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Abstract: Unmanned aerial vehicle (UAV) ground-penetrating radar (GPR) is an important research
topic for target detection in many fields. In this paper, we develop a UAV-mounted GPR system with
a frequency band at 150 MHz-309 MHz. However, the received signal in the complex background is
covered by various clutter and interference, leading to the serious obscuring of the target. To meet
this challenge, a cross-correlation-based background subtraction (CCBS) method and an interference
suppression technique are adopted in combination for more accurate detection. The CCBS method
processes the raw echo by establishing a background-removal model and using the similarity between
each A—Scan and a reference wave. In addition, a Butterworth filter is adopted to get rid of the
active electromagnetic interference beyond the working frequencies of the system; then, a lateral
Doppler filtering (LDF) technique is introduced to suppress the passive interference generated by the
rotation of the UAV rotor itself. Moreover, a practical method for estimating the dielectric constant
is introduced by the calibration process of the measured radar echo. Numerical simulations and
experimental results by our UAV-GPR system demonstrate that the proposed method has presented
a better performance than the traditional methods, and the system has great potential in detecting
deeply buried targets.

Keywords: unmanned aerial vehicle; ground penetrating radar; correlation-based background
subtraction; interference; lateral Doppler filtering

1. Introduction

Ground-penetrating radar (GPR) is a popular nondestructive testing technique for
target detection and imaging in many fields, such as engineering detection [1], ground
ice detection [2], and criminal investigations [3]. However, GPR is limited by its huge
platform like vehicle-mounted radar, so it cannot work with high efficiency in complex
and dangerous environments. In recent years, unmanned aerial vehicle (UAVs) with their
lightweight and remote-controlled characteristics have been the focus of increasing interest
in military and civilian applications [4-7]. A significant advantage of UAVs is that they can
fly over large areas which are difficult for humans to reach directly [8]. In addition, the
accurate positioning technique and automatic flight mode can achieve higher accuracy and
efficiency. Therefore, unmanned aerial vehicle (UAV)-mounted GPR for target detection is
a promising field of research.

However, for the UAV-GPR system, the accurate interpretation of radar echo is a big
challenge due to the impact of background signal or clutter, the electromagnetic interference
in environment, the rotor interference of UAV and so on. When background signals or
interference of various kinds is stronger than the useful radar echo, it is easy to be misjudged
as the target. To remove the background signal and the interference, many researchers
have studied the methods about the radar signal processing. An improved method of
background and clutter reduction is proposed to highlight the echo of the target by adopting
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a background window [9]. Mohamed has also proposed a background-removal method
by creating a background matrix for GPR data obtained in a relatively flat terrain [10].
Although researchers have studied some effective methods of GPR data processing, there
has been little discussion about the low-frequency UAV-mounted GPR on removing the
background clutter when working in a complex and changing environment [11-15].

GPR detection faces many challenges in the actual environment. To improve the pene-
tration of the radar, lower frequency ultra-wideband signals are needed. However, this will
lead to an increase in antenna size and vulnerability to electromagnetic interference in the
environment. In addition, there will be a great deal of clutter in the complex underground
environment. Many theories have studied how to eliminate clutter interference to images,
such as mean subtraction methods [16], singular value decomposition (SVD) [17], and
principal component analysis (PCA) [18]. However, these algorithms are mainly applicable
to even and flat terrain, but not fully suitable for UAV ground-penetrating radar. The
reason is that the rotor interference of UAV and space electromagnetic interference will
make the above methods ineffective.

In this paper, we have developed a low-frequency UAV-GPR system, which includes a
hardware system and an algorithm-processing system, which will be described in detail in
the following chapters.

First, the structure of the UAV-GPR system, the waveform of the transmitted signal,
and the experimental principle are introduced. The system adopts ultra-wideband VHF
antennas to transmit narrow-band pulses, and the radar echoes are acquired through a data
collector and self-developed acquisition program. The bandwidth of the antenna and the
waveform of the received signal are further measured through experiments.

Secondly, the CCBS method is proposed by calculating the cross-correlation between
each A—Scan signal and a reference wave, and the size of cross-correlation indicates the
degree of similarity. Here, the reference wave is defined as a single echo when there is
no target underground. If the value of cross-correlation is large (close to 1), it indicates
that the radar echo is similar to the reference wave. That is, the reference wave can be
regarded as the background signal to a higher degree. On the contrary, if the value of
cross-correlation is small (close to 0), it indicates that the radar echo is similar to the mean
signal of all A—Scan echoes in the azimuth dimension, which can be largely considered as
the background clutter. The background clutter mentioned in this work includes signals
in areas of no interest, antenna direct-coupling waves, ground reflection waves, periodic
electromagnetic interference signals, etc. Attentive to the abovementioned considerations,
a background removal model is built by weighting the reference wave and the mean signal.
In this way, the background signal can be removed effectively. Moreover, a Butterworth
filter is used to remove some active electromagnetic interference, which is beyond working
frequency of the system. The Doppler shift phenomenon would appear due to the relative
motion between radar module and UAV rotors, which makes the received echo appear as a
high-frequency component in the Doppler domain, so as to obtain cleaner echo data [19].
The pulse repetition frequency (PRF) in the Doppler domain is 3 Hz. To remove the rotor
interference as much as possible, the cut-off frequency of the lateral Doppler filter needs to
be slightly higher than the PRF in the Doppler domain. Then, the gain processing technique
is used to increase the amplitude of weak echo from the target in deep position.

Thirdly, a calibration method is introduced through the measured radar data in two
kinds of mediums to estimate the dielectric constant. Both simulations and experiments are
conducted in 150 MHz-309 MHz band. The simulations were performed on the gprMax
v.3.0.0 platform [20]. To illustrate the principle of UAV rotor interference, we carried out the
comparative tests on an empty lawn and analyzed the source of interference. Furthermore,
one floor experiment was conducted to verify the penetrability of the radar module. The
simulated and experimental data was processed by the mean subtraction method, the
moving average method, and the proposed method. Both the simulations and experiments
have shown the effectiveness of the proposed method, and the performance of our UAV-
GPR system for target detection is also proven.
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This paper is organized as follows. The UAV-GPR system is introduced in Section 2.
In Section 3, the detailed signal processing method is described. In Section 4, a calibra-
tion method of measured radar data is introduced to estimate the dielectric constant. In
Section 5, the simulations and experiments are performed to demonstrate the effectiveness
of the proposed method and the performance of our system. Finally, a conclusion is drawn
in Section 6.

2. UAV-Mounted GPR System

The UAV-mounted GPR system contains four modules: a UAV platform, radar transceiver
module, data acquisition module, and signal processing module, as shown in Figure 1.
The UAV platform is a modified D]JI T20 drone with six high-speed rotors and RTK an-
tenna, which can carry a payload up to 30 kg and fly at the speeds of 30 km/h. The
radar transceiver module includes the transmitting module and receiving module. The
transmitting module is composed of a narrowband pulse signal generator and the antennas.
The pulse repetition frequency (PRF) of the radar system in the longitudinal time domain
is 20 GHz. Both the transmitting and receiving modules contain three ultra-wideband
VHEF band antennas, and its purpose is to increase the power of the signal and improve
the penetration ability. The frequency band of the pulse is 150 MHz-309 MHz. The data
acquisition module is composed of a microcomputer, a WiFi router, a remote-controlled
minicomputer, and a data collector equipped with a high-speed acquisition program. The
signal processing and image display modules mainly aim at removing the background
signal, low-frequency active electromagnetic interference, and the rotor interference of UAV.
The purpose is to show an underground map including the detected target clearly and to
cut down the false alarm rate.

Considering factors of size, gravity, and bandwidth, we chose the ultra-wideband
Vivaldi antenna for better penetration. The Vivaldi antenna radiates electromagnetic waves
of different frequencies through a tapered line structure, which is a kind of tapered slot
antenna. A narrow slot radiates high-frequency components, and a wide slot radiates
low-frequency components. The structure of the antenna is shown in Figure 2a, with the
total length of 30 cm and the total width of 25 cm. Specifically, the length and width
of the dielectric slab are 10 cm and 6 cm, and the long and short sides of the extended
radiation plate are 24 cm and 12.5 cm. The feeding network is implemented with a balun
which transforms the unbalanced signal from the coaxial cable to a balanced signal at the
beginning of the flares. It is based on a tapered microstrip line from 50 2 to 100 (), followed
by another 100 () line which leads to a radial stub. The microstrip-to-slot transition is
formed by the radial stub and a circular cavity. The Vivaldi antenna is a single-polarized
antenna. The electric field plane is parallel to the antenna plane, and the magnetic field
plane is perpendicular to it. The radiation structure of the antenna is shown in Figure 2b.

In order to obtain a better resolution and wide band, we use a second-order Gaussian
pulse as the transmitted signal. The expression of Gaussian pulse is as follows,

2
() = Aperp (-5 ), )

where a is the pulse influence factor, which determines the width of the pulse, and A, is the
amplitude of the pulse, which determines the energy of the pulse. Then, the second-order
differential of the Gaussian pulse is calculated to get the second-order Gaussian pulse

as follows:
212 2-2
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We adopt an avalanche transistor cascade circuit to generate this signal, and the
transceiver antenna is used to test the stability of the radiated signal. Here we test a
transmitting pulse signal, and the receiving signal is drawn in Figure 3. The signal is
consistent with the designed parameters. However, due to the incomplete matching of the



Remote Sens. 2022, 14,5132

4 0f 20

antenna and the air and the interference in the environment, the signal has some redundant
tails, but this does not affect the test performance of system.

In order to measure the radiation spectrum of the antenna, we conducted the com-
parative experiments. We measured the frequency spectrum of the transmitted signal
directly. Then, some absorbing material is pasted on the back of the antenna, and the
received signal is tested. The test results are shown in Figure 4. From the figure, we can
see that the bandwidth of the transmitted signal is 159 MHz (from 150 MHz to 309 MHz).
The red line represents the spectrum without the absorbing material, and the blue line
represents the spectrum after adding the absorbing material on the back of the antenna.
It can be seen that the radiation performance of the antenna is good, and can meet the
experimental requirements.

" RTK a

Receiving module
Transmitting module : i3

(b)

Figure 1. The real picture of UAV-GPR System. (a) The architecture of the system, including four
modules: UAV platform, radar transceiver module, data acquisition module, and signal processing
module. (b) The UAV-GPR system is in flight above the mountain.
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Figure 2. The ultra-wideband Vivaldi antennas. (a) The schematic of antennas with the total length
of 30 cm and the total width of 25 cm. (b) The field structure of the antennas, where the electric field
plane is parallel to the antenna plane, and the magnetic field plane is perpendicular to it.
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Figure 3. The test result of the second —order Gaussian pulse with some redundant tails, which does
not affect the test performance of system.
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Figure 4. The spectrum components measured are plotted, and it can be observed that the bandwidths

of the transmitted signal are wide.

The antenna pattern of UAV-GPR is implemented by testing signal strength in different
directions. The main lobe direction of the antenna is 0°, and the radiation characteristics of
the antenna are tested in the range of [—180°, 180°]. The test results are shown in Figure 5. It
can be seen that the antenna has good directivity and that the main lobe lies in the position
of 0°, which has the maximum radiation power.
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Figure 5. The antenna pattern of UAV—GPR system. The antenna has a good directivity, and the

main lobe lies in near the position of 0 degrees.

The UAV-GPR system has characteristics of deep penetration ability, good stability,
small size, light weight, etc. Moreover, the transmitting module, receiving module, data
collector and microcomputer are integrated with polylactic acid (PLA) materials printed
by 3-D printer, which are portable for the system integration. It can be seen that the
penetrability and the requirements of system miniaturization are both considered.

3. Signal Processing Method

The schematic diagram of the UAV-GPR system is shown as Figure 6. The transmitting
antenna transmits the narrow pulse signal underground constantly, and the sampling rate
of the pulse is 2 GHz. When the permittivity or conductivity are discontinuous, the pulse
signal would be strongly reflected by the interfaces of different medium. The received
echo has a delay relative to the transmitted signal, which can be applied to calculate the
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information of the target depth by combining the dielectric constant. A single radar echo
w(t) received in height dimension is usually referred to as the A—Scan, which is mainly
composed of direct coupled wave between transmitter and receiver c(t), direct reflected
wave from the ground b(t), the echo of the underground target s(t), and the noise in the
environment 7(t). Thus, the total expression of the received echo can be written as

w(t) =c(t) +b(t) +s(t) +n(t). (3)
Radar transmitter | | Radar receiver |

w(t)

Transmitting | c(t) Receiving
antenna > antenna
Air : %

Underground
Target

Figure 6. The schematic diagram of UAV—GPR system. A single radar echo is mainly composed of
direct coupled wave between transmitter and receiver c(t), direct reflected wave from the ground
b(t), the echo of the underground target s(f) and the noise in environment n(t).

The signal processing step is pivotal for the UAV-GPR data interpretation. As the
depth increases, the energy of radar echo will be attenuated in the medium rapidly and
then the amplitude of target echo is smaller than that of background signal or interference.
Consequently, the motivation of signal processing is to reduce the impact of the background
and the interference. In this way, the map of the underground is presented intuitively,
and the signal-to-clutter ratio (SCR) of the system can also be improved. In addition, a
gain processing technique is adopted to amplify the weak signal for identifying the target
located deep underground. The signal processing is extremely important for obtaining the
useful information of targets and reducing the false alarm rate, and its diagram is shown
in Figure 7.

[ Original radar data ]

v

| Clutter substraction |

v
Electromagnetic
interference removal

v
Rotor interference
suppression

v
| Gain processing |

Y

[ Radar images ]

Figure 7. The diagram of signal processing, consisting of four processing steps: clutter subtraction,
electromagnetic interference removal, rotor interference suppression, and gain processing.
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3.1. Cross-Correlation-Based Background Subtraction Method

For the background signal removal, there are several classical methods; for instance,
mean subtraction method [21], moving average background removal method [9,22], SVD-
based background removal method [23], the wavelet-based method [24], and so on. Among
them, the mean subtraction method is one of the prevalent methods. Assume that the
number of samples in one A—Scan is M, B indexes the raw radar echo composed of N
A—Scans, and B’ indexes the processed echo after background subtraction, and we have

1Y . .
Bl{j:Bijiﬁ;Bi]" 121,...,N;]:1,...,M, (4)
1=

where i is the index of A—Scan in the azimuth dimension, and j is the index of samples in
the height dimension.

The essence of the mean subtraction method is that each A—Scan echo is subtracted by
the mean signal of all A-Scan echoes in the azimuth dimension. In general, this method can
work well when the test terrain is flat and the background changes very little. However,
the test environment in practical applications may be complex or constantly changing. In
this situation, the echo may be mixed with varying background, and the mean subtraction
method may not suppress the background signal well. In addition, if a reference wave is
subtracted by each A—Scan separately, the background can be removed to some extent, but
the additional signal will be brought in when the background in the air changes. Therefore,
we propose a new cross-correlation-based background subtraction (CCBS) method to
alleviate this problem by considering the mean signal and a reference wave simultaneously.
The proposed method includes three steps. First, a reference wave is defined as the single
A-Scan echo when there is no target underground, denoted as v(t). Secondly, the similarity
of each A-Scan and the reference wave X|[¢] is obtained by calculating the cross-correlation
coefficient, which is expressed as follows,

X[f] = / u(t + 7)o(7)dr, )

where u(t) indexes an A—Scan echo in the azimuth dimension, f is the sampling time, and
T is the intermediate variable. The values of X[t] range from 0 to 1. Then, to highlight the
differences of echoes, a weighting factor is introduced through the Gaussian function, as

shown below:
_(x=p?

H[t] =e 27 . (6)

To make sure that the weighting factor H increases with the increasing of X, the value
of y is set to 1. The parameter o determines the rate of increase; here, o is set as 0.5. Finally, a
background subtraction model is proposed by weighting the reference wave and the mean
of signals in the azimuth dimension. The weighting factors are H and 1 — H, respectively,
and the processed echo is expressed as

N
Sl = Bl — HIA-o(t) — (1~ Ht) - 7 1By @)

When the cross-correlation coefficient of an A—Scan echo and the reference wave H
is close to 1, i.e., the echo is similar to the reference wave, we take H as the weighting
factor for the reference wave. In this case, the value of H is greater than 1— H. On the
other hand, when the cross-correlation coefficient is close to 0, it indicates that the echo
is not similar to the reference wave, so we take 1—H as the weighting factor of the mean
of signals. Here, the value of 1—H is greater than H. The method takes into account the
change of the environment by analyzing the similarity between each received echo and
reference wave. By this method, the background signal can mostly be removed.
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3.2. Interference Suppression Technique

Our system works at the frequency band from 150 MHz to 309 MHz. If there is a
strong electromagnetic interference in the environment, such as that caused by broadcast
signals, it is difficult to distinguish the useful echo and interference, and the results may
be misjudged. Therefore, we adopted a Butterworth filter to each A—Scan of radar echo
after removing the background signal. The frequency band of lower-limit cutoff of the filter
is 140-150 MHz, and the upper-limit cutoff of the filter is 310-320 MHz. By this filtering
operation, the electromagnetic interference can be basically removed.

Moreover, when the UAV-GPR system is flying, the rotor interference is very serious.
As for the source of rotor interference, both the rotor itself and the control motor need to
be considered. On the one hand, the high-speed rotation of the rotor can be viewed as a
moving target relative to the transceiver module. This regular change of environment may
cause the echo in the azimuth dimension to contain non-low-frequency components. On
the other hand, the alternating current that controls the motor may generate the magnetic
field, which may bring in the extra electromagnetic interference. To explain the interference,
we carry out a series of comparative tests, which will be described in the following part.

4. Dielectric Constant Estimation

There are many methods by which to estimate the dielectric constant, such as the
Dobson semi-empirical model [25] and the Hallikainen empirical model [26]. Among them,
a practical method is the calibration method. This method is based on the GPR-measured
data. According to the permittivity of one medium, the reflection coefficient of the medium
is obtained, and then the permittivity of the other medium is calculated.

The amplitude of the echo varies greatly at different heights. In the experiment, the
echo of two different mediums by the UAV-GPR system at the same height are selected
to calculate the dielectric constant. Before calculating the dielectric constant, the obtained
radar data need to go through the signal processing step, i.e., background subtraction and
interference suppression. The A—Scan of water and soil is shown in Figure 8, and the
calculation process is as follows.

X: 655 x 108
. . 6. -8 —Soil
006/ Y: 0.05542 X: 685 x 10 |

W | Y: 004503

AmplitudelV]

X: 6.65 x 1078

aad | Y: -0.04786 1
X:6.75 x 1078
008 . Y:-0.05968
)] 05 1 15

Tamejfs] 07

Figure 8. The A—Scans of water and soil, where the peak-to-peak values are extracted for permittivity
estimation.

The electromagnetic wave generates reflection at the interface of two different medi-
ums, and the reflection coefficient is expressed as

R = VEO Ve (8)

B VE T/ e’

where ¢, represents the dielectric constant of the first medium, and ¢, represents the
dielectric constant of the second medium.
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In general, the air is the first medium, whose dielectric constant is 1. Thus, Equation (8)

can be rewritten as
R — ﬂ )
1+ /g1
The second medium is the other medium. First, we regard water as the calibration
medium and receive the radar echo from water surface, and its dielectric constant of
water is about 80 [26]. Then, the value of the reflection coefficient can be estimated from
the maximum and minimum peaks of the radar echo. Let Aymax and Ay min index the
maximum peak and minimum peak of the echo from water surface, and A, max and Ay min
index the maximum peak and minimum peak of the ideal echo. Then, the reflection
coefficient can be calculated as

_ 1*\/8%0 _ _Aw
Rw - 1+./erw o A =

’ 10
A — _Aw — ‘Awmax‘+|Awmin‘ ’ ( )
re Ry — Ry

where ¢,,, indexes the dielectric constant of water, Ay max and Ay min are the maximum
peak and minimum peak of the echo from water surface, respectively, and | - | indexes the
absolute value.

Secondly, we calculated the reflectance coefficient of soil, shown as follows:

_é — |Asmax| + |Asmin‘

A, A (11)

Thus, according to Equations (9) and (11), the dielectric constant of soil can be obtained
as shown below: s N
1 _ RS 1 + ‘ S max ‘12;‘ S min |

& = =
r2 1+ RS 1— ‘Asmax‘Aj‘r‘Asminl
r
12
1— IAsmaX‘+|Asmin‘ R ( )
_ ‘Awmax‘JrlAwmin‘ w
As max]| +|As min]
1 | s max sminl | R
+ ‘Awmax‘JrlAwmin‘ w

Through the above analysis and calculation, the dielectric constant of the soil is 20.8.
In addition, the Dobson semi-empirical model introduces the relationship between the
dielectric constant and soil moisture [27]. By our calculation, the measured moisture of
the soil is 27%, and the dielectric constant is approximately 21. It can be seen that the
value of dielectric constant can be estimated through the calibration method of measured
radar data.

5. Simulations and Experiments
5.1. Numerical Simulations

To compare the performance of different background-removal methods, we use the
gprMax v.3.0.0 platform to carry out forward simulations. The principle of gprMax is
the finite difference time domain (FDTD) [28], and the model of numerical simulation is
shown in Figure 9. In this scenario, a metal tube with length of 0.35 m and radius of 0.01 m
is regarded as a target, which is horizontally buried in the wet sand with the dielectric
constant of 22. Then, a Ricker wavelet is regarded as an excitation source to send the
narrowband pulse signal, and the frequencies are from 150 MHz to 309 MHz. Both the
transmitter and receiver with moving step length of 0.002 m are placed on top of the wet
sand. The time window is 30 ns, and the number of the A—Scan is 360. Then, a Gaussian
white noise with the power of 25 dBw is added to the simulations. By using the mean
subtraction method, the moving average method, and the proposed CCBS method, the
essence of processing the raw echo are shown in Figure 10, respectively.
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Figure 9. The model of simulations, including the transmitted antenna and received antenna, free

space, metal cylinder, and wet sand.
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Figure 10. The visual results from simulated dataset. (a) Raw data image. (b) Mean subtraction
method. (c¢) Moving average method. (d) Proposed CCBS method. By comparison, the proposed
CCBS method can highlight the target position more clearly, and the better background removal
effect is presented even in a noisy environment.

From the results of Figure 10, we can observe that the mean subtraction method
introduces the redundant background signal at the same height as the target, which is
easily regarded as the target. The moving average method not only eliminates background
but also removes some useful echo. Compared to traditional background removal methods,
the proposed CCBS method can highlight the target position more clearly, and the better
background removal effect is presented even in noisy environments. In other words, the
proposed method is conducive to the accurate interpretation of radar echo.

5.2. Rotor Interference Suppression

To explain the specific source of rotor interference, here the comparative tests are
carried out. In the tests, we use a wooden box to support the UAV-GPR system for
simulating the flying scene, as shown in Figure 11. Considering that the rotating rotors or
the working motors may cause the interference effect, the tests were set to the following
scenarios: with rotors and motors working, and without rotors but motors working at
the same rotation speed. The results of these tests are shown in Figure 12a,b, respectively.
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From the results we can find that the interference comes from the rotors themselves, not the
working motor. To mitigate the effect of this rotor interference, a lateral Doppler filtering
(LDF) technique is adopted by removing the high-frequency components in the azimuth
dimension. The results by the LDF technique under the first test scenario are shown in
Figure 12¢, and it can be seen that the rotor interference is largely removed.

Moreover, we use RMSE as the quality parameter. The formula is as follows,

RMSE = l% l(T' —A)? (13)
- N - n 1 1 7

where T; is the waveform in (b) without rotor interference, A; is the i-th waveform in (a)
with rotor interference or (c) after filter rotor interference, n is the total number of waveform
sampling points, and N is total number of waveforms. We calculate the RMSE of all the
waveform, and then calculate the mean value. The RMSE of (a) and (b) is 0.0057, and the
RMSE of (b) and (c) is 0.0034. It can be seen that the LDF has good performance for filtering
the rotor interference. The relevant content has been added into the revised manuscript.

(a) (b)

Figure 11. The scene of rotor interference test in the case of (a) UAV-GPR with rotors and (b) UAV-GPR
without rotors.

»
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Figure 12. The comparison results of rotor interference test (a) with rotors and the motors working
and (b) without rotors but the motor working (c) under the case of (a) by LDF technique.



Remote Sens. 2022, 14,5132

13 of 20

5.3. Experimental Results

First, we implemented the static experiments to verify the penetration of the transceiver
radar module with linearly polarized antennas. All of the equipment is placed on the
sixth floor by a wooden frame. The distance is H; = 1.58 m from the transceiver to the
ground, and the distance between the transmitted and received antennas is expressed as
D =1.17 m. For contrast, we placed a metal film with the area of 3 m? on the fifth floor, as
shown in Figure 13. According to measurement, the thickness of the fifth floor ceiling is
about Hy = 0.4 m, and the height difference from the ceiling to the ground on the fifth floor
is H3 = 4.2 m. So the total height of the measuring system from the ground on the fifth floor
is H = Hy + H, + Hj3, approximately 6.18 m.

GPR system€— !

(a) (b)

Figure 13. The static experiments are implemented to verify the penetration of the GPR transceiver
module with linearly polarized antennas, where the transceiver antennas are supported by a wooden
frame. (a) The close-up photograph. (b) The full-scene photograph.

At the beginning of the experiment, there was no metal film on the fifth floor, and the
amplitude of radar echo only reflected from the ground was very weak. After measuring
for a while, the metal film was tiled on the fifth floor. In this situation, the amplitude of
reflected echo is larger than before. In the final stage, the metal film was removed and
we ended the test. The total measurement time was about 1.5 min, and the result after
processing is shown in Figure 14. It can be seen that the height between the floors is
consistent with reality, i.e., the penetrability of the system is verified.
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Figure 14. The measurement results of static experiments.
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Furthermore, to verify the performance of the UAV-GPR system, the experiments on a
bridge were conducted, as shown in Figure 15. The bridge is made of concrete with the
width about 3 m, and the actual height of the bridge deck to the water surface is 2.87 m.
For the sake of description, we define the direction along the bridge as the X-axis, the
direction perpendicular to the bridge deck as the Y-axis, the Z-axis with X-axis and Y-axis
forming a Cartesian coordinate system. The UAV flew across the bridge and river back
and forth at the same height along the Z-axis direction, and the flight path is shown as
the red arrows in Figure 15. The experimental results obtained by the different methods
are shown in Figure 16. It is observed that the traditional methods (mean subtraction
method and moving average method) can only see some targets above the bridge, such as
the bridge deck. However, the proposed CCBS method can observe not only the bridge
deck, but also the water surface with the detected depth of 2.868 m, showing a better
performance than the two other methods. In addition, the processing results of each step
corresponding to Figure 7 is shown in Figure 17, verifying the effectiveness of proposed
signal processing method.

From Figure 16d, it can be calculated that the time difference between the upper
surface and lower surface of the bridge is expressed as At; = 0.012 ps, and the time
difference between the lower surface of the bridge and the surface of the water is expressed
as Aty = 0.015 ps. The material of the bridge is mainly concrete, and its dielectric constant
g, is about 8.5, which is calculated by the calibration method of measured radar data in
the previous section. Consequently, the electromagnetic propagation speed in concrete v is
calculated as

c

U= =1.03 x m/s,
1.03 x 108 m/ (14)

$

where c is the speed of light.

Figure 15. The experimental scene of a bridge. The UAV-GPR flies in Z direction, where the Z
direction is pointing in the direction perpendicular to the page.

Then, according to the propagation speed of the electromagnetic wave in a medium
and time difference, the height difference between the bridge deck and the water surface
can be calculated as d = (v x At; + ¢ x Afp)/2, approximately 2.868 m. It can be seen
that the calculated result is similar to the actual value. The results of simulations and
experiments have shown the effectiveness and superiority of the proposed method, and
the penetrability of our UAV-GPR system has been verified.

The structural similarity (SSIM) is adopted to measure the relationship between the
processed images and the original image. It uses the three indicators of brightness, contrast,
and structure to evaluate the similarity between the two images. According to Figure 10, it
can be seen that different algorithms lead to the transformation of underground structures,
which is difficult for the eyes to distinguish. However, the similarity between them can
be calculated through SSIM (range 0-1). The higher the similarity, the closer it is. We
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calculated the similarity between Figure 16b—d with Figure 16a. To avoid the influence of
surface direct waves, only the underground part is calculated (the image below the surface
direct wave is taken for calculation). The calculation results are shown in Table 1.
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Figure 16. The measurement results of the bridge experiments. (a) Original data. (b) Mean subtraction
method. (c) Moving average method. (d) Proposed CCBS method. The red line at the top of the figure
refers to the ground location, which is used as the reference for underground targets. It is observed
from Figure 16d that the proposed CCBS method not only look at the bridge deck, but also observe
the water surface, showing a better performance than the two other methods.

It can be seen from the calculation results that the CCBS method is the closest to the
original image underground structure, which indicates that the algorithm can well preserve
the shape and intensity of the underground structure. Although the mean subtraction
method can retain good intensity, the average processing between adjacent echoes will
change the structure. Moreover, the moving average method will change the intensity of
the echo.

Table 1. Performance comparison.

Methods SSIM

Mean subtraction method 0.0479
Moving average method 0.7059
CCBS 0.9355
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Figure 17. The results of each step corresponding to Figure 7. (a) CCBS clutter subtraction.
(b) Electromagnetic interference removal. (c) Rotor interference suppression. (d) Gain process-
ing. With the increase of processing steps, the clutter and some interference are gradually removed,
and then the location of underground target is more and more prominent.
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5.4. Discussion

Currently, the UAV-GPR is facing many challenges, so it is not used commercially. For
the areas that cannot be reached by humans, the UAV-GPR can replace humans to work and
detect underground structures, such as mines, marshes, underground cavities, and so on.
This paper explores an integrated UAV-GPR and conducts the experimental verifications,
but there are still many problems that need to be improved in the future.

(1) Because our UAV-GPR system works at low frequencies, the size of the antenna
is very large. In this work, three transmitting antennas and three receiving antennas
have realized the beam superposition through phase control to form an array. However,
UAV-GPR can also be carried out through one transmitting multiple receiving, multiple
transmitting one receiving, and other methods [29]. Moreover, the size and weight of the
radars can be further reduced by using an integrated antenna module, thus improving the
working efficiency of the UAV-GPR system. In addition, stepped frequency continuous
wave (SFCW) radar [30] was a commonly used frequency domain transmitted signal,
which is adopted to improve the resolution, to remove interference signals in the frequency
domain and to improve the signal-to-noise ratio. Moreover, the measurement method
in this work is a downward-looking measurement; that is, radar vertical receiving and
transmitting pulses. Different measurement methods can be tried in the future, such as
side fired measurement [31].

(2) In this paper, we propose a processing algorithm for the UAV-GPR system, which
aims to remove interference signals and obtain the image of deep targets, and the algorithm
provides an effective solution to suppress the interference with the multi-rotor UAV-GPR
system. However, there are still some areas that can be improved. On the one hand, there is
some distance between the radar and the ground, and the signal will be attenuated before
reaching the ground surface. By compensating this attenuation, the radar image quality
can be further improved. On the other hand, the UAV-GPR radar in this work can be
regarded as a low-altitude synthetic aperture, and its resolution can be improved by using
the synthetic aperture radar (SAR) technique [32]. Because SAR has a high transmitting and
receiving efficiency, it can synthesize multiple signals to improve the azimuth resolution.
However, the signal attenuates quickly in the soil. To solve the problem, a Wiener filter-
based deconvolution technique [33] can be used. This method can improve the signal
attenuation in soil and other lossy media. Moreover, the proposed CCBS method has no
focus on the high-resolution imaging of underground targets. The migration algorithm
can improve the focusing quality of images, such as Kirchhoff migration [34], phase shift
migration [35], and frequency wavenumber (f-k) migration [36], which can be combined
with the proposed method to improve the imaging quality of underground targets.

(3) Three experiments are designed in this work to study different characteristics
of the UAV-GPR system. However, due to the complexity of the environment and the
underground structure, some areas in images are difficult to explain. We consider per-
forming some comparative experiments. The proposed processing method not only needs
to consider the properties of the clutter, but also the applicability of scenes. In this work,
the experiments were carried out for the relatively flat scenes. For the non-flat scenes, we
will perform further research in our future work. In addition, some scene information
concerning the bridge experiment is unknown, such as the internal structure of the bridge,
the distance of the arch from the water, the thickness of the bridge deck, and so on. Fur-
thermore, it is necessary to conduct some reference and contrast experiments. For instance,
standard objects can be buried at a known depth for the verification of permittivity, and the
same objects can be buried at different depths to verify the effectiveness of the proposed
method and the penetration performance [37].

6. Conclusions

In this paper, we have developed a UAV-GPR system with miniaturization and pen-
etrability. This system has the advantages of independent detection and data processing
integration. Based on the system, a new CCBS method is proposed, and an interference



Remote Sens. 2022, 14,5132 19 of 20

suppression technique is adopted in the signal processing step. The proposed CCBS method
takes advantage of the similarity between each A—Scan echo and a reference wave by
establishing a background-removal model. Moreover, we have explored the effects of
the electromagnetic interference in the environment, and the interference from the UAV
rotor itself by practical testing. An LDF technique was adopted to effectively suppress the
active interferences. In addition, a calibration method for measured data was introduced
to calculate the dielectric constant of the measured medium. As a result, the simulations
and experimental results indicated that the proposed method in terms of clutter subtrac-
tion has better performance than the traditional methods, and the penetrability of the
UAV-GPR system was also validated. In this paper, experiments carried out in different
scenarios provided meaningful reference for future research. However, the research of UAV-
GPR still faces many challenges, such as environmental interference, signal attenuation,
miniaturization, and security, which will be the subject of our next research article.
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