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Abstract: This work presents an enhanced autonomous airborne Synthetic Aperture Radar (SAR)
imaging system able to provide full 3D radar images from the subsurface. The proposed prototype
and methodology allow the safe detection of both metallic and non-metallic buried targets even
in difficult-to-access scenarios without interacting with the ground. Thus, they are particularly
suitable for detecting dangerous targets, such as landmines and Improvised Explosive Devices
(IEDs). The prototype is mainly composed by an Ultra-Wide-Band (UWB) radar module working
from Ultra-High-Frequency (UHF) band and a high accuracy dual-band Real Time Kinematic (RTK)
positioning system mounted on board an Unmanned Aerial Vehicle (UAV). The UAV autonomously
flies over the region of interest, gathering radar measurements. These measurements are accurately
geo-referred so as to enable their coherent combination to obtain a well-focused SAR image.
Improvements in the processing chain are also presented in order to deal with some issues associated
to UAV-based measurements (such as non-uniform acquisition grids) as well as to enhance the
resolution and the signal to clutter ratio of the image. Both the prototype and the methodology were
validated with measurements, showing their capability to provide high-resolution 3D SAR images.

Keywords: Ground Penetrating Radar (GPR); Unmanned Aerial Vehicles (UAVs); Synthetic Aperture
Radar (SAR); Real Time Kinematic (RTK); Ultra-Wide-Band (UWB); landmine and IED detection;
non-destructive testing

1. Introduction

In the last years, there has been a massive development of new applications using Unmanned
Aerial Vehicles (UAVs) [1–4]. A considerable amount of these applications is based on integrating
electromagnetic sensors on board the UAVs (e.g., power detectors for antenna measurement [5],
or radars for earth observation [6] and subsurface sensing [7]). Safety, measurement speed and the
ability to fly over difficult-to-access areas are some of the advantages that have contributed to widely
increase the usage of UAVs for security and defense applications, such as landmine and Improvised
Explosive Device (IED) detection.

Several Non-Destructive Testing (NDT) techniques have been employed for subsurface sensing
applications, since they allow extracting information of the subsurface and detecting possible buried
targets without interacting with them. Focusing on the field of landmine and IED detection,
the most common NDT techniques are, according to their physical principle [8]: electromagnetic
induction, Nuclear Quadrupole Resonance (NQR), thermal imaging and Ground Penetrating Radar
(GPR). GPR has been found to be a useful strategy for this application since it is able to provide
high resolution images from the subsurface and, as a result, it makes possible the detection of both

Remote Sens. 2019, 11, 2357; doi:10.3390/rs11202357 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0001-8935-1912
https://orcid.org/0000-0003-3625-4515
https://orcid.org/0000-0001-7959-2114
http://www.mdpi.com/2072-4292/11/20/2357?type=check_update&version=1
http://dx.doi.org/10.3390/rs11202357
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2019, 11, 2357 2 of 20

metallic and dielectric buried targets [9,10]. However, GPR capabilities are considerably affected by
the soil heterogeneity, the roughness of the air–soil interface and the possible low signal to clutter ratio
(especially for non-metallic targets) [11].

There are several criteria to classify GPR systems. The first criterion takes into account whether
the GPR antennas are placed directly in contact with the ground (ground-coupled) or above the
ground (air-launched). The former architecture usually provides a better signal to clutter ratio, due to
a higher penetration into the ground and weaker reflections from the air–soil interface (assuming a
well-matching between the antennas and the soil impedance). The main drawback of this configuration
is that the antennas are directly over the soil, which prevents the use of ground-coupled systems
in applications which require a safety stand-off distance such as the aforementioned landmine and
IED detection. The latter architecture avoids the contact with the ground, but suffers from stronger
clutter, which makes the target detection more difficult. Another criterion classifies GPR systems
according to the orientation of the antennas with respect to the soil surface, distinguishing between
Forward (or Side)-Looking GPR (FLGPR, SLGPR) and Down-Looking GPR (DLGPR). In FLGPR [12]
and SLGPR [13], the antennas are usually oriented looking ahead, which contributes to minimize the
reflection coming from the air–soil interface. Nevertheless, they suffer from lower sensitivity and
resolution (compromising the distinction between targets under or above the ground). On the other
hand, in DLGPR [14], the antennas are placed looking downwards, providing higher resolution but
receiving stronger reflections from the air–soil interface.

As aforementioned, in landmine and IED detection, the scanning system must be placed at a
safe stand-off distance to prevent accidental detonations, thus FLGPR architectures have been usually
proposed due to the difficulties to keep a safe distance with a DLGPR system. However, in the last
years, a new approach based on a UAV-mounted radar has been proposed [7,15], allowing the use of a
DLGPR configuration in safe conditions.

Although several UAV-mounted GPR systems have been presented [7,16,17], the system and
processing techniques presented in this contribution have several novelties with respect to existing
state-of-the-art systems. The most important feature is its ability to provide high resolution
well-focused 3D images of the underground from radar measurements gathered during autonomous
flights. This requires integrating a high accuracy real-time positioning system on board the UAV
because: (i) the UAV needs accurate positioning to follow the predefined flight path; and (ii) the
radar measurements are coherently combined using a Synthetic Aperture Radar (SAR) algorithm,
which imposes a geo-referring accuracy several times lower than the smallest working wavelength.
Furthermore, the positions of the radar measurements are carefully processed to discard data that
could cause unfocusing or resolution degradation in the SAR image (for instance, due to oversampling
in some areas [18], since it is very difficult to perform a uniformly sampled acquisition with the UAV).
Regarding the processing of the radar data, some improvement steps are also proposed to enhance the
resolution and the target discrimination. In addition, the lowest working frequency of the selected
radar has been notably decreased (down to Ultra-High-Frequency, UHF, band), allowing the detection
of targets buried in higher loss soils. Both the prototype and the processing techniques were tested
with experimental flights, comparing the resulting 3D SAR images with the ground-truth. A video
summarizing the features of the system and a brief application example is provided as supplementary
material.

2. System Architecture

The main goal of the proposed system is that the UAV autonomously flies over a region of interest
collecting radar measurements, which are geo-referred and sent in real-time to a ground control station,
to produce high-resolution 3D SAR images. The UAV-mounted GPR prototype, which is shown in
Figure 1, comprises the following subsystems:
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• The flight control subsystem is composed of the UAV flight controller and common positioning
sensors on board UAVs. These sensors are: an Inertial Measurement Unit (IMU), a barometer,
and a Global Navigation Satellite System (GNSS) receiver.

• The enhanced positioning system consists of a laser rangefinder and a dual-band Real Time
Kinematic (RTK) system.

• The radar subsystem includes the radar module, and the transmitter and receiver antennas.
• The communication subsystem has a receiver at 433 MHz for the link with the pilot remote

controller and a wireless local area network (WLAN) transceiver at 5.8 GHz to exchange data
with the ground station. Both frequencies were selected to minimize possible interferences with
the radar subsystem during the experimental campaigns.

RTK antenna
Dual-band

RTK beacon

Radar antennas

Radar module

Laser rangefinder

Figure 1. UAV-mounted GPR prototype.

The architecture of the system is similar to the one adopted by the prototype proposed in [7].
The main improved features are: (i) the radar subsystem, which works at considerably lower
frequencies; and (ii) the enhanced positioning system, whose accuracy has been greatly increased.
As a result, with the prototype presented in this contribution, targets buried in soils with higher losses
can be detected and, due to the enhanced positioning accuracy, well-focused 3D SAR images of the
underground can be obtained.

Regarding the radar subsystem, an M-sequence Ultra-Wide-Band (UWB) radar covering a
frequency range from 100 MHz to 6 GHz was selected [19]. This radar transmits a type of
pseudo-random binary signal called Maximum Length Binary Sequence (MLBS) periodically, thus the
received backscattered signal must be correlated with the ideal MLBS to obtain the impulse response.
Two UWB Vivaldi antennas, working from 600 MHz to 6 GHz, were selected for transmitting and
receiving. For the experimental validation shown in this contribution, only the frequency band from
fmin = 600 MHz to fmax = 3 GHz was selected for processing since the soil losses in the measured
scenario produce too much attenuation at higher frequencies. As shown in Figure 1, 3D printed
structures were designed and fabricated to properly mount the radar and the antennas on board
the UAV.

Concerning the enhanced positioning system, to coherently combine all the measurements
gathered with the prototype, they must be accurately geo-referred. To avoid artifacts and obtain a
well-focused SAR image, this accuracy should be better than λmin/4 = 2.5 cm in the horizontal plane
(i.e., in cross-range) and λmin/8 = 1.25 cm in the vertical direction (i.e., in range), where λmin = 10 cm
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is the smaller wavelength. A dual-band multiconstellation RTK system was selected to fulfill this
requirement. This system is composed of two RTK beacons [20], one mounted on the UAV and another
one working as base station static on the ground. The latter sends real-time correction data to the
former to achieve cm-level positioning accuracy. The reason a dual-band RTK was chosen is to obtain
better accuracy and availability (that is, percentage of time that corrected coordinates are provided),
more robustness (especially when working in challenging environments, e.g., with limited sky view)
and faster deployment time (since less time is required to resolve carrier phase ambiguity), compared
to single-band RTKs previously used. The selected dual-band RTK was integrated into the UAV to
provide these accurate coordinates in real time for both the UAV navigation and the measurements
geo-referring. The expected accuracy is 0.5 cm in the horizontal plane and 1 cm in the vertical direction,
which corresponds to λmin/20 and λmin/10, respectively. Nevertheless, even better relative positioning
accuracies were observed during the measurement campaigns.

3. Methodology

The data acquired with the prototype (composed by the georeferred radar measurements) are
processed according to the flowchart shown in Figure 2. The boxes in gray correspond to the processing
of the geo-referring data gathered with the positioning subsystem, blue boxes represent the basic
GPR-SAR processing, and green ones highlight the steps corresponding to improvements in the
GPR-SAR processing. The final result is a 3D high-resolution SAR reflectivity image (yellow box).

Geodetic to ENU transformation Impulse response retrieval

Height correction

Main course over ground estimation

and fligth path rotation

Data selection

Investigation domain definition

Time-zero correction and time-

window selection

Background removal

Fourier transform computation

SAR processing

Equalization

Raw Data

- Positioning: lat, long, height; roll, pitch, yaw
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Figure 2. Flowchart of the data processing.

3.1. Positioning Data Processing

The flowchart of the positioning data processing is shown in Figure 2 (left). The positioning data
to be processed is composed by: latitude (lat), longitude (lon) and height from the RTK system, and roll,
pitch and yaw from the IMU. Due to the high accuracy of the RTK system in both horizontal and
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vertical directions, the laser rangefinder is not used in the processing. It is used, however, in the UAV
navigation to help the UAV to keep an approximately constant distance to the soil surface.

This geo-referring data are processed mainly: (i) to select which measurements will be processed
(discarding those that do not provide valuable information); (ii) to compute the position of the radar
antennas in a cartesian coordinate system; and (iii) to define the investigation domain (i.e., where the
SAR image is obtained) according to the flight path.

As explained above, the UAV autonomously flies over the region of interest. The flight path
(i.e., the measurement grid) is a planar rectangular surface at a constant height and heading, where
geo-referred radar measurements are continuously collected. However, it must be noticed that the
proposed positioning data processing does not require prior knowledge of the predefined measurement
grid, thus allowing the processing of measurements gathered in planar grids with both autonomous
and manual flights.

The first step consists of transforming the coordinates from the geodetic system (latitude, longitude
and height) to a local ENU (East–North–Up) system (xe, yn, zu). This requires selecting a reference
point as origin of the ENU system. In particular, the position of the UAV when it is first turned on is
used as reference: the latitude and the longitude are given by the RTK, and the height is given by the
physical distance from the RTK antenna to the ground (so that at the reference position, zu = 0 m).

Then, the main course over the ground or main ground track (denoted as ĉog) is estimated and
the flight path is rotated according to this value. After the rotation, the flight path will be almost
aligned with the x- and y-axis, which helps to facilitate the visualization of the measurements and the
definition of the investigation domain. ĉog will also be used in the next step (data selection) to discard
measurements acquired when the course over the ground is too far from its main value.

The main ground track estimation is obtained from the set of UAV positions as follows: (i) the
course over the ground cog (discarding the sense) is computed according to Equation (1), where vn

and ve are the velocities in the north and east directions and mod denotes the modulo operation; (ii)
cog is discretized in bins of 1◦-width and the mode is computed to obtain a rough estimation of the
main course over the ground c̃og; and (iii) the estimation is improved by computing the mean of all
measurements in the range c̃og ± 10◦, yielding ĉog. If the flight path is performed autonomously (as in
this contribution), this value is almost the same as the desired course defined with the waypoints.
It must be noticed that the mean of cog is a worse estimation of the main course over the ground
than ĉog, since it is greatly influenced by the course of the UAV when it changes sense or when it is
almost still.

cog[rad] = mod
(

atan
(

vn

ve

)
, π

)
≈ mod

(
atan

(
∂yn

∂xe

)
, π

)
(1)

Figure 3 shows the histogram of cog of an autonomous flight defined with waypoints (with
a desired course of 65◦). The mode gives the rough estimation of c̃og = 65.5◦. After improving
this estimation as explained before, ĉog = 65.09◦, which is almost the same as the desired course.
The original and rotated flight paths are shown in Figure 4. As expected, the rotated path (xer, ynr, zur)
is now aligned with the x- and y-axis.

The next step aims to discard the data that do not provide valuable information (e.g., when there
is a sudden change in attitude) or that could degrade the SAR image. Regarding the latter, it must be
noticed that the spatial sampling should be as uniform as possible to avoid artifacts in the SAR image.
If there is an oversampled region (where much more measurements were taken), the SAR image pixels
close to this region will have a high amplitude, thus masking the detection of targets in other parts of
the image. In measurements taken with UAVs, it is very difficult to perform a uniform acquisition,
since the UAV deviates from the ideal flight path mainly due to wind conditions and positioning
systems uncertainties. Furthermore, in the experimental flights, it was observed that, when the UAV
changes sense of movement (i.e., when it changes from moving in one direction to moving in the
opposite one), the speed usually decreases, thus resulting in oversampling. It must be remarked that
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the UAV heading is fix to a constant value (making it coincident with the desired main course over
the ground).
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Figure 3. Histogram of the course over the ground.
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Figure 4. Original and rotated flight path (in blue and red„ respectively).

The data that are kept for further processing must satisfy the following constraints, where th()
denotes a fix threshold:

• ∆xy =
√

∆x2
er + ∆y2

nr > th∆, where ∆xer and ∆yer are the differences between adjacent values of
xer and yer, respectively. This condition ensures that the UAV is actually moving.

• |roll − roll| < throll , |pitch − pitch| < thpitch, and |yaw − yaw| < thyaw, where () denotes the
mean value. These conditions are used to filter out the positions where there was a noticeable
change in attitude.

• |rem(cog − ĉog, π)| < thc, where rem denotes the remainder operator. Only measurements with
the course over ground close to the main one are kept. This means that, if the UAV path deviates
noticeably from the main path, these measurements are discarded.

• |zur − zur| < thz. This condition helps to get rid of considerable changes in height.

The following thresholds were employed: th∆ = λmin/6 ≈ 0.017 m (where λmin is the smaller
wavelength), thatt = att + 3std(att) where std is the standard deviation and att is each of the
attitude angles (roll, pitch and yaw), thc = 20◦ and thz = 0.25 m. They were found to provide
a good compromise to avoid oversampling and discard unnecessary data, while keeping enough
measurements to obtain a well-focused SAR image.
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In the flight used for illustrating the positioning data processing, the UAV is mainly moving back
and forth between y = 1 m and y = 5 m. If only one of each four consecutive UAV positions are
plotted (Figure 5a), it can be clearly seen the oversampling when the UAV changes sense of movement
(at y = 1 m and y = 5 m). Figure 5b shows the full flight path (after the rotation performed in the
previous step) and the selected flight path. Most of the discarded data correspond to these oversampled
regions (as can be inferred from Figure 5c), whereas the rest of discarded data mainly correspond to
sudden changes in movement due to wind.
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Figure 5. One of each four consecutive UAV positions (a); full and selected UAV positions (in blue and
red, respectively) (b); and one of each four consecutive selective UAV positions (c).

This data selection step also helps to reduce the number of measurements that are processed,
thus helping to decrease the computational time. In the previously shown example, the full flight path
contains 4993 measurements points, whereas the selected path has 3118 points. This means that only
62.5% of the measurements will be processed.

As a result of this step, the indexes of the measurements that will be processed (indobs) are stored
in a vector. Thus, the observation domain coordinates (i.e., the positions where these measurements
were taken) are: r = (x, y, z), where x = xer(indobs), y = ynr(indobs) and z = zur(indobs).

Finally, the investigation domain, r′ = (x′, y′, z′), where the 3D SAR image will be calculated
must be defined. The investigation plane (x′ and y′ coordinates) is defined according to the observation
plane (x and y coordinates) as follows:

• First, the minimum area bounding rectangle that encloses the observation plane (called bounding
box) is retrieved. To find it, the convex hull of the observation plane coordinates (i.e., the smallest
convex polygon containing the observation plane) is computed. Then, the bounding box can be
easily obtained since it always contains an edge of the convex hull.

• Then, the maximum axis-aligned rectangle inside the bounding box is computed, since it is easy to
define and work with an axis-aligned investigation domain and the observation domain is almost
aligned (due to the rotation according to the main course over the ground previously performed).

• Finally, the investigation plane is defined by shrinking this rectangle by a scale factor of s ft and
s fct in the track and across-track directions (to avoid edge effects in the SAR image) and sampling
it every δt and δct„ respectively.

An example of the computation of the investigation plane following this procedure is shown
in Figure 6, where the bounding box is depicted with a solid black line, the maximum axis-aligned
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rectangle inside it is drawn with a dash-dot red line and the edges of the investigation plane are shown
in solid red. For the results shown in this contribution, the investigation plane is obtained by shrinking
the rectangle with the scale factors s ft = 0.95 and s fct = 0.85 (which prevents edge effects in the SAR
image) and sampling it every δt = δct = λmin/4 = 0.025 m. Since the soil surface is around z = 0 m,
z′ is defined between −0.6 m and 0.4 m, and is sampled every δz = 0.02 m. These values can be
adjusted by the user as desired (e.g., if coarse sampling of the investigation domain is considered
enough for the specific application considered).

x [m]

-1 0 1

y
 [

m
]

1

2

3

4

5

6

7
Obs. domain

Bounding box

Max. rectangle

Shrunk rectangle

Figure 6. Definition of the investigation plane edges (in solid red line) from the observation plane
coordinates (in dotted blue line).

It is worth noting that the investigation domain coordinates, r′ = (x′, y′, z′), where the 3D SAR
image is calculated, can be transformed back to the geodetic system of coordinates by applying
the inverse of the previous operations (i.e., rotating them an angle −ĉog and then applying the
transformation from the local east–north–up system to the geodetic system).

3.2. Radar Data Processing

The flowchart of the radar data processing is shown in Figure 2 (right). As aforementioned,
the boxes in blue correspond to the basic processing and the boxes in green are optional steps to
improve the resulting SAR image quality.

Since the radar used in this contribution transmits a pseudorandom binary sequence, the first step
consists of cross-correlating the raw radar data Eraw(tr) with the ideal transmitted binary sequence
to obtain an approximation of the impulse response function Escatt(tr) (where tr is the time axis).
As explained above, it must be noticed that only the selected measurements (given by indobs) will
be processed.

The next step deals with adjusting to a common time-zero and selecting the time-window of
interest. Estimating the time-zero is important in order to remove the effect of the wires and the radar
internal delays as well as to obtain a well-focused image. The estimation is performed with a calibration
measurement at the beginning of the experimental campaign. The prototype is placed over the ground
at a known distance (drg) and this distance is also estimated with the radar (deg = ctg/2, where c is
the light speed and tg is the time instant where the ground is detected). Therefore, the time-zero is
given by t0 = 2(deg − drg)/c, the corrected time-axis is tc = tr − t0 and the measurements at tc < 0
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will be discarded. Besides, the time window of interest is selected so as to reduce the data size (since
measurements at larger range do not provide valuable information). In particular, the used criterion
selects the time-window t that corresponds to a range of r0 ± 1 m, where r0 is the mean distance
between the radar antennas and the soil. It must be remarked that the time-zero is estimated only once,
and then the same time-zero correction is applied to all measurements (discarding the data at tc < 0).

The radar measurements of the flight shown in Section 3.1 after applying this step are depicted in
Figure 7, where the range axis is given by rng = ct/2.

Figure 7. Normalized radar measurements (Escatt(rng)) after time-zero correction and time-window
selection. The distance between the radar antennas and the soil is depicted in black on top of
the measurement.

To improve the signal to clutter ratio [21], the background should be estimated and removed
from the radar measurements. In this contribution, the background is estimated as the average of all
measurements and thus, the average is subtracted from each measurement. This helps to reduce the
clutter, such as the coupling effects between the antennas.

The resulting improved radar measurements Ẽscatt(t) are shown in Figure 8, where a clear
improvement can be noticed comparing this image with the original radar data. This enhancement can
be better observed taking a closer look to both original and improved radar measurements (Figure 9).
Furthermore, there is a good agreement between the location of the air–soil interface in the radar
measurements and the distance between the radar antennas and the soil provided by the positioning
system. The small discrepancies are mainly due to the soil being not perfectly flat (besides the scattering
effects due to the presence of grass on the ground), and the errors in the positioning system.

After this step, a height correction can be applied to the data to enhance the SAR image quality
(mainly focusing and resolution). This correction consists of first shifting the radar measurements by
z− z, so that the resulting data Êscatt(t) look as if the measurements were taken at constant height.

The radar measurements after the height shifting are shown in Figure 10 and a closer look is
depicted in Figure 11. As expected, the strong reflection at the air–soil interface is now almost at the
same range for all measurements. In addition, it can also be concluded that there is a target at around
15 cm over the ground.
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Figure 8. Normalized radar measurements (Ẽscatt(rng)) after background subtraction. The distance
between the radar antennas and the soil is depicted in white on top of the measurement.

(a) (b)

Figure 9. Closer look to the radar measurements before (a) and after (b) background subtraction.

Figure 10. Normalized radar measurement (Êscatt(rng)) after height shifting.
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Figure 11. Closer look to the radar measurement (Êscatt(rng)) after height shifting.

After the shifting, a second background subtraction is applied to mitigate the reflection from the
air–soil interface and further enhance the signal to clutter ratio.

The next step consists of applying the Fourier transform to obtain Escatt( f ) since the SAR
processing will be performed in the frequency domain. Before the SAR processing, the positions
of the transmitter and receiver antennas, denoted as rt = (xt, yt, zt) and rr = (xr, yr, zr), must be
calculated since the observation domain coordinates are given with respect to the RTK antenna. These
positions are computed through translation and rotation operations taking into account the attitude
angles, the observation domain coordinates and the distances between the RTK antenna, the radar
antennas and the IMU. If height correction has been applied, this must also be taken into account since
in this case z = z.

Then, a SAR algorithm [22] is applied to coherently combine the measurements and obtain a
well-focused image. SAR reflectivity at pixel r′p is given by Equation (2), where fn are the selected
frequencies of interest; rm

t and rm
r denote the position of the transmitter and receiver antennas,

respectively, at the mth measurement point; k0,n is the wavenumber in free-space at the nth frequency;
and Rp,m is the total path length between the transmitter antenna, the pixel where the SAR reflectivity
is computed and the receiver antenna.

ρ(r′p) =
N

∑
n=1

ρ(r′p, n) =
N

∑
n=1

M

∑
m=1

Escatt( f n, rm
t , rm

r )exp(+jk0,nRp,m) (2)

If free-space propagation is assumed (i.e., the soil composition is not taken into account), then
Rp,m = ‖rm

t − r′p‖+ ‖rm
r − r′p‖. Thus, if an object is buried at dobj depth and the soil permittivity is εr,

it will be detected at
√

εrdobj in the SAR image. To consider the soil composition when calculating
the path length for z′p < 0 m (i.e., under the soil surface), Rp,m is computed according to (3), where
ns =

√
εr − 1−√εr and the other parameters are shown in Figure 12 [23].

Rp,m = 2d
√

εr − 1 +
dt(dt − dns cos(2φt))

dt + dns sin(2φt)2 +
dr(dr − dns cos(2φr))

dr + dns sin(2φr)2 (3)

To improve the resolution of the SAR image, an equalization of the frequency response can be
performed. When working with UWB radars and antennas, the amplitude levels of the SAR image
show a great variation across the whole frequency band (mainly due to the fact that the antenna
behaviour notably changes with the frequency) [19]. Usually, the data at lower frequencies mask the
data at higher frequencies, yielding a SAR image with worse resolution than expected. To overcome
this issue, instead of computing the SAR image for all the frequencies directly, the SAR image is
computed for each nth frequency and is normalized by the maximum of its absolute value. Then,
all nth SAR images are added to obtain the final SAR image, according to Equation (4).

ρ(r′p) =
N

∑
n=1

ρ(r′p, n)
max{|ρ(r′p, n)|} (4)
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Figure 12. Main parameters involved in the estimation of the path length when the soil permittivity is
taken into account (dashed line represents the true ray path).

4. Results and Discussion

The proposed system was validated at the airfield of the University of Oviedo (Figure 13). Two
measurements were performed with the setup shown in Figure 14. In both cases, a metallic disk
(of 9 cm radius) was placed on top of a plastic briefcase (with 14 cm height). In the first measurement,
an open cylindrical metallic box (of 9.5 cm radius) was placed inside of a small hole of 8 cm depth
(without soil covering it). For the second measurement, the box was covered with soil (i.e., the box
was buried 8 cm under the soil surface).

x[m]

y[m]

z[m]

Inspected area

Figure 13. Measurement scenario.
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x[m]

y[m]

Disk

Buried box

(a) (b) (c)

Figure 14. Setup for the measurement (a); first with the 9.5 cm radius metallic box uncovered (b); and
second with this box buried and covered with soil (c).

In both measurements, the flight was performed autonomously. The predefined flight path was a
rectangle of dimensions ∆xp = 1 m and ∆yp = 4 m sampled at δxp = 0.03 m and δyp = 0.25 m to define
the waypoints positions, where xp denotes the cross-track direction and yp the along-track directions.
The height was fixed at 2.3 m distance to ground (from the laser rangefinder). It must be remarked that
radar measurements are continuously acquired during the flight (i.e., they are acquired not at each
waypoint, but all over the flight path). The resulting flight path for the second measurement was used
to illustrate the processing of the position data described in Section 3. To facilitate the comparison
of the results shown in this section, both flights were rotated according to the same ĉog (in particular,
ĉog = 65.09◦ as estimated for the second measurement) and the same investigation domain was used
(x′ ∈ [−0.4, 0.6] m, y′ ∈ [1, 5] m and z′ ∈ [−0.6, 0.4] m).

In the following subsections, different slices of the resulting SAR images are depicted. Please note
that a YZ plane is an along-track view (i.e., an along-track vs. depth slice), a YX plane is a top view
(i.e., an along-track vs. across-track slice) and an XZ plane is an across-track view (i.e., across-track vs.
depth slice).

4.1. Basic Processing

Both measurements were processed according to the procedure explained in Section 3, but first
only applying the basic radar processing steps (without the improvement steps and without taking
into account the soil composition). The resulting 3D SAR images were compared and the most relevant
slices are shown in Figures 15 and 16. These slices were normalized by the maximum value of the full
3D SAR image to facilitate the comparison between different slices of the same measurement.

First, the slices at the position where the cylindrical box is detected are depicted in Figure 15,
on the left for the first measurement (where the box is not covered by soil, Figure 14b) and on the right
for the second measurement (where the box is covered by soil, i.e., buried under the ground, Figure 14c).
In the former, the box is detected at approximately its true position, at (x, y, z) = (−0.05, 4.55,−0.08)
m. In the later, as expected, the box is detected deeper (at z = −0.14 m) since the soil composition had
not been taken into account yet. In addition, in the along-track view (i.e., YZ plane), it can also be
noticed that the target is not clearly distinguished from the soil surface interface, due to the strong
reflection at the soil interface and the resolution in the z-axis not being high enough. This issue is
overcome with the improvement steps in the radar processing. Furthermore, the amplitude of the SAR
image at the box position is around 10 dB smaller when the box is buried, due to the high losses of
the soil.
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a)

b)

c) f)

e)

d)

Figure 15. Slices of the 3D SAR image at the position where the buried metallic cylindrical box is
detected. Results for the the first measurement (uncovered buried metallic box) are depicted on the left:
along-track view at x = −0.05 m (a); top view at z = −0.08 m (b); and across-track view at y = 4.55 m
(c). Results for the the second measurement (buried metallic box covered with soil) are depicted on
the right: along-track view at x = −0.05 m (d); top view at z = −0.14 m (e); and across-track view at
y = 4.55 m (f).

Then, the slices at the position where the disk (placed on top of a briefcase) is detected are
depicted on the left part of Figure 16. Only the slices of the second measurement are shown since
the 3D SAR images of both measurements are almost the same in all the investigation domain except
in the area where the cylindrical box is buried. The disk is detected at its true position, at (x, y, z) =
(−0.075, 3.4, 0.14) m.

Finally, the slices of a region without targets at one position at the air–soil interface are represented
on the right part of Figure 16. The air–soil interface is clearly detected and, as the actual physical
air–soil interface, it is not perfectly flat.
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a)

b)

c)

d)

e)

f)

Figure 16. Slices of the 3D SAR image for the second measurement at the position where the cylindrical
disk on top of a briefcase is detected (along-track view at x = −0.075 m (a); top view at z = 0.14 m (b);
and across-track view at y = 3.4 m (c)) and at a position at the soil surface interface without targets
(along-track view at x = 0.3 m (d); top view at z = 0 m (e); and across-track view at y = 2 m (f)).

4.2. Enhanced Processing

As explained above, the SAR images obtained with the basic processing should be improved
mainly to obtain a better resolution and a higher signal to clutter ratio. In particular, this is especially
important in order to detect shallow buried targets and distinguish them from the air–soil interface.
The slices of the SAR image obtained for the second measurement at the position where the cylindrical
box is detected are shown to analyze the effect of the proposed improvements.

4.2.1. Height Correction

The results obtained applying the height correction described in Section 3.2 are shown on the
left part of Figure 17. Comparing them with the results without the height correction (right part of
Figure 15), the cylindrical metallic box has become clearly distinguishable from the air–soil interface.
Furthermore, the reflection of the air–soil interface has been mitigated thanks to the second background
subtraction applied in the height correction step. This mitigation results in less amplitude in the SAR
image around z = 0 m, which is especially evident in the YZ slice (where some areas corresponding to
the interface have a normalized amplitude smaller than −30 dB). As a result, there is an improvement
in the signal to clutter ratio. As a side effect, there is also a considerable amplitude in the SAR image
approximately under the metallic disk, which might be due to some secondary reflections.
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a)

b)

c)

d)

e)

f)

Figure 17. Slices of the 3D SAR image at the position where the cylindrical box is detected when height
correction is applied (on the left) and when the SAR image is equalized (on the right): (a,d) along-track
views at x = −0.05 m; (b,e) top views at z = −0.14 m; and (c,f) across-track views at y = 4.55 m.

4.2.2. Equalization

The effect of applying the equalization can be observed comparing the SAR image slices when
equalization is applied (right part of Figure 17) with the results of the basic processing (right part of
Figure 15). As explained above, the goal of the equalization is to effectively use the whole bandwidth,
preventing the low frequency data masking the high frequency one. Thus, the range resolution,
which corresponds in this case to the resolution in the z-axis, should improve with the equalization.
This improvement is clearly visible since the width of the high reflectivity areas corresponding to the
disk, the box and the air–soil interface is narrower. As a result, the buried box can be now distinguished
from the air–soil interface.

4.2.3. Height Correction and Equalization

If both height correction and equalization are applied, the resulting SAR image (shown in left part
of Figure 18) has better resolution and higher signal to clutter ratio than the one obtained with the basic
processing. Furthermore, the equalization also helps to remove the artifact that appears under the
metallic disk after applying the height correction. Thus, the combination of these improvements helps
to enhance the range resolution (especially the equalization) and the signal to clutter ratio (mainly by
reducing the reflection at the air–soil interface with the height correction).
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a)

b)

c)

d)

e)

f)

Figure 18. Slices of the 3D SAR image at the position where the cylindrical box is detected when height
correction and equalization are applied. Results on the left are obtained without taking into account
the soil composition, whereas results on the right are obtained assuming εr = 3: (a,d) along-track
views at x = −0.05 m; (b,e) top views at z = −0.14 m and z = −0.08 m„ respectively; and (c,f)
across-track views.

4.2.4. Soil Composition Consideration

Finally, the soil composition must be taken into account in order to obtain a well-focused SAR
image with the buried targets detected at their true depth. Soil permittivity can be estimated from the
radar measurements or from the characteristics of the scenario (temperature, soil material components
and volumetric water content). A relative permittivity of εr = 3 has been assumed, based on previous
soil characterization results from [24]. This agrees with the fact that, when free-space propagation is
considered, the box is detected at a depth of approximately dbox

√
εr = 0.14 m (being dbox = 0.08 m the

true depth).
The resulting SAR images are shown in Figure 18b. The box is now detected around its true depth

(that is, the depth where the box is detected when it is not covered by soil).

4.3. Comparison

To further compare the results, the histograms of the 3D SAR images amplitudes when using
basic and enhanced processing (height correction, equalization and soil composition consideration) are
shown in Figure 19 (in blue and orange respectively) for the second measurement (i.e., when there is a
buried target). In this figure, the vertical lines indicate the maximum amplitude of the buried target in
the corresponding 3D SAR images. This representation allows quantitatively assessing the influence of
the proposed enhanced processing. When applying this enhanced processing, the distance between
the target amplitude (depicted in the vertical line) and the clutter is increased, which helps to improve
the detection capabilities of the system and to reduce the false alarm rate.
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Figure 19. Histograms of the 3D SAR images amplitudes of the second measurement when using basic
and enhanced processing (height correction, equalization and soil composition consideration). Vertical
lines indicate the maximum amplitude of the buried target in the corresponding 3D SAR images.

5. Conclusions

An enhanced UAV-mounted SAR imaging system to obtain 3D high-resolution radar images
(where both underground and overground targets can be detected) is presented. The ultimate goal is
the detection of buried hazards, mainly landmines and IEDs, although it can be used for a wide range
of application involving both subsurface sensing and terrain observation.

First, several improvements have been implemented in the proposed prototype, mainly to increase
the accuracy of the positioning system and the penetration of the electromagnetic waves into the soil.
As shown in the results, this allows the coherent combination of measurements gathered at arbitrary
positions (3D measurement grid), providing high-resolution radar images, and it also enables the
detection of targets buried in higher losses soils.

Concerning the methodology, the processing chain for both the positioning and radar data is
thoroughly explained. This methodology can be used to process data collected in both manual and
autonomous flight mode, since it selects which measurements will be processed and the location of
the investigation domain taking into account the set of UAV positions where measurements were
acquired during the flight (i.e., the observation domain). Furthermore, several enhancements in the
radar processing are presented to improve the resulting 3D images (mainly in terms of resolution and
target discrimination).

Both the prototype and the methodology were experimentally validated with autonomous
measurement flights, proving the capability of the system to provide high-resolution 3D SAR images
even when using a basic processing strategy. In addition, the effectiveness of the enhanced radar
processing was also proved, showing that it yields better resolution and signal to clutter ratio.
As expected, results also confirm that, when an estimation of the soil composition is taken into
account the buried targets are detected at their true depth.

6. Patents

The work presented in this contribution is related to the patent “Airborne Systems and Detection
Methods Localisation and Production of Images of Buried Objects and Characterisation of the
Composition of the Subsurface”. Publication No. WO/2017/125627. International Application
No. PCT/ES2017/000006. Priority date: 21 January 2016. International filing date: 18 January 2017.
University of Oviedo, University of Vigo. Available online: https://patentscope.wipo.int/search/en/
detail.jsf?docId=WO2017125627 (accessed on 1 September 2019).

https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017125627
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017125627
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Supplementary Materials: A video of the system is available online at http://www.mdpi.com/2072-4292/11/20/
2357/s1.
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