig. 14(a) presents the
distribution of the signal maxima for two polarizations at 25 different points of receiving in the presence
of the metal object. Fig. 14(b) demonstrates the analogous results in the absence of the object.

The figures show the strong correlation between the distributions of the signal maxima with different
polarizations in case the object is present. In case the object is absent, this correlation is absent as well.

Figure 15 demonstrates the values of the correlation coefficients R=3" (E% . — E%, ) (Efhax — Ethax)
/op=opy between the set of the maximum signals with orthogonal polarizations received by different
array elements versus relative dimensions of the metal object for the dry (Fig. 15(a)) and wet (Fig. 15(b))
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Figure 14. Distribution of the received signal maxima: (a) in the presence of the object; (b) in the
absence of the object.
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Figure 15. Correlation coefficient of the signal maxima of the orthogonally polarized reflected pulses
versus the metal object dimension in case of the (a) dry and (b) wet ground for a 25-element receiving
array.
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ground. In the calculation data, the averaging was carried out by RRS realizations. One can see from
Fig. 15 that the object detection by this method is possible when its linear dimensions are close to the
space length of a single sounding pulse. In case the ground is wet, the possibility of detection decreases.
However, at L/7,c > 2 the difference in the values of the correlation coeflicient is absent practically.

5. OBJECT DETECTION UNDER A RANDOM ROUGH SURFACE

An object was placed into the dielectric medium to 4 different depths: Fig. 16(a) — the medial line of
the object coincides with the medial line of the surface (coincides with the study in item 4), Figs. 16(b),
(c), and (d) — the object is buried to 0.257,¢, 0.57,¢ and 0.757,¢ from position (a), correspondingly.
Hereafter, we denote these types of the object location as (a), (b), (c), and (d). To increase the statistical

(@) (b) © @

Figure 16. Variants of the metal object location in the dielectric layer under RRS.
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Figure 17. Average maximum values of the mutual correlation function of the orthogonally polarized
reflected signals versus the metal object dimension for the dry ground. Figures (a), (b), (c), and (d)
correspond to the positions of the object (a), (b), (c), and (d) in Fig. 16.
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value of the simulation result, the calculations were carried out for 10 different RRS realizations with
the following averaging. A plane 25-element receiving array was used.

Figures 17(a), (b), (c), and (d) present the average maximum values of the mutual correlation
function of the reflected signals with orthogonal polarizations versus the metal object dimension for
corresponding positions of the metal object (a), (b), (c), and (d) in Fig. 16 for the dry ground.

In these calculations, the averaging was made both by RRS realizations and by the maximum values
of the mutual correlation function of the orthogonally polarized reflected signals for all elements of the
receiving array taken into account. RMSD intervals correspond to the averaging by the correlation
function maxima.

Using a previously introduced criterion, a conclusion can be made that when an object is buried
into the dielectric surface, the detection possibility decreases and becomes possible only at the object
dimensions L/7,c > 2 for position (b) and L/7,c > 3 for positions (c) and (d).

Figures 18(a), (b), (c) and (d) present the values of the correlation coefficients R between the set
of the maximum signals with the orthogonal polarizations received by different array elements versus
the metal object dimension for the corresponding positions of the metal object (a), (b), (¢), and (d) in
Fig. 16 for the dry ground. In the calculations, the averaging was made by RRS polarizations.

Figure 18 shows that when the object is buried into dielectric medium, the possibility of detection
by this method decreases and at the position (d) the object is detected only at L/7,c > 3.
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Figure 18. Correlation coefficient of the signal maxima of the orthogonally polarized reflected pulses
versus the metal object dimension in case of the dry ground. Figures (a), (b), (c), and (d) correspond
to the object positions (a), (b), (c), and (d) in Fig. 16.

Figures 19(a), (b) demonstrate the average maximum values of the mutual correlation function of
the orthogonally polarized reflected signals versus the metal object positions (a) and (b) (Fig. 16) for
the wet ground. The diagram allows making a conclusion that for the object location in the position
(a), the detection is possible at the object dimensions L/7,c > 2. When the object is buried into the
dielectric surface, the detection possibility is decreased and practically absent for the body positions (c)
and (d) (the diagrams for these positions are not presented).
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Figure 19. Average maximum values of the mutual correlation function of the orthogonally polarized
reflected signals versus the metal object dimension for the wet ground. Figures (a) and (b) correspond
to the object positions (a) and (b) in Fig. 16.
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Figure 20. Correlation coefficient of the signal maxima of the orthogonally polarized reflected pulses
versus the metal object dimension in case of the wet ground. Figures (a) and (b) correspond to the
object positions (a) and (b) in Fig. 16.

Figures 20(a) and (b) show the values of the correlation coefficients R between the set of the
maximum signals with orthogonal polarizations received by different array elements versus the metal
object dimension for the corresponding positions of the metal object (a) and (b) in Fig. 16 in case of
the wet ground.

Figure 20 demonstrates that the object detection by this method is possible when its linear
dimensions are close to the space length of a single sounding pulse for the object position (a). At
further penetration of the object into the dielectric medium, the detection possibility by means of this
method decreases and is practically absent for the body positions (c) and (d) (the diagrams for these
positions are not presented).

6. OBJECT DETECTION ABOVE A RANDOM ROUGH SURFACE

Possibility to detect the cross-shaped metal objects located above the surface with RRS was investigated.

A metal body presented 2 crossed parallelepipeds of the thickness 0.27,c¢ and arm width 0.37,c
(Fig. 21). Seven different lengths of the object arm were chosen for the study: from L = 7,c to L = 47,c
with the arm step of 0.57,c. The object was located above the dielectric medium at a distance 0.757,c
from the average surface level. In addition, the metal object was turned in the plane z-y through 30°
with respect to the coordinate axis and, correspondingly, with respect to the direction of the electric-field
vector.
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Figure 21. Configuration of the metal object above RRS: (a) x-z cross-section, (b) x-y cross-section.

Figure 22 presents the average maximum values of the mutual correlation function K. of the
orthogonally polarized reflected signals versus the metal object dimension L/7,c for the dry (Fig. 22(a))
and wet (Fig. 22(b)) ground.

In the calculations, the averaging was made both by the RRS realizations and by the maximum
values of the mutual correlation function of the orthogonally polarized reflected signals for all elements
of a plane receiving array taken into account. RMSD intervals correspond to the averaging by the
correlation function maxima.
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Figure 22. Average maximum values of the mutual correlation function of the orthogonally polarized
reflected signals versus the metal object dimension in case of the (a) dry and (b) wet ground for a
25-element receiving array.

By means of the previously introduced criterion, a conclusion can be made that in case of the dry
ground the detection is possible at the object dimensions L/7,c > 2. As soon as the ground moisture
increases, the possibility of detection by this method becomes complicated.

Figure 23 presents the values of the correlation coefficients R between the set of the maximum
signals with orthogonal polarizations received by different elements of a plane array versus the metal
object dimension in case of the dry (Fig. 23(a)) and wet (23(b)) medium. In the calculations, the
averaging was made by RRS realizations.

Figure 23(a) demonstrates that detection of the object located above the dry surface is possible
at its dimensions L/7,c > 1. In case of the wet ground of RRS, the object is detected reliably at its
dimensions L/7,c > 2 (Fig. 23(b)).
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Figure 23. Correlation coefficient of the signal maxima of the orthogonally polarized reflected pulses
versus the metal object dimension in case of the (a) dry and (b) wet ground for a 25-element receiving
array.

7. CONCLUSION

The method of the metal object detection against the RRS ground by the consecutive nondelay UWB
pulses with orthogonal polarizations has been suggested and tested.

Calculations have shown that possibility to detect a metal object against the RRS background
depends both on the dimensions of the object itself relative to the chosen space length of a sounding
pulse and correlation length of the rough surface and on the ground parameters. Increase of the
dielectric permittivity and ground conductivity results in the decrease of the object detection possibility.
Application of the mutual correlation function of the orthogonally polarized reflected signals allowed
realizing the detection of large objects at a small number of the receiving array elements. Multielement
receiving array increases the possibility to detect small-dimensional objects at the calculation of the
correlation coefficient between the distributions of the reflected signal maxima.

The developed method allows detecting objects under RRS if their linear dimension is twice longer
than the space length of the pulse in case of the dry ground and the depth of the object location equals
to 0.2 of the pulse space length. Increase of the object burial depth and medium humidity results in
sharp decrease of the object detection possibility when using UWB pulses with the central frequency of
the radiation spectrum equal to 2 GHz.

Detection of a cross-shaped object located over RRS by this method is possible in case its dimensions
exceed the pulse space length.
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