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Abstract— Multistatic GPR has the advantages of reducing
survey time and leverages more comprehensive data collection.
Traditionally in multistatic GPR data processing, the 2D B-
scan image obtained from each receive antenna are simply
stacked for 3D image reconstructions. However, such approach
is typically inadequate as the multistatic GPR receivers are
mounted with spatial offsets, causing back-scattering signals
from the same target to have differing time of arrivals. For
proper fusion of multistatic GPR data, migration methods
that consider the transmitters and receivers spatial offset and
data variations among different receiving antennas may be
employed. In this study, the back-projection algorithm (BPA)
is investigated. The algorithm consists of determining the wave
travel path and associated travel time, and projecting the
corresponding signal value back into space domain. Further-
more, antenna radiation pattern is incorporated. The BPA
enables scatter shape reconstruction and is prone to parallel
computing. For validation, multistatic GPR 3D tomographic
image reconstruction is successfully applied to laboratory data.
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I. INTRODUCTION

Ground penetrating radar (GPR) is a subsurface sensing
method that consists in emitting an electromagnetic pulse
into the ground and sensing the scattered electromagnetic
wave[1], [2]. It has been applied in the survey and mapping
of buried pipes [3], landmine detection [4], assessment of
bridge decks [5], [6], rebar detection [7], pipe leak detection
[8], soil characterization [9], concrete and railroad defect
characterization [10], [11], through-wall sensing [12], and
recently to vehicle localization [13]. Comercially available
GPR systems usually rely on wheel encoders and a typical
GPR survey is performed by scanning along multiple parallel
lines. Each linear scan forms a 2D image denominated B-
scan. The columns of a B-scan corresponds to range profile
waveforms referred as A-scans. To form 3D images of the
subsurface, parallel B-scans are stacked forming a C-scan. A
multistatic GPR system in which several receiver antennas
are arranged alongside, for instance, can reduce survey time
by covering a larger area in a single pass.

In multistatic GPR data processing, the construction of
3D images by simple stacking of 2D B-scans, however, is
inadequate because the same buried feature will be perceived
at different depths due to the phase shift caused by the change
of GPR system position or spatial offset of different receive
antennas. Moreover, averaging all receive antennas signal
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without phase compensation can not guarantee to improve
signal-to-noise ratio (SNR).

Therefore, to properly fuse multistatic GPR data, a mi-
gration algorithm that considers the relative positions of
transmitters and receivers is required. Also, for air-coupled
GPR survey [14], [15], a migration algorithm that incorpo-
rates the air layer in its migrating process is desirable. A
host of migration algorithms have been employed in GPR
data processing, such as Kirchhoff’s migration [16], Stolt
migration [17], phase shift migration [18], synthetic aperture
radar (SAR) migration [19], back-projection algorithm (BPA)
[20], [21], etc.

For 2D image formation, [22] shows that the Stolt migra-
tion and BPA achieve good signal focusing, with the Stolt
migration being slightly faster to compute. However, the
BPA can easily incorporate layered media, such that both
ground-coupled and air-coupled GPR data can be processed.
The BPA consists in determining the wave travel path,
and the associated travel time, from transmitter to receiver
and then back-projecting the corresponding signal into the
space domain. This process is performed for every A-scan
collected, and the back-projected signals are added to the
same space domain. Strong scattering points in the space
domain considered will receive contributions from several A-
scans increasing SNR, as illustrated in Fig. 1. If the scattering
target is volumetric, this process is able to recover the
buried feature shape by constructive interference of the back-
projected waves. The main contribution of this paper is the
formulation, implementation and validation, of a 3D imaging
algorithm for both ground and air-coupled multistatic GPR.

This paper is organized as follows: in the methodology
section, the 2D BPA for a bistatic GPR system is presented
and then extended to 3D bistatic GPR, and finally to 3D
multistatic GPR. In the results section, the laboratory multi-
static GPR system is described, and the BPA reconstructed
images are presented and discussed. In the conclusions, the
final remarks and future directions are discussed.

II. METHODOLOGY

To apply the BPA, it is necessary to determine the wave
travel path and calculate the wave travel time, such that the
receiving signal can be back-projected to the scatterer. In the
next section, the 2D geometry of both ground-coupled and
air-coupled bistatic GPRs are considered as the prototypes
for developing 3D multistatic GPR presented in subsequent
sections.
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Fig. 1. The traces of three different receivers are back-projected into space
domain. The scattering point gets reinforced by all the traces.

A. 2D bistatic GPR geometry

Consider the ground-coupled bistatic GPR in Fig. 2. The
transmitter antenna and receiver antenna have a spatial offset
AL. They move in the indicated direction in N discrete steps.
At the k™" step, the transmitter and receiver are at positions

}] and P, respectively. Let dA ||[B—All> denote the
Euclidean distance between two points A and B at the k"
step position. Given a feature point P and the subsurface
dielectric constant €, the wave path can be calculated as

d¥ = dpyp+dpy, ()
and the associated wave travel time as
W = gy, )

where v = ¢/+/€ and c is the speed of light.

Let the A-scan trace received at position k be si¥l(z).
In BPA algorithm, each A-scan data s (z,) can be back
projected to a scattering point that is t, away from the
receiver. However as there are multlﬁale points that are of the
same distance from the receiver, sP will be back-projected
into a curve over the space domain. When BPA is applied to
all A-scan traces, different curves will intersect at a common
point which specifies the true scatterer.

For the air-coupled bistatic GPR shown in Fig. 3, the main
difference in relation to the ground-coupled GPR is that the
ground scattering point position xg must be determined for
the calculation of the wave travel path and time in both air
and ground. For that purpose, an approximation given by
[21] is applied:

xp+ %€ \/’ , if |xT_xP|<dcr
xs(PPP) = Qxpt o2, ifxr >xptde ()
XP—\/%, if xp <xp—der
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where P = (xp,zp) is a subsurface point of interest, P}
(x7,—h) and P[k]
positions. d., = (zp+h) (

= (xg, —h) are the transmitter and receiver
g h is the mounting height of
antennas. Equation (3) gives the scattering point Ps between
the transmitter at P’ and P. The same equation can be
used to calculate the scattering point Pg between P and the
receiver at position Pl[ek] as xs(P, Pl[ek]) since the geometry is
symmetric. The point P = (x¢,0) is the intersection between
the ground level and a line connecting the transmitter to the
point P. An analogous point P can be determined connecting
P and the receiver. The wave travel path is then given by

(K]

¥ = df 4+ dplp+ i+ dp 4)
and the travel time as
tp = (dpyp +dpip) o+ (digp+dpp) /v (5)

Fig. 2.

Fig. 3. Schematic of a 2D bistatic air-coupled GPR [23].

B. 3D bistatic GPR geometry

The ground-coupled case can be readily extended to
the 3D back-projection by adding an extra dimension to
the domain of interest, where equations (1) and (2) still
apply. For the air-coupled case, consider the transmitter and
receiver shown in Fig. 4 at arbitrary positions P}k] and Pl[ek],
respectively. Define a local frame of reference O’x'y'7’ that
is attached to the transmitter, but at ground level, whose
x' axis points to the receiver direction. As shown in Fig.
5, this local frame of reference forms an angle ¢ with a
fixed global frame of reference Oxyz. Then it is possible to
apply the approximation given by Eq. (3) in the x’ — 7’ plane,
and perform a homogeneous transformation H to express



it in terms of the Oxyz coordinates. The homogeneous
transformation is expressed as v = Hv' [24] where

cos(9) —sin(¢) 0 xr

_ |sin(¢)  cos(9) O
H=1"% o 1 0l ©

0 0 0 1

corresponding to a translation of the origin O’ = (x7,yr,0)
and a rotation of ¢ degrees about the z = 7/ axis, v =
(x,y,z,1)T and v/ = (¥',y',z,1)T are the homogeneous co-
ordinates in the global and local reference systems, respec-
tively. For a point of interest P = (xp,yp,zp) and a transmitter
position Pr = (x7,yr, —h), the resulting approximation of the
ground scattering point Ps = (xg,ys,0) can be calculated as

oo [ e < leos(O)lder
— Z’%”, if |xp —xr| > |cos(¢)|dr
ys =y + = (g —xp), @®)
Xp—XT
with Xp—xr
cos(§) = )

V (xp—x7)2+ (yp — y1)? '
With equation (7), it is now possible to apply equations
(4) and (5) for the 3D air-coupled case.

Fig. 4. Schematic of a 3D bistatic air-coupled GPR [23].
X
oy
Fig. 5. Topview schematic of a 3D bistatic air-coupled GPR [23].

C. 3D BPA for bistatic GPR

To implement the BPA, a set of M points of interest in the
subsurface domain are selected. Suppose that a bistatic GPR
scan produces N A-scan traces at different positions. For
each position k= 1...N, the travel time ¢ ; to an underground
scattering point P;, i = 1...M, can be calculated using (2) for
ground-coupled GPR scan or (5) for air-coupled GPR scan.
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Furthermore, consider that the receiver antenna has a
directivity with a gain function g(6; ;) where 6; is the angle
formed between the z axis and a line connecting the receiver
at Pl[ek] to a point P,. Then the signal value back projected
at point P is §jx = g(0ix)six, Where s;; = stk (tix) is the
unattenuated received signal at position k. Let the addition
of §; to the point P; be denoted as §;x|p. Then the BPA
image is formed with the superposition of §;; at all points
P, i=1...M for all positions k= 1...N,

N

N N N
I = Z Z§i7k|PI- = Z Zg(ei.k)siﬂp,-
f=1i=1 =i

=

(10)

D. 3D BPA for multistatic GPR

Assume a multistatic GPR system is composed of Q
transmitters and R receivers. For the scan initialized by the
¢'" transmitter at position k, the A-scan signal received by
the " receiver is sl%"(¢). This signal value at the travel
time to the point 7 is denoted s7; = slark] (tg]). Applying
the antenna directivity we have s'?kr = g(9i7k)sz’,(r. Thus Eq.
(10) can be applied for image formation for the set of A-
scan traces obtained between each specific transmitter » and
receiver g pair

N N
I =Y Y | p,g=1..0,r = L..R. (11)
k=1i=1

The multistatic GPR BPA image is then formed by adding
all sub-images 9"

0 R
s=Y Y s

g=1r=1
III. RESULTS

For the set of points P, in a regular grid, the image can be
formed using a 3D matrix to store the composed values.

To enhance the image quality, normalization is performed
by the highest BPA image absolute value ||.% || = rl_n]a? BZR

(12)

where i, j,k are the 3D matrix indices, such that

54
(4™

As introduced in the preceding section, an additional
advantage of BPA is that it is suitable for parallel computing.
In this study, the parallel computing program CUDA API
is adopted, which facilitates to leverage the data processing
speed.

fﬂnorm = (13)

A. Multistatic GPR system

In the experimental study, a multistatic GPR system
composed of one transmitter and three receiver antennas is
employed. The system is controlled by a 4-channel Keysight
PNA-X Network Analyzer. The antennas have been projected
and manufactured in our laboratory. Its bandwidth spans from
700 MHz to 6 GHz [25]. The antenna pattern is shown in
Fig. 6. The sand dielectric constant is € = 3.

The antennas are at a height of 0.3 m from the ground,
and their arrangement is shown in Fig. 7.
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Fig. 6. Antenna pattern

Fig. 7. Multistatic GPR configuration. The first antenna is a transmitter
antenna and other three are receiver antennas. The system is controlled by
a Keysight PNA-X Network Analyzer (not shown in the picture).

Each experiment data set is composed of 15 parallel B-
scans whose transversal step size is 25.4 mm, as shown in
Fig. 8. Each B-scan is composed of 90 A-scan traces whose
longitudinal step size is 10 mm.

B. 3D BPA images

1) Ground level complex shape: A metal object of com-
plex shape shown in Fig. 9 is placed at the ground level.
For the image reconstruction, a regular grid of 80 x 80 x 30
points is created over a domain size of 0.3 x 0.6 x 0.15 (m).
The cross-section on the x —y plane, parallel to the ground, is
show in Fig. 10. An isosurface at 4-0.35 of the resulting 3D
image is presented in Fig. 11, the object shape is recovered
with good accuracy.

2) Buried metal plate: A metal plate target shown in Fig.
12 is buried at a depth of about 75 mm. For the image
reconstruction, a regular grid of 60 x 60 x 40 points is used
over a domain size of 0.4 x 0.4 x 0.15 (m). The cross-
sections of the resulting BPA image are shown in Fig. 13.
Reconstruction on the x — z plane has a finer resolution as
more data are collected in that direction, but a reasonably
good reconstruction is also observed in the x —y plane. An
isosurface at —0.4 of the resulting 3D image is presented
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Fig. 8. Sandbox scan profile.

Fig. 9. Copper complex shape surface target.
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Fig. 10. Slice in the x-y plane of the reconstructed image.
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Fig. 11. Isosurface at +0.35 of the BPA image showing the recovery of a
complex shape of a target at ground level.

in Fig. 14. Since the final image is simply normalized as
per equation (13), negative values correspond to polarity
inversion of the scattered signal. The value was selected by
image inspection. As can be observed, the object shape is
also recovered with a good fidelity.

Fig. 12.  Aluminum plate used as a buried target.
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Fig. 13.  Cross-sections of the 3D BPA image of a metal plate buried at
50 mm depth.

3) Buried metal disk: A metal disk target shown in Fig.
15 is buried at a depth of about 75 mm. For the image
reconstruction, a regular grid of 60 x 60 x 40 points was
used over a domain size of 0.4 x 0.4 x 0.15 (m). The cross-
sections of the resulting BPA image are shown in Fig. 13. An
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Fig. 14. Isosurface at -0.4 showing the recovery of the rectangular shape
of a buried metal plate.

isosurface at —0.35 of the resulting 3D image is presented
in Fig. 14, also with a good fidelity.

Fig. 15. Metal disk used as a buried target.
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Fig. 16. Cross-sections of the 3D BPA image of a metal disk buried at 50
mm depth.

IV. CONCLUSIONS

In this paper, a fast 3D BPA algorithm is investigated and
successfully applied for multistatic GPR image construction
for two buried targets, and a complex shape at ground level.
A multistatic GPR system, consisting of one transmitter
and three receivers, and controlled by a Keysight PNA-
X network analyzer is used to collect the GPR A-scan
traces. The antenna radiation pattern is considered in the
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Isosurface at -0.35 showing the recovery of a buried metal disk.

back-projection process, aiding in the reduction of BPA
artifacts. Furthermore, to reduce computational complexity,
an approximation of the scattering point for air-coupled GPR
is applied. Future research includes the extension of the
back-projection algorithm to distributed sensing systems and
comparison to other 3D imaging algorithms.
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