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experiments are reported in Section IV. Section V s uggests
further improvements of t he system and data processing
algorithms.

Abstract— A backward propagation algorithm of reconstructing
images is considered with experimental data obtained by
holographic subsurface radars of RASCAN type. This family of
radars uses stepped frequency continuous wave signals and can
record in-phase and quadrature components of the reflected
signal with a frequency bandwidth of 0.5 to 1 GHz with a center
frequency ranging from 2 to 14.5 GHz (depending on radar
modification). Among examined data acquiring scenarios were
both contact and stand off measurements in media with different
attenuation. The reconstructed images were shown to have high
plan resolution and easy to interpret as the reconstructed
microwave images preserve shape and other features of the
optical images. Further modifications are suggested to improve
the performance of the system.

II. BACKWARD PROPAGATION ALGORITHM
When registering optical holograms the interference pattern
of the object wave and the reference wave is formed to register
the phase of the object wave. At microwave frequencies
forming the same geometry is not required as the phase can be
obtained in a quadrature receiver. The p hase is obtained by
comparing the received signal with the signal that is guided by
a transmission line from the transmitter to the receiver. This
signal can be viewed as an analog to the reference wave in
optics.

Keywords-ground penetrating radar; microwave holography

I.

Subsequent reconstruction of an optical hologram involves
illumination by th e reference wave to ob tain the image of the
previously exposed object [2]. The sa me reconstruction
algorithm can be i mplemented numerically on t he data
obtained at microwave frequencies. Here we consi der only a
plane sounding geometry, which is of most frequent occurrence
and allows using computationally efficient algorithms to
process the data. The plane sounding geometry is depicted in
Fig. 1 where the sounding plane coincides with the ground
surface and the focusing plane is a plane where the distribution
of sources to be found. The planes marked as XZ-cut and YZcut dissect the volume of interest.

INTRODUCTION

At present time most of ground penetrating radars available
on the market use pulsed signals and time-of-flight information
to reconstruct disposition of subsurface objects and structures.
They are he avily used in
different application areas,
manufacturers usually produce them in different modifications
targeted to s olve specific problems. The im pulse radars may
use several types of cha ngeable antennas and b undled with
dedicated software to proces s, display and annotate acquired
data. It is p ossible to outline a situ ation where ap plication of
another type of radar is preferable. Such a situation emerges
when detection of shallowly buried objects is required and
approaching the experts, armed with expensive impulse radars
and capable of interpreting the data, is unaffordable. For such
situations, a radar that uses continuous wave stepped frequency
signals was de signed and manufactured at Bauman Moscow
State Technical University [1]. With this radar, called
RASCAN, one can easily get plan view images of subsurface
objects. Special training is not required to interpret such images
as they resemble optical ones, although with poorer resolution
due to substantially larger wavelength. Until present no postprocessing was used because of the fact that at shallow depths
in real world lossy m edia the di ffraction effects are relatively
small and do not prevent identification of buried objects. In
other situations, observation of objects at longer distances was
more difficult due to inc rease of diffraction effects. To
compensate the diffraction a reconstruction algorithm,
described in Section II, was proposed to use with the data. The
radar hardware, described in Section III, was modified to
register both quadratures of the reflected signal to be used with
the reconstruction algorithm. Preliminary experiments on data
acquisition and processing were conducted. The results of these

Figure 1. Geometry of sounding.

A point-sized transceiver moves in plane XOY and samples
reflected by subsurface obje cts signal on a regular grid. The
sensor is capable of registering I a nd Q quadratures of the
signal, thus giving a complex signal with amplitude and phase
(a complex hologram). The ap proach uses plane wave
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decomposition of the scattered field by the Fourier transform.
The plane wa ve spectrum is propagated back to a foc using
plane with the assu mption that the space between the two
planes is homogeneous. The inverse Fourier transform of t he
spectrum in the focusing plane gives a com plex amplitude
distribution with propagation effects eliminated. The following
relationships summarize the method [3].

between frequencies is accomplished by programming inte rnal
registers of t he synthesizer. Three different radar pr ototypes
sharing the same principle diagram were designed to operate in
3.6–4.0, 6.4–6.8, and 14–15 GHz frequency bands. The
PC-side software is capable of ac quiring, displaying, and
storing the data. Post-processing is accomplished in a software
module written in Matlab.
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The transmitter and receiver modules mounted on an open
waveguide antenna are sh own in Fig. 3. The radar ca n be
placed in a housing equipped with a marching wheel to
measure the position from the beginning of scan lines at
manual scanning.
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Equation (1) gives the plane wave F ourier spectrum in
plane z=0. Complex conjugate of
registered complex
amplitude E(x,y,0) is required if we want to obtain a complex
distribution that gives converging waves toward positive z.
Equation (2) relates plane wave spectra separated by distance z
and expresses plane wave solution of the Helmholtz equation
for the m edium characterized by wavenum ber k. The
wavenumber is dou bled because in such a geom etry of
sounding waves propagate twice the distance from the sensor
to the subsurface object.
Equation (3) gives complex amplitude distribution at z and
considered as the microwave image of a buried object loca ted
in immediate vicinity. Values kx and ky in (1)–(3) are sp atial
frequencies reciprocal to x and y. These spatial frequencies
have physical sense of x and y components of wavenumber k in
reference frame XOZ in Fig. 1.
III.

Figure 3. Radar prototype for 14–15 GHz frequency bandwidth.

IV.

EXPERIMENTAL RESULTS

A series of experi ments was conducted to assess the
possibilities of hologram reconstruction. The hologram of two
crossed metal rulers placed under a stack of dry plaster sheets
of 14.7 cm thick is shown in Fig. 4. The sizes of the rules were
32 by 2 and 32 by 5 cm. The sounding was done at 3.75 GHz
with immediate contact with the sounding surface. As it is seen
in Fig. 4, the microwave hologram does not have many
interference ridges com pared to optical holograms. The
strength of on ly the first o rder interference extremum is
significant and it is still possible to discern two elongated
objects. The picture is deteri orated by evident diffraction
effects, which can be compensated by the considered
algorithm.

RADAR PPROTOTYPE

The functional diagram of the developed radar is presented
in Fig. 2. The transmitter of the radar i s based on an i ntegral
frequency synthesizer coupled with a v oltage controlled
oscillator (VCO). The reference frequency to the synthesizer is
provided by a 20 MHz crystal resonator. The directional
coupler is used to split the VCO output to the transmit antenna
and the receiver, which em ploys frequency direct convers ion
technique.

Figure 2. Radar schematics.
Figure 4. A microwave hologram of two metallic rulers
behind a stack of plaster sheets, 3.75 GHz.

To control radar components a microcontroller control unit
was developed. It uses SPI to initialize and control the
synthesizer and analog-to-digital converter as well as maintain
data buffering. The microcontroller unit gets commands from a
PC and strea ms back collected data via USB. Switching

On the reconstructed image of the rulers (Fig. 5) the visible
size of the objects reflects
their actual size while in the
interference pattern the size ratio is reversed.
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Figure 5. A reconstructed image of two rulers.

Fig. 6 shows a PMN-2 a ntipersonnel mine that was placed
in air at the d istance of 13 cm from the s ounding plane in
another experiment. This mine has a round plastic body of
120 mm in dia meter and features a sm all-scale structure, an
X-shaped pressure plate.
Figure 8. Reconstructed image of PMN-2 mine.

Figure 6. A photograph of PMN-2 antipersonnel mine.

Fig. 7 s hows the amplitude of t he scattered field with
subtracted background at the sounding frequency of 14.4 GHz.
Sounding in air increases the number of visible interference
ridges due to antenna wider directivity pattern and much lower
than in a c ondensed medium attenuation. Fig. 8 gives a
reconstructed image of t he microwave hologram at the depth
of 12.4 cm. The image has high resolution that clearly exposes
the X-shaped pressure plate. Fig. 9 and 10 demonstrate XZ and
YZ cross-sections of the reconstruction volume, which are
marked in Fig. 7 by two intersecting perpendicular lines and
explained graphically in Fig. 1. The place of scattered field
focusing is clearly visible at the expected depth.

Figure 9. XZ-cut of reconstructed volume.

Figure 7. Amplitude hologram of a PMN-2 mine
with background subtracted.

Figure 10. YZ-cut of reconstructed volume.
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The following experiments were performed to test the
ability of t he described reconstruction algorithm to restore
holograms obtained by providing a gap between the scanning
plane and the interface. A succession of letters cut from
aluminum foil form ing word RASCAN was used as a test
object. The l etters were gl ued to the bottom side of a 12 mm
plaster sheet which was pl aced on a sta ck of other pl aster
sheets as it is shown in Fig. 11.

The above experiments were cond ucted under favorable
conditions when the sounding medium was homogeneous, had
low attenuation and the sounding object had a flat surface
oriented parallel to the interface. Inhomogeneous media having
rough interface and hi gh attenuation can make reconstruction
impossible. A wi de-band frequency signal is desirable to
extend operating condition range by adding range resolution.
Numerical implementation of reconstruction algorithms on
the basis of fast Fourier transform gives convenient interactive
representation of reconstructed data, when an arbitrary
focusing depth is selected interactively and the result of
reconstruction is obtained immediately.
V.

FUTURE WORK

Further development of t he system can be achieved by
employing wideband frequency signals and im plementing a
wideband reconstruction algorithm. In t his algorithm range
resolution will be achieved by a wide frequency bandwidth and
plan resolution will be achieved due to synthetic aperture.

Figure 11. Measurements with a gap
between the sounding plane and the interface.

The distance between the sounding plane and the top of the
stack was equal to 13.3 cm. The sounding frequency was equal
to 14.7 GHz. The acqui red hologram and t he result of its
reconstruction are shown in Fig. 12 and 13 correspondingly.
Although diffraction effects for such a distance are already
significant resulting to an unrecognizable initial pattern, the
reconstruction renders a sharp image with readable letters.

When collecting data with the considered syste m the
situation where the background is present along with the object
of interest is very freque nt. These areas on im ages are easily
recognized and can be used to evaluate the wavenumber
relevant to the medium at hand. This can be achi eved by
considering a half-space homogeneous medium model
characterized by a constant wavenumber value to match the
experimental complex amplitude over a free region on
hologram with that of predicted by the model. The
development of s uch self-calibration technique is another
object for our future research.
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Figure 12. A hologram of aluminum foil letters behind a plaster sheet
obtained from the distance of 13.3 cm to the top of the sheet.

REFERENCES
[1]
[2]
[3]

Figure 13. A reconstructed image of aluminum foil letters
behind a plaster sheet.
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