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ANALYSIS OF THREE DIFFERENTIAL GPR SYSTEMS FOR SUBSURFACE IMAGING

Quality of the radar images of the detected objects directly depends on the quality of the obtained GPR data. One of the ways to
increase the information content of such data is to use not traditional (monostatic, bistatic) but alternative (e. g., differential) antenna systems.
The goal of this work is to analyze and compare possibilities of imaging using differential antenna systems with receiving antennas displaced
symmetrically with respect to the transmitting antenna along three orthogonal directions. To this end, synthetic radargrams are generated by
the finite-difference time-domain forward solver for each measurement setup. After that a microwave tomographic approach is applied to
process the scattered field differential data and to facilitate the comparison among these systems. As a result, it was obtained that the system
with antennas displaced along the vertical axis is the only one capable to provide a reliable image regardless of the shape of the object.
The performed studies have shown the prospects of such system application in the practical GPR problems. Fig. 14. Table 1. Ref.: 19 titles.
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The choice of the optimal Ground
Penetrating Radar (GPR) system configuration is a
crucial factor for the imaging capabilities of
subsurface radar [1, 2]. The bistatic antenna system
with a common-offset transmitter and receiver pair is
the most commonly adopted solution for a modern
GPR. The main drawback of such system is that the
signal collected by the receiver (total signal) includes
not only a signal scattered from the object, but also
the direct signal from the transmitter to the receiver
(which does not convey any information about the
target). Usually, the amplitude of the direct signal is
much larger than that reflected by the object.
It complicates the target detection. In addition, this
coupling limits the dynamic range of the GPR, and
powerful direct signal may damage a sensitive input
circuit of the receiver.

In order to eliminate the incident field from
the total field signal, the multi-bistatic differential
systems were suggested in [3—7]. The basic principle
of differential systems is in the use of central
symmetry in configurations like transmitter — receiver —
transmitter (TRT) or receiver — transmitter — receiver (RTR).
The couplings of two transmitters in the TRT-system
cancel each other at the receiver. For the RTR-system,
the direct signal from the transmitter is canceled at
two receivers by subtraction of the total signals.

In the case of a differential system with
horizontal spacing between the antennas, if the
ground is homogeneous and all interfaces are
uniform, the signals reflected by the interfaces are
also canceled out at the input of receiver.

Theoretical studies in papers [3-7] have
shown a high efficiency of the application of
differential antenna systems for GPR investigations.
However, the practical implementation of the
proposed ideas is complicated by the difficulties of
creation of the geometrically and physically
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completely symmetric system. A slightest inaccuracy
in the construction or discrepancy in characteristics of
pairs of components can have a catastrophic impact
on the performance of the whole system. So, the
difficulties associated with practical implementation
of the system limit the possibility of its application for
real GPR problems solving.

One of the earliest real developments of the
differential antenna system with horizontally
separated antennas is described in [8]. As previously
noted, such system could be useful for the detection
of localized buried targets. However, such systems are
unsuitable for detecting the extended buried targets
like layers. Accordingly, a differential system with
vertically spaced antennas was suggested in [9-11].
In [8-11] it was proposed to subtract signals coming
from two receiving antennas in the summator.
It allowed getting zero direct coupling signal at the
input of the receiver. In practice, such antenna system
(GPR “ODYAG”) made it possible to reach the
decoupling level of about —100 dB [10].

The preliminary theoretical comparisons of
imaging possibilities of the horizontal and vertical
differential systems were recently carried out in case
of the conducting objects located in a 2D free space
scenario [12]. In particular, it was shown that a more
reliable image of the object can be generally obtained
by using the receiving antennas displaced vertically.
In case of horizontally spaced receivers only edges of
targets can be imaged.

The aim of this work is to extend the
previous analysis to the 3D-geometry in the case of
conductive and dielectric objects. We consider the
sounding of different geometrical structures by three
differential GPR systems (Fig. 1) and compare their
imaging performance. Synthetic scattered field data
are generated by means of an ad-hoc developed
Finite-Difference Time-Domain (FDTD) code [13]. In
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addition, in order to improve the interpretation of the
results with respect to radargrams, the data are
processed by means of the microwave tomographic
approach similar to the one reported in [7] for the 2D
case. Reconstruction results are shown to support the
analysis and compare the systems.

1. Problem statement. For the sake of
simplicity, we consider the 3D free-space scenario
depicted in Fig.1,a. A target Q stands in the
investigation domain D, and the scene is probed by an
antenna system moving on the survey plane ' atz=0
under a reflection configuration. The distance
between the nearest edge of the object O and the
survey plane I' is denoted as 4.

Fig. I, b depicts three differential antenna
systems consisting of the transmitting antenna 7 and a
pair of receiving antennas R symmetrically spaced
with respect to T along x, y or z at distance A, We
denote each system using the following notation:
(R TRy) and (R, T R,,) are “horizontal” Systems I
and II respectively, (R, TR.) is a “vertical”
System III. Each antenna is simulated here as a
Hertzian dipole directed along the y-axis. These three
antenna systems move simultaneously along survey
lines in I'-plane parallel to the x-axis at different
values of the y, coordinate.

Fig. 1. Geometry of the imaging problem

The transmitting dipole is excited by the current
pulse /(f) with temporal variation corresponding to
the time derivative of Gaussian pulse (Ricker
function):

1(t) =269 (¢ - S)expl- ¢ (1 - 5)?), (1)

and 0=1/f, with f being the
central frequency of the pulse.

In this work, we focus on imaging three
types of objects. The first one is a rectangular bar with
sizes I, x1, x[_, the second one is a sphere of radius /

where ¢= 27r2f2

and the last one is a combination of two rectangular
bars with sizes /! xl; 1! and 2 xlj x 12 spaced by
distance #; (Fig.2). For the bar, both cases of
dielectric (relative permittivity & =1.3) and perfectly
conducting targets will be addressed; while only

metallic sphere and metallic combined target are
considered.
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Fig. 2. Geometry of the targets O

These types of object have been selected in
order to evaluate the systems’ performance for both
the localized and elongated targets.

2. Microwave tomographic approach.
In this section, we describe the inversion approach
used to retrieve the object profile from the scattered
field data.

We with 7, =(x,1,0) the
coordinates of the transmitting antenna 7. Moreover,

xF (%0 F A5 ¥0,0), g = (x9,¥0 F hy,0), and ;'zi =

=(xg,¥9,Fh,) are the positions of the receivers in

denote

Systems I, I1, II1, respectively.

The data to be inverted are the difference of
total fields measured by receivers while the antennas
move along I'. To simplify the problem, we adopt a
linearized inverse scattering model based on the Born
approximation [7, 14, 15]. Accordingly, the functional
relationships between the frequency domain data and
the target in D are linear. In particular, we have:

S)=EVFo f)=
J B 7 £ ) ),

AE, (7. )= EY" (-
} T f

-G

for System I. In eq. (2), f'is the work frequency, E;f”

2

is the y-component of the total field at the receivers
R, R.; ky is wave number of free-space; G is the

dyadic Green’s function in free-space [16]; E™ is
the incident field at the point 7'=(x,y',z") in D; and
¥ =& —1 is the unknown object contrast, where ¢ is a
relative permittivity of the object; dr'=dx'dy'dz’;
e, =(0,1,0) is the y-directed unit vector. Functional

AE(fy.f) and  AE)\(7), [)

relevant to Systems II and Il can be written in a
similar way.

relationships  for
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Once the differential scattered field data
AE;’H’IH have been gathered, the imaging problem

amounts to performing the inversion of the
corresponding linear operators with respect to the
unknown y. Such a problem is ill-posed and a
regularized solution is obtained by applying the
Truncated Singular Value Decomposition (TSVD)
algorithm [17]:

.2 = ZNj@E;—”u G)
n=0 n

where N7 is a truncation index determining the
“degree of regularization” of the solution, <,>

denotes a scalar product, {an }::0 is a set of singular

values in non-increasing order, {vn }n:O and {un }n:O

are basis functions in the data and unknown spaces,
respectively [17].
3. Numerical simulation. The radar signals
are computed by an ad-hoc developed 3D-code [13]
based on the FDTD-method. Perfectly absorbing
boundary conditions [18] are used in order to limit the
computational domain. Image profiles (B-scans) are
obtained by the program “GPR ProView” of GPR
data processing [19]. These program modules have
been developed and implemented in O. Ya. Usikov
Institute for Radiophysics and Electronics of NAS of
Ukraine. The method of variable density [1] is used
for result visualization.
For the simulations, we choose the following

input parameters:

—source T is located at the distance 4 =0.3 m
from the object;

—distance &, between T and the receivers is fixed
to 0.05 m;

—central frequency of the pulse f= 1 GHz;

—object sizes are [, =/, =2/, =04 m; /=0.1 m

and [, =2l=41,=04 m and I]=2=I=

=0.2 m; the distance /4, between the objects in pair is
0.1 m.

Other parameters related to the problem are
listed in the Table below.

Simulation parameters

Parameter Value
Size of the measurement domain /~ 1x1 m?
Transmitter measurement step 0.1 m
Number of measurement points 11x11
Time window for each trace 8 ns
Number of time samples for each trace 416

3.1. Synthetic radargrams. The radargrams
corresponding to the dielectric and conducting bars
are shown in Fig.3 and 4 for different antenna
systems and two survey lines. The same is done for
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the conducting sphere and two conducting bars in
Fig. 5 and 6.
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Fig. 3. Radargrams of the dielectric bar
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Fig. 6. Radargrams of a pair of conducting bars
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From the analysis of radargrams, it is
possible to make some common conclusions:

— When using Systems I, II and III instead of
the traditional multi-bistatic configuration, the
radargrams contain only the signals scattered by the
objects. In this way, the object detection is possible
without any additional processing. A quite different
situation occurs when the survey line is in the plane
of object symmetry and receiving antennas are
symmetrical to this plane; in this case, no object
response is observed in the radargram (the case of
System II with y = 0 in Fig. 3-5).

— Because of the symmetry problem, the System
I cannot image the middle part of the object.

— In case of the antenna system moving on the
bottom edge of the survey plane (y=-0.5), the
position and geometrical characteristics of the
reflecting object are similar for System II and System
III. The existing difference in extension of reflecting
surfaces has only a minor influence on the image of
the object in radargram and is almost undistinguished
by eye (see Fig. 3-06).

The analysis of radargams of dielectric and
conducting bars shows that the presence of the
rectangular bar in radargram can be detected by local
horizontal fascias when using Systems II and III, and
by sections of hyperbolic curves that indicate edges
of the bar when using System I.

In both cases (dielectric and conducting
objects), radargrams corresponding to the bottom
edge of the survey plane (y=-0.5) provide
information about both front and back sides of bars.
While the central location of the antenna system
survey line (y = 0) provides information about both
front and back sides of bars in case of the dielectric
object only (Except for System II). In this case we
can detect only the front side of the conducting
object.

In case of the dielectric object, spurious
reflections from the absorbing boundary conditions
(see Fig.3, oblique line segments in the time
interval [2, 4] ns at y=-0.5m and [5, 8] ns at
y =0 m), are more significant.

We can note that the signals of maximal
amplitude are observed in System III when the
antenna system is placed over the center of the target.
When the antenna System II is placed over the center
of the target, the reflected signal is of zero amplitude.

The radargrams corresponding to conducting
objects of different geometrical shapes are shown in
Fig. 46 for different antenna systems and survey
lines. We can state that:

— The spherical object in the radar image is
represented as a hyperbolic curve (for all types of
antenna systems).

— Two bars in the radar image are represented as
a series of hyperbolic curves (for all types of antenna
systems). And it can be noticed that at the central
location of the antenna system survey line (y=0)

51

different antenna systems detect objects in a different
way: System I detects one object, System II detects
another one, and System III combines information
about both of them.

— Representations of objects of different
geometrical forms are very much similar for System I
(they are always hyperbolic curves) and they can be
different for System II and System III. But in any
case it is difficult to recognize the object geometry
without additional processing (especially in case of
two closely spaced objects, see Fig. 6).

3.2. Tomographic reconstruction. The time
domain scattered field data collected under
configurations I, II and III have been processed
through  the  tomographic  approach.  The
corresponding  software is  developed and
implemented in the Institute for Electromagnetic
Sensing of the Environment of CNR of Italy.

The working frequency band [500,
2 000] MHz is considered and sampled with a step of
250 MHz. The targets are centered in the investigation
domain D =[-0.4, 0.4]x[-0.4, 0.4]x[0.2, 0.6] m’,
which is discretized into voxels with size
Ax=Ay=0.05m and Ax=0.025 m. The truncation
index of the TSVD inversion scheme in (3) is selected
in a way to filter singular values that are 25 dB lower
than the maximum one.

The tomographic images of different objects
are shown in Fig. 7-14.

Dielectric and  conducting bars. The
tomographic images shown in Fig. 7 and 8 refer to the
dielectric bar.

It can be seen that System I allows detecting
the edges aligned with the y-axis. System II permits to
identify the edges directed along the x-axis.
System III allows reconstructing the full geometry of
both the upper and lower surface of the object.
Therefore, System III allows getting clearer image of
the object and identifying better its shape.

As expected, the same considerations hold
for the metallic bar (Fig. 9 and 10), except for the
fact that now it is impossible to get information about
the lower surface because of full reflection by the
upper and lateral sides of the object.

Conducting  sphere.  The results of
microwave tomographic reconstruction for this kind
of target are presented in Fig. 11 and 12.

For System I, the tomographic image of the
spherical object is three elliptic objects elongated in
y-direction and spaced in x-direction. For System II,
the tomographic image of the spherical object is three
elliptic objects elongated in x-direction and spaced in
y-direction. System III allows getting a clearer image
of the object and to identify better its spherical shape.

Two conducting bars. Resolution and
detection of closely set targets is one of the important
problems of modern GPR. In Fig. 13 and 14, the
tomographic images of such kind of targets (two
conducting bars) are presented.
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Fig. 7. Z-slices of the tomographic reconstruction of the dielectric bar
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Fig. 9. Z-slices of the tomographic reconstruction of the metallic bar
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Fig. 10. Isosurface plot of the tomographic reconstruction of the metallic bar
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Fig. 11. Z-slices of the tomographic reconstruction of the metallic sphere
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Fig. 12. Isosurface plot of the tomographic reconstruction of the metallic sphere

System | System I System I11
X, m X, m X, m

04 0 04 04 0 04 04 0 04
! :- |
l -- L *-g.':- E L [LD
7=0.225 z=025 z=0.275

z=0.2 z=0.225 z=0.25 z=0.275 z=0.2 z=0.225 z=0.25 z=0.275

z=0.3 z=0.325 z=0.35 z=0.375 z=0.3 z=0.325 z=0.35 z=0.375 z=0.3 z=0.325 z=0.35 z=0.375

=04 z=0425 z=045 z=0.475  z0.4 z-0.425 z-0.45 z=0.475 2=0.425 z=0.45 z=0.475

¥, m
4 0 04
-I]J I] 0.4

z=0.2

Fig. 13. Z-slices of the tomographic reconstruction of a pair of metallic bars
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Fig. 14. Isosurface plot of the tomographic reconstruction of a pair of metallic bars

We can state that it is very difficult to detect System I. For System I, it is almost impossible to
the presence of the second (“x-oriented”) object for detect the presence of the first (“y-oriented”) object.
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In order to detect these low contrast objects the
threshold value has to be fixed at a quite low value,
which is comparable with the level of noise.

But System III similarly to previous cases
gives us a quite clear image of the objects and allows
identifying its shape.

Conclusions. In this work, we have
compared the capabilities of three differential GPR
systems with symmetrical receiving antennas
displaced along three orthogonal directions with
respect to the transmitting antenna. Synthetic radar
images have been computed and analyzed.

It has been shown:

— When using Systems I, II and III instead of
the traditional multi-bistatic configuration, the object
detection is possible without any additional
processing, because the radargrams do not contain
masking high power signals of direct coupling.
Except for the situation when the survey line is in the
plane of the object symmetry and receiving antennas
are placed symmetrically to this plane. In this case
the object becomes “invisible”.

— Objects of different geometrical shapes can
have different representations in radargrams (fascia,
hyperbolic curve). But in any case, it is difficult to

identify  their geometries without additional
processing (especially in case of two closely spaced
objects).

The microwave tomographic approach has
proved to be a valuable tool to support the proposed
analysis. Indeed, it has been shown:

— In case of one rectangular bar, the target form
can be recovered, despite the fact that each system
can only provide information about a pair of object
surfaces. But the correct information about object
dimensions can be obtained for the dielectric bar
only, when using System III. For metal objects, size
measurement is possible for only two of three
coordinate directions (length, width, but not depth).

— For GPR investigations of such objects as a
sphere and especially a pair of bars, using the
differential systems with receivers lying in the
measurement plane leads to the loss of the
information about the shape and size of target. The
vertical spacing of receiving antennas allows getting
more reliable images of objects in such problems.

Thus, the analysis has revealed the
advantages of using a differential antenna system with
vertically spaced different antennas for reconstructing
the shape and dimensions of sounding objects in free
space. Thereby the performed studies have shown that
the application of such systems in the practical GPR
problems is very promising.

The research has been performed in the
framework of the Active and Passive Microwaves for
Security and Subsurface imaging (AMISS) EU
7" Framework Marie Curie Actions IRSES project
(PIRSES-GA-2010-269157).
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AHAJIN3 TPEX JJUOOEPEHITVAJIBHBIX
KOH®UT'YPALNI TEOPAJIAPOB
C TOUKU 3PEHISI KAYUECTBA OTOBPAYKEHIIST
[TOJIMIOBEPXHOCTHBIX OFLEKTOB

KauecTBO pasnoOKanMOHHBIX H300pakeHUN OOHaApY-
KUBAEMbIX OOBEKTOB HAINPSIMYIO 3aBHCHT OT KauecTBa IMOIY-
YaeMBIX TeOpaJHONOKALMOHHBIX JaHHBIX. OmHEUM H3 myTeil
NOBBINICHHUS HMH(QOPMATUBHOCTH TAaKMX JAHHBIX  SBIIETCS
UCIOJIb30BaHME HE TPAAUIMOHHBIX (MOHOCTATUYECKOHM, OMCTaTH-
YECKOM), a anbTepHATUBHBIX (K mpumepy, auddepeHnanbHbIX)
aHTEHHBIX cucTeM. llenp paboOTBI COCTOMT B TOM, YTOOBI IIPO-
QHAIM3HUPOBATh M CPaBHUTh BHU3YAJIM3allMOHHBIE BO3MOXHOCTH
muddepeHInanbHbIX KOH(PUTypaluii aHTEHHBIX CHUCTEM, COCTaB-
JEHHBIX W3 NPHEMHOH AaHTEHHBl — IIepefalolell aHTCHHBI —
NIPUEMHON aHTeHHBI, B KOTOPHIX IPHEMHBIC AHTEHHBI CHMMET-
PHYHO CMEIIECHBI OTHOCHUTENBHO Iepefaloniell aHTeHHBI BIOIb
TpeX OPTOrOHAIBbHBIX HampaBleHHH. J[Ig 3TOro BEIIOIHEHO
FDTD-MojenupoBaHue pajaporpaMMm Al KaxJod u3MepH-
TeNbHOM KOHGurypamuu. s o0paboTku auddepeHranbHbIX
JAaHHBIX MOJICH paccesHHs M CPaBHCHUS MEXIY CHCTEMaMH
HCIIONB30BaH METOJ MHKPOBOJIHOBOU ToMorpaduu. Y CTaHOBIICHO,
YTO TOIBKO CHCTEMa C BEPTUKATbHO PA3HECEHHBIMH aHTEHHAMH
crocoOHa obOecneynTh HauOoJee PEeaTuCTUYHOE H300paKeHUe
He3aBHCHMO OT (opMBI Hcciexyemoro oobekTa. [IpoBeneHHBIE
HCCIIEIOBAHHS IOKA3add IEePCHEKTHBHOCTh NPUMEHEHUS] TaKOi
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CHCTEMBl B IPaKTHYECKHX
30HIUPOBAHUSL.

KmoueBble cioBa: GPR, nuddepeHpanbpHas aHTeH-
Hasi cucteMa, FDTD, MUKpOBOJIHOBast TOMOTpadusi.

3aa4yax TreopaanoIoKalluOHHOTO

JI. A. Bapstanng-Pomynikina, /Ix. JDxeHHapesi,
®. CompnoB’epi, I'. I1. [louanin

AHAJII3 TPhOX JIMGEPEHLIIMHUX
KOH®IT'YPALIIM TEOPAJIAPIB
BIAHOCHO SAKOCTI BIZOBPAKEHH
MIAITOBEPXHEBMX OB’€KTIB

SkicTe pamionokaliiHUX 300paykeHb O00’€KTIB, IO
Tpeba BUSBUTH, 0€3IOCEPEIHBO 3aTEXKHUTH Bil SKOCTI OFEPXKY-
BaHMX reopaiooKaliifHuX qaHuX. OJHUM i3 IUISAXIB MTiABUIICHHS
iHQOPMATHBHOCTI TaKMX JAQHUX € BUKOPUCTAHHS HE TPAJULIHHHX
(MoHOCTaTH4HOI, OicTaTHYHOI), a AIbTEPHATUBHUX (HAIPHKIAJ,
mupepeHniiiHX) aHTeHHHX cHCTeM. Mera poOoTH moJisirae y
TOMy, 100 MpOaHai3yBaTU if MOPIBHATH Bi3yami3auiiiHi MOMXIH-
BocTi JudepeHUifHuX KOHQIrypaiiii aHTEHHHX CHCTEM, IO
CKJIAAIOTECS 3 NMPUHMANbHOI aHTEHU — IepeJaBalIbHOI aHTEHH —
HpUIiMAIbHOT aHTCHHM, y SIKUX NpPHUAMAaIbHI aHTCHH CUMETPHYHO
3MilleHI BIZHOCHO MEpeJaBalbHOI aHTEHH B3JOBX TPHOX
OPTOTOHAJIBHHUX HaNPsIMKIB. J[is boro BukoHaHo FDTD-Monemo-
BaHHs PajaporpamMM Iisi KOXKHOI BHUMIpIOBaJIbHOI KOH(Irypartii.
Jnst o6poOku nudepeHImiHHNX IaHMX MOJIB pO3CIIOBaHHS Ta
HOPIBHSHHS MDK CHCTEMaMH BUKOPHCTaHO METOJ] MIKPOXBHIIbOBOT
tomorpadii. BeraHoBneHo, mo TIIBKH CHCTEMa 3 BEPTUKAIBHO
pPO3HECEHHMH  aHTEGHaMH  34aTHa  3a0e3nednTd  HAHGLIbIN
pealicTHIHe 300paykeHHsT He3aJIEXKHO Bil (POPMHU JOCIIHKYBAaHOTO
o0’ekta. IlpoBeneHi AOCHiIKEHHS MOKAa3alH IMEPCIEKTUBHICTh
3aCTOCYBaHHS ~ Takoi CHCTEMH B  MNPAaKTHYHUX  3ajadax
reopaziooKaIifHOro 30HyBaHHSL.

KirouoBi ciioBa: GPR, midepeHLiiiHa aHTeHHa cUCTeMa,
FDTD, MikpoXBHIILOBa TOMOTpadis.



