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ABSTRACT Airborne-based Ground Penetrating Radar (GPR) systems have proved to be an efficient
solution for safe and accurate detection of buried threats such as Improvised Explosive Devices (IEDs) and
anti-personnel and anti-tank landmines. The design of these prototypes is influenced by several parameters
such as the working frequency band or the maximum weight and size of the payload to be placed on board
the Unmanned Aerial Vehicle (UAV). In this sense, one of the main bottlenecks found in the design of these
systems is the proper selection of the GPR antenna. This contribution focuses on the analysis of different
Ultra Wideband (UWB) Vivaldi antennas and their performance in the context of an airborne-based GPR
system. First, the Vivaldi antennas are characterized in terms of S11, radiation pattern, directivity, and phase
center. Next, they are placed on board the implemented airborne-based GPR prototype to assess their impact
on the detection capabilities of the system. In addition, other criteria such as the weight and size of the
antennas are considered to make the final selection. Finally, the selected UWB Vivaldi antennas are tested
in a realistic scenario.

INDEX TERMS Ground Penetrating Radar (GPR), Ultra Wideband (UWB) antenna, Vivaldi antenna,

unmanned aerial vehicle (UAV), Synthetic Aperture Radar (SAR), antenna measurement.

I. INTRODUCTION

The development of systems for secure and fast detection
of landmines, Improvised Explosive Devices (IEDs) and
UneXploded Ordnances (UXOs) is a technological challenge
that has been addressed using different approaches, such
as handheld detectors [1], [2], autonomous robots [3], [4],
vehicle-mounted detection systems [5] and, in recent years,
Unmanned Aerial Vehicles (UAVs). The latter are of spe-
cial interest from the safety point of view, as they enable
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contactless detection capabilities. Besides, they are able to
operate in difficult-to-access scenarios.

Different types of sensors can be integrated within UAVs
for landmine and IED detection. In this regard, metal detec-
tors [6] and magnetometers [7] are limited to the detection of
metallic targets. In contrast, Ground Penetrating Radar (GPR)
sensors are capable of finding either metallic or non-metallic
targets, provided they have enough dielectric contrast with
the medium in which they are buried.

Airborne-based GPR systems can resort to different archi-
tectures. For example, a side-looking GPR is presented
in [8], whereas [9]-[12] propose a Down-Looking GPR
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architecture. Thanks to the improvements in positioning sub-
systems (e.g. Global Navigation Satellite System - Real Time
Kinematics, GNSS-RTK), GPR measurements can be geo-
referred with centimeter-level accuracy, enabling Synthetic
Aperture Radar (SAR) processing. Consequently, cross-range
or lateral resolution of GPR images is improved, yielding
better detection capabilities. [8] proposes a Circular-based
Synthetic Aperture Radar (CSAR), in which the UAV flies
in circles around the area to be scanned, whilst in [12],
SAR processing uses the down-looking area scanned by the
UAV (i.e. DL-GPR SAR). A summary of the most recent
prototypes developed for landmine and IED detection using
UAVs is presented in Table 1 of [12], where it can be noticed
that most of them operate in the L and S bands (1 to 4 GHz).
This frequency range constitutes a good trade-off between
image resolution (around 5-7 cm free-space range resolution)
and penetration depth.

One of the key issues in the design of an airborne-based
GPR system is the choice of the GPR antennas. It is well
known that the larger the bandwidth, the better the range
resolution. Besides, the frequency must be kept low enough
to avoid high penetration losses. Thus, the use of Ultra
Wideband (UWB) antennas and radar modules is required.
However, the radiofrequency characteristics of the antennas
are not the only aspect to take into account. As the anten-
nas will be included in the UAV payload, special attention
must be paid to their mechanical specifications (weight, size
and shape). For example, in [10] two 240 g weight and
9.5 cm x 22.5 cm x 18 cm size Vivaldi-horn antennas, oper-
ating within the 550-4000 MHz frequency band, are used.
A similar antenna design is shown in [8]. In contrast, the
proposed airborne-GPR prototypes of [11], [12] incorporate
planar antennas.

Although the Vivaldi-horn antennas used in [8], [10] seem
to offer better radiofrequency characteristics, exhibiting low
dispersion (which means that the antenna phase center barely
changes with frequency), their relative bulkiness can jeop-
ardize the UAV stability (especially in windy conditions,
regardless of wind direction). In contrast, planar antennas
such as the ones shown in [11], [12], which occupy a smaller
volume, make the integration in the UAV easier.

Cavity-backed antennas such as helix [13] and sinuous
[14] ones provide good performance in terms of bandwidth
and directivity, making them suitable for GPR applications.
However, the considerable weight of the resonant cavity,
which can exceed 1 kg, limits its use in airborne-based GPR
systems.

This contribution is focused on the analysis of different
types of UWB Vivaldi antennas for the implementation of
the UAV prototype described in [12], including both com-
mercial and custom-designed Vivaldi antennas. Apart from
an accurate characterization of antenna radiation parameters
at spherical range in anechoic chamber, the novelty of this
contribution is the benchmarking of candidate Vivaldi anten-
nas on board the airborne-based GPR systems. Thus, the
performance of these Vivaldi antennas concerning detection
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capabilities is directly tested in realistic scenarios using the
UAV prototype. A video summarizing the contents of this
contribution is available at https://youtu.be/2x AZIZnkL1M.

Il. ANTENNA SELECTION/DESIGN AND
CHARACTERIZATION

The airborne GPR-based system, presented in [12], is based
on a commercial airframe [15] with a maximum take-off
weight of 11 kg. The GPR subsystem is based on an UWB
radar module operating from 100 MHz to 6 GHz [16]. This
module has one transmitting port and two receiving ports.
Thus, to take advantage of the full capability of the radar
module, it is desirable to integrate three antennas on board the
UAV following a receiving-transmitting-receiving arrange-
ment (Rx-Tx-Rx), as described in [12].

A. SELECTION OF THE GPR ANTENNAS

Concerning the choice of the antennas for the GPR sub-
system, the following requirements have been initially
defined: i) working frequency band: approximately from
900 MHz to 3000 MHz; ii) overall weight < 700 g (as
three antennas are used, that is < 233.3 g per antenna);
iii) size: planar antennas preferred (if possible, not larger than
30 cm x 25 cm). The antenna bandwidth is defined accord-
ing to the 11 < —7 dB criterion, which for this targeted appli-
cation (airborne-based GPR) has been found to be acceptable.
Nevertheless, this characteristic is not sufficient to assess
the performance of the tested GPR antennas. Therefore, a
more complete antenna characterization and benchmarking
is presented in this contribution. The highest frequency is
limited to 3000 MHz because in most of the GPR scenarios
frequencies above 3 GHz exhibit poor penetration into the
ground.

According to the previous requirements, three commer-
cial UWB Vivaldi antenna models have been considered:
TSA 600 Vivaldi antenna [17] (hereinafter referred to as
large Vivaldi), TC930-83 [18] (referred to as dual polarized
Vivaldi), and IS-AV-0106G [19] (referred to as small Vivaldi).
Some of their specifications are listed in Table 1. It must
be pointed out that the large Vivaldi [17] has been already
considered in previous airborne-based GPR system proto-
types, finding that it exhibited a low dispersive frequency
response despite its size. Thus, one of the goals of the research
presented in this contribution is to compare the performance
of this antenna with other potential candidates for UAV inte-
gration.

B. CUSTOMIZED ANTENNA DESIGN

In addition to the three commercial antennas chosen for the
comparison, the design of a customized Vivaldi antenna has
been proposed, aiming at minimizing size and weight while
keeping acceptable bandwidth and radiation parameters. The
antenna was designed in 1.6 mm thick FR4 substrate (¢, =
4.3, tan 6 = 0.019), with a copper thickness of 35 um. Later,
the custom-designed Vivaldi antenna was manufactured in
house using LPKF H100 prototyping equipment [20].
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TABLE 1. Specifications of the UWB Vivaldi antennas to be compared. In
the case of commercial antennas, specifications correspond to the values
given in the antenna datasheet.

Antenna Bandwidth | Dimensions | Weight | Polari-
model (MHz) (cm) (g) zation
TSA 600 [17] 600-6000 24 width 230 Linear
(large Vivaldi) 33 length

Fig. 1 (a)

TC930-83 [18] 600-8000 13 x 13 37 Dual
(dual pol. Vivaldi) x 7 pol.
Fig. 1 (b)

IS-AV-0106G [19] 1000-6000 | 10 width 100 Linear
(small Vivaldi)

Fig. 1 (d) 16 length

Customized design

(customized Vivaldi)

large prototype 500-3000 22 width 150 Linear
Fig. 1 (c), central ant. 22 length

Customized design

(customized Vivaldi)

small prototype 500-3000 20 width 130 Linear
Fig. 1 (c), side ant. 20 length

The antenna is a standard Vivaldi design with a wide-
band microstrip to slot transition. The transition was imple-
mented as defined in [21], by means of a lambda quarter
transformer in order to match the 50 € of the connector to
the impedance of the slot, and two lambda quarter radial
stubs in the slot and microstrip ends to simulate a virtual
short circuit at the connection point between both structures.
The radial stub of the slotline was replaced by a circular
cavity that exhibited better performance across the entire
band.

Antenna size minimization was achieved by means of a
set of non-symmetrical rectangular corrugations etched on
the non-radiating edges of the antenna, following the guide-
lines given in [22], [23]. The etched corrugations behave
as a high impedance structure for the surface waves which
are suppressed along the non-radiating edges, increasing the
current flow along the exponential tapered slot. In this way,
the operational bandwidth can be extended towards the lower
frequencies while maintaining the size of the antenna. The
rectangular corrugations also contribute to improve the radi-
ation parameters and antenna gain [23].

A first antenna prototype of size 22 cm X 22 cm was
manufactured (see Fig. 2, right). A second prototype was also
manufactured, based on a refined design aimed at reducing
the size of the antenna and improving its directivity. The size
of the second prototype was 20 cm x 20 cm (see Fig. 2,
left). The weight of the customized Vivaldi antenna prototypes
are 130 g for the small prototype and 150 g for the large
prototype.

With regard to the integration within the UAYV, the first
prototype is used as transmitting antenna, with one unit of
the second prototype placed at either side for the reception,
as shown in Fig. 1 (c).

127384

FIGURE 1. Antennas selected for the study (pictures not to scale),
assembled following a Rx-Tx-Rx arrangement (as in the UAV).

(a) TSA 600 antenna [17] (large Vivaldi). (b) Dual-polarized TC-93083
antenna [18] (dual-polarized Vivaldi). (c) Customized Vivaldi antenna
design. (d) Vivaldi antenna IS-AV-0106G [19] (small Vivaldi).

FIGURE 2. Picture of the manufactured prototypes of the customized
Vivaldi antenna. Right: first (large) prototype. Left: second (small)

prototype.

C. ANTENNA CHARACTERIZATION
Antennas were characterized using the same arrangement
to be placed on board the UAV, that is, placing the three

VOLUME 9, 2021



M. G. Fernandez et al.: Development of Airborne-Based GPR System for Landmine and IED Detection

IEEE Access

Small Vivaldi (central)
Small Vivaldi (side) n
Customized Vivaldi (central)
Customized Vivaldi (side)
Dual pol. Vivaldi (central)
Dual pol. Vivaldi (side)
Large Vivaldi (central)
Large Vivaldi (side)

Amplitude (dB)

~ | |
500 1000 1500 2000 2500 3000
Frequency (MHz)

FIGURE 3. Measured S;; parameter of the analyzed antennas.

antennas (the two side antennas for the receiving channels
of the radar module and the central one for the transmitter)
on the structure to be attached to the airframe. The goal was
to assess the impact of effects such as mutual coupling in the
radiation performance. Spacing between antennas is 9.8 cm
except in the case of the dual polarized Vivaldi [18] that had
to be increased to 15 cm to fit the three antennas using the
space at the UAV platform.

In terms of wavelength (1), the 9.8 cm spacing corresponds
to 0.2A and 1A at 600 MHz and 3 GHz, respectively. For the
dual polarized Vivaldi, the 15 cm spacing corresponds to 0.3
at 600 MHz, and 1.5\ at 3 GHz. Note that, as indicated in [12],
the GPR-SAR images obtained from the measurements col-
lected with each receiving antenna are combined to improve
signal-to-clutter ratio, taking advantage of receiving channel
redundancy.

First, the §1; parameter was measured. As observed in
Fig. 3, the S1; of all the UWB Vivaldi antennas is lower than
—7 dB from approximately 600 MHz up to 3000 MHz, except
from 1300 MHz to 1700 MHz in the case of the dual polarized
Vivaldi antenna, and below 1100 MHz for the small Vivaldi
antenna. The central antenna of the large Vivaldi and the side
antenna of the customized Vivaldi also exhibit a S1; slightly
above —7 dB around 800 MHz and 1100 MHz, respectively.

Concerning the impact of mounting the antennas according
to the Rx-Tx-Rx arrangement, it can be noticed that, overall,
the S1; parameter of the central antenna is slightly worse
than the S of the side antennas, although these differences
are less than 2-3 dB. Nonetheless, this still has some impact,
especially when the S;; is close to —7 dB, as is the case of
the large Vivaldi around 800 MHz. Only in the case of the
customized Vivaldi antennas, the S, of the central and side
antennas exhibit significant differences above 2 GHz, due

VOLUME 9, 2021

to the fact that, as explained in Section II-B, two different
prototypes of the customized Vivaldi were manufactured: the
central antenna is slightly larger than the side antennas (see
Fig. 2).

Next, the antenna radiation pattern was measured at the
spherical range in the anechoic chamber of the University of
Oviedo. Measurements were conducted from 600 MHz up to
3000 MHz, in 30 MHz-steps.

Antennas were characterized alone as well as mounted
according to the aforementioned Rx-Tx-Rx arrangement (as
shown in Fig. 1), measuring both central and side anten-
nas. To illustrate this, Fig. 4 shows a comparison of the E-
plane cuts of the radiation pattern for the large Vivaldi when
measured alone and in the Rx-Tx-Rx arrangement. It can
be noticed that the radiation pattern of the central antenna
is partially distorted, especially at lower frequencies (f =
1 GHz). For higher frequencies, the Rx-Tx-Rx arrangement
does not produce significant degradation of the radiation
pattern (differences are less than 3-4 dB in the main lobe).
The other three compared antennas exhibit a similar behavior
(radiation parameters of the central antenna are worse than
those of the side ones).

Antenna directivity is plotted in Fig. 5. In general, as
the electric size of the AUT increases with frequency, it
can be expected that the directivity increases as well within
the working frequency band of the AUT. The large Vivaldi
antenna exhibits the highest directivity, which is related to
the fact that it also has the largest electric size. This is also
observed in the case of the customized Vivaldis, where the
larger prototype is, in general, more directive than the smaller
ones. Concerning the small Vivaldi antenna, its directivity
is the lowest below 1500 MHz, and above this frequency
it follows a behavior similar to the dual-polarized Vivaldi
antenna. From the results shown in Fig. 5, it can be concluded
that the directivity of the central antenna is, in general, smaller
than that of the side antennas.

Fig. 6 shows the E-plane of the compared antennas (for
the sake of simplicity, only the central antenna is shown, as
it corresponds to the worst-case scenario), whereas the bore-
sight level within the analyzed frequency band is depicted in
Fig. 7. The boresight level corresponds to the amplitude of the
field level measured with the Vector Network Analyzer of the
anechoic chamber when the AUT and the probe antenna are
pointing to each other. The boresight level depends mainly
on the free-space propagation losses and the attenuation of
cables and connectors, which increase with frequency, and the
directivities of the AUT and the probe. Thus, if the increase of
the directivity with frequency is smaller than the increase of
free-space propagation losses and the attenuation introduced
by cables and connectors, the boresight level decreases with
frequency, as observed in Fig. 7.

Up to 1200 MHz, the large, customized and dual-polarized
Vivaldi antennas exhibit similar boresight levels. Above
1500 MHz, the boresight level of the dual-polarized Vivaldi
decreases sharply (around 5-6 dB), and its main beam broad-
ens (Fig. 6, 2 GHz and 3 GHz). A similar behavior is noticed
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FIGURE 4. Comparison of the radiation pattern of the large Vivaldi
antenna [17] measured alone as well as in a Rx-Tx-Rx arrangement.
E-plane (¢ = 0°) cut. Ecp: co-polar component. Exp: cross-polar
component.

around 2 GHz in the case of the customized Vivaldi antennas.
The large Vivaldi antennas (either the central or the side
ones) present a steady decrease of the boresight level with
frequency (a decay of 4.2 dB/GHz approximately). In the
case of the small Vivaldi, the boresight level is the lowest
below 1500 MHz. The largest co-polar to cross-polar ratio
corresponds to the large Vivaldi, being greater than 20 dB
from 1 GHz to 3 GHz.

It must be remarked that the variation of the ampli-
tude in the frequency response of the antennas (Fig. 7)
can be equalized in the GPR-SAR processing [24], by
means of the normalization of the GPR-SAR images recov-
ered for each discrete frequency, then combining all these
GPR-SAR images coherently. Thanks to this, contributions
of each discrete frequency will have the same weight in
the resulting GPR-SAR image. In any case, the lower the
boresight level, the weaker the field scattered by buried
targets.
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FIGURE 5. Comparison of the directivity of the analyzed Vivaldi antennas.

Antenna dispersion is another important parameter in the
framework of GPR systems, as dispersive antennas might
degrade the frequency response of the whole GPR system.
In this sense, minimizing antenna dispersion while keeping
antenna directivity high in the working frequency band was
one of the design goals of the Vivaldi-horn antenna pre-
sented in [10]. Antenna dispersion and its relationship with
the antenna phase center was also studied in [25], where
a Vivaldi, a log-periodic, and a monopole antenna were
compared.

The methodology followed for obtaining the phase cen-
ter is the widely used least squares fit method described
in Section IV.A of [26]. It consists of comparing, for each
discrete frequency within the working frequency band, the
measured phase of the AUT and the theoretical one calculated
for different distances. The distance that gives the smallest
deviation between the theoretical and the measured phase is
taken as the phase center position.

Fig. 8 shows the variation of the phase center of the ana-
lyzed Vivaldi antennas with frequency. The phase center of
the large Vivaldi antenna is quite stable above 1200 MHz
(especially if compared to its electric size), with smaller
displacements than the dual-polarized Vivaldi and customized
Vivaldi antennas. The latter exhibits large phase center dis-
placements at those frequencies where the boresight level has
a sharp decrease. The small Vivaldi antenna has significant
displacements (up to 25 cm) below 1500 MHz.

Finally, it must be mentioned that, apart from the Vivaldi
antennas listed in Table 1, all of them having linear polar-
ization, spiral antennas with circular polarization working in
the 650 MHz - 3000 MHz frequency band were also tested.
However, they exhibited quite a dispersive response due to the
large displacement of the antenna phase center in the aperture
plane of the spiral antenna, which introduced even more
dispersion in the GPR-SAR images than linearly polarized
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antennas, where the antenna phase center shifts along the axis
containing the antenna main beam (Fig. 8).

IIl. ANALYSIS OF GPR CAPABILITIES
A. FIRST VALIDATION SCENARIO
The first validation scenario is located within the airfield of
the University of Oviedo, Gijon, Spain. For a fairer compar-
ison of the selected antennas, flights were performed over
the same area of 1.5 m width x 6 m length, where the grass
had been previously removed and the targets had been buried.
Measurements were conducted on the same day, within a two-
hour interval. Soil moisture and weather conditions remained
almost invariant during the tests. A relative permittivity (&;)
ranging from 6 to 7 was estimated from GPR-SAR measure-
ments and the known depth of the detected targets.

The large, customized, and small Vivaldi antennas were
placed on board the same UAV platform [15], keeping the
same hardware and configuration parameters for all measure-
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FIGURE 7. Comparison of the boresight level of the analyzed Vivaldi
antennas. Ecp: co-polar component. Exp: cross-polar component.

Dual pol. Vivaldi, Rx-Tx-Rx, central
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FIGURE 8. Phase center of the compared Vivaldi antennas vs. frequency.
For comparison purposes, a reference phase of 0 degrees is taken
at 3 GHz.

ments. Dual-polarized Vivaldi antennas were also tested on
board the UAV in a previous measurement campaign, but the
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TABLE 2. First validation scenario. Buried targets.

Object Size Depth | Other specs.
(cm) (cm)

First group 10 x 10 14 3 plates

of metallic plates (5 x5 each)

Wooden trunk- 25long X 15 & 1 No metal

like IED Vert. placed content

Second group 10 x 10 14 3 plates

of metallic plates (5 x5 each)

Metallic can 12 &, 14 long 18 Can lids

(cylindrical) perpendicular
to air-ground
interface

Two stacked 18 &, 2 thickness 2

plastic disks

Metallic disk 18 & 9

7.5 litre plastic 29 long x 22 width | 1

jug (empty) X 12 thick

TS-50 9 & 1 Minimum metal

anti-personnel 4.5 thickness content

landmine [29]

VS-1.6 anti-tank 22 & 5 No metal

landmine [30] 9.2 thickness content

Third group 10 x 10 8 3 plates

of metallic plates (5 x5 each)

resulting GPR-SAR images exhibited a dispersive response,
that is, echoes corresponding to the targets were not focused
in range or depth, sometimes appearing several echoes (at
different depths) for a single target. That makes the analysis
and identification of buried targets very difficult. Therefore,
due to their poor performance in terms of GPR-SAR imaging,
dual-polarized Vivaldi antennas have not been included in the
comparison conducted in this Section.

The positioning and geo-referencing subsystem is com-
posed by a GNSS-RTK module [27] and a laser rangefinder
[28] for accurate measurement of the height above ground. A
detailed description of the implemented airborne-based GPR
prototype can be found in [12]. Flights were performed at a
height of 1.5 m above ground (see Fig. 9). This average height
is considered a good trade-off between free-space attenuation
losses and flight stability and safety (given the size of the
UAY, the ground effect is noticeable when flying closer to
the ground).

The objects listed in Table 2 and shown in Fig. 10 were
buried to test the detection capabilities as a function of the
antenna integrated in the UAV. Different types of targets were
considered, both metallic and non-metallic, with different
geometries and buried depths.

The 1.5 m width scanning domain was discretized into
31 along-track sweeps (spacing between two consecutive
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FIGURE 9. Pictures of the UAV prototype conducting the scanning of the
first validation scenario. Prototype fitted with (a) /arge Vivaldi antennas,
(b) customized Vivaldi antennas, and (c) small Vivaldi antennas.

sweeps of 5 cm). Along-track scans were performed at a
speed of 75 cm/s.

Fig. 11 shows a comparison of the flight paths performed
by the UAV during the scan with each set of antennas. It must
be remarked that wind gusts up to 25 km/h were experienced
during the time the flights were conducted, resulting in the
differences between flight paths depicted in Fig. 11. Nev-
ertheless, these differences are small enough not to have an
influence on the comparison of the 3D GPR-SAR reflectivity
images associated with each antenna.

GPR measurements obtained with each set of antennas
were processed following the same steps according to the
workflow indicated in Section II.B of [12]. Singular Value
Decomposition (SVD) filtering (Section III of [12]) was also
applied finding that, on average, better detection results were
achieved with the removal of the two first singular values,
which correspond mainly to the air-soil clutter contribution.
3D GPR-SAR reflectivity was recovered in a volume of 5.6 m
length x 1.5 m width x 0.8 m depth (20 cm above ground,
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FIGURE 10. Picture of the targets buried in the scanned scenario.

60 cm below ground, being z = 0 m the average position of
the air-soil interface).

XY cuts of the recovered 3D GPR-SAR reflectivity are
depicted in Fig. 12, where each row corresponds to the results
of each kind of antenna. Columns correspond to cuts with
similar depth. It must be pointed out that free-space back-
propagation was considered in the GPR-SAR processing, so
targets are detected deeper than their true depth. In particular,
to calculate the true depth of the cuts, zyue = 2GPR-SAR//Er
(for example, for the cut z = —14 cm, the true depth
would be between 5.3 - 5.7 cm if we consider ¢, ranging
from 6 to 7).

Automatic target detection is performed by means of a
2D-cell-averaging constant false alarm rate (CFAR) algo-
rithm. This algorithm is applied on each horizontal (XY)
plane of the 3D GPR-SAR reflectivity images [8]. In the
results depicted in Sections III.A and III.B, a radial distance
of 35 cm from the true location of the target is considered
to determine if the CFAR detection corresponds to a true
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FIGURE 11. Comparison of the flight paths followed by the UAV in the
first validation scenario, when placed onboard (a) /large Vivaldi antennas,
(b) customized Vivaldi antennas, and (c) small Vivaldi antennas. Dots
represent the geo-referred positions where measurements were taken.
Blue dots: all the positions within x = [-0.75 0.75] m and y = [0.4 6] m.
Red dots: selected measurement positions for GPR-SAR processing
according to [12].

detection (depicted in green color in GPR-SAR images) or
to a false positive (depicted in red color).

The two groups of metallic plates buried 14 cm deep
are detected in all the cases (fourth column of Fig. 12,
7z = —34 cm, corresponding to a true depth of 12.9 cm
— 139 cm), as well as the third group of metallic plates.
The two stacked plastic disks and the metallic disk are also
detected with the three sets of antennas (first two columns of
Fig. 12). In the case of the 7.5 litre plastic jug, the reflection
happening at the bottom side of the jug (interface between
the air inside the jug and the soil below the jug) is detected
at around z = —26 cm when using the large Vivaldi anten-
nas, while the upper reflection is detected with the small
and customized Vivaldi antennas. Concerning the wooden-
like IED, the CFAR algorithm detects it with the large and
customized Vivaldi antennas. However, if the XZ cuts of the
3D GPR-SAR reflectivity are depicted (Fig. 13), the wooden-
like IED is noticeable with the small Vivaldi antenna as well.
Furthermore, in this XZ cut, the reflectivity of the IED top
face has a strong level and two deeper reflections, which
could correspond to the bottom face of the IED, can be
noticed. Finally, although a reflection corresponding to the
bottom face of the anti-tank landmine is detected by the
CFAR algorithm only with the small Vivaldi antenna, this
target can be also observed with the large Vivaldi antennas
if the XZ cuts are plotted (Fig. 14).

The rest of the targets (the shallow anti-personnel landmine
and the deeply buried metallic can) cannot be clearly identi-
fied, as the corresponding echoes located at the position of
these targets have the same level as the clutter observed in
the GPR-SAR reflectivity images. Only the anti-personnel
landmine is detected by the CFAR algorithm with the small
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FIGURE 12. XY planes of the 3D GPR-SAR reflectivity (normalized, in dB) corresponding to the
first validation scenario. Cuts centered at the depth where targets were detected. For the sake of
clarity, only those XY cuts corresponding to clear detections are shown. Upper row corresponds to
the detection results using the large Vivaldi antennas, middle row corresponds to the results
using the small Vivaldis, and lower row corresponds to the customized Vivaldis. The true location
of the targets is depicted with white crosses on the GPR-SAR images. In the scheme displayed on
the right side of the figure, circles denoting the position of the targets are colored according to
their true depth. CFAR detections are colored in red and green, depending on whether they
correspond to a false alarm or a true detection, respectively. In the case of thick targets, color
gives an idea of the depth of the upper and lower interfaces or boundaries of the target.
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FIGURE 13. YZ and XZ planes of the 3D GPR-SAR reflectivity (normalized,
in dB) centered at the position where the wooden trunk-like IED is
detected with the large Vivaldi (YZ cut (a), and XZ cut (c)) and with the
small Vivaldi (YZ cut (b) and XZ cut (d)).
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FIGURE 14. YZ and XZ planes of the 3D GPR-SAR reflectivity (normalized,
in dB) centered at the position where the anti-tank landmine is detected
with the large Vivaldi (YZ cut (a), and XZ cut (c)) and with the small
Vivaldi (YZ cut (b) and XZ cut (d)).

Vivaldi antenna. Concerning signal-to-clutter ratio, results
corresponding to customized Vivaldi antennas (third row)
seem to exhibit slightly higher clutter levels at depths close
to the soil surface, whereas those of the small Vivaldi (second
row) seem to have higher clutter levels across all depths than
the large Vivaldi antenna.

B. SECOND VALIDATION SCENARIO

Within the framework of a measurement campaign in a
realistic scenario to test the prototype presented in [12] in
quasi-operational conditions, it was decided to compare the
performance of the large and small Vivaldi antennas again,
aiming to further improve the airborne-based GPR system.
The validation scenario was the Spanish military training and
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TABLE 3. Second validation scenario. Buried targets.

Object Size Depth | Other specs.
(cm) (cm)

Plastic bag filled 30 & aprox. 5

with paper

Wooden 25 long x 7 width 4

pressure plate

Wooden box filled 30 long x 25 width | 5

with plasterboard X 20 thick

VS-1.6 anti-tank 22 4 4 No metal

landmine [30] 9.2 thickness content

Two 81 mm mortar | 39 long X 8

shells, metallic 8.1 %

shooting range “El Palancar’, located north of Madrid. In
this scenario, the soil is significantly drier than in the previ-
ous case (airfield of the University of Oviedo), estimating a
relative permittivity around &, = 4 (a metallic plate buried 13
cm deep was used to obtain this estimation).

The scanned area, whose size was 4.5 m across-track by
12 m along-track, is shown in Fig. 15 and Fig. 16. Due to
the size of the scanned area and the limited capacity of the
UAV batteries, the scan was divided into three flights. These
three flights took 30 minutes for each tested antenna. The
4.5 m across-track x 12 m along-track acquisition domain
was discretized into 91 along-track sweeps, being the spacing
between two consecutive sweeps of 5 cm. In this scenario, the
average flight height was set to 1.2 m for the large Vivaldi
and 1 m for the small ones, so that the distance from the soil
surface to the antennas was almost the same in both cases. The
same GPR measurement acquisition and processing method-
ology as in the first validation scenario were followed.

Flights were conducted with two different UAV platforms:
the large Vivaldi antennas were mounted in the same UAV
platform used in the first validation scenario [15] (Fig. 16),
whereas the small Vivaldi antennas were mounted in a similar
UAV platform [31], which has slightly less payload capacity.
Nevertheless, except from the airframe model and the GPR
antennas, the architecture and the subsystems mounted on
board both prototypes were exactly the same.

IEDs and landmines were buried by personnel of the
Counter Improvised Explosive Devices Center of Excellence
(C-IED CoE) [32] and from the Ministry of Defense of Spain
resembling the conditions and placement of real scenarios.
The targets listed in Table 3 will be considered to compare the
antennas. Since these targets were buried in an area ranging
fromy = 0 m to y = 7.3 m (along-track axis), the 3D
GPR-SAR reflectivity images will be limited to that along-
track interval. As in the first validation scenario, 2D CFAR
processing was applied to the XY cuts of the 3D GPR-SAR
reflectivity images for automatic detection of potential buried
targets.

Cuts of the 3D GPR-SAR reflectivity are shown in Fig.17
for the case of the large Vivaldi, and in Fig. 18 for the small
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FIGURE 15. Overview of the second scenario and buried targets.

(a) Wooden pressure plate. (b) VS-1.6 anti-tank plastic landmine [30].

(c) Metallic mortar shells. (d) Picture of the scanned area showing the
targets (uncovered) at the positions where they were buried. The plastic
bag filled with paper can be seen in the lower left side of the picture, and
the wooden box filled with plasterboard, on the top center of the picture
(between the wooden pressure plate and the VS-16 anti-tank landmine).

Vivaldis. In both cases, the targets that are better detected
are the wooden box and the filled plastic bag. It is worth
noting that both the upper and lower part of the wooden box
are clearly detected, especially in the results corresponding
to the large Vivaldi antennas. Therefore, an estimate of the
permittivity of the plasterboard can be given from the knowl-
edge of the distance between the upper and lower echoes
observed in the vertical cut of the reflectivity (ztop = —12 cm,
Zbottom = —44 cm), so Er.plasterboard ™~ (30 cm /20 Cm)z =
2.6. Concerning the remaining targets, the two 81 mm mortar
shells and the anti-tank mine are found at z = —24 cm (which

corresponds to a true depth of 12 cm approximately) with
both antennas. However, the wooden pressure plate cannot
be detected with the small Vivaldis.

The plastic bag filled with paper has a noticeable reflectiv-
ity response (Fig. 17, and Fig. 18, target (1)), which can be
due to its low permittivity (the relative permittivity of paper
is around &, = 2.3), with respect to the surrounding medium
(soil, &, = 4).

IV. DISCUSSION

Detection results for the first and second scenarios are sum-
marized in Table 4. In the case of the first scenario, the
customized Vivaldi antennas yield the worst detection capa-
bilities (although they might be slightly better for detecting
deep targets, since they provided good results for the metal-
lic plates). Some targets are better detected with the small
Vivaldis (e.g. the wooden trunk-like IED), whereas others
(e.g. the 7.5 litre plastic jug) can be better distinguished with
the large Vivaldis. However, it is worth noting that the results
of the former (small Vivaldis) exhibit higher levels of clutter.
Results for the second scenario show better performance of
the large Vivaldi antennas with respect to the small ones in
terms of detection capabilities and signal-to-clutter ratio.

As expected, clutter coming from the air-soil reflection
partially masks shallow targets. Among these shallow targets,
those having a significant thickness (e.g. the wooden box, the
plastic jug, the wooden trunk-like IED, or the anti-tank land-
mine) can be detected as the reflection between the bottom
of the target and the soil occurs deep enough so that it is not
masked by the air-soil clutter.

In terms of penetration depth capabilities, the three com-
pared antennas seem to have similar performance: the two
sets of metallic plates buried 14 cm deep and the one buried
8 cm deep are detected in all the cases.

The shape of the buried targets also has an impact in the
detectability. For example, in the first scenario, the metallic
can is buried only 4 cm deeper than the two sets of metallic

FIGURE 16. Picture of UAV prototype scanning the scenario when fitted with the large Vivaldi antennas.

127392

VOLUME 9, 2021



M. G. Fernandez et al.: Development of Airborne-Based GPR System for Landmine and IED Detection

IEEE Access

Air-soil interface

"t B2

x axis (m)

y axis (m)

FIGURE 17. XY planes of the 3D GPR-SAR reflectivity (normalized, in dB)
corresponding to the second validation scenario and the large Vivaldi
antennas. Cuts centered at the depth where targets were detected. For
the sake of clarity, only those XY cuts corresponding to clear detections
are shown. CFAR detections are colored in red and green, depending on
whether they correspond to a false alarm or a true detection, respectively.
Buried targets: (1) plastic bag filled with paper, (2) wooden pressure
plate, (3) wooden box filled with plasterboard, (4) VS-1.6 anti-tank
landmine, (5) two 81 mm mortar shells. For the largest targets, the white
solid line provides an estimate of their size. The vertical (XZ) cut centered
at the location of the wooden box (3) is also shown.

plates buried 14 cm deep and it is even larger than those ones.
However, it is not detected in any case. The main reason is
that this cylindrical-shaped can is buried lying on its side,
resulting in little reflection. A similar effect is observed in the
second scenario, where the two metallic mortar shells exhibit
lower reflectivity than the smaller plastic VS-1.6 anti-tank
landmine. The latter has flat top and bottom sides, resulting
in stronger reflection than the smooth, rounded shapes of the
metallic mortar shells.

Putting together the detection results with the radiation
performance of the compared Vivaldi antennas, several con-
clusions can be extracted:

o The small Vivaldi antenna has a large variation of the
phase center (Fig. 8), which might be related to the
fact that the GPR-SAR images exhibit higher levels of
clutter.
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FIGURE 18. XY planes of the 3D GPR-SAR reflectivity (normalized, in dB)
corresponding to the second validation scenario and the small Vivaldi
antennas. Cuts centered at the depth where targets were detected. For
the sake of clarity, only those XY cuts corresponding to clear detections
are shown. CFAR detections are colored in red and green, depending on
whether they correspond to a false alarm or a true detection, respectively.
Buried targets: (1) plastic bag filled with paper, (2) wooden pressure
plate, (3) wooden box filled with plasterboard, (4) VS-1.6 anti-tank
landmine, (5) two 81 mm mortar shells. For the largest targets, the white
solid line provides an estimate of their size. The vertical (XZ) cut centered
at the location of the wooden box (3) is also shown.

o Small and large Vivaldis show a smooth variation of the
boresight level (Fig. 7) and the directivity (Fig. 5), which
is more irregular in the case of the customized Vivaldis.
Even though equalization of the frequency response is
applied in the GPR-SAR processing, this could be one
of the factors explaining the worse detectability achieved
with the customized Vivaldi antennas.

Concerning the selection of the antennas for the airborne-
based GPR system, it is concluded that, although large
Vivaldi antennas are a bit bulky (making the flights more
difficult, especially under windy conditions), they exhibit the
best performance in terms of detection capabilities. This is
in agreement with the fact that their electrical size allows
achieving the best radiation performance (highest directiv-
ity) of the compared antennas. Nevertheless, small Vivaldi
antennas could be considered a potential candidate in case
of more restrictive size and weight requirements for the UAV
integration.

Another criterion for the selection of the UWB antennas
could be the cost. In this sense, small and large Vivaldi
antennas are around 3 times cheaper than the dual-polarized
Vivaldis, and up to 6 times cheaper than some models of spiral
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TABLE 4. Detection results, both scenarios. Quantitative detection
analysis based on CFAR processing of the 3D GPR-SAR images shown in
Fig. 12 - Fig. 14 for the first validation scenario, and in Fig. 17 and Fig. 18
for the second validation scenario. Intervals in dB given for each target
correspond to the reflectivity level of the detected target with respect to
the clutter observed in the corresponding cut in the GPR-SAR images.

Object Large Small Customized
Vivaldi [17] Vivaldi [19] Vivaldi

SCENARIO 1

First group Detected Detected Detected

of metallic plates 5-10dB 10-15 dB 10-15 dB

‘Wooden trunk- Detected Detected* Detected

like IED 0-5dB 10-15 dB 0-5dB

Second group Detected Detected Detected

of metallic plates 5-10dB 5-10dB 5-10dB

Metallic can Not detected | Not detected | Not detected

Two stacked Detected Detected Detected

plastic disks 10-15dB 15-20 dB 0-5dB

Metallic disk Detected Detected Detected
10-15dB 10-15 dB 5-10dB

7.5 litre plastic Detected Detected Detected

jug (empty) 5-10dB 0-5dB 0-5dB

TS-50 Not detected | Detected Not detected

anti-personnel 0-5dB

landmine [29]

VS-1.6 anti-tank Detected* Detected Not detected

landmine [30] 0-5dB 5-10dB

Third group Detected Detected Detected

of metallic plates 5-10dB 5-10dB 5-10dB

SCENARIO 2

(1) Plastic bag filled | Detected Detected N/A

with paper 10-15dB 5-10dB

(2) Wooden Detected Not N/A

pressure plate 5-10dB detected

(3) Wooden box Detected Detected N/A

with plasterboard 15-20 dB 15-20 dB

(4) VS-1.6 anti-tank | Detected Detected N/A

landmine [30] 10-15 dB 5-10dB

(5) Two 81 mm Detected Detected N/A

mortar shells 5-10dB 0-5dB

* denotes a target not detected by the CFAR processing that,
however, can be identified from a visual inspection of GPR-SAR
images.

antennas. Still, the cost of the UWB antennas is not a critical
limitation, as they are much cheaper than the overall cost
of the rest of the hardware of most of the UAV-based GPR
systems.

V. CONCLUSION

A comparison of different Vivaldi antennas for an airborne-
based GPR system has been presented in this contribution.
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This comparison comprises the antenna characterization from
measurements at spherical range in anechoic chamber, as well
as testing the antennas onboard a UAV in realistic scenarios
for landmine and IED detection.

Results obtained in this contribution are in line with the
kind of antennas proposed in [8], [10], where directive and
low-dispersive antennas were considered for these airborne-
based GPR systems. The main advantages of the Vivaldi
antennas [17] considered in this contribution are: i) they are
commercial, low-cost antennas, ii) they occupy less volume
than the Vivaldi-horn antennas proposed in [8], [10] and
iii) they provide good detection capabilities. Besides, it has
been proved that smaller Vivaldi antennas are also a feasible
solution even though the detection capabilities are slightly
worsened.

From the GPR-SAR results it was found that, in the case
of large buried targets, an estimate of the permittivity of the
target can be extracted, and thus, its composition. This could
be of special interest to obtain a first guess of the kind of
explosive within a non-metallic IED.
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