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Abstract. Ground penetrating radar (GPR) is valuable for the detection of subsurface objects
with little or no metal content, such as plastics, ceramics, and concrete piping. However,
the effects of antenna configuration parameters, such as height and angle, are not well studied
for all sensing applications. GPR simulations and laboratory GPR experiments are performed to
evaluate the effects of antenna angle and height on the sensitivity of bistatic air-launched GPR,
to search for buried nonmetallic objects. The results presented provide guidance for the develop-
ment of air-launched GPR systems installed on unmanned aerial vehicles for in-flight subsurface
scanning of buried targets. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.JRS.13.027501]
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1 Introduction

There is an urgent and longstanding need for noncontact subsurface imaging for the detection
and identification of buried objects.1,2 Ground penetrating radar (GPR) has been proved to be an
effective system for detecting objects with little to no metal content, such as plastic, ceramic, and
concrete pipes.3–8 These nonmetallic objects often have dielectric properties similar to those of
their burial media, necessitating a high degree of detection sensitivity.9 One possible means to
increase detection sensitivity is to use multiple antennae.10 A bistatic radar is a common con-
figuration with one transmitter and one receiver that are not colocated.11 Based on the mounting
positions of the antennae, GPR systems can be classified into two categories: ground-coupled
GPR or air-launched GPR. Ground-coupled GPR systems have antennae installed closer to
the detection surface, which results in small signal loss and high detection sensitivity. In air-
launched GPR systems, antennae are typically operated at heights greater than one-quarter of
the operating wavelength. Compared to ground-coupled GPR, the use of air-launched GPR pro-
vides the convenience of contactless survey on a large area in a short period of time.12,13

In both categories, the antenna setting parameters—including antenna height and angle—
play vital roles in determining GPR sensing performance. Much of the current body of GPR
research involves traditional ground-coupled systems. For example, Kang et al.14 considered
the placement of ground-coupled bistatic antennae for the detection of subsurface cavities,
and in a subsequent study, the impact of antenna height on data quality when searching for
buried objects is considered.15 However, these studies do not include simultaneous variation
of antenna angle, nor do they treat antenna heights greater than 20 cm above the ground surface.
Bloemenkamp and Slob16 used a bistatic 900MHz time-domain GPR at antenna heights between
0 and 20 cm to conclude that signal quality deteriorates more rapidly for vertical two-way signal
travel distances greater than one-third of the dominant wavelength. It is not addressed whether
this relationship will hold for a step-frequency GPR, which sweeps through a larger frequency
range. An understanding of the effects of these parameters—including simultaneous variation of
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antenna angle and height, with heights on the order of 1 m—is of importance for the design of a
UAV-mounted GPR system. In this study, several realistic antenna configurations for frequency-
domain air-launched GPR are tested. Experimental setups are designed with consideration for
a bistatic system with transmitter and receiver antennae mounted on separate UAVs.

2 Air-Launched GPR Theory

To reach a target, a transmitted signal must penetrate through various media and across media
interfaces, as shown in Fig. 1. In this paper, a simple experimental setup is considered in which a
single target is buried in sand. Diffuse scattering is not a major issue in such an uncluttered test
environment. In a complex scenario with more scattering, a surface-clutter removal algorithm
could be used.

The dielectric constants of the media determine how much of a signal reflects and how much
continues to penetrate. In the special case where the angle of incidence θi equals 0 deg, the
reflection coefficient between two media, R12, is the ratio of the amplitudes of the reflected
signal S2 and the incident signal S1,

17 whose value is determined
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ffiffiffiffiffi
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ffiffiffiffiffi
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n1 þ n2
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where ε1 and ε2 are the respective dielectric constants of the two media, and n1 and n2 are the
indices of refraction of the two media. For a given media interface, the portion of the signal that
reflects or penetrates is fixed with respect to other antenna parameters. Therefore, a measure of
the strength of the reflected signal S2 can be used to calculate the strength of the penetrating
signal, S3. The quality of a GPR subsurface survey improves as the strength of the penetrating
signal increases. For the general case of transverse electric (TE)-polarized waves with a nonzero
angle of incidence, the reflection coefficient17 is calculated:

EQ-TARGET;temp:intralink-;e002;116;407RTE ¼ n1 cos θi − n2 cos θt
n1 cos θi þ n2 cos θt

: (2)

For the alternate case of transverse magnetic (TM) polarized waves, the general reflection
coefficient is calculated:

EQ-TARGET;temp:intralink-;e003;116;339RTM ¼ n2 cos θi − n1 cos θt
n1 cos θt þ n2 cos θi

: (3)

A comparison of RTE and RTM reveals that it is possible for the reflection to vanish only in the
case of TM polarization.17 The angle of incidence at which this occurs is the Brewster’s angle:

Fig. 1 Signal reflection and penetration across media boundary.
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EQ-TARGET;temp:intralink-;e004;116;735θr þ θt ¼
π

2
: (4)

At the Brewster’s angle, the reflected signal S2 vanishes, making determination of the
penetrating signal, S3, impossible. To avoid this limitation of TM polarization, TE polarization
is chosen for the GPR experiments discussed in this paper.

3 Simulation Study

3.1 Simulation Setup

Simulations using the radar modeling program gprMax were performed to investigate the impact
of antenna mounting height on GPR sensitivity, as shown in Fig. 2. The gprMax program uses
the finite-difference time-domain method to simulate electromagnetic wave propagation for
modeling GPR.18 It was chosen for its high accuracy and generous GNU General Public License.

Simulations of antenna angles were not possible as the gprMax program considers antennae
to be isotropic radiators. Modeling the antennae as isotropic radiators is not a limitation for
simulating antenna heights. Without clutter or secondary targets, there are no multipath effects
in these simulations, so omnidirectional antennae will produce the same results as nonisotropic
antennae, which have the same directional gain in the direction of interest. The antenna pair was
positioned at the following heights: 48, 61, 71, 91, and 119 cm. Antenna separation distance for
these heights was set to 64, 74, 89, 99, and 145 cm. The target was parametrized to match
a plastic cylinder with a diameter of 20.5 cm and a height of 5.8 cm. Dielectric constants for
the plastic cylinder, sand, and air were set to 3.27, 3.12, and 1, respectively.

3.2 Simulation of Antenna Height

In each gprMax height simulation, 121 A-scans were produced. Figure 3(a) shows the amplitude
of the direct coupling between the transmitting and receiving antennae, as well as the amplitude
of the S2 reflection signal from the sand surface. Direct coupling characterizes the power cou-
pling between the transmitter antenna and receiver antenna. gprMax considers antennae to be
isotropic radiators, which provide no direction-dependent signal gain. However, each of the two
horn antennae used later in the laboratory tests provides frequency-dependent directional gain
between 5 and 11 dB.19 Typical directional gain for these antennae is estimated to be equal to
8 dB for each antenna or 16 dB total. Figure 3(a) also shows “S2 reflection with antenna gain,”
which is the result of applying 16 dB of antenna gain to the raw reflection data.

Target

Ground surface

Target depth

Antenna 
height

Separation distance

Fig. 2 Diagram of antenna heights.
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Figure 3(b) shows the ratio of the reflection amplitude (with the applied antenna gain) to the
direct coupling amplitude for each antenna height. The greater this ratio, the better GPR can
detect a reflection—in this case the sand surface. Performance increases up to the 91-cm height,
and then levels off, which indicates an optimal antenna height to be near 91 cm.

4 Experimental Study

4.1 Experimental Setup

A laboratory experiment was set up to examine the impact of antenna height and angle on GPR
performance. A Keysight N9917A FieldFox handheld microwave analyzer (30 kHz to 18 GHz)
was employed for radar signal transmission and detection. Figure 4(a) shows the plastic cylinder,
which is used as the test target. It has a diameter of 20.5 cm, height of 5.8 cm, and dielectric
constant of 3.27. Dielectric constants for the plastic cylinder and sand were calculated using
surface reflectivity measurements taken in a frequency sweep from 30 KHz to 18 GHz.
Figure 4(b) shows the radar testbed: a three squared meters wooden sandbox and scaffolding,
Keysight N9917A, and two horn antennae. Sand was filled to a depth of 19 cm. Data were
collected as both antennae were moved simultaneously across the sandbox.

The antennae were a pair of GIMA ultrawide-bandwidth horn antennae,20 with operating
bandwidth from 600 MHz to 6 GHz. The 3-dB beam bandwidth is approximately −25 deg to

Fig. 4 Sandbox experimental test setup: (a) photograph of plastic cylinder target set on sand
surface and (b) photograph of radar testbed with test configuration (Θ ¼ 60 deg, 61 cm antenna
height) with two GIMA horn antennae.

Fig. 3 Antenna height simulation results: (a) signal strengths and (b) the ratio of the signal strength
of the reflected signal compared to the signal strength of the direct coupling.
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25 deg.20 This directionality causes the elevation angle between a target and a horn antenna’s
main beam to have a significant impact on GPR image quality.20 Antenna elevation angles are
shown in Fig. 5(a). The angle of the transmitter is measured counterclockwise (θ1), and the angle
of the receiver is measured clockwise (θ2), with respect to the downward pointing vertical axis.
This is shown in Fig. 5(b). The antenna angle, Θ, is the sum: Θ ¼ θ1 þ θ2. For example, if both
transmitter antenna and receiver antenna have an angle of 45 deg, it results in Θ ¼ 90 deg.

4.2 Antenna Height Experiment

The antenna standoff heights and separations used in gprMax simulations were repeated in the
sandbox testbed. For all heights tested, both the transmitter and receiver antennae were aligned
with laser pointers to an inclination of 30 deg, for a total Θ ¼ 60 deg. The plastic target was
buried at a depth of ∼8 cm, and the sand surface was raked smooth. At each of the five heights,
38 A-scans were taken at 2.54 cm intervals. For each A-scan, the average values of the antenna
direct coupling signal, as well as the sand surface reflection signal (S2), were characterized and
plotted in Fig. 6(a). Figure 6(b) shows the ratio of S2 reflection amplitude to the direct coupling
amplitude for each antenna height. The measurements show that the ratio increases up to the
71-cm height, and then decreases slightly, implying that optimal antenna heights are approxi-
mately between 71 and 119 cm, which is consistent with the gprMax simulation result of
91 cm. Because the testbed was only capable of specific antenna heights, the single best height,
71 cm, was chosen for subsequent testing.

Fig. 5 (a) Diagram of antenna angles and (b) antenna angle measurement.

Fig. 6 Antenna height laboratory test results: (a) signal strengths and (b) the ratio of the signal
strength of the reflected signal compared to the signal strength of the direct coupling.
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4.3 Antenna Angle Experiment

Tests were conducted to examine the effect of antenna angle on GPR performance. The antenna
standoff height 71 cm was chosen based on the results of the antenna height examination. Five
angle combinations were tested. Transmitter and receiver antennae were both set at 0 deg, 15 deg,
30 deg, 45 deg, and 60 deg, corresponding to an overall antenna angle of Θ ¼ 0 deg, 30 deg,
60 deg, 90 deg, and 120 deg, respectively. The target remained buried at a depth of 8 cm. At each
angle, 38 A-scans were taken, 2.54 cm apart, as the antennae were moved together across the
sandbox testbed. For each A-scan, the amplitude of the direct coupling between the antennae,
as well as the reflected signal amplitude from the sand surface (S2), were measured, as shown
in Fig. 7(a). Figure 7(b) shows the ratio of the reflection amplitude to the direct coupling amplitude
for each of the five tested antenna angles. The analysis indicates that a combined antenna angle of
Θ ¼ 60 deg produced the highest ratio (1.4) of reflection amplitude.

5 Summation of Results

The calculated signal ratios for simulations and laboratory tests are plotted in Fig. 8. In the
gprMax simulations shown in Fig. 8(a), variation of antenna height causes an 11.4% increase

Fig. 7 Antenna angle laboratory test results: (a) signal strengths and (b) the ratio of the signal
strength of the reflected signal compared to the signal strength of the direct coupling.

Fig. 8 Signal ratios as determined by gprMax and Laboratory Testing. A higher signal ratio
indicates higher-quality data.
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in signal amplitude as the antenna mounting height changes from 48 to 91 cm. Variations in
antenna height during laboratory testing yield a 27.4% improvement when changing from
48 to 71 cm. Figure 8(b) shows that a 254% increase in signal ratio was observed between
the worst-performing antenna angle (Θ ¼ 120 deg), and the best-performing antenna angle
(Θ ¼ 60 deg).

Highest system performance occurred at an antenna height of 71 cm and an antenna angle of
Θ ¼ 60 deg. These values are shown in Fig. 8 by vertical dotted lines. Figure 9 shows a B-scan
image of the target taken by utilizing this antenna configuration.

For comparison, Fig. 10 shows a configuration that resulted in low system performance:
71-cm antenna height and Θ ¼ 120 deg. Notice the decreased visibility of the target features
in both the raw and zoomed B-scans.

6 Discussion and Future Work

Antenna configurations featuring various antenna height and angle combinations have been
examined. The laboratory tests and computer simulations conducted offer guidance for the
design and capabilities of UAV-mounted air-launched GPR systems to be used for the detection
of buried nonmetallic objects. This study found that for a bistatic GPR, the highest-quality data
were obtained using an antenna height of 71 cm, and an antenna angle of Θ ¼ 60 deg. In labo-
ratory testing, the 71-cm antenna height provided a signal ratio improvement of 27.4%, and the
antenna angle Θ ¼ 60 deg provided a signal ratio improvement of up to 254%. By using the
general parameters of surface reflectivity (S2) and signal ratio, the results presented might be
applicable to other GPR sensing applications beyond the detection of shallow-buried nonmetallic

Fig. 9 (a) Unprocessed B-scan of sandbox containing gray target taken using antenna configu-
ration with antenna height at 71 cm and antenna angle Θ ¼ 60 deg. (b) A close-up view of the
area-of-interest around the target.

Fig. 10 Example of poor system performance: antenna height at 71 cm and antenna angle
Θ ¼ 120 deg. (a) Unprocessed B-scan of sandbox containing grey target. (b) A close-up view of
the target.
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targets. Further applications may include the GPR survey of bridge-decks4 and mapping of
underground infrastructure.21 Additional research may serve to refine and expand these results,
providing the groundwork for the design of next-generation UAV-mounted GPR systems.
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