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SUBSURFACE AND THROUGH-WALL SAR IMAGING
TECHNIQUES FOR GROUND PENETRATING RADAR

This paper presents some useful signal processing and synthetic aperture radar imaging techniques for
ultra-wide band (UWB) ground penetrating radar. Novel UWB antenna structures are experimentally
designed in this work. Raw and processed data collected in the course of experimental studies of
subsurface sensing and through-wall imaging scenarios are demonstrated in B-scan and C-scan target
images.
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In the last decades, ground-penetrating radar
(GPR) has become a leading non-destructive
testing (NDT) technology for the detection,
identification, and imaging of subsurface artifacts,
abnormalities, and structures such as pipes, mines,
gaps, water channels, oil wells, tunnels, and
roads. It has a very broad range of applications,
including geophysics, hydrogeology, archeology,
mine detection, civil engineering, transportation,
security and remote sensing [1 —4]. GPR perform-
ance is associated with the electrical and magnetic
properties of local soil and buried targets as well
as with implementation of the GPR hardware and
software. The frequency band of the GPR signal
is the key factor for the detection performance.
Higher frequencies are needed for better resolu-
tion, nevertheless lower frequency bands are pre-
ferred to detect something buried too deep due to
the dramatically increased wave attenuation in the
soil with increasing frequency. Thus, ultra-wide
band (UWB) GPR systems that transmit short
impulse signals are proposed primarily to benefit
from both low and high frequencies [5].

The impulse durations can vary from a few na-
noseconds to a hundred picoseconds corresponding
to a broad spectrum from 100 MHz to 10 GHz.
It can be extended up to 15 GHz for stepped-
frequency GPR systems, which may use microwave
tomography methods for high resolution imaging
[6]. Therefore, the stepped-frequency (SF) tech-
nique offers some distinct signal processing bene-
fits compared to the time-domain GPR systems,
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such as higher dynamic range and more effective
control of the source frequency spectrum. Apart
from increased resolution and increased depth
of penetration, the signal spectrum received by
SF-GPR provides the advantage of reading the
real and phase parts, which can be made use of
in analyzing subtle and complex inhomogenei-
ties, particularly when carrying out tomographic
inversion [7].

The subsurface target detection and imaging
performances of the GPR depend significantly on
the convenient design of UWB transmitter and
receiver (T /R) antennas to radiate efficiently the
GPR impulse signal into the buried or concealed
target [8]. The antennas must have a flat, high-
directivity gain, a narrow beam, and low side lobe
and input reflection levels over the operational
frequency band to reach the largest dynamic range,
best focused illumination area, lowest level of T /R
antenna coupling, reduced ringing, and uniformly
shaped impulse radiation.

Synthetic aperture radar (SAR) is a well-
known technique which uses signal processing to
improve the resolution beyond the limitation of
physical antenna aperture [9]. In SAR, forward
motion of actual antenna is used to ‘synthesize’ a
very long antenna. SAR allows the possibility of
using longer wavelengths and still achieving good
resolution with antenna structures of reasonable
size. SAR is very useful over a wide range of ap-
plications, including sea and ice monitoring, min-
ing, oil pollution monitoring, oceanography, snow
monitoring, classifcation of earth terrain etc. [10].

In this study, a UWB SF-GPR system sce-
nario is designed and realized by Rohde Schwarz
ZVL-13 network analyzer. The network analyzer
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sweeps a wide signal band between 10 MHz and
15 GHz with 201 frequency steps. The continuous
SF method is applied. The UWB transmitter and
receiver antennas designed for this GPR system
are the partial dielectric loaded transverse electro-
magnetic (TEM) fed ridged horn (PDTEM-RH)
and Vivaldi shaped TEM horn (PDVA). Due
to GPR data collecting process for B-scan plots
requires simultaneous measurements, Basic macro
codes are evaluated for data acquisition from the
network analyzer to the PC. Moreover, by using
the constructed SAR scenario, B-scan and C-scan
images of subsurface and back wall objects with
better resolution are exhibited in figures.

Antenna systems and measurements

The PDTEM horn, PDVA horn and array com-
binations have been introduced by A. S. Turk as
efficient UWB impulse radiators operating from
150 MHz up to 10 GHz [11—14]. In this work,
novel TEM and ridged horn antenna versions,
which are operating in the frequency band of
400 MHz — 18 GHz, were designed with enhanced
gain and VSWR performances. The measurement
bandwidth is 10 MHz — 15 GHz. The antenna
gain is sufficiently high and almost stable over
the wide band. Instead of using dielectric aperture
filling methods (i. e. hemispherical lenses) that
increase the physical dimensions and weight of
the antenna, the partial dielectric lens loading has
been proposed for TEM horn and double-ridged
horn antenna (DRHA) models to improve the gain
performance and to eliminate radiation pattern
deterioration without significant changes on the
antenna sizes and weight.

It is shown that PDTEM and PDTEM-RH
designs are highly suitable for multi-band GPR
operations, due to advantages of up to 10 dB
enhanced gain performances (in comparison with
standard RH) over 1:40 bandwidth ratio.

Data acquisition and simultaneous test
measurement

This study is devoted to data transfer from the
network analyzer to the PC, signal processing tech-
niques for transferred data, and post-processing by
SAR algorithms. The network analyzer is set up
for instantaneous measurement. However, B-scan
GPR process requires simultaneous measurement.
Thus, desired simultaneous measurements are col-
lected by “for loop” written in Basic macro code.
The measurement number is defined as 200. Also,
the time interval between the simultaneous meas-
urements is implemented by “sleep” command.
This interval is set to 50 milliseconds.

An indoor test pool facility consisting of a wood
box filled with dry soil has been constructed at our
microwave research laboratory. The dimensions of
the soil pool are 3.2x1.2x0.3 meters. The transmis-
sion coefficient S, is measured by the network
analyzer over the operational band. For B-scan
and C-scan images data, S,; must be dependent

on time. Therefore, the inverse Fourier transform
of S, is applied to obtain matrix

The mathematical representation of “ifft” com-
mand is given as

L= —2njkn

1 1
T:W7§521 eXp- N ) (2)

where k represents the sampled points in the
time domain, n represents the sampled points in
the frequency domain, and N is the number of
sampled points.

The background signal can be considered as a
calibration or the reference signal for amelioration
of the image of collected data. This signal consists
of the direct pulse from transmitting and receiving
antennas, ringing from the antennas, and clutter
from other objects (not targets) that reflect the
electromagnetic energy within the antenna beam
width. The clutter can be minimized by using
lower band radiator antennas. Nevertheless, this
case will degrade the image resolution, which will
cause hard-recognition of small buried objects. To
reduce the clutter effect on B-scan plot, the refer-
ence signal is collected at the non-target position
of the soil pool. If the transmission coefficient
S,y dependent on time is symbolized by «a, then
background removed A-scan signal is calculated as

@ =L3a) 3)
ag(z) = Ni=1di(2’
agr (2) = a (z) — ag (2), (4)

where ap represents the non-target background
signal; q; is each A-scan data obtained from initial
clear region and N is its number, and app cor-
responds to background removed A-scan signal.

Then, the absolute of background removed
T matrix is plotted by “surface” command and
B-scan image is obtained:

B =T|. (5)

As shown in Fig. 1, the test measurement system
of SF-GPR uses PDVA horn shown in Fig. 2 as

Fig. 1. Measurement set up with network analyzer
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Fig. 2. Vivaldi shaped TEM horn design

Table 1
Test scenario of the buried objects
Buried objects

Parameters | pjastic | Water Metal Glass

pipe pipe sheet | (bottle)
Distance to
reference 60 120 180 240
point, cm
Depth, cm 3 3 3 3
Position Vertical | Horizontal | Horizontal | Vertical
a)

b)

Fig. 3. B-scan measurement:
a — background removed; b — compressed sensing;
¢ — data with impulse GPR

T/R antenna head. A typical metal plate separa-
tor is used for shielding between antennas so that
coupling signal reduced. Buried objects scenario
is given at Table 1. Measurement results of the
B-scan data are plotted in Fig. 3, a, which can be
seen successfully on the parabolas of the buried
objects.

The reference signal is collected at the start
point of the soil pool, although there can be slight
differences between start and stop locations be-
cause of the heterogeneity of the soil. Fig. 3, a
shows that four different types of objects can be
detected clearly, and it is observed that metal plate
reflects more signal as compared to other objects.

Another graphical representation of determin-
ing of position of the object is cumulative distri-
bution, which represents the sum of vertical data
changes on B-scan measurement data. As shown
in Fig. 4, there are four peak points, which cor-
respond to the correct cross-range positions of
the buried objects. On the other hand, the com-
pressed sensing technique is applied to collected
data and four parabolas in Fig. 3, b are obtained
more clearly than the image in Fig. 3, . Obtained
B-scan image by impulse GPR is given in Fig. 3, c.

For SAR test scenario, four objects (U-shaped
metal strip, metal plate, water glass and dielectric
plate) are buried as defined in Table 2. The operat-
ing principle scheme of fictive antenna array for
SAR algorithm is shown in Fig. 3.

To obtain SAR beam of antenna at each scan
point, a balance phase term is added to S, pa-

0,08

0,06

0,04

0,02

Sum of vertical data

0 40 80 120 160 200
Horizontal distance, cm

Fig. 4. Cumulative distribution of the buried objects

Table 2
Test scenario of SAR
Buried objects
Parameters | (/shaped | Metal | Water |Dielectric
metal strip | plate | glass plate
Size, cm 20x30 10x10 6x20 10x12
Distance to
the reference 80 150 184 220
point, cm
Depth, cm 1 15 1 2
Position Horizontal
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Fig. 5. Operating principle of fictive antenna array on
SAR progress

rameter depending on the distance from location
of nth antenna to target point given as

R, =y H:+ (nd)?, (6)

where H# and d are vertical distance from location
of reference antenna to target point and distance
between antennas, respectively.

Difference between the distance from location
of each antenna to the target point and the distance
from location of reference antenna to the target
point is given as

AR,= R,—H;. (7)
Then, SAR effect to S parameter can be cal-
culated as
N

So1sar = 2521 exp (JRAR,), (8)
n=1

where k& and N are the wave number and the
number of antennas, respectively.
Also, SAR length of this process is calculated as

Lsyr= Ny. 9)

Three slices obtained from C-scan structure are
given in Fig. 6. In this figure, the buried objects
are clearly visible. Since the location of metal
plate is deeper than the other objects and the soil

Water Glass

Depth

U-shaped Strip

Metal Plate

40 60

0 20 Length

Fig. 6. SAR images for four buried objects
(see in color on page 3 of the cover)

Depth
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Fig. 7. Body model for TWI SAR operation
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Fig. 8. C-scan slices of TWI SAR images
(see in color on page 3 of the cover)
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Fig. 9. Slices for the head and the trunk of the model
(see in color on page 3 of the cover)

has high loss, the reflection from the metal plate
is seen lower than U-shaped strip.

The other SAR application of our work is in-
vestigation of body model behind the brick wall.
This target object model is shown in Fig. 7. The
width of the wall is 50 cm. The distance from the
wall to the target is 60 cm. The wall is almost
homogeneous.

The C-scan slices of through-wall imaging SAR
operation are given in Fig. 8. In this figure, it is
seen that there is no object on near zone of the
back wall, and the target body model behind the
wall is clearly visible. The head and the trunk of
body model can be seen in Fig. 9. It is seen that
through-wall imaging SAR operation gives better
resolution than the conventional GPR operation.

Conclusion

The target detection and signal processing
performances of the ground penetrating radar are
presented by using novel UWB partial dielectric
loaded horn designs. The subsurface and through-
wall imaging of the buried target objects are
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demonstrated by using adaptive signal processing
techniques in our GPR test scenario. It is shown
that background removal, compressed sensing and
SAR techniques provide enhanced resolution for
imaging objects at different depths using novel
antenna designs.
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METOAN OTPUMAHHA PCA-SOBPAKEHD
3AXOPOHEHUX OB’EKTIB AJIA TEOPA/TAPA

Y cmammi npedcmaeneno memodu 06pobku cuznaiy ma OMPUMAHHS 300PAKEHb 3d  OONOMOZON
padioaokauiiunozo cunmesysanns anepmypu (PCA) oas nadwuporxocmyzosozo (HIIIC) zeopadapa.
3anpononosano mnosi HIIC-awmenni cmpyxmypu. Pe3yiomamu excnepumenmaniviozo 00CAI0KeHHs
Memodie NidnoeepxHea020 30HOYEAHHs 00'EKMIG, WO 3HAXOOIMBCS NIO 3eMAEI0 T 3d CMIHO0I0, NPEOCmAasIeH]
Y 8uzan0i 306paxens, ompumanux B- ma C-ckanyeanusn.

Kaouosi criosa: zeopadap, padiookamop 3 cunme3oeanoio anepmypoio, nionogepruese ompumanis 300pa-
JKenv, 06pobka padiooKayilinoeo cuznary.
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METO/IbI IIOJIYUEHUA PCA-U3OBPAKEHUI
3AXOPOHEHHBIX OBFbEKTOB JId TEOPA/TIAPA

B cmamove npedcmasnernvr memodor 06pabomxu cuznaid u NOAYUeHUs UI0OPAKEHUL NPU NOMOWU PAOUOLOKA-
uuonnozo cunmesuposanus anepmypo. (PCA) oasn ceepxwupoxononocrozo (CIIIT) zeopadapa. ITpednoxervl
nosvie CILIIIT-anmennvie cmpyxmypul. Pesyavmamor sxcnepumenmanvrozo ucciedosanus memooos noonosepx-
HOCMHO020 30HOUPOGAHUS. 00BEKMOB, HAXOOSIWUXCS NO0 3eMAell U 3d cmeHol, npedcmasaenst 6 gude u3obpaxe-
Huil, noayuennvlx B- u C-ckanuposanuem.

Kmouesvie crosa: zeopadap, paouoioxamop ¢ cumme3uposamnol anepmypoil; noonosepxHOCMHoe NOAYUeHuUe
usobpaxenutl, 06pabomra paduoIOKAUUOHHO20 CUZHAIA.
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