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SOLUTION OF A SUBSURFACE RADIO-IMAGING INVERSE PROBLEM
IN THE APPROXIMATION OF A STRONGLY REFRACTIVE MEDIUM

V.P.Yakubov* and D. Ya. Sukhanov UDC 621.396.962.21

In the approximation of a strongly refractive medium, we solve the inverse problem of subsurface-
radar imaging of buried inhomogeneities using data of multiposition ultra-wideband radio sound-
ing. The fast Fourier transform is used for synthesizing a large aperture with focusing. A
mathematical model of the proposed subsurface-imaging system is presented and its accuracy is
estimated. The feasibility of the proposed method is confirmed by numerical simulations and
model laboratory experiments.

1. INTRODUCTION

At present, detection of dielectric buried land inhomogeneities becomes a topical problem. First of
all, this is related to the wide use of plastic antipersonnel land mines, the detection of which by means
of conventional induction-type mine detectors is impossible. The most promising approach to detection of
buried dielectric objects is the use of ground penetrating radars. However, the theoretical description of the
radio sounding of ground-buried objects is complicated by difficulties in the description of the interaction
of radio waves with the medium and the scattering inhomogeneities. Besides, there occur the radio-wave
refraction at the interface of the media, strong attenuation of radio waves in the ground, dispersion effects,
and multiple scattering.

A wideband synthetic aperture radar (SAR) is a convenient tool for studying buried objects. In
this method of sounding, the scattered radiation provides the most complete data on the scattering in-
homogenities in the medium. To obtain useful information from the scattering data, the inverse problem
of subsurface radio sounding should be solved, i.e., the distribution of the inhomogeneities in the medium
should be reconstructed using the data on the radiation sources and the scattered field.

At present, numerous methods are available for the solution of the inverse problem of subsurface
imaging on the basis of the scattered field parameters obtained by the SAR method [1-7]. In most of such
methods, the scattered field is measured by moving a system of omnidirectinal transmitting and receiving
antennas in the horizontal plane at a fixed altitude above the ground surface. The sounding is performed
using pulsed ultra-wideband radiation. If a point scatterer is located in the medium, the dependence
of the time delay of the scattered pulse on the coordinates of the antenna system has the form of the
diffraction hyperbola. The shape and position of the diffraction hyperbola give information on the scatterer
coordinates. In the case of distributed scatterers, the method of selective summation in the time domain
over the diffraction hyperbola is used, which is known as the migration method. In practice, the pulse
radiation is difficult to use, so that alternatively monochromatic signals swept in a wide frequency band
are often employed. Then the Fourier transform is applied in order to pass from the frequency domain to
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the time domain. The so-transformed data are equivalent to the results of sounding the medium by pulse
signals.

In [2] the three-dimensional focusing by the time-domain migration method is discussed for a SAR-
system moved in the horizontal plane and operated in the frequency range 2-6 GHz. It is shown that
the image of the buried object can be obtained using an approximate determination of delay times of the
scattered signals. A technique based on the processing of impulse responses of a ground penetrating radar
to point scatterers is presented in [8], in which the Hough transform is applied to determine the position of
the object from the shape of the diffraction hyperbola.

A method of the scattered-signal focusing in the frequency domain (taking into account the radio-wave
refraction at the medium interface in accordance with Snell’s law) is considered in [3] for one-dimensional
scanning by an antenna system. This approach admits using fast algorithms based of the fast Fourier
transform (FFT). However, the necessity to perform the three-dimensional focusing significantly slows down
the processing of the measurement data. Another example of successful use of the SAR technology with the
frequency scanning is given in [1], in which a method of two-dimensional angular scanning by an antenna
system in the upper half-space is considered with allowance for the dispersion effects during the wave
refraction and attenuation in the sounded medium. The data processing is performed using the spatial
matched filtering and focusing of the radiation to each point of the lower half-space. Sequential scanning of
the focusing point ensures the three-dimensional reconstruction of the inhomogeneities under the interface
of the media. A test experiment was performed with metal spheres of 7.62 cm in diameter embedded in
wet sand at a depth of 27-67 cm in a cylindrical container of 2 m in diameter. The operating range of the
sounding frequencies was 2-6 GHz. The experiment confirmed the good robustness of the method. However,
the signal processing in the experiment required about 4 hours even when using a 64-bit high-performance
processor. The spatial resolution achieved in the experiment was of the order of the sphere size.

In [6], the inverse problem is solved using the diffraction tomography method in the single-scattering
approximation. The interaction of the radiation and the medium interface is taken into account in the
spatial spectrum of plane waves of the transmitting and receiving antennas. The analytical solution of the
direct problem is sought using the spectral decomposition of the radiation into plane waves for large depths
in the approximation of a strongly refractive medium. The solution of the inverse problem in the far-zone
approximation is then reduced to a convolution integral. The results of numerical simulation showed the
workability of the described method for detection of dielectric inhomogeneities, but no results were reported
for processing actual experimental data by this algorithm.

In [7], a new method for fast reconstruction of dielectric inhomogeneities, based on the approximation
of strong refraction of waves in the medium and a large-aperture synthesis technique, is briefly described. In
the present work, we present a detailed description of this method and obtain the estimate of its accuracy
for the case of 3D-reconstruction of inhomogeneities in the medium. Theoretical conclusions are compared
with the results of numerical simulations and physical experiments.

2. THE INSTRUMENT FUNCTION

To develop a convenient mathematical model, we adopt several simplifications. We assume that the
ground surface is flat and the inhomogeneities in the lower half-space V; are characterized by a small relative
perturbation Ae(r) of the dielectric permittivity. The scattering of radio waves by the inhomogeneities is
considered in the scalar approximation of single scattering (at first, in the frequency-domain representation).
Let us assume for simplicity that the transmission and reception points coincide with the point rg =
(20, Y0, h), which can move at the height h = const in air over the interface between the media (Fig. 1). The
horizontal position of this point is described by the vector py, = (2o, yo).

On the assumption of single scattering, one can write the following expression for the complex am-
plitude of the field with frequency f at the reception point ry :
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E(py, f) = /‘3% /// AE(Plazl)G2(Pl - P0721)d2.01 dz, (1)
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where
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is the Green’s function describing the field in the lower

half-space due to a point source located in the upper -
half-space, k = 27f/c is the wave number in free space,

¢ is the speed of light in vacuum, and 7'(k) is the Fres-

nel transmission coefficient of the medium interface for

the spectral components of plane waves. The quantities h
k, = /k?— k‘i and ki, = 4/k?n? —k:i are the verti-
cal components of the wave vectors for the incident (k =
(ky,k,)) and refracted (k; = (ki,k1.)) plane waves in
the upper and lower half-spaces, respectively, and n is
the refractive index of the sounded medium. The cur-
rent position of the scattering point is given by the vector
r1 = (x1,9y1,21) = (p1,21), and its projection onto the Studied medium

interface between the media, by the vector p; = (z1,y1). ry

Equation (1) takes into account the effect of scat- TN T~ T T
tering by inhomogeneities in the lower half-space and ne-
glects the reflection from the interface of the media. Un- Fig. 1. The path of wave refraction.
like the well-known Born approximation, Eq. (1) accounts
for the refraction accompanying the transmission of the wave from one medium to another. Note that al-
though the Green’s function G(p, z) is rigorously written, it cannot be calculated in closed form analytically
and only its asymptotic can be found, for example, in the the geometrical-optics approximation [9].

It is assumed that the measurements at the frequency f = ck/(27) give the distribution of the
scattered field E(pg, f) over a certain plane above the surface of the medium. The use of the synthetic-
aperture radar method makes it possible to reconstruct the spatial distribution of inhomogeneities in the bulk
of the medium by the inversion of integral (1). To find this distribution, we focus field (1) to a certain point
pr at the interface of the media. As is known, the focusing procedure consists in the in-phase summation
of complex amplitudes of the scattered field at the chosen focus point. To ensure such a summation, it is
necessary to compensate for the phase increments accumulated between the transmitting antenna and the
focus point and then between the focus point and the receiving antenna. The result of the scattered-field
focusing to the point pp at the surface can be written as the convolution integral:

Fpp, f) = // E(po, f)M(pr — po, f) dzl’o,
S

where M (p, f) = exp|—ik (2/p? + h?)] is the simplest form of the corresponding weight function of the
focusing and integration is performed over the entire observation plane S which represents the synthetic-
aperture plane.

Allowing for Eq. (1), the focused field can be rewritten in the form

Flpp. f) = / / / Ac(pr. 2)Qpy. pp. 21, f) dry, (3)
Vi
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where
Qprpv )= [[ G o1 = poo1) M (o1 = oo ) dpy (W
s

is the response of the system to a point scatterer located at the point ry, i.e., it represents the instrument
function of the system at frequency f for the focusing to the point pp at the surface.

Note that for a large aperture S, Eq.(4) is transformed into a convolution-type integral and can
approximately be written as

Q(p17pF7zl7f) ~ Q(pF - plvzlvf)'

This allows us to approximately apply the instrument function found at one point for other points, as well.
The most important parameter here is the quantity p = pp — p;. The result of numerical calculation of the
instrument function Q(p, z, f) in free space (n = 1) for the frequency f = 10 GHz, a synthetic aperture of
50 c¢m, and its height A = 30 cm is shown in Fig. 2a. Here, the darker parts of the plot correspond to higher
amplitudes. Figure 2b shows the amplitude of the instrument function for a medium with the refractive
index n = 3. It is seen that the region of the strongest system response to a point scatterer expands in
the vertical direction with increasing refractive index n of the lower half-space. In other words, an increase
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in the electrical phase increment of the wave relative to its geometrical-path length leads to a noticeable
extension of the focus region in the lower medium.

It is important to emphasize that the performed focusing should ensure localization of inhomogeneities
only in the horizontal direction, whereas the focusing in the vertical direction is not yet achieved in this
stage. It is clear on general grounds that it would be more correct to choose the focus point directly in the
bulk of the sounded medium. However, such focusing requires rather cumbersome calculations and consumes
much longer time for the data processing, for example, up to 4 hours, as is mentioned in [1]. It is seen in
Figs. 2a and 2b that the effect of refraction of waves extends the region of near-surface focusing into the
depth of the medium. This effect is stronger for a larger refractive index n of the sounding medium.

3. THE STRONG-REFRACTION APPROXIMATION

Bearing in mind the large extension of the instrument function in the vertical direction, we assume
that the refracted plane waves in the lower medium propagate perpendicular to the interface of the media.
This approximation is better for a larger refractive index n of the sounded medium. Under this assumption,
the expression for ki, is simplified to ki, = y/k?n2 — ki ~ kn = ki, so that the factor exp(ikiz) in Eq. (2)
can be removed from the integral as follows:

T(k (ki p+k.h .
G(p,z) = exp(ik12) // i1 (k) exp 277)2ll::0 ) A’k = exp(ik12)G 1 (p). (5)

Then one can write the instrument function

Q (pr — p1. 21, f) = k7 exp(2iki21) // G (p1 — po)M (pr — po, ) dpy = exp(2iknz1)Q L (pr — py. f)-

Changing the order of integration in Eq. (3) and using Eqs. (1) and (5), we can write the focused field

0
Flpe.£) = [ expizinz) [ [ Ac(pr.2)Qu (o — p1. £)dpy dn (6)
where
QLlpr —p1, f) =Qpr — p1,21 = //M — po, /)G (p1 — po) dpy

has the meaning of the transverse instrument function at frequency f. Figure2c¢ shows the calculated
transverse instrument function @, (p, f) for the frequency f = 10 GHz. It is clear that this function
coincides fairly well with the instrument function for the refractive index n = 3 up to a certain depth zpax
beyond which the approximation becomes inapplicable. The extent of localization of the instrument function
Q1 (p, f) over p determines the potential resolution of the system in the horizontal plane.

To estimate the applicability limits of the strong-refraction approximation, we turn to Fig. 3. First of
all, we note that the formed focus region at the interface of the media has a finite width which is determined
by the condition of deterioration of the phasing between the interfering waves in the direction towards the
outer boundary of the focus region. It is known that for an aperture B, the transverse size of the focus
region can be estimated approximately as

R~ \h/B,

where ) is the wavelength of the radiation. In our example, this quantity is about R ~ 1.8 cm, which agrees
with Fig.2. It is clear on physical grounds that the focus region in the lower half-space should extend in

303



the transverse direction in such a way that the larger is

B the refractive index n, the smaller is the extension rate.
We assume that the region of the wave-beam convergence
AN Aperture / to the focus point in the upper half-space is determined by
AN // the incidence angle . Then it follows from the diagram
AN / shown in Fig. 3 that
h A /
N /
\\ / sina = 1/4/1+ (2h/B)2.
/

The refraction angle 8 determines the divergence of the
focus region in the lower half-space. The transverse di-

/ Studied medium

. / p vergence R, of the wave beam at a certain depth z is
/ determined from the relationship
/
/L it sin 3 =1/v/1+ (22/R.)2.
// One can consider this divergence insignificant if R, <

! R. Hence, taking into account that the incidence and
refraction angles are related by the Snell’s law sina =
nsin 3, we obtain the following expression for the depth
Zmax up to which the divergence can be neglected:

Fig.3. Diagram for estimating the applicability
limits for the strong-refraction approximation.

Zmax = (AL/(2B)) \/n2 — 1 + (2nh/B)2. (7)

For the case considered in Fig. 2b, Eq. (7) yields zpax =~ 4.1 cm. This agrees with the results of the
comparison between Figs. 2b and 2¢ which almost coincide up to a depth of 4.1 cm.

Let us make two notes. First, the above-adopted approximation is also valid for media with complex
refractive indices, i.e., when the medium is absorbing. In such a case, based on the adopted simplifications,
one can conclude that the absorption in the medium should not strongly affect the resolution of the method,
but should decrease the limiting depth of detection of the inhomogeneities because of the attenuation of the
waves in the medium. The limiting depth of the method workability is determined by the extinction depth
%o =~ (kImn)~! at which the wave decays by a factor of e. This condition can be formulated as zpax < Ze.

Second, the proposed strong-refraction approximation is not related to a particular polarization of
the sounding wave, especially taking into account that below the interface, the wave propagates almost
perpendicular to the boundary and the orthogonal polarizations are almost indistinguishable. In the general
case, to take into account the polarization characteristics of the wave, it is sufficient to pass to the dyadic
Green’s function in Eqgs. (1) and (2). In the considered case, the change in the polarization type affects only
the amplitude characteristics via the Fresnel transmission coefficient.

4. THE INSTRUMENT FUNCTION IN THE STRONG-REFRACTION APPROXIMATION

Let us apply to Eq. (6) the Fourier transform over all frequencies for which the measurements are
made. As a result, we obtain

~ ct

Fipe.t) = [ Floe. Dew-iznf)a = [[[ acton 0@ (pr = prge — 2 ) dprdan 9
Vi

where

Qu(pe - prge 1) = [ Qulor = i expl-iza (¢~ 20m /o) af
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is the instrument function of the system in the space-time

domain. The numerical simulation for the frequency band 0r
from 0.5 to 17 GHz shows that the function Q| is local- 2
ized in all three directions (Fig.4). The calculation was
made under the assumption that a point inhomogeneity -
is located at the depth z; = 4 cm.

Within the framework of the adopted approxima-
tions, for the spatial reconstruction of the inhomogeneities
Ae(py,21), it is sufficient to write the solution of the —10 ' ' ' '
. . . . .. —10 -5 0 5 10
integral equation in convolution form (8). This is the x
well-known problem, which is usually solved using the
Wiener filtering with regularization. However, the above- Fig.4. Localization of the instrument function
established fact of strong localization of the instrument QJ_(JZ, z) of the system.
function allows one to consider in a first approximation

, cm

that .
Ae(pp, zr) o F(PF72n2F/C) = / exp(—i2knzr) // E(py, f)M(pr — po, f) d2.00 df. 9)
—00 S

The accuracy of resolution in this case is determined by the localization scale of the instrument function.

In view of the adopted approximations, the solution of the inverse problem of subsurface tomography
is reduced to focusing of the radiation to a near-surface point of the medium and application of the inverse
Fourier transform in the frequency domain. Note that the focusing does not require a priori information
on the refractive index of the medium. Application of the FFT algorithm makes it possible to significantly
fasten the measurement-data processing.

5. EXPERIMENTAL STUDIES

To test the workability of the proposed method
for reconstruction of the distribution of inhomogeneities, 0
we carried out two experiments. In the tests, we used %, cm
sand as the medium. In the first experiment, two metal
corner reflectors with a facet size of 5 cm were placed at ~ —10
depths of 9 and 10 cm. We used frequency range 0.5—
17 GHz. After processing of the measurement data using
Eq. (9), we obtained the image presented in Fig.5. The
reconstructed image shows that the scattering objects can
unambiguously be distinguished both in the vertical and
horizontal directions. Comparison between the measured
time delay of the signals and the actual depths of the ~90 0 20
scatterers made it possible to more precisely evaluate the z, cm
sand refractive index, n = 1.5.

The second experiment was carried out with four
test dielectric objects placed at different depths. At the
depths between 1 and 25 cm, we placed three plastic cases
of antipersonnel mines and a test object prepared from
foamed polystyrene and having a stepwise shape with a step dimension of 5 cm. The picture of these objects
is shown in Fig. 6. In the measurements, we used the frequency range 0.5-17 GHz. A system of the receiving
and transmitting antennas with a 14 cm fixed separation was moved in 1-cm steps in the horizontal plane
within a square region of 50 x 50 cm at a height of 30 cm over the sand surface.

—30+

Fig. 5. Radio-tomographic image of corner reflec-
tors. The darker regions correspond to greater val-
ues of F'.
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Fig. 6. Test objects. Fig. 7. The reconstructed image of the spatial dis-

tribution of the inhomogeneities.

The result of reconstructing the shapes and location of the test objects is shown in Fig. 7. To improve
the visual quality of the image, linear filtering of the signal was used with increasing amplitude at higher
spatial frequencies.

The presented images show that the proposed method and the described setup ensure the resolution
about 1 cm up to a depth of 11 cm. Object 4 buried at a depth of 25 cm was not detected, which was
related to the attenuation of the signal in the medium and the divergence of the instrument function at the
larger depths.

6. CONCLUSIONS

In this work, we proposed a method for reconstruction of buried heterogeneities on the basis of
the synthetic-aperture radar technique. The method uses data of ultra-wideband radio-wave sounding and
ensures the real-time processing of these data. Results of numerical calculation of the instrument function
and the resolution estimates for the proposed system are presented. It is shown that in the approximation
of a strongly refractive medium, the use the ultra-wideband radiation ensures a reasonable resolution in the
medium bulk by focusing of the scattered field only to the near-surface points of the medium. An estimate
is presented for the maximum depth of the method applicability in the case of finite values of the refractive
index.

The proposed method for imaging the inhomogeneities has a high processing speed due to the pos-
sibility of using the FFT. The theoretical results are corroborated by the data of model experiments on
the tomographic reconstruction of dielectric inhomogeneities buried in the sand. It is shown that the use
of sounding frequencies in the range 0.5 — 17 GHz ensures the reconstruction of the object shapes with a
resolution of about 1 cm for depths of up to 11 cm.

Experimental studies were carried out in the laboratory of the Department of Microwave and Commu-
nication Engineering in the Institute for Electronics, Signal Processing, and Communications at the Faculty
of Electrical Engineering and Information Technology of the Otto-von-Guericke University of Magdeburg,
Magdeburg, Germany. The authors are grateful to Prof. A.S.Omar and the authorities of the University
of Magdeburg for the provided possibility of the experimental studies.
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