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Abstract—A family of holographic subsurface radars, named
RASCAN, has been produced during more than fifteen years.
Until recently RASCAN radar had the direct-gain receiver that
was registering amplitude of reflected signal only. Therefore, the
obtained images were used without any processing. New
generation of RASCAN radars with quadrature receiver allows
recording two quadratures of reflected signal and finding its
amplitude and phase. The performance of such devices crucially
depends on the frequency bandwidth of sounding signal and on
the appropriate reconstruction algorithms. The goal of this paper
is to discuss the basics of various approaches such as singlefrequency, two-frequency and wide-band. The comparison of the
methods was carried out on the simulated and experiment
holograms.

II.

RECONSTRUCTION METHODS

All methods form focused images of subsurface objects
from coherent-wave data, named hologram, gathered remotely
over a scanned 2D aperture (Fig. 1).
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I.

INTRODUCTION AND BACKGROUND

A family of holographic subsurface radars, named
RASCAN, has been produced during more than fifteen years.
They operate with continuous wave, discrete frequencies
around 2 GHz, 4 GHz or 7 GHz depending upon the model [1].
Until recently RASCAN radar had the direct-gain receiver that
was registering amplitude of reflected signal only. Therefore,
the obtained images were used without any processing.
However, in the most cases it was possible to identify the shape
of the subsurface objects on the images and to solve the
assigned tasks [2, 3].
In 2010 the new generation of RASCAN radars with
quadrature receiver has been developed at Bauman Moscow
State Technical University. This technique allows recording the
amplitude and phase of reflected signal. At the same time the
operating frequency was increased up to 15 GHz. The
performance of such devices crucially depends on frequency
bandwidth of sounding signal and on appropriate
reconstruction algorithms.
This paper shows the difference between single-frequency,
two-frequency and wide-band (many frequencies) operation of
subsurface holographic-imaging system. The comparison of
approaches is carried out on the simulated and experiment
holograms.
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Figure 1. Geometry of holographic imaging system

A. Single-frequency image reconstruction
This method is based on Fourier decomposition of singlefrequency hologram [4]. The target is assumed to be flat and
parallel to the scan plane, i.e., at constant z. The key
relationships can be summarized as follows:
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where E ( x, y ) is the registered hologram, ER ( x, y, z ) is the
reconstructed image;  is the temporal angular frequency,
 is the dielectric permittivity of the medium, c is the speed of
light, k x and k y are the spatial frequencies corresponding to x
and y, respectively.
In equation (1) plane-wave spectrum of registered complex
amplitude distribution in plane z = z0 is obtained by two-







dimensional Fourier transform of complex conjugate of the
complex amplitude. Equation (2) relates plane-wave spectra at
parallel planes separated by (z0 – z). Equation (3) gives
reconstructed distribution of sources by inverse Fourier
transform of plane-wave spectrum at z.

parallel to scanned aperture (case 1), Fig. 2
at an angle with scanned aperture (case 2), Fig. 3
under the metal mesh with cell size of 10 cm by 10 cm
(case 3), Fig. 4.

B. Two-frequency image reconstruction
This method requires registering holograms on two closely
spaced frequencies [5]. The image ER ( x, y, z ) reconstructed
according (3) from single hologram is multiplied by an
exponential factor
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Figure 3. Test object is at an angle with scanned aperture.

where f is the difference between two operating frequencies,
 ( x, y ) is the phase difference between two holograms,
 should be chosen depending on wave length. Function (4)
has a sharp maximum near the reflecting surface of the
subsurface object, so this multiplication cuts from ER ( x, y, z ) a
thin lateral slice conformal to the front side of the object.
C. Wide-band image reconstruction
Wide-band holographic imaging is a means of forming
images of targets from wide-band data gathered over a
aperture. The wide-band reconstruction algorithm can
considered as an extension of the single-frequency one
adding the range dimension [4]:
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Figure 4. Test object is under the metal mesh.

IV.

For each case three types of microwave holograms were
simulated:
single-frequency, two-frequency and wide-band.

Frequency 14.7 GHz was used as single one; the second
hologram has included frequencies of 14.7 and 14.8 GHz; for
wide-band hologram, 56 frequencies regularly distributed
within the range from 10 to 20 GHz were used. At simulating,
the test object was considered as a set of elementary radiating
elements. The calculations were made for air.
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where k z  4(  / c) 2  k x2  k y2 is the spatial frequency

A. Case 1
The single-frequency hologram for case 1 is shown in
Fig. 5.

corresponding to z, E ( x, y,  ) is the wide-band hologram.
III.

COMPUTER SIMULATION

INVESTIGATED OBJECTS

(a)

(b)

Figure 5. Single-frequency hologram for case 1:
(a) in-phase component, (b) quadrature component.
Figure 2. Test object is parallel to scanned aperture.

The single-frequency technique consists in consecutive
usage of the method for focusing images at different planes
within the range of supposed depths. The best focused image
corresponds to true distance to the target. In Fig. 6, the image
reconstructed by the single-frequency method is shown.

Word “RASCAN” with dimensions of 44 cm by 11.5 cm
cut from thin aluminum foil was the test object. Three variants
of the arrangement of the test object were considered:
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Figure 6. Result of single-frequency method.
Figure 10. 3D image formed through the use of two-frequency method.

In the first case the other methods weren’t applied because
of good results of the first one.

The wide-band approach gives the best result, Fig. 11, 12.

B. Case 2
In-phase component of the wide-band hologram for case 2
is shown in Fig. 7 (only minimal and maximal frequencies are
shown).
(a)

(b)

(c)

Figure 11. Images focused by wide-band method at different depths:
(a) 5 cm, (b) 11 cm and (c) 19 cm.

(a)

(b)

Figure 7. In-phase component of the wide-band hologram for case 2:
(a) 10 GHz, (b) 20 GHz.

It was supposed that the single-frequency method
sequentially employed for focusing of the hologram at different
depths can form entire image. But the results (Fig. 8) shows
that close parts of target makes a greater contribution to the
reconstructed image and suppresses responses from farther
fragments.

(a)

(b)

Figure 12. 3D image formed by wide-band approach.

C. Case 3
In-phase component of the wide-band hologram for case 3
is shown in Fig. 13 (only minimal and maximal frequencies are
shown).

(c)

Figure 8. Images focused by single-frequency method at different depths:
(a) 5 cm, (b) 11 cm and (c) 19 cm.

The two-frequency method shows noticeably better results
(Fig. 9) and even allows to form 3D image (Fig. 10), but there
are some artifacts caused by phase indeterminacy on the target
edges and in places of absence of the target.
(a)

(b)

Figure 13. In-phase component of the wide-band hologram for case 3:
(a) 10 GHz, (b) 20 GHz.
(a)

(b)

In Fig. 14, the images reconstructed by the single-frequency
method are shown.

(c)

Figure 9. Images focused by two-frequency method at different depths:
(a) 5 cm, (b) 11 cm and (c) 19 cm.
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V.

EXPERIMENTS

A. Laboratory experiments with test object
The experiments were carried out in air. For scanning, a
plexiglass sheet of 1 cm thick was fixed on supports above the
object.
(a)

Experimental single-frequency hologram for case 1 is
shown in Fig. 18.

(b)

Figure 14. Images focused by single-frequency method at different depths:
(a) 10 cm, (b) 20 cm.

The metal mesh is well visible in the reconstructed image,
but the test object is suppressed by closer mesh.
The two-frequency method isn’t suitable for objects located
one over another because at each point of the scanned aperture
it is possible to measure the distance to one object only,
Fig. 15.

(a)

(b)

Figure 18. Experiment single-frequency hologram for case 1:
(a) in-phase component, (b) quadrature component.

Image reconstructed by the single-frequency algorithm is
shown in Fig. 19.

(a)

(b)

Figure 15. Images focused by two-frequency method at different depths:
(a) 10 cm, (b) 20 cm.

The wide-band approach is beyond competition again,
Fig. 16, 17.
Figure 19. Reconstructed single-frequency image
of the test object for case 1.

Experiments with other approaches weren’t carried out
because at the moment developed radar operates with one
frequency only.
(a)

B. Investigation of the wall
On the back surface of the concrete wall of 20 cm thick, an
inclined metal scale bar was fastened. Additionally, a vertical
reinforcing bar was placed into the wall at the depth of 10 cm.
Investigation was carried out through the use of another model
of RASCAN radar with operating frequency of 3.9 GHz,
Fig. 20.

(b)

Figure 16. Images focused by wide-band method at different depths:
(a) 10 cm, (b) 20 cm.

Figure 17. 3D image formed by wide-band method.

(a)

(b)

Figure 20. Investigation of the concrete wall:
(a) investigated object, (b) hand scanning from the reverse side.
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The single-frequency technique gives a good result for
single targets that are flat and parallel to the scan plane. In a
case of several targets they should be at enough distance from
each other to reduce cross-effect.

In Fig. 21, registered 3.9 GHz hologram is shown.
Reconstructed images for two depths are shown in Fig. 22.

The two-frequency method allows to achieve the target
localization in the range direction, using two-frequency phase
measurements. This method is well suitable for continuous
objects with some relief of illuminated surface.
(a)

The wide-band imaging technique makes it possible to
form 3D fully focused images of subsurface targets. This
method is applicable for any targets and for any arrangements
but appropriate radar is technically complicated.

(b)

Figure 21. Hologram of the wall with objects:
(a) in-phase component, (b) quadrature component.

At the present time the one-frequency RASCAN radar is
ready for use; wide-band device is under development.
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