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A GPR able to detect its own position using
fixed corner reflectors on surface

Lapo Miccinesi, Member, IEEE, and Massimiliano Pieraccini, Member, IEEE

Abstract — Ground penetrating radar (GPR) systems are
equipment able to acquire underground images scanning the
surface of the soil/pavement under investigation. Usually GPR
records its own position along the scan line using a mechanical
odometer, i.e. a rolling wheel in contact with the ground.
Unfortunately, this simple and cheap solution can be not effective
on uneven terrains. In this paper a completely different solution
is proposed for retrieving the radar position along the scan. An
additional couple of transmitting/receiving (TX/RX) antennas
detects the distance of one or two corner reflectors (CR). As the
signal backscattered by the CR appears in GPR trace (with a
suitable delay for separating air and ground signals) the position
data are co-registered in the radar trace itself and no external
synchronization is necessary. The technique has been successfully
tested both for detecting the position of the radar along a line (one-
dimensional case), and on a surface (two-dimensional case).

Index Terms — ground penetrating radar, interferometry,
odometer, positioning, radar.

I. INTRODUCTION

ROUND penetrating radar (GPR) systems are widely used

for investigating the ground up to 2-3 m deep [1,2].
Typically, a GPR scans a surface and records its own position
along the scan line using a mechanical odometer, i.e. a rolling
wheel in contact with the ground. This is a simple and effective
solution for asphalted or paved surfaces. Due to the popularity
of Global Positioning System (GPS) devices, most of today’s
GPR instruments are able to interface with standard GPS
devices [3] or they are provided with an integrated GPS receiver
[4]. As aresult, data loggers combine the GPR and the GPS data
during acquisition. This is a common practice for geological
surveys [5] and in archeological prospections [6]. The main
limitation of GPS is its poor accuracy (5-6 m) [7]. Differential
GPS can be a solution, but its cost can be prohibitive in many
GPR applications. Nevertheless, any GPS device has serious
problems of coverage in many areas and in closed spaces.
Therefore, alternative solutions have been proposed. A GPS can
be integrated with an inertial measurement unit (IMU), but the
fusion between IMU e GPS data is not trivial because of drifts,
delays, and measurement errors [7,8,9]. Indeed, IMU is often
used just for detecting the orientation of the antennas [7]. A
laser theodolite tracking the GPR is another possible solution
that has been tested [10]. A rotary laser system miming the GPS

The Authors are with the Department of Information Engineering,
University of Florence, via Santa Marta 3, 50129 Firenze, Italy (e-mail:
lapo.miccinesi@unifi.it).

in small scale has been also proposed as positioning system for
a GPR operating in rough terrains [3]. Other researchers
developed positioning systems based on cameras [11,12,13].

All these methods require additional equipment that has to be
synchronized with the radar acquisition. This task can be rather
complex using off-the-shelf radar, due to possible problems
with uncontrolled delays or jitter.

The solution we propose in this paper is completely different
from previous ones. A GPR is modified in order to have an
additional couple of transmitting/receiving (TX/RX) antennas
in front of the GPR. The radar transmits and receives at the
same time to/from both the couples of antennas. So, the
radargram contains two mixed signals: the underground signal
and the air signal. A RF cable introduces a suitable delay in the
signal in air in order to clearly separate in time the two signals.
One or two corner reflectors (CR) are located in fixed positions
in the field of view (in air) of the radar. The signal
backscattered by the CR is used for detecting the position of the
GPR during the scan. The major advantages of this technique
are two: 1) it does not require a specific device for positioning,
but just a second couple of antennas; 2) the position data are co-
registered in the radar trace, so no external synchronization is
necessary.

Il. WORKING PRINCIPLE

Fig. 1 shows a sketch of the GPR modified with an additional
couple of TX/RX antennas operating in air and positioned in
front of the radar equipment.
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Fig. 1. Sketch of the modified GPR system.
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As the radargram contains two mixed signals (the
underground and the air signals) an RF cable is connected to the
one of the air-coupled antennas for introducing a suitable delay
that separates the two contributes.

Generally speaking, the position of the GPR can be retrieved
using the signal of one or more CR in the field of view of the
additional (air-coupled) antennas of GPR. Nevertheless, the
odometer (that measures the traveled path) can be suitably
replaced by a single CR located in front of the radar.

In order to test the working principle of the proposed
technique, a simulation has been carried out. With reference to
Fig. 2, a fixed CR is positioned in front of the radar. An
underground target is located 5 m in front of the radar, 0.5 m
below the ground surface. The dielectric constant of ground is
supposed 9.0 and the attenuation 10dB/m. The GPR moves 10
m along x-direction from its initial position (12 m far from the
CR).

GPR Ax Corner reflector

| >

g
Target

Fig. 2. Working principle of the modified GPR system.

The GPR transmits a continuous wave step frequency
(CWSF) signal sweeping from 100 MHz to 1 GHz with 201
frequencies. The radar is supposed to move slowly with respect
to the frequency sweep time, so the radar can be considered not
moving during each single sweep. The air-equivalent length of
RF cable is 7.5 m. Finally, Gaussian noise is added to the
simulated echo (signal-to-noise ratio: 20 dB). Fig. 3 shows the
result of the simulation. The radargram has been obtained as
Inverse Fast Fourier Transform (IFFT) of the simulated echo in
frequency domain to which a Hann-window had been applied.
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Fig. 3. Simulated radargram of modified GPR.

The hyperbola marked with a is related to the underground
target. The signal marked with b is related to the CR. The two
contributes are well-separated in range.

The position of the CR peak gives a rough estimate of the
radar-CR distance. Indeed, its accuracy is comparable with the
range resolution: c/2B (where c is the speed of light and B is the
bandwidth). In this simulation the range resolution is about 0.15
m. This accuracy is not enough to retrieve the radar position
better than with odometer.

Another way for retrieving the GPR position along the scan
line is to use the phase information of the CR. Indeed, the
displacement of the radar, Ax, is related to difference of phase,
Ad,between two successive acquisitions:

(o}

Ax =
4mfy

Ad )

where f, is the frequency of the radar signal. This
interferometric approach can give accuracy much higher than
peak detection. An important question related to eq. (1) is the
value of frequency f, to use. If the frequency response of the
radar system with its antennas is a symmetric function (for
example a rect or a Guassian) f, is the central frequency. But
this is not the case for the air-coupled horn antennas used in this
prototype. Indeed, they have a cut-off frequency at about 0.5
GHz and a low-frequency slope of 80 dB/GHz as shown in
Fig.4. Using this frequency response, the central frequency has
to be multiplied by 1.28.
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Fig. 4. Frequency response of the couple of air-coupled horn antennas used in
simulation.

Usually the interferometric approach is used for detecting the
movement of targets that do not change their range-bin. But, as
shows in Fig. 3, the range-bin of CR changes with x. For this
reason, a range sliding-window has been used as shown in Fig.
5.
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Fig. 5. Simulated radargram of modified GPR with example of range sliding-

window for searching the corner reflector peak.

The initial window, 2 m wide, is centered around the first
position of CR. The peak of corner reflector is searched inside
this window. The peak position is the center of the subsequent
window. The phase difference between (i+1)" and it
measurements is calculated at the range value of the center of
i"™ window as shown in Fig. 6
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Fig. 6. Example of phase measurement for detecting the GPR position.

The GPR displacement is evaluated using the (1). The
integrated result is shown in Fig. 7. The standard deviation of
the difference between measured and nominal position resulted
0.47 mm (with simulated data affected by a SNR = 20dB).

Measured GPR position [m]

0 2 4 6 8 10
Nominal GPR position [m]

Fig. 7. GPR position evaluated with (1).

The same approach can be extended to the two-dimensional
case. i.e. for tracking the GPR on the horizontal plane. In this
case, two CR are necessary. The CR are located in the field of
view of the air-coupled antennas as shown in Fig. 8.

y CR1
GPR R, >
T~ f—-ﬂﬂ;\;ament
~—
S
~ e
o
-~
\\\132
Depth ® <
z ‘\\\ X
S~ CR2
\\\‘[>

Fig. 8. GPR positioning using two CR.

For using this technique, the positions of the CR and the
initial position of GPR have to be known. With reference to Fig.
8 the GPR is able to measure the k-th distance R1x and Rz by
the phase difference as follows:

)
®)

_ C \isk

Ry =Ryp+ EZE:O Ay,
_ ¢ \isk

Ry =Ry + EZLO A,

where Ry and Rz, are given by the initial position, A¢, ; and
Ag,; are the phase differences relative to CR1 and CR2

measured as described in Fig. 6. The position of GPR can be
evaluated solving the system:

R, = (x — XR,k)2 + (2 — YR,k)2

(4)
R} = (x;— XR,k)2 +(y2 - YR,k)2
where (X1,y1) is the position of CR1, (X2,y>) is the position of
CR2, (Xrk, Yrk) is the k-th position of the radar.
For each k-th position, the system has two solutions as shown
in Fig. 9. One of the two trajectories is not physical and has to
be discharged.
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Fig. 9. Example of solution of system (4).

By supposing CR1 located in (12 m,0 m) and CR2 in
(14.5 m, 2.5 m), a simulation has been carried out using the
same GPR parameters as before. Fig. 10 shows the retrieved
two trajectories: the blue line is the GPR trajectory, the green
line is the (not physical) second solution.
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Fig. 10. Example of retrieved position of GPR using (4). The blue line is the
GPR position, the green line the 2™ solution

Generally speaking, radar interferometry is able to detect a
displacement provided that inside the resolution bin there is
only a single target, therefore the method cannot work when the
radar traces of CR1 and CR2 are closer than the resolution. In
the practice the method fails when

IRy — Ry| < o« 5)

where a is a coefficient that depends on windowing applied
before IFFT. Furthermore, as above mentioned, for each
position of GPR, the system in eq. (4) gives two solutions of
which only one is physical, and these two solutions result
coincident when the radar is in the straight line that connects
CR1e CR2.

In order to illustrate these concepts, Fig. 11 shows a simulation
where the radar travels horizontal lines from left to right (the
CR are positioned as before mentioned). The blue lines are the

paths retrieved from the first solution of the system in eq. (4).
The red lines are the effective paths. The blue lines perfectly
overlap the red lines in the zone at right of the thick orange line
(the straight line that connects CR1 and CR2) and at the edge
of the gray zone. This zone has been calculated as locus where
IRy — R,| > Bé with B=2. This is consistent with the fact that

the method fails when the radar traces of CR1 and CR2 are too
close. Furthermore, it is interesting to note that along the orange
line the two solutions of the system in eq. (4) swap: at the left
of the orange line the physical solution is the first one, while at
the right of the orange line the physical solution is the second
one.
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Fig. 11. Map of the radar paths retrieved with the method of the two CR

On the basis of Fig.11, we can state that, as rule of thumb,
the method of the two CR is effective in the zone limited by the
straight light connecting the two corners and (approximately)
the straight light orthogonal to the previous line crossing the
median point between the two CR

I1l. THE RADAR EQUIPMENT

A block scheme of the modified GPR is shown in Fig. 12.
The modified GPR was based on a CWSF prototype, named
ORFEUS, developed in the frame of a European Project [14],
[15], [16]. ORFEUS sweeps 201 frequencies from 100 MHz to
1 GHz. The transmitting power is 0 dBm and the receiving
dynamic range is 100 dB. The unambiguous range of ORFEUS
is 30 min air.
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Fig. 12. Block scheme of GPR with additional antennas.

In standard modality the signal coming from the transmitter
(TX) is amplified in order to reach 0 dBm at ground-coupled
antenna. A couple of Single Pole Double Throw (SPDT)
switchers provides a calibration path. The ORFEUS radar has
been modified with a directional coupler before the TX-
amplifier. Most of the signal goes to the ground transmitting
chain, while —20 dB is transmitted by the air-coupled antenna.
Furthermore, the two received signals are summed using a
combiner. An RF cable (air equivalent length: 6.78 m) is
connected to the air-coupled receiving antenna for separating
the air signal from the ground signal. A 28 dB amplifier
increases the air-signal level. This amplifier avoids also a
possible double bounce of the ground signal in the air chain.

The air-coupled antennas are double-ridged horn produced
by Schwarzbeck Mess, model BBH99120A nominally
operating between 800 MHz and 5.2 GHz. The ground-coupled
antennas are bow-tie produced by IDS-Georadar with central
frequency and bandwidth equal to 200 MHz.

Fig. 13 shows the modified front-end. The transmitter is
connected to the TX amplifier through the directional coupler.
The couple of SPDT switchers provides the calibration path.
The RF cable (blue) introduces the suitable delay for separating
the two contributes. The two signals are summed by the
combiner and the result is sent to the RX through an amplifier.

28 dB
amplifier

= TX amplifier

\

Fig. 13. Modified ORFEUS’ front-end.

Usually the signal acquired by a GPR is co-registered with
an odometer wheel. In order to do not change the

acquisition/co-registration system, an electric motor with a
speed-reducer was connected to the axis of odometer, as shown
in Fig. 14. This solution can be used for any commercial GPR.
The rotation speed of the DC-motor has to be equal or higher
than the speed of wheel-odometer during a typical standard
measurement. In the experimental test reported in the next
chapter the speed has been fixed at 9.38 rpm.

Odometer

5V=9.38 rpm

Speed-reducer

GPR
Fig. 14. Modified odometer with DC-motor.

IV. EXPERIMENTAL TESTS

The prototype used for the experimental tests is shows in Fig.
15. It is possible to note the modified odometer over the GPR
and the additional couple of antennas in front of the equipment.

Fig. 15. ORFEUS modified with the additional antennas.

This GPR can be used on uneven ground without odometer,
but for evaluating the performances of the proposed method
some scans have been performed on the asphalt using the
odometer wheel.

Fig. 16 shows a picture of the test site. A single metallic CR
(side length: 1.4 m) was used as target.

Fig. 16. Test site for evaluating the peformances of the modified GPR.
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Fig. 17 shows an example of radargram. A background
removal was applied after IFFT [17]. The y-axis represents the
air-equivalent distance (range) from the radar. It is possible to
distinguish the two components of the signal: the signal of the
ground-coupled antennas stands between 0 m and 5 m; the
signal of the air-coupled antennas stands between 5 m to 25 m.
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Fig. 17. Example of radargram of the modified GPR.

Since the bands of the two couples of antennas are different,
the two contributes can be further separated applying suitable
filters. A Butterworth low pass filter of 6 order with 600 MHz
cut frequency was applied to data in frequency domain for
obtaining the radargram relative to the ground-coupled
antennas (Fig. 18). A Butterworth high pass filter of 6 order
with 800 MHz cut frequency was applied to data in frequency
domain for obtaining the radargram relative to the air-coupled
antennas (Fig. 19).
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Fig. 18. Radargrams of the ground contribute separated using a Butterworth
low pass filter of 6 order with 600 MHz cut frequency
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Fig. 19. Radargrams of the air contribute separated using a Butterworth high
pass filter of 6 order with 800 MHz cut frequency.

The GPR positions evaluated using (1) have been compared
with the odometer data. Fig. 20 shows the comparison between
odometer (x-axis) and the position measured by radar (y-axis)
during five scans (in different colors). Notice that odometer
wheel detects the linear movement of GPR tangent to the
ground, while the radar detects the movement along its range.
It means that if the ground is not perfectly horizontal the two
measurements cannot give exactly the same result.

Radar Position - Radar [m]
(=]

0 2 4 6 8 10 12
Radar Position - Odometer [m]
Fig. 20. Comparison between radar and odometer wheel.

The total length measured with radar and with odometer was
compared with the length measured with a metric tape. The
average ratio between the total length measured using different
methods is reported in Table 1. It is possible to note that the
total lengths measured using the radar and odometer divided by
the value obtained with the tape are both close to 1.
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TABLE |
AVERAGE RATIO BETWEEN LENGTH MEASURED WITH DIFFERENT METHOD
Radar/Tape Odometer/ Tape Radar/Odometer
0.992 + 0.052 1.005 + 0.029 0.987 + 0.043

The radar has been tested also without odometer in contact
with ground (i.e. using the modified odometer rotated by a DC-
motor at fixed speed 9.38 rpm). Fig. 21 shows a B-scan obtained
using this “auto-positioning” system. The scan length is
obtained only using the CR signal as described above.

0.015

0.01

0.005

Depth [m]

-0.005

-0.01

-0.015

8
L [m] A.U.

Fig. 21. B-scan using the auto-positioning system.

The performance of this method was evaluated acquiring 9
scans with different lengths and conditions. The average ratio
between the distance measured by radar and the distance
measured with the tape was 1.008 + 0.015. Therefore, we can
state the proposed method can be used as “auto-odometer” for
those ground where the wheel-odometers are not suitable.

In some circumstances, the technique described above can be
applied even without the use of a CR. This is the case when a
wall delimits the scan area. Indeed, the test site shown in the
picture in Fig. 16, had a lateral fence wall, that could be used as
reference. With the aim to test also this opportunity, some
transversal scans (orthogonal to the wall) were performed. Fig.
22 shows the retrieved position using the fence wall as
reference. For a single scan of 11.27 m, the standard deviation
with respect to odometer data was 85 mm, which is compatible
with the accuracy of the odometer itself.

-
=

[ Linear: y =1.021*x - 0.03381

— Retrivied
Linear Fit

Radar Position - Radar [m]

- N W A OO O N ©® ©
T T T T T T T T T

0 2 4 6 8 10
Radar Position - Odometer [m]

Fig. 22. Comparison between radar and odometer wheel, using a fence wall as
reference for the radar

In order to test also the capability of the CR method to
retrieve the radar position in two dimensions, a measurement
session was performed using two CR. The side of both CR was
1.4 m. As shown in Fig. 23 one of CR was at the center of the
coordinates system. The radar movement was approximately
along the x-axis (starting from negative values forward CR1).
The second corner reflector was located in (2 m; —3 m).

Y

GPR CR1

LK —

Fig. 23. Measurement geometry for testing the two-dimensional capability of
the method

The radargram of the air signal is shown in Fig. 24. The
signal of this radargram was saturated in order to emphasize the
signal of the two CR. The sliding window was 0.2 m. Fig. 25
shows the retrieved distance of GPR for both CR.
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Fig. 24. Radargram of the air signal using two corner reflectors.
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Fig. 25. Retrieved distance of GPR from the two CR.

Finally, the retrieved position of GPR for different
measurements was shown in Fig. 26. The initial position of
GPR was different for each measurement, but the radar operator
tried to follow (pushing by hand) approximately the same
straight line.

25F

7 -6 -5 4 -3 -2

Fig. 26. Retrieved GPR paths.

V. DISCUSSION

A critical point of the solution proposed in this article is that
the radar needs to transmit a large bandwidth signal in air,
without a specific license: it can prevent any
commercial/industrial implementation of this idea. The
radiofrequency spectrum regulation is constantly evolving and,
unfortunately, different between countries. The site of
European GPR association [18] reports an authoritative
collection of the main technical standards in use in Europe,
USA and Canada for emissions of GPR equipment. Very
basically in Europe the effective radiated power of any
unlicensed emission in the band of interest of GPR shall not
exceed -37.5 dBm. The effective power radiated in air by the
equipment described in this article is about -26 dBm, therefore
is technically out of regulation. Nevertheless, an excess of about
10 dB is not so high that it cannot be compensated with suitable
design changes. For example, we could use two 28 dB pre-
amplifier (instead of only one) in the air receiving chain, by
reducing the transmitting power at the regulation limit without
sensible loss of Signal-to-Noise Ratio. Furthermore, more
radical design changes can dramatically reduce possible
interferences with other devices. Currently the radar transmits
a sequential ramp of frequencies, but it could easily operate in
frequency-hopping spread spectrum (FHSS) modality, that
greatly mitigates interferences with other devices operating in
the same band [19]. Another possible solution for mitigating
possible interferences is to implement a “sniffing and avoiding”
strategy [20]: the radar before transmitting a frequency checks
that the frequency is not already used. Both CWSF and FHSS
radar can tolerate some missing tone without loss of
performance.

VI. CONCLUSION

An original technique for retrieving the position of a GPR has
been proposed and successfully tested. It relies on a hardware
upgrade of the antenna subsystem that includes an additional
couple of antennas that detect one or two corner reflectors (CR)
installed on the ground. In the experimental tests reported in this
article the CR are made of solid metal, so they are rather bulky
and heavy. Nevertheless, in a practical implementation of this
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technique, the CR could be made of wire mesh and designed in
light modular pieces.
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