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Abstract—The factorization method (FM) has been applied to
measurement data from a multistatic ground-penetrating radar
operating in close proximity to the ground, which was used in
a measurement campaign on the Joint Research Centre mine
test lane in Ispra, Italy. This paper is targeted toward a future
hand-held demining system. The according space limits restrict
an independent positioning of transmit and receive antennas.
Hence, very small multistatic datasets are obtained, representing
a difficult case for the reconstruction with the FM.
Index Terms—Angular diversity, antipersonnel mine, discrete
complex image method (DCIM), factorization method (FM),
Green’s function, ground-penetrating radar (GPR), linear sampling method, multistatic radar, stratified media.

I. I NTRODUCTION

T

ODAY’S demining techniques like metal detectors, hand
prodders, or mine dogs often are time consuming and
fraught with risk. As a remedy, the idea of a hand-held multisensor system combining different physical sensor principles
including a ground-penetrating radar (GPR) [1] has been the
frame for this paper. However, the GPR application to antipersonnel mine (APM) detection is not straightforward, due
to a number of physical or operational limitations [2], [3].
Many APMs are mostly dielectric objects with little metal
content and a size less than 15 cm. This requires a very
high spatial resolution. Lossy soils act as a frequency lowpass filter, whereas in low-loss soils, the dielectric contrast
between the mine and the surroundings can be very low. In
both cases, a very weak signal needs to be detected in the
presence of strong disturbances and clutter. One approach
to this problem involves human pattern recognition capabilities and learning experience. The system provides a reconstructed image of the ground, which is then interpreted by the
operator.
The main idea in this paper is to apply a rather new nonlinearized image-formation scheme with low computational cost,
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which is the factorization method (FM) [4]. It is a modified
version of the linear sampling method, which avoids erroneous
reconstructions in special cases [5]. The FM relies on singlefrequency “angular diversity” data [6], [7], which is a technological challenge, since it requires a multistatic radar system
[8]–[11]. In this paper, an array of antennas mounted to a
common carrier has been developed. Each antenna can act as
transmitter and receiver, and all transmit/receive combinations
in the array are measured.
This paper is organized as follows. The FM adaptation to
a two-layer background and simulation tests is described in
Section II. The realization of the multistatic GPR and system
aspects such as calibration is covered in Section III. Measurement results in the laboratory and on the Joint Research Centre
(JRC) mine test lane in Ispra are presented in Section IV.

II. FM
Imaging techniques for mine-detection GPR should be computationally efficient, should provide a good detection, localization, and discrimination of targets, and should account for the
operational requirement (tripwires), that the radar’s antennas
need to be elevated above the ground, and therefore excite
and measure the field in a medium (air) different from the one
containing the targets.
Acoustic as well as electromagnetic problems in two and
three dimensions has been treated with the FM so far [4], [12].
The solution space of the FM is restricted inherently: a qualitative image with scatterer boundaries and inhomogeneous areas
present is generated, but quantitative values, e.g., dielectric
permittivity, are not available. This restriction is at the same
time an advantage of the FM: in contrast to other nonlinear
methods, its computational effort is low, and hence, a realtime processing is an option even on a non-high-performance
platform. An image is formed by evaluating an estimation
function at test points (which can be irregularly spaced) in the
area of interest. Large values of the estimation function indicate
that the according test point is different from the background
and, hence, belongs to a scatterer or an inhomogeneous area.
The idea behind the method is to seek for a superposition of the
scattered fields, such that the background Green’s function is
matched. The better the superposition succeeds for a test point,
the higher the degree of affiliation to a scatterer.
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With the measurement data available in the so-called multistatic response matrix (MRM) M, the estimation function Z for
the point xB is calculated by [4]
N 
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where Ni is the number of measurements, xT,i is the according
transmit antenna position, and g(xB , xT,i ) is the Green’s function of the background medium. σi , and ψi are obtained from
a singular-value decomposition of the MRM: M = ΦΣΨT . ψi
is the columns of the matrix ΨT , and σi is the singular values
given by the diagonal matrix Σ.
Since all quantities in the above relations are frequency
dependent, the reconstruction has to be performed for each
excitation frequency separately.

two-layer case, four Green’s functions, corresponding to source
(excitation) and observation point being located either in the
upper or lower medium, exist. The “transmission case,” where
source and observation point are located in different media,
shall be discussed in the following.
The DCIM requires an approximation of the Fresnel trans⊥,
mission factors T21 (parallel  and perpendicular ⊥ polarization) [16] of the form
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where x and x are the position of the observation and the field
excitation, respectively.
For the approximation (2), the Prony method or one of its
variants has been proposed [13]. In this paper, better results
were obtained using the generalized pencil-of-function method
[14], [17]. The approximation for the Fresnel transmission
⊥,
factors T21 has been based on the approximation coefficients
⊥,
a11n and b11n for the Fresnel reflection factors R21 using the
relations
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with dielectric permittivities ε1 and ε2 . For perpendicular
⊥
polarization, using (4), the transmission factor T21
can be
expressed by


N11
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(5)
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where N11 is the approximation order used for the reflection
factor. The remaining term in (2) to be approximated is

B. Calculation of the Stratiﬁed Medium Green’s Function
The scenario here is simplified by assuming a smooth and
planar soil surface and homogeneous soil consisting of one or
multiple planar stratified layers of lossy dielectric material. As
shown from (1), each test point requires Ni times the evaluation
of the Green’s function (spatial domain) of the background
medium. Its calculation therefore is crucial for the overall
computational cost.
In this paper, the discrete complex image technique (DCIM)
[13]–[15] is used, which has been implemented for the most
relevant case of two-layered media. A straightforward extension to an arbitrary number of layers is possible by introducing
generalized reflection and transmission factors [16]. In the

a21n e−b21n k1z

where k1z and k2z are the perpendicular wavenumber components in the two layers and z is the antenna height above the
interface. The approximation coefficients a21n and b21n in (2)
are the unknowns to be determined. Using the SommerfeldIdentity, an expression for the Green’s function of the twolayered medium in the form of a weighted sum of free-space
Green’s functions is obtained

A. MRM
In the (quadratic) MRM, the measurement data are collected.
Each measurement value is sorted into the MRM in the order of
the position of the Tx-antenna (defines the row) and the position
of the Rx-antenna (defines the column). Thereby, monostatic
measurements are located on the main diagonal. Since reciprocity can be assumed for a GPR in nearly all situations, the
MRM is symmetric.
In the optimal case, the measurement system is able to
completely fill up the MRM. It is reasonable to associate the
MRM elements to a regular spatial grid over the target area. In
practice, there is a dependence on the antenna arrangement and
the sweeping trajectory of the platform, and not all combinations of Tx- and Rx-positions on the grid will be available. That
is, certain parts of the MRM will remain unpopulated while
others are covered multiple times. A practical system usually
is a compromise of filling up the MRM as much as possible
with the number of antennas available (see Section III-B).
Due to the nonlinear nature of the FM, the spacing of the
measurement locations is not dictated by the Nyquist sampling
theorem. Since no weighted summation of the antenna signals
is performed, “grating lobes” do not exist. Instead, the reconstruction quality of the FM depends on the properties of the
MRM, mainly its condition number and noise level.
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The determination of the coefficients a21n and b21n is possible by multiplying the two series (5) and (6). A comparison of
series coefficients
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Fig. 1. Simulation scenario. Metallic cuboid (10-cm edges, height of 5 cm)
centered at (−12 cm, 5 cm), metal sphere (radius of 5 cm) at (0 cm, −5 cm),
and metal cylinder (radius of 4 cm, height of 10 cm) at (10 cm, 10 cm).

after multiplication of the two right-hand series results in the

approximation coefficients a21n and b21n . In the same way, T21
can be approximated.
The calculation of the dyadic Green’s function for planar
stratified media [18] shall not be discussed in the frame of this
paper. The measurement system (see Section III) only supports
a single linear polarization, and a scalar implementation of the
FM has been sufficient for all the reconstructions.

Fig. 2. Three-dimensional reconstructions of setup in Fig. 1 using FM. Targets
embedded in material with ε = 10 − j0.1 at depth of 10 cm and antenna height
of 15 cm.

a certain discrimination are possible, since the image confirms
that the scatterers have different shapes and sizes.
III. R EALIZED H ARDWARE AND S YSTEM A SPECTS

C. Numerical Test of the FM
Reconstructions of synthesized datasets have been performed
to test the FM on severely limited datasets. Whereas in the
literature [4], [12], typically, MRMs of size ≥ 30 × 30 were
exploited for two-dimensional (2-D) reconstructions. It was
anticipated in this paper that a multistatic GPR with these many
antennas or spatial degrees of freedom would be of limited use
for demining campaigns. Hence, it has been assumed that at
maximum, an MRM of size 16 × 16 would be available, keeping in mind that three-dimensional (3-D) reconstructions were
the goal.1 A further limitation concerns the size of the usable
aperture, which corresponds to the dimensions of the available
antenna system (24 cm for the realized system, Section III-B).
With such datasets, a scatterer shape reconstruction is expected
to fail [19].
Full-wave forward simulations using the commercial
moment-method code FEKO involved the repeated calculation
of the scattered field in a scenario for different locations of
transmit and receive antennas. In an experiment with 16 antenna locations, a total of 136 simulations (16 monostatic and
120 bistatic cases) had to be performed. To reduce the
computation time, the scatterers were modeled as perfect
electric conductor objects, transmit and receive antennas as
λ/2-dipoles. Fig. 1 shows a setup of three objects embedded at
10-cm depth in a medium (not shown in the figure) with εr =
10 − j0.1, whereas the antennas are at a height of zA = 0.15 m.
The simulation frequency was 1.7 GHz.
The reconstruction is shown in Fig. 2. As expected, the
scatterer shapes are not reproduced, whereas localization and
1 It was considered impractical to use more than eight antennas in the realized
hardware, hence, in the experiments, not even the 16 × 16 MRM could be fully
populated (see Section III-B).

In order to apply the FM to GPR in practice, a multistatic
radar was developed. The system has been built around a vector
network analyzer (VNA) operated as instrumentation radar.
A. Switching Matrix
Since the available VNA was equipped with a two-port test
set, only two monostatic (reflection) and one bistatic (transmission) measurement would have been possible by connecting an
antenna to each test-set port. Hence, a switching matrix as a link
between the VNA and up to eight antennas was built. It can
be operated up to 3 GHz, and it shows a decoupling between
all ports of better −40 dB and a two-way signal attenuation
< 8 dB.
B. Antenna Conﬁguration and Multistatic Array Operation
The main antenna design driver has been weighted and sized,
since multiple antennas needed to be attached to a platform of
limited size with a weight suited for a hand-held operation. A
wide frequency band of operation starting from low frequencies
should be possible to be flexible during the tests. For these
reasons, exponentially tapered slot (Vivaldi) antennas have been
designed and built. The result is a radiator with 7 : 1 bandwidth
(0.7–4.8 GHz) at a return loss < −10 dB. The average gain
in the operating frequency range is 4.5 dB, and the cross
polarization is < −19 dB.
As it has been mentioned, in a practical hand-held system,
the number of antennas is limited, and hence, it needed to
be examined whether sufficient input data could be provided
for the FM. The idea was to combine a platform motion with
the available radar channels to synthesize additional channels.
For each position of the antenna carrier, only 36 channels
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Fig. 3. Optimal configuration of eight antennas on a 4 × 4 grid. Monostatic
operation of antenna no. 4 and bistatic operation of antennas 6 and 13 are
highlighted as examples to be found in Fig. 4.

Fig. 5. Overlaying of channels for moving antenna system. Black circles
indicate antennas on the carrier in starting position. Gray circles are antenna
positions which have been reached by moving the carrier, and white circles
relate to positions which are uncovered.

Fig. 4. Population of 16 × 16 MRM for fixed antenna system. Matrix positions related to monostatic operation of antenna no. 4 (circle on main diagonal)
and bistatic operation of antennas 6 and 13 are highlighted as examples.

(eight mono- and 28 bistatic ones) resulting in an 8 × 8 MRM
are available. Once the antenna carrier is swept across the
ground, further channels can be covered. Each position where a
measurement by any of the antennas takes place adds one row
and one column to the MRM. If an unwise strategy is chosen, a
large but only sparsely populated MRM results, which is badly
suited for the FM. In contrast, the aim is an as-large-as-possible
but densely populated MRM, which is possible in the special
case when the measurements of the swept antenna system
are carried out on a regular grid with a spacing equal to the
separation between the antennas. This implies that the antennas
are mounted according to a regular grid on the antenna carrier.
In practice, an operator will not be able to move the antenna
system along a regular grid with the necessary precision. For
the time being, this topic has not been the focus of this paper.
The favorable antenna arrangement to populate a 16 × 16
MRM as fully as possible with eight antennas available is
shown in Fig. 3. For a fixed carrier location, the 16 × 16 MRM

Fig. 6.

Population of 16 × 16 MRM for moving antenna system.

can be filled to the degree shown in Fig. 4. In conjunction with
the platform motion, the channels can be overlaid as indicated
in Fig. 5, resulting in the MRM of Fig. 6 with 242 of 256 matrix
positions populated. This is achieved by scanning the platform
over a 6 × 5 grid.
The antenna system realized according to the described
strategy is shown in Fig. 7. The underlying grid has a spacing of
8 cm; hence, the outer antennas are 24-cm apart. The antennas
are tilted so they all cover the same footprint on the ground.
C. System Calibration
Systematic error influences, e.g., antenna coupling, interactions between antennas and soil and ground surface scattering,
are severe for a GPR and pose two calibrations tasks.
1) Calibration of the frequency response of the system
[20], [21], e.g., due to transmit–receive path coupling,
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Fig. 7.

Fig. 8.

Realized multistatic antenna system.

Metallic plate as reference for system angular response.

nonideal components, etc. Since the FM operates on
single-frequency data, in this paper, the system’s frequency response could be neglected.
2) Calibration of the system’s angular response, i.e., relative
amplitude and phase relations among the channels, which
is crucial for the multistatic system.
A large metallic plate, placed directly onto the soil surface and
then varied in height, is proposed in [21] as a reference target
(reflection factor S p = −1) to calibrate the frequency response
of the system. If this calibration was performed on all channels
of a multistatic system, the response of the reference target
at the reference position would be identical in all channels,
and hence, the amplitude/phase relations due to the different
antenna locations would be lost.
Here, the large metallic reference plate has been used for
interchannel phase calibration by multiplying the reflection
factor with a phase factor expected from the geometric position
of the antennas (image theory), as shown in Fig. 8. The resulting
target reflection factor is S p = −1 · ejk(r0 −r1 ) .
IV. M EASUREMENT R ESULTS
A. Laboratory Veriﬁcation
The eight-antenna system has first been tested in a laboratory
setup to validate the proper function of all 36 channels. A
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Fig. 9. Extension of the reconstructed area of the FM by stacking the
subimages. CW frequency of 3.04 GHz and antenna height of 29 cm.

two-axis positioning system with 0.25-mm accuracy covering
an area of 1.6 × 0.6 m has been used to move the antenna
carrier. A functional test of the 36 different channels of the
antenna system has been performed by reconstructing images
for each channel separately using a microwave tomography.
Fig. 9 shows the FM reconstruction of a free-space scenario
of four metallic targets (upper left: disk with 5-cm diameter,
others: spheres with 3.6-cm diameter). Since the lateral extent
of the reconstructed area is larger than the area covered by
the measurements in the optimal MRM of size 16 × 16, overlapping subapertures have been used, which result in smaller
images shifted by the measurement grid size. By stacking
these subimages, the total image was obtained. This procedure
can be extended to arbitrarily large images; it also introduces
averaging, which improves the image quality.
B. Test Mine Field of the European Commission JRC
The European Commission JRC in Ispra, Italy, has been
hosting the “Joint Multi-Sensor Mine Signature Measurement
Campaign,” which took place from 1999 to 2003 [22]. For this
project, a test area has been set up to allow trials with different
sensors designed for the detection of antipersonnel mines. The
test field consists of a long lane, which has been divided in
several “plots.” The plots differ in soil type but contain exactly
the same layout of targets and false targets.
The described multistatic system was used for a measurement campaign in April 2003. The performance in different
soil types was investigated: loamy soil with low clutter content
(plot 2), sandy soil (plot 3), pure sand (plot 4), clay (plot 5), and
ferromagnetic soil (plot 7). The antenna system together with
the two-axis positioner has been attached to a large movable
bridge which was used for coarse positioning of the system
on the test site. The setup is shown in Fig. 10. The antennas
were at a height of 10 cm above the ground. Due to the slow
acquisition speed of the VNA—measurements had to be performed in a time-consuming step-by-step manner—and the
limited scan area of the positioning system, a limitation to
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Fig. 12. Plot 5B using FM (regularization parameter α = 10−2 ), M3A
and M3B at x = 2.82 m and x = 3.56 m, y = 204 cm, depth of −5 cm.
CW frequency of 784 MHz and Green’s function with 32 images.

Fig. 13. Plot 5C using FM (regularization parameter α = 10−2 ), M3A and
M3B, at x = 4.89 m and x = 5.63 m, y = 332 cm, depth of −15 cm.
CW frequency of 700 MHz and Green’s function with 32 images.
Fig. 10. Measurement setup.

Fig. 11. Plot 2C using FM (regularization parameter α = 10−2 ), M3A
and M3B at x = 4.89 m and x = 5.63 m, y = 204 cm, depth of −5 cm.
CW frequency of 728 MHz and Green’s function with 32 images.

rectangular patches of 0.3-m2 size inside the 36-m2 plots had
to be made. Since the target layout in the plots is rather sparse,
the covered areas of 96 × 32 cm were just large enough
to cover two targets separated by a distance of 74 cm. The
x direction belongs to the (longer) east–west dimension in
the images (Figs. 11–13), while y is related to the shorter
north–south dimension. The processing time under MATLAB
on an AMD Athlon XP 1600+ system with 512 MB of RAM
running RedHat Linux was approximately 150 s, including the
DCIM approximation of the Green’s function with 32 images.
A regularization scheme as described in [23] has been used for
the FM. Although the humidity and temperature of the soil of

the plots have been logged during the measurements, no exact
model for the soil properties of the test lane plots is available.
With an average humidity of around 10% during the campaign,
the soil properties have been estimated using a standard model
to ε = 6.3 − j0.1 [24]. The fact that the exact soil properties
have not been available introduces a systematic which may
be partly responsible for localization errors in the following
examples.
Fig. 11 is a reconstruction of a measurement in the loamy
soil of plot 2. Two targets buried at a depth of 5 cm (target
top to soil distance) are expected to appear at x = 4.89 m and
x = 5.63 m, both at y = 2.04 m. Both targets have a diameter
of 10 cm. The left target has less metal content than the right
one. As it is seen, the dynamic range of the estimation function
is very small, and the target reconstruction is blurred. The left
target however is visible around its expected position, whereas
the right target appears superposed by a strong clutter level in
the area around x = 5.45 m.
A reconstruction in the clay soil of plot 5 (ε = 6.3 − j0.1
assumed) is shown in Fig. 12. The targets, only 5 cm in
diameter, are expected at x = 2.82 m and x = 3.56 m, both at
y = 2.04 m. Again, the dynamic range of the estimation function is rather low, but both mine dummies appear as strongest
targets, clearly visible above the clutter level. The left target,
which has less metal content, is reconstructed as weaker target.
As a final example, the reconstruction of two targets buried
at a greater depth of 15-cm clay soil is shown in Fig. 13. Even
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under these difficult conditions, the targets still are visible and
localized above the clutter level.

V. C ONCLUSION
In this paper, the factorization method in a 3-D version with
a two-layer background has been applied to measurement data
from a GPR in close proximity to the ground. The Green’s
function of the background has been calculated efficiently using
the discrete complex image method. A multistatic GPR has
been realized, which was used in a measurement campaign on
the JRC mine test lane in Ispra, Italy. The respective GPR was
designed with a hand-held operation in mind, which means that
severe limitations concerning the positioning of transmit and
receive antennas are faced. In the present case, an irregular
arrangement of eight antennas on a common carrier has led to
single-frequency datasets of very limited volume, i.e., 136 complex values. Under these circumstances, the FM performance is
low but appears sufficient to allow for scatterer detection.
Of particular interest for future work is the question: how
using a hand-held GPR approach can more degrees of freedom in the antenna positioning be achieved to obtain larger
datasets with more angular-diversity information. Irregular scan
trajectories will require further examination, e.g., interpolation
techniques, to transform the resulting large but sparsely populated multistatic response matrices to smaller size and dense
population. The use of frequency diversity will likely prove
valuable by combining reconstructions at different excitation
frequencies to increase the knowledge about a scenario.
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