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Abstract — Currently, there is a rapid increase in interest in unmanned aerial vehicles (UAVs). These devices can be used as
platform for carrying various sensors, often enabling access to hard-to-reach areas using traditional, ground-based
methods. Very popular sensors used in non-invasive search work include Light Detection and Ranging (LiDAR) and Ground
Penetrating Radar (GPR). The combination of the above sensors with UAVs is becoming increasingly common, which
provides many benefits in many areas, such as archaeology, forensics, agriculture, rescue, terrain mapping, or landmine
detection. This article is a synthetic review of the principle of operation and the use of technologies such as LiDAR and GPR,
as well as their use on unmanned flying platforms. Issues related to the use of these sensors on various UAV configurations
and the resulting conditions of work are discussed. The differences between LIDAR and GPR are also discussed, as well as
the possible analysis of the examined area using both technologies to obtain the best effect. The implementation of these
non-invasive search methods is not a threat to traditional searches in the form of excavations, but only a method
preceding invasive research. Thanks to such an innovative approach, the effectiveness of such work is increased by
narrowing the excavations area.
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INTRODUCTION

With the development of unmanned aerial vehicles
(UAVs), their wide range of applications for various
missions has been appreciated. Currently, these
vehicles are used in civil and military applications. In
a fixed-wing configuration, they can be used over
long distances (e.g. monitoring borders or monitoring
high-voltage lines), and in the form of multi-rotor
aircraft, they can operate over shorter distances (e.g.
monitoring a limited area, performing geodetic
measurements) and use the possibility of hovering
to collect specific measurement data.

Nowadays, unmanned aerial vehicles carry not
only video cameras, but also thermal, night vision,
multispectral cameras, as well as LiDAR (Light Detection

and Ranging) or GPR (Ground Penetrating Radar)
sensors. In addition, it is possible to carry warfare
agents in military applications or plant protection
products in agricultural applications. In the latter case,
unmanned aerial vehicles are particularly useful,
performing work in the field known as precision
agriculture, thus enabling the return of aircraft to
modern agriculture [1], which is supported by modern
requirements in the field of environmental protection
[2].

The growth in interest in unmanned aerial vehicles
is very large. According to a report prepared by The
Insight Partners, the value of the global drone market
in 2022 was USD 22.91 billion, while in the years
2022-2028 it is forecasted to increase to USD 73.91
billion. This means an average annual growth of
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21.6% [3]. As presented in this short introduction, the
range of applications of unmanned aerial vehicles is
very wide and it would be difficult to analyze in this
work all areas of activity of unmanned aerial vehicles.
For this reason, the authors will focus on the use of
sensors such as LIDAR or GPR in unmanned aerial
vehicle missions, which are used very often in practice.
Of the above sensors, LIDAR in particular has a very
wide civil and military application. In the civilian scope,
LiDAR is used in agricultural work [4-5], search and
rescue operations [6], environmental mapping [7-8],
disaster response [9], autonomous vehicles [10-11],
law enforcement [12], powerline inspection [13-14],
archeological surveys [15-16], meteorological research
[17-18], wildlife conservation [19-20], while in the
military applications these may include: military recon-
naissance [21-22], anti-terrorism [23], electronic warfare
[24-25], mine detection [26-27]. As for GPR, it also
has many applications, in particular it is suitable for
searching for elements located under the surface of
the ground, pavement, wall, such as mine detection
or archaeological research [26, 28-29].

Often, work carried out using modern non-invasive
methods is supplemented by research conducted
using other sensors. Sometimes, work using LiDAR is
supplemented by use of the data obtained with GPR.
This aspect is also cited in this work.

The aim of the study was to present these two
techniques of non-invasive search techniques, like
LiDAR and GPR, point their application area, the
advantages and disadvantages in different tasks,
when the sensors are used on the UAV platforms.

1. LDAR

LIDAR is a device consisting of two basic components
—a laser and a scanner. The laser sends very short,
precisely measured and strong pulses of light with
a given wavelength. These pulses are dispersed along the
way. The scanner, which is part of the device, records
the reflected beams as well as the differences in time
and wavelength of the received beam. At the same
time, the time of return of the reflected beam from the
device is measured, which, combined with information
on the time of sending the beam and after making the
necessary calculations, allows for the precise calculation
of the distance of the device from the tested object.
The detector also allows the recording of the laser
light in the entire field of view, which allows for the
creation of point clouds. As a result, LIDAR can create
a spatial (3D) image of the tested object.

Typically, the LIDAR module is equipped with a GPS
module (cheaper solutions can use data borrowed from
the object on which the LIDAR module is mounted),
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allowing its position in space to be determined,

which increases the accuracy of measurements. Such

a solution, used in e.g. robotics and automation, allows

for precise control of vehicle or robot movements.

The sensor discussed in this paragraph is currently
produced in two versions of the available field of
view: omnidirectional sensors and sensors with a set
constant field of observation. The omnidirectional
version is often used in, for example, autonomous
vehicles, in order to ensure the safety of the passage
or to create a spatial scan of the surroundings. LIDAR
modules are available in a wide price range, which starts
from about 30 EUR [30-31]. An example of a LiDAR
system module is shown in Figure 1.

The creation of point clouds by LiDAR sensor is
preceded by the analysis of return data provided in
three formats [33-34]:

- discrete return - the most popular format, recording
the first object that the laser pulse encounters,
suitable for terrain mapping tasks and creating 3D
models of examined objects,

- multiple return - the scanner records all possible
points that reflect the laser pulse, this mode offers
precise information on vegetation layers and
complex structures being examined,

- full waveform - records the complete shape of the
reflected laser pulse, enabling advanced analysis
of shape properties and even allowing analysis of
the material composition.

An example point cloud obtained using the LiDAR
module is shown in Figure 2. Using the appropriate
measurement technique, it is possible to map the
surface of a forested area, despite partial obscuration
by tree crowns. Sometimes, however, this requires
scanning the area twice with different settings of the
scanning head in relation to the surface being examined.
This type of situation can be observed in Figure 2,
where, apart from the tree outlines, all the unevenness
of the terrain is visible.

LiDAR mounted on a UAV (usually a multirotor) is
used in many research and industrial fields, e.g. in
the energy sector, it allows for the assessment of the
distance from power lines of nearby vegetation and
facilitates the decision on its possible removal [14].
In forestry, the mentioned device can be used to
calculate the number of trees, their height and location
in space [35]. In combination with multi- or hyperspectral
cameras, LIDAR allows for the assessment of the
condition of plants in agriculture, e.g. in the health of
cultivated olive trees [36] or for estimating the harvest
of a given crop [37]. Of course, not all applications of
LiDAR have been listed, because this aspect is beyond
the scope of this article.
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Fig. 1. Example of a LiDAR module with a range of up to 40 m [32]

Fig. 2. An example of the LiDAR point cloud for use in forestry [33]

An interesting fact is that the entire area of Poland is
scanned using a LIDAR system mounted on an aircraft.
This data is available through the geoportal.gov.pl
website. The density of the available point cloud ranges
from 4 points/m? to 20 points/m?[38]. The aforemen-
tioned website provides a preview of the material and
simple analyses (Fig. 3). While for hobby purposes the
density of the point cloud in cities seems sufficient,
an attempt to undertake archaeological analyses at

a density of 4 points/m? is impossible. In such a case,
it will be necessary to conduct dedicated research —
e.g. using an UAV equipped with LiDAR sensor.

The LiDAR sensor is widely used in many fields.
Every task has its own specific requirements, which
should be taken into account during measurements.
In Table 1, there are advantages and disadvantages
for the use of LiDAR sensor on UAV platforms in
selected applications.
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Geoportal.gov.pl

Fig. 3. An example LiDAR data preview, available on the geoportal.pl website [38]

Table 1. Advantages and disadvantages of using LiDAR on UAV for selected applications [4, 9, 14, 16, 19, 20, 26]

Application Advantage Disadvantage
- Wide range of application of this solution in .
agriculture (leaf area, canopy volume, crop |~ Need some experience to choose'the
th d i i t parameters (higher accuracy declines
Agriculture %:rcilw t" crc&pt afmaget,hSOI .p:jope |e:,de ct.) the field of view, which leads to lower
_t}?e E?olgsg ata from the air does not destroy efficiency of data collection)
- Enables day and night operation - Limited operation in fog conditions
- Enables to scan large areas - Require high density digital terrain
Archeology - Can detect small changes in the ground models
structure and potentially covered objects - Does not scan below the ground surface
- Enables to prepare accurate terrain surface
map of a large area in high resolution
. - Provide 3D information to analyze the
Disaster damage of different objects (trees, buildings, | Does not enable do look under the
response etc.) surface
- Can analyze areas, which are difficult to
reach or dangerous
) gs:rﬂigﬁticliggen;mes in metallic and - Limited operation in fog or on in highly
Landmine - Easy to scan laree areas vegetated area
detection Y g€ area - Not possible to scan the area below the
- Enables the work in wide range of weather round surface
conditions during the day or night 5
- Enables to prepare accurate 3D map of
Military ;t?p'&m location of enemy forces and - Difficult to use, when the enemy has
reconnaissance | _ Using an UAV it possible to map the terrain effective anti-UAV system
periodically
- 3D landscape information (canopy height, - Sometimes to build accurate predictive
Wildlife canopy cover, woody debris, tree density) species habitat models, the LiDAR data
conservation - Surface maps can be incorporated into needs to be combined with multispectral
species-specific habitat models image data
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2. GPR

GPR is a special example of a radar, the antenna
of which is directed towards the ground or other
surface. Its antenna transmits a regular sequence of
pulses of low-power electromagnetic energy towards
the ground and then reads the weak signal that has
been reflected from a ground object. The transmitted
electromagnetic energy takes one of the following
forms: a very short period pulse, a scan over a certain
frequency range, noise radiation in a given band, or
a pseudo-random coded sequence of many pulses.
Most GPR systems operate in a given frequency
range from 10 MHz to 10 GHz and have a bandwidth
of several GHz [39]. Example characteristics of GPR
systems in relation to soil are presented in Table 2. If
analysis needs to be performed deeper below the
surface of the ground, a lower frequency GPR system
will need to be selected, but at the same time the
resolution will be increased, so it will not be possible
to search for small objects.

Table 2. Characteristics of GPR systems in relation to
soil with relative electrical permittivity at
the level of 9 [39]

d:rualfiin fre’;n::r‘\cy R?r:?e ResTlmuTionl
[ns] [MHz]
0.5 2000 <0,25 0,025
1 1000 <0,5 0,05
2 500 <1 01
4 250 <2 02
8 125 <4 0,4
16 63 <8 0,8
32 31 <16 1,6

L Resolution is characterized as the detection of a square-shaped
object with the edge length given in the table row

GPR devices are mainly divided into two types.
Systems that transmit a pulse and receive a signal
reflected from an object in the ground using a sampling
receiver are classified as time domain radars. On the
other hand, GPRs that transmit a signal on a single
frequency, but in a sequential manner (changing
between a given frequency range) and receive the
reflected signal using a frequency conversion receiver
are included to the group operating in the frequency
domain.

GPR can probe the subsurface for elements made

of not only conductive materials but also dielectrics.
This phenomenon was implemented in 1926 by
Richard Hulsenbeck. A buried object can therefore
be a conductor, a dielectric or a combination of both.
The material surrounding the subsurface object can
be earth/soil, wood, rocks, water or ice, as well as
man-made materials such as concrete [39-40].

GPRs are installed in a significant number of cases
(we are talking about aviation applications as a general
concept; GPRs are often installed on special carts-
platforms) on multirotor UAV platforms (Fig. 4). Their
physical dimensions are not too large, and the weight of
such a device does not exceed 1 kg (often the device
weighs 300-500 g), so it fits the payload characteristics
of many commercial, readily available multirotor
platforms [40]. An example image of an UAV during
flight with a GPR module is shown in Figure 5.

The GPR device, installed on a multirotor UAV, is
used for example to detect objects that lie on the
surface or just under a thin layer of the substrate. In
addition, they are used to detect water pipes, sewage
pipes or gas transmission lines, e.g. during construction
or operational works [41]. An example of the signal
obtained from the GPR module during the location
of pipes made of metal and non-metal materials is
shown in Figure 6. It can be easily noticed that the signal
when detecting metal pipes is higher than in the case
of non-metal materials. This requires appropriate
experience in the analysis of images obtained using
GPR.

Another application is snowpack analysis; it provides
information on depth, density and layering, which
translates into information crucial for the safety of
equipment and people in the mountains or on ski
slopes. Until now, an expert was needed to manually
dig out a sample of individual snow layers [43].

The research has shown that the GPR system
implemented on a multirotor platform can successfully
perform the soil moisture mapping mission. Additionally,
it does not damage vegetation and leaves no traces
on the ground; it also allows for the examination of
hard-to-reach areas, which further increases the time-
cost effectiveness of such research.

Due to the characteristics of this particular type of
radar, it is used to search for military mines. It allows
for the detection of mines made of metal and non-
metallic materials. Additionally, there is a very low
probability of detonating such a mine, while the
probability of its detection is high. Studies have
shown that if the total composition of the landmine
contains 30% of conductive material, the probability
of detecting the mine is about 80% if it is buried up
to 20 cm below the ground surface [40].
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Fig. 4. An example of the GPR system installed on a multirotor UAV platform [40]

Focused Image
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Fig. 5. An example of GPR output result with two detected objects — T; and T, z — depth, x — distance
traveled in horizontal line [40]

Metallic — —— ~ — —Noa-Metallic — =
Pipe Ripe ==

Fig. 6. An example of GPR scan result for metallic and non-metallic pipes [42]
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The GPR sensor is used there, where it is needed
to look under the surface (ground, wall, etc.), so it is
very helpful in some research, especially when it is
used complementary with LiDAR. However, there

are some limitations to this device, which are listed
along with the advantages of using GPR on UAV
platforms in Table 3.

Table 3. Advantages and disadvantages of using LiDAR on UAV for selected applications [26, 28, 42]

Application Advantage

Disadvantage

Archeological

research geometry of buried objects

- Allow to make underground subsurface
image or horizontal cross sections
- Enables to estimate location, depth and

- Saves time by narrowing the excavation area

- Needs some experience to choose
accurate parameters of scanning

- The GPR scanning with UAV is short,
but it needs also postprocessing to
analyze the obtained data

Underground pipe the area of excavation

and cable detection cables

- Detects different materials

- No need to make excavation and/or narrows

- No need to switch off the current in the

- GPR signals are absorbed by the
ground and in some types of soils
(clays, saline), the exploration depth
is limited

made of various materials
Landmine detection

metallic particles

- Suitable for detecting landmines in cases

Information about target depth
- The signal is rather not interrupted by small

- Difficult to detect mines in some
types of soils (especially wet clay)

- Problematic to detect plastic cased
landmines, when the soil is very dry

3. APPLICATION ISSUES OF LIDAR AND GPR
ON UAV PLATFORMS

It can be seen from the above information about
the two devices that examining areas with both devices
simultaneously (or in parallel) can bring positive results
and contribute to the development of certain industries,
but also science. From the point of view of ground
research or inspection, whether for agricultural aviation
or forestry, LIDAR works above the surface, providing
detailed data on the visible aspects of the examined
object, while GPR can look into its depths, allowing for
obtaining information on, for example, its surroundings
-in this particular case, this concerns, for example, the
state of soil hydration. The first potential application
after the above-mentioned advantages is therefore
precision farming.

Using LiDAR, we can determine with a high degree
of approximation the number of crops in a given area,
which, combined with information on soil moisture,
can provide estimated yield values that can be used
to more effectively manage available material or land
resources.

LiDAR implemented in aviation is not only installed
on UAVs, but also on manned aircraft. Such application
of LiDAR allows for scanning, for example, the depth
of ravines or examining the riverbank condition. They
are installed mainly on small single- and twin-engine
fixed-wing aircraft. This means that the installed
system must be able to scan the area at high speed
(fixed-wing aircraft fly at an average speed in the

range of 100 - 300 kts) and with the expected precision;
this therefore implies high costs of purchasing and
operating a device with the characteristics desired
by researchers.

Like LiDAR, GPR is not just seen as research
equipment on UAVs. Several such radar systems
have been mounted on aircraft and satellites. The
former have been used to image geological artifacts
beneath the Saharan deserts; the latter have allowed
for measuring the depth of the Moon, as well as
scanning beneath the surface of Mars and some
comets.

It should be noted that with the increase in depth
at which we want to detect an object (using GPR), the
image resolution decreases, as well as the probability
of detecting smaller objects. The latter is influenced
by the applied wavelength; if the object is significantly
smaller than the wavelength (usually <0.1A), the
probability of detection is very low.

In the case of both devices, the results are not
obtained immediately, and the necessary filtering
and processing of data must be performed, and then
appropriate calculations and/or transformations
must be made. Finally, it is necessary to take care of
a researcher-friendly, or further analysis, graphic
interpretation or to prepare the data for further
processing.

Combining both of these solutions into one is
possible, but further steps must be taken to
demonstrate the cost-effectiveness of the proposed
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product. Not only economic aspects should be taken
into account, but also design aspects, such as the
final mass, which has restrictive limits and must
ultimately be as small as possible, while maintaining
all the desired characteristics. However, the described
devices can be used separately during research (there
is no need to buy two UAV systems).

It should be emphasized that the implementation
of these systems does not cause major problems in
the case of installation on a multi-rotor UAV, so a case
study of the use of such solutions on a fixed-wing
aircraft should be performed. It should be noted that in
today's times it is rare to see an unmanned fixed-
wing aircraft performing missions. This state of affairs,
according to the author, is caused by several factors:
- higher threshold for learning to fly a fixed-wing

aircraft - the flight characteristics are different; you
need to practice landings, take-offs, orientation in
space, and a series of maneuvers related to, for
example, recovering the aircraft from a spin and
not stalling it (loss of lift by the wing/wings), lack of
many easy accessible commercial solutions for the
platform itself; greater requirements for knowledge
and experience in the case of designing your own
structure,

- currently, multi-rotor aircraft manage the energy
available on board more and more effectively,
which translates into longer flight times, thus
matching fixed-wing aircraft. You should also pay
attention to the capabilities of the LiDAR systems
(e.g. measurement frequency, range) and GPR
(e.g. range, resolution, measurement frequency),
whether they are able to conduct reliable research
at the cruising speed of a fixed-wing aircraft; it may
turn out that there will be a need, for example, to
purchase a GPR module with higher power.

CONCLUSIONS

The materials presented in this article confirm the
validity of using GPR and LiDAR devices simultaneously
in research. They complement each other in terms of
applications, provide new data, and can be used not
only in science, but also in real applications, whether in
industry or other sectors of the economy. The sensors
discussed have a very wide range of applications, but
it is worth emphasizing the possibility of using them
for criminal, archaeological or mine detection searches,
which has a real impact on the protection of human
life and health. The use of both of these systems can
show a full picture of the area or object being examined,
which may allow for taking actions appropriate to the
current state.

Analysis of data obtained using this type of sensors
often allows to analyze some data collected from
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a different perspective than the ground perspective,
which makes it possible to increase the efficiency of
some works, e.g. by narrowing the area of field research
carried out in the traditional form of excavations or
search operations, which must involve a large number
of people at the same time. Similar effects can be
obtained in other areas of application, such as precision
agriculture, where using LiDAR sensors, it is possible
to analyze soil moisture, estimate crop growth or
analyze the health of plants [4-5]. This type of approach
allows for increased yields and reduced costs through
the precise use of plant protection products.

The researchers firstly should take into account
the use of ready LiDAR maps, which are available on
different internet sites, like: geoportla.gov.pl. For some
applications the density of the available point cloud
(4 points/m2 to 20 points/m2) will be enough. For more
accurate applications, like archeology or landmine
detection, the points density should be much greater
(in some archeology research, there are used the LIDAR
images with 800 points/m2. In some applications there
should be used current images, like in the areas of
landmine detection or in disaster response. In that
cases it is not possible to analyze photos, which were
taken a few weeks or months ago. In some applications
the GPR images can be used complementary to the
LiDAR images, to make sure that there is something
under the ground. However, the limitations of LIDAR
and GPR modules should be taken into account. For
LiDAR the main limitations are: foggy weather and
areas with extensive vegetation. Underground search
capabilities with GPR are limited when the analyzed
area is covered with wet clay and also when the ground
is too dry, there can occur problem to detect plastic
items.

The use of above discussed sensors on an unmanned
platform results in a significant simplification of work
compared to, for example, mounting this type of sensor
on a manned aircraft. In particular, when choosing
a multi-rotor configuration, it is possible to operate
in nearly any conditions. There is only need of a small
area of flat terrain that can be used as a landing strip.
Additional advantage of using that sensors on UAV
platforms is that most of modern UAV’s can scan the
area autonomous.

In the near future, we can expect an increasingly
widespread use of LiDAR and GPR modules mounted
on unmanned aerial vehicles. In addition to the
forecasted growth of the unmanned aerial vehicle
market mentioned in the introduction, this is indicated
by both the number of scientific works conducted
using both unmanned aerial vehicles [44] and LiDAR
and GPR modules [45].
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PRZEGLAD WYKORZYSTANIA SKANINGU
LASEROWEGO ORAZ GEORADARU STOSOWANYCH
NA BEZZAtOGOWYCH STATKACH POWIETRZNYCH

Obecnie obserwuje sie szybki wzrost zainteresowania
bezzatogowymi statkami powietrznymi (UAV). Urzadzenia te
mogg by¢ wykorzystywane jako platformy do przenoszenia
réznych czujnikéw, czesto umozliwiajgc dostep do trudno
dostepnych obszaréw dla tradycyjnych metod naziemnych. Do
bardzo populare czujnikéw, stosowanych w nieinwazyjnych
pracach poszukiwawczych zalicza sie skaning laserowy (LIDAR) oraz
georadar (GPR). Potgczenie powyzszych czujnikdw z platformami
UAV staje sie coraz powszechnigjsze, co zapewnia wiele korzysci
wwielu dziedzinach, takich jak archeologia, kryminalistyka, rolnictwo,
ratownictwo, mapowanie terenu czy wykrywanie min ladowych.
Niniejszy artykut stanowi syntetyczny przeglad zasady dziatania
i wykorzystania technologii takich jak LIDAR i GPR, a takze ich
zastosowania na bezzalogowych platformach latajacych. Omdwiono
zagadnienia zwigzane z wykorzystaniem tych czujnikéw na
réznych konfiguracjach UAV i wynikajgcymi z tego warunkami
pracy. Omdwiono réwniez rdznice miedzy LIDAR i GPR, a takze
ewentualng analize badanego obszaru przy uzyciu obu technologii
w celu uzyskania najlepszego efektu. Wdrozenie tych nieinwazyjnych
metod poszukiwawczych nie stanowizagrozenia dla tradycyjnych
poszukiwan w formie wykopalisk, a jedynie metode poprzedzajacg
te badania. Dzieki tak nowatorskiemu podejsciu zwieksza sie
efektywnos¢ prac poszukiwawczych poprzez zawezenie obszaru
wykopalisk.

Stowa kluczowe: georadar (GPR), skaning laserowy (LIDAR),
bezzatogowy statek powietrzny (BSP).
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