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ABSTRACT

Ground penetrating radar (GPR) is a remote geophysical sensing method that has been applied in the localization
of underground utilities, bridge deck survey, localization of landmines, mapping of terrain for aid in driverless
cars, etc. Multistatic GPR can deliver a faster survey, wider spatial coverage, and multiple viewpoints of the
subsurface. However, because of the transmit and receive antennas spatial offset, formation of 3D GPR image
by simple stacking of the acquired A-scans is inaccurate. Also, averaging of different receivers data may lead
to destructive interference of back-scattered waves due to different time delays implied by the spatial offset, so
averaging does not lead to higher SNR in general. Furthermore, the energy back-scattered by scatter points
are spread in hyperbolas in the GPR raw data. Migration or imaging algorithms are employed to increase SNR
by focusing the hyperbolas. This focusing process also leads to better accuracy in target localization. In this
paper, a computationally efficient synthetic aperture radar (SAR) imaging algorithm that properly integrates
multistatic GPR data in both ground and air-coupled cases is presented. The algorithm is successfully applied
on two synthetic datasets.

Keywords: Synthetic Aperture Radar, Ground Penetrating Radar, Multistatic Radar, 3-D Imaging

1. INTRODUCTION

Ground penetrating radar (GPR) is a remote geophysical sensing method based on the scattering of electromag-
netic waves emitted into the ground.'™ It has applications in the localization of underground infrastructure,*
assessment of bridge decks,’® landmine and buried unexploded ordnance detection,”” rebar detection,''3 pipe
leakage detection,'® railroad inspection,'” self-driving cars,'® etc.

Multistatic GPR can decrease survey time, with direct application, for instance, in the assessment of bridge
deck structural health. In multistatic radar systems the spatial offset of the transmit and receive antennas will
imply different scattered signal delays, such that simple stacking of collected datasets do not yield a faithful 3D
image of the subsurface. This poses a problem on how to appropriately account for the antennas spatial offset
when fusing each transmitter-receiver dataset.

Furthermore, scatter points appear as hyperbolas in GPR data. These hyperbolas may be focused to improve
SNR through migration or imaging algorithms, facilitating data interpretation and improving accuracy in target
localization.! The focusing of the back-scattered wave is an inverse problem that stems from Maxwell’s equation
of electromagnetism.'”"'® There are techniques that may resolve the inverse problem using the Born approxi-
mation,'” ' but they are computationally intensive. Alternative imaging algorithms avoid the inverse problem
altogether by exploiting the direct calculation of time or phase delays. For instance, the back-projection algo-
rithm is a time-domain migration algorithm based on projecting the back-scattered waves into the spatial domain
using the wave two-way travel time.?’>?! This method is prone to parallelization and suitable for layered media,
but it is both computation and memory intensive. Frequency-based imaging algorithms, sometimes considered
to form a class under Fourier imaging methods,??> can be highly efficient if stated in a form suitable for Fast
Fourier Transforms (FFTs) and achieve image formation faster than the BPA without relying on GPU-powered
parallel processing.

Synthetic aperture radar (SAR) imaging may be implemented using Fourier transforms.?*?* The SAR
algorithm is widely applied in the formation of satellite imagery as it improves resolution by synthetically
increasing the antenna aperture. However, most of the literature regarding SAR imaging considers single layered
media (either air or ground) and/or monostatic radar.?” " For through-the-wall radar (TWR) Fourier imaging
methods, some algorithms that include the delay caused by the wall, and multistatic radar systems, have been
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proposed but they rely on the assumption of a plane wavefront.?! That is not a valid assumption, for instance,

in landmine detection.

Here, a SAR imaging algorithm for both ground and air-coupled multistatic GPR is presented. The method
uses a synthetically generated reference image to estimate the phase function using FFTs for both ground and
air-coupled multistatic GPR without assuming plane wavefront, and that is less computationally intensive than
the BPA. Furthermore, the approach avoids the solution of a nonlinear system of equations that emerge in the
development of bistatic SAR imaging.

This paper is organized as follows: In section 2, the generic SAR imaging algorithm is formulated. In section
2.1, the formulation is specialized for monostatic GPR. In sections 2.2 and 2.3, the bistatic SAR formulation
and the proposed method are presented. In section 2.4, the method is extended to multistatic GPR. In section
3, an outline of the algorithm is presented, and the results of the algorithm applied to two synthetic datasets
are presented and discussed. In section 4, a summary of the method is given, as well as a discussion of potential
future research and applications.

2. SYNTHETIC APERTURE RADAR IMAGING

In SAR imaging, a relation between the desired subsurface image and the GPR data is established in the frequency
domain. This relation enables the determination of the processing steps required to recover the image from the
acquired GPR data.

Considering a real-valued, frequency independent reflectivity o; for ¢ = 1...N discrete points in the subsurface
domain of interest, the subsurface image may be expressed as

I(r) = Z oi6(r —1y), (1)

where r = [z,y,2]7 is the position of interest, r; = [x;,;, 2;]T is the position of the i*" discrete point, and
0(e) is the Kroenecker delta.

The SAR imaging algorithm is employed to determine the unknown reflectivities o;’s in a qualitative sense,
i.e., the interest is in determining the contrast of the image and not recovering the actual physical value of the
subsurface reflectivity.

The Fourier transform in space of (1) is

N
T(r) = Y oieap(—jke 11, Q

K3
where k, = [ky, ky, k.]7 are the corresponding wavenumbers of r = [z,y,2]”. Notice that the phase function is
linear in space.

In a traditional GPR survey, a received signal, also known as A-scan, is recorded at each system location in
a regular grid. A-scans may be stacked as a 2D matrix to compose a B-scan, or as a 3D matrix to compose a
C-scan. The acquired 3D GPR data is referred as a C-scan henceforth, and modeled as

N
s(xlv ylv t) = Z Uip(t - Ti(ria (E/, yl))a (3)

where p(t) is the emitted signal, 7;(r;, ', y’) is the signal delay whose explicit function form depends on the
GPR type (e.g. monostatic or multistatic) and coupling (e.g. air or ground-coupled).

The Fourier transform in time of (3) is

N
S’y ,w) = P(w) Z oiexp(—jwTi(ri, 2, y'))), (4)

7
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and following with the Fourier transform in space yields

N
S(kglm k;pw) = P(w) Zgifﬂc’y’{exp(ijwn(rhx/7y/))}7 (5)

K2
where k;, and kj, are the wavenumbers corresponding to 2’ and y’, respectively, and P(w) = F;{p(t)} is the
time Fourier transform of the GPR emitted signal.

In the SAR imaging algorithm presented here, a suitable relation between the Fourier-transformed GPR
data S(k7, ky,w) and the Fourier-transformed domain image Z(k,) must be determined so that computationally
efficient inverse FFTs can be used to recover the subsurface image I(r).

In the developments below, each layered media is considered homogeneous.

2.1 Monostatic ground-coupled GPR
For monostatic, ground-coupled GPR (see Fig. 1) the signal delay is given by
!/ / 2 !/ /
Ti(l‘i,x,y):;HI‘TR(%Z/)—IHHa (6)

where v = ¢/+/€ is the wave speed, ¢ is the speed of light, € is the ground dielectric constant, rrg is the
transceiver position, and r; is the i*" domain point position and || e || is the ly-norm.

rrr

Figure 1. Diagram of a monostatic ground-coupled ground penetrating radar imaging setup.

For a delay of form (6), equation (5) becomes®*

N
Sl) = P(w) Y seap(—jk 11, ™

where k" = [k}, ki, KL]T, K, = | /4k? — k2 — k2, and k = w/v.

xs Vys Vz

Notice that the phase function is linear in space as is (2). Thus, when k,. = k,,

N
S(ke) = P(w) Y oieap(—jke - 11) = P(w)I(Ky). (8)
The image is approximately recovered by taking the inverse Fourier transform

I(r) = Fp {|P(0)PZ(ke) } = Frp A P*(0)S (ko) }. 9)

If interpolation in frequency domain is not performed before computing the inverse transform above, the
resulting third coordinate is in time unit and a mapping between time and space is required to determine the
correct depth. Here, an approximation that the antenna has a small beamwidth is used such that cross-range
compression and pulse compression can be performed independently. Then, a simplified mapping between time
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and depth may be used, analogous to the use of the Fresnel approximation.?® In this case, the mapping is given
by

z=—. (10)

2.2 Bistatic ground-coupled GPR
For the bistatic, ground-coupled GPR (see Fig. 2) the phase delay is given by
_ re(@,y) —rill + [rr (2, y") — i

Ti(ry, 2’ y') = 5 ) (11)

The transmitter and receiver that compose the GPR system move together, such that the transmitter position
rr and receiver position rg are given in terms of (2/,y’).

rr Tgr

Figure 2. Diagram of a bistatic ground-coupled ground penetrating radar imaging setup.

In this case, extending Soumekh’s®*? approach to 3D, the transform (5) can be represented as
N
S(kl, kyy,w) = P(w) Zai//eacp(—j‘l/(k;,ax,ay))dawday, (12)

where W(k;, oy, o)) is a phase function, a,, a, are dummy variables analogous to wavenumbers. As will be
discussed ahead, the explicit form of ¥(k;, a,,a,) is not relevant in the approach presented here. Using the
stationary phase method (SPM),?* 33 where the leading order term of the Taylor series about a stationary point
dominates the integral value, leads to

S(ky) = Pw) Z aiexp(—j¥(ky)), (13)

where W(k.) = W(k., 4, &,) is the phase function evaluated at the stationary point and the starred variables
Ay, Gy correspond to the stationary point, satisfying

VU(K., &y, &) = 0, (14)

where V = [9(e)/0cv,, d(e)/0c,]T.

The system (14) is nonlinear and a closed form solution is not straightforward.** Furthermore, even if a
closed form solution is found, it is not clear that the resulting phase function would be linear in space, thus not
prone to direct application of standard FFT.

Soumekh®? suggests that (k) = U(k., &, &,) be approximated as
WKL) ~ Uy + ky -1y, (15)

where the phase term W, absorbs nonlinearities, for instance, due to offset between transmit and receive
antennas or due to change of media velocities.
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Introducing (15) in (13), the transformed signal becomes

N
S(kr) = P(w)exp(—j¥o) Zaiewp(—jkr -11) = P(w)exp(—j¥o)I(ky), (16)
and the image is recovered as
I(r) = Fp AP (w)exp(j¥0)S (kr)} (17)

Determining ¥y requires numerically solving the nonlinear system (14) for each system position and domain
point. But ¥, does not depend on the reflectivity of the domain points, and it is reasonable to expect that it is
strongly dependent on the GPR system arrangement and domain discretization, as 7; (see Eq. (11)) explicitly
depends on both.

Hence, if an image Z,.f(r), transmitted signal spectrum Pr¢(w), and C-scan Fourier-transform S,.¢(ky),
are given under the same GPR system arrangement and domain of interest, equation (16) can be solved for the
phase ¥ instead. Notice that the signal s,.s(z’, v, t) may be generated using a simplified delay-only simulation
that is fast to compute. Another possibility is to generate the reference signal by performing a calibration scan
in the environment of interest.

Thus, the phase term exp(—j¥,) may be determined as
exp(—j¥o) = Prop(w)Lrep(Ke)Srey (ki) (18)

where the amplitude terms were omitted.

Once the phase ¥y is known, expression (17) is used to calculate the reflectivity of any C-scan collected using
the same GPR arrangement and subsurface domain resolution.

2.3 Bistatic air-coupled GPR
In the bistatic, air-coupled GPR, assuming a flat ground surface (see Fig. 4), the delay is given by

o= er(y) —rse (o, Ol flese (s, 2,y — i
.=
c v

R .ol o) Y A /A
+ Hrl rSR,l(]rlaxvy)” + ”rSR(rhxayi rR(x,y)H’ (19)

where rg.. and rg, are the ground scattering points associated with the transmitter and receiver, respectively.

In the derivation of equation (12), not shown here, the SPM is also employed, which requires the calculation
of the gradient of the phase function and solution of the resulting system of equations.?

In the air-coupled scenario, the scattering points position depends both on the antennas position and the
domain point of interest. To exactly determine the scattering points rg, and rg, as a function of 2/, y" and
r;, using Snell’s law, involves solving a fourth order polynomial equation.?' After solving for the scattering
points, it would still be necessary to calculate the gradient of the resulting phase function to find the stationary
point. Hence, the determination of the stationary phase is not straightforward. Also, even if the expression was
determined, the SPM will need to be applied again to solve the double integral in an expression of the same form
of (12), which entails solving a non-trivial nonlinear system of equations (Notice that this can be inferred based
on the fact that the ground-coupled bistatic case, that leads to a nonlinear system of equations, is a particular
case of equation (19) when e =1 or ¢ is set to v in (11)), and may result in a phase that is nonlinear in space.
That is not desirable if efficient computation using FFT is preferred.
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Figure 3. Diagram of a bistatic air-coupled ground penetrating radar imaging setup.

Instead, suppose that the bistatic air-coupled signal may be related to the image of interest in an equation
of the same form of expression (16). Then a reference image and reference signal that considers both the air and
ground layers is used to solve for the phase ¥ via equation (18).

As in the monostatic case, the recovered image depth axis will be in time unit, so an appropriate mapping
must be employed for the correct positioning of buried targets. However, in this case, there is not an explicit
expression, since the exact calculation of the scattering point was avoided and the transmitter and receiver are
spatially offset. To address that issue, a subsurface depth of interest is predetermined and discretized. The
receiver is used as reference and is positioned above the discretized points, as illustrated in Fig. 2.3. Then, a
mapping between travel time and depth is calculated for the air-coupled case using the same approach applied
to generate the reference synthetic C-scan (for an example, see Fig. 5). In the implementation used to generate
the results presented in section 3, an approximation of the scattering point position® was used to generate the
reference synthetic C-scan.

Z1 Uy
Zy > 1y

Z3 = tg

Figure 4. Diagram of depth-time mapping setup.
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Figure 5. Scaling between depth and time axis for the first receiver. The dashed line represents the position given by
assuming a constant speed ¢, the solid line represents the position considering the change in wave speed and antennas
offset.

2.4 Multistatic GPR

Consider a multistatic GPR system with L transmitters and M receivers. Each transmit antenna sends a signal
at a time such that the [*" transmitter and m*" receiver C-scan s,,, (7', 9, t) may be treated as a bistatic C-scan.
Then the image of the I*" transmitter and m'" receiver I, (z) is calculated following section 2.2 or 2.3 for ground
or air-coupled, respectively.

The images for distinct transmitter and receiver pair of the multistatic GPR can not be simply added since
the images are not located at the same spatial coordinates.

For the global image G(r), a region of interest D is defined and discretized. Each transmitter-receiver pair
image Ij,,, L =1...L, m = 1...M, is added to G(r) by linear interpolation.

The image G(r) is initialized as a zero 3D matrix. A simple heuristic is introduced to mitigate overestimation
of the reflectivity strength of over-illuminated areas: If the current entry is null, simply insert the new value,
otherwise average the current and new entry value. Another approach is to average each voxel by the number
of observations (e.g. if a voxel received contributions from N datasets, divide the value by N), however this
requires tracking of the number of observations. The multistatic SAR imaging algorithm is summarized below in
algorithm 1, where it is assumed that P,.;(w) = P(w). Although not explicitly stated, each transmitter-receiver
pair image may be calculated in parallel for faster computation.

3. RESULTS

To qualitatively evaluate the imaging performance of the method described in section 2.4, the algorithm was
applied to two synthetic air-coupled datasets. In both cases, the antennas setup, illustrated in Fig. 6, consists of
a single transmitter, initially positioned at rp = [0.05,0.1,0.1]7 (m), and three receivers initially positioned at
rr1 = [0.05,0.05,0.1]7 (m), rr2 = [0.05,0.1,0.1]7 (m), and rrs = [0.05,0.15,0.1]7 (m). The system generates
a B-scan by moving 25 steps of Az = 0.01 m. A total of 9 B-scans are collected each apart by Ay = 0.02 m.
The emitted signal is a Ricker wave of 2 GHz. Each waveform consists of 1040 points over a window of 4 ns.

In the first case, the C-scan of a single point target is generated using a delay calculation, i.e., changes in the
returning wave shape and amplitude are not considered, only the wave two-way travel time. As mentioned before,
the determination of the exact position of the ground scattering point is computationally intensive. Instead, an
approximation® is used, where the scattering point is given by two cases depending on the distance between the
transmitter or receiver and the point of interest so that the fourth order polynomial does not need to be solved.
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Algorithm 1 Multistatic SAR imaging algorithm
1: G(z,y,z) = zeros(Ng, Ny, N.)
2: Define global domain axis vectors xp, Yp, Zp.
3: P(w) = FFT(p(t))
4: for | =1...L do

5: for m=1...M do
6: Generate reference [,.s(r) in local coordinates
T Topll) = FFT(Leg (1))
8: Generate Sycf(a’,y’,t) > Compute delays only.
9: Spef = FFT (spef(2', 9/, 1))
10: exp(—j¥g) = P*(w)I:ef(k,p)STEf(a:’7 y',t)
11: Sim (k) = FFT (sim (2, Y, 1))
12: i (r) = IFFT (exp(j¥o) P* (w)Sim (ky))
13: for i =1...N, do > Add to global image
14: for j =1..N, do
15: for k=1...N, do
16: if G(i,7,k) == 0 then > The z = f(t) mapping is used in the interpolation.
17 g(imja k) :Ilm(mD(i)ayD(j)sz(k))
18: else . ' 4
19: Gi,j. k) = g(%]:k)"r[lm(wD;Z)vyD(]):ZD(k))
20: end if
21: end for
22: end for
23: end for
24: end for
25: end for

Figure 6. Diagram of the multistatic antenna setup used in the gprMax simulations.

The second case uses gprMax,** a finite-difference time-domain physics-based GPR simulator, to generate
the C-scan of a metal plate. An ideal Hertzian dipole is used as the transmit antenna. The plate is a square of
side 0.1 m and thickness 0.02 m and it is positioned at the center of the domain buried at a depth of 0.1 m. To
generate the reference signal, used in the calculation of the ¥y term, the same simplified delay calculation used
in the first case is applied.

In both cases the domain D = [0.1,0.3] x [0.1,0.3], [0, —0.2] (m?) is discretized in N, x N,y x N, = 40x40x 50 =
80,000 points.

3.1 Unity point scatterer

Figures 7 through 9 show both the synthetic C-scan and the resulting SAR image for each transmitter-receiver
pair. Notice that the range of the x — y coordinates changes for each transmitter-receiver pair, but the point is
shifted accordingly, matching the real location. The final multistatic image is shown in Fig. 10. The scattering
point is correctly positioned in the 3D space.
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Figure 7. Unity scatter point S11 C-scan (left) and resulting 3D SAR image (right) isosurfaces at a value v = 0.9.
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Figure 8. Unity scatter point S12 C-scan (left) and resulting 3D SAR image (right) isosurfaces at a value v = 0.9.

0.9 0.8
0.8 0.8
07 07
0.6 0.6
E
05 N 0.5
04 0.4
03 03
0.2 0.2
01 0.4
0.15 0.15
y [m] 0.1 x[m] y [m] 0.1 x[m]

Figure 9. Unity scatter point S13 C-scan (left) and resulting 3D SAR image (right) isosurfaces at a value v = 0.9.

Proc. of SPIE Vol. 10980 109801D-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Dec 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



0.9

0.8

0.7

0.6

z[m]

0.5

y [m]

0.4

0.3

0.2

0.1

y [m] 0.1 0.1 x[m]

zmj

0.1 015 02 025 03
x[m]

Figure 10. Final unity scatter point 3D multistatic image isosurface at v = 0.9.

3.2 Plate

Figures 11 through 13 show both the synthetic C-scan generated using gprMax and the resulting SAR image
for each transmitter-receiver pair. Notice that the range of the x — y coordinates changes for each transmitter-
receiver pair. The isosurfaces are taken at a value of 0.7 (-3 dB). The final multistatic image is shown in Fig.
14. The isosurface is properly positioned at the center of the domain in the z — y plane (see Fig. 14 top-left).
Furthermore, the top surface of the plate is correctly located at a depth of 0.1 m. However, the plate edges are
not well recovered in the imaging process.
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2[m]

y [m] 0.1 x [m] y [m] 01 x[m]

2[m]

y [m] 0.1 x [m] y [m] 01 x[m]
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Figure 13. Plate S13 C-scan (left) and resulting 3D SAR image (right) isosurfaces at a value v = 0.7 (-3 dB).
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Figure 14. Final plate 3D multistatic image isosurface at v = 0.7 (-3dB) overlayed on 3D plate model.

4. CONCLUSIONS

In this paper, a SAR imaging algorithm for multistatic ground and air-coupled GPR was introduced. The
algorithm provides an efficient way of fusing radar data from multiple antennas at the correct spatial position. In
contrast to previously presented multistatic SAR imaging algorithms for layered media, the algorithm presented
here does not rely on the assumption of a plane wavefront.

Furthermore, the method can be readily extended to any multi-layered media. Even if generating the reference
signal used to determine W is slow, it may be performed offline only once and later used on multiple similar
scenarios. For instance, in TWR, a single offline synthetic dataset may be generated for a small survey area, but
used for any wall inspected as long as the the wall thickness, composition, and radar relative position to the wall
is preserved.

A rigorous mathematical development is called for to address important parameters of SAR imaging. For
instance, here a mapping on the time domain is used to adjust for the distortion caused by the variation in the
wave speed, and interpolation in the frequency domain was not performed. Not performing interpolation may
degrade the final image, and a comparison between the two approaches will be addressed in future work. An
alternative to the mathematical derivation is to propose a model for the SAR spatial frequency mapping and
determine the model parameters by using a set of reference known images.

In stripmap mode of satellite imaging the beamwidth of the antenna is small such that interpolation in the
frequency domain may not required.?? This same approximation is used here, but is not as well satisfied as in
satellite imagery as the antenna is closer to the ground. However, the positive results presented support the
use of this approximation. Furthermore, the final domain image must be discretized with enough points to have
element size with at least half-wavelength of the most relevant frequency contributions to avoid aliasing when
adding each transmitter-pair image.

Proc. of SPIE Vol. 10980 109801D-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Dec 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Also, following the tradition of SAR imaging literature, amplitude terms are often ignored in the algorithm
development. However, Li et al. shows that the SAR imaging algorithm can be derived from the inverse
problem originating from Maxwell’s equation of electromagnetism by using the Born approximation and other
assumptions.'” In that development, the authors show that an amplitude term that emerges in the mathematical
development, not due to the wavefront spread, is actually important for balanced image formation. For future
work, this amplitude term may be investigated for better image focusing.
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