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Abstract—The role of Global Navigation Satellite System
(GNSS) is of paramount significance i n e nabling n umerous professional applications, such as, location based services, mapping,
and intelligent transportation to name a few. With the activation
of initial services of Galileo, the European GNSS, applications
relying on Position, Navigation, and Timing (PVT) are going
to experience a noticeable benefit. I ndeed, t he interoperability
of existing GNSS systems plays a vital role in enabling the
economic viability for professional applications that require cost
efficiency i n c ompliance w ith G NSS h igh a ccuracy positioning
and availability as their operational requirements. As an example,
this paper presents the evident added value brought by GNSS to
two professional applications, in energy and maritime domains,
relying on the use of high accuracy GNSS receiver together with
Remotely Piloted Aircraft System (RPAS).
Index Terms—Photovoltaic; RPAS; GNSS; RTK; Search and
Rescue, Maritime

I. I NTRODUCTION
The availability of low-cost high-accuracy GNSS chipset
integrated in to Remotely Piloted Aircraft (RPA) paved the
way for innovative professional applications, which were once
limited to a niche market, for instance, mapping and surveying,
precision agriculture and infrastructure inspection. The use
of high accuracy GNSS receiver integrated in to RPA for
professional applications has significant benefits, among them,
the most prevalent are operational cost and time saving. For
instance, aerial photogrammetry, mapping and surveying has
been performed for long using manned aircraft, which is
operationally expensive and complicated. With the use of
high accuracy GNSS receiver together with RPAS1 , such
mapping and surveying operations has become affordable with
minimal complexity while at the same time the quality of final
product is not compromised at all. Furthermore, such mapping
and surveying operations can be repeated multiple times, if
required, without any intensive planning, which otherwise
would be required using manned aircraft. This paper presents
two professional applications, namely, EGNSS High Accuracy
1 RPAS

terminology is used when the end-to-end system is in discussion,
whereas RPA is used when subsystem of the end-to-end system is discussed.
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System for improving Photovoltaic Plant Maintenance (EASYPV) and Search and Rescue Aid for Surveillance (SARA), both
of the them utilizes a high accuracy GNSS receiver integrated
in to a RPA to satisfy user requirements with minimal risk,
cost and time.
EASY-PV is a market-ready end-to-end solution for the
automatic maintenance of utility-scale photovoltaic power
plants, which capitalizes on the use of RPA equipped with
low-cost GNSS RTK receiver and thermal camera. The RPA
while flying over the photovoltaic power plant captures thermal
images tagged with decimeteric-level positioning information
provided by on-board GNSS RTK receiver. The images are
then processed at the ground station by means of specialized
software to identify PV panels, detect thermal anomalies,
map the PV panels using direct geo-referencing and assign
a unique geographic location identifier to each individual PV
panel within the power plant. Such an end-to-end solution
significantly reduces the need of direct human intervention,
while at the same save cost and time during the inspection
procedure.
SARA is an on-going project that aims at supporting coast
guards during search and rescue operations when the operational conditions are not feasible for a manned aircraft to
operate. Our proposed solution utilizes RTK GNSS receiver
and thermal camera integrated in to a RPA, tethered with a
maritime vessel using an extensible power cable, to perform
search and rescue mission in sea even in time of darkness.
The organization of the paper is as follows. Section II
discusses GNSS key performance indicators in relation to
the project requirements. Section III presents the positioning
performance comparison of GNSS receivers, taking in to
consideration the key requirements of the proposed system
architecture. Section IV describes EASY-PV system architecture, system design, and GNSS accuracy requirement. The
work presented in Section IV has been published in parts in [?]
[?] [?]. Section V highlights the significance of SARA project
considering the maritime environment and user requirements
in terms of cost and operational feasibility . It also presents
proposed system architecture for SARA, GNSS accuracy requirements, and system design at a glance . The concluding
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Fig. 1. Ublox C94 M8P (left) and North RTKITE (right) GNSS Receivers.

Fig. 2. Test set up for the assessment of horizontal positioning performance
of ublox M8P and North RTKITE.

remarks are provided in Section VI.
II. K EY P ERFORMANCE I NDICATORS
EASY-PV and SARA are professional applications, which
address user needs and requirements in their respective area
of application. GNSS plays a critical role both in EASYPV and SARA to satisfy user and/or system requirements in
terms of positioning accuracy and availability. Accuracy is the
measure of deviation of estimated position from an unknown
true position, whereas, availability is the percentage of time the
accuracy requirement is being satisfied. Both the applications
requires decimetric-level positioning in horizontal dimension
such that the decimetric-level position estimates are available
95% of the time during the period of operation. In detail
discussion on GNSS accuracy and availability requirements
is provided in respective subsections of the EASY-PV and
SARA Project.
III. M ARKET S URVEY AND GNSS R ECEIVER S ELECTION
GNSS positioning methodologies such as Real Time Kinematic (RTK) and Precise Point Positioning both support
decimetric-level positioning requirement of EASY-PV and
SARA, however, the cost of GNSS receiver supporting these
positioning methodologies varies significantly. In addition to
accuracy requirement, the choice of low-cost GNSS receiver
is equally important in order to minimize the cost of end-toend solution. After a detailed market survey, we selected two
receivers, ublox M8P and North RTKITE as shown in Fig. 1.
M8P is the first low-cost (approx. e400) mass-market RTK
receiver manufactured by ublox [?]. It is single-frequency
(L1) dual-constellation (GPS/GLONASS) receiver, which uses
built-in UHF radio for RTCM transmission/reception. North

RTKITE (approx. e2000) is a dual-frequency (L1/L2) dualconstellation receiver, which supports RTK via NTRIP [?] or
using a local RTK base station receiver using UHF radio for
RTCM transmission/reception.
The positioning performance has been evaluated to make a
choice between M8P and north RTKITE. A test set up was
created for the performance analysis in static conditions by
mounting on-board RPA both the M8P and North RTKITE receivers, which are connected to a common Tallysman TW3870
antenna using a 2 x 1 GNSS antenna splitter as shown in Fig.
2. The raw observations were processed, using RTKLIB [?],
together with raw observations obtained from a Continuously
Operating Reference Station (CORS) of Campania Region
Network, Italy. Fig. 3 shows the RTK positioning error plots
for M8P (left) and North RTKITE (right). It can be noticed
that M8P positioning error points are scattered around the
origin (ORI) point, resulting in 2DRMS accuracy of 52.3
cm, as mentioned in statistics shown on top right corner of
the plot. The North RTKITE plot positioning plot shows that
the error points are centered around the ORI, resulting in
2DRMS accuracy of 0.3 cm. Furthermore, RTK fixed position
(shown in green color), in case of M8P, was 47.1%, whereas
it was 100% for North RTKITE resulting in significantly
better GNSS RTK availability compared to M8P. Given the
decimetric-level positioning requirement of both EASY-PV
and SARA, we preferred North RTKITE over M8P because of
its superior positioning performance and RTK fix availability
due to dual-frequency operation.
IV. EASY-PV
According to [?] ”The long-term performance of a photovoltaic system is one of the fundamental sources of its
value; the other being the unit value of the energy it is
generating.”. Though the life-cycle of a PV panel is prolonged
due to advancement in materials, process and production
technologies, however, faults in PV panel do occur over the
period of time due to aging [?]. Among the most common
PV panel faults are the hotspots [?], which occurs when the
PV module operating current exceeds the reduced short-circuit
current of a shadowed or defective cell or group of cells within
it [?]. Hotspot within a PV module is not visible to nakedeye and are typically detected by performing thermographic
inspection of the PV module. Fig. 4 shows examples of PV
panel inspection to observe hotspots using visual and thermal
camera. It can be seen that no signs of hotspot are visible using
a visual camera but can be observed clearly using a thermal
camera.
Given the large sizes of utility-scale photovoltaic power
plant, thermographic inspection becomes very difficult if it
is performed manually using a hand-held thermal camera.
The operational complexity during the inspection significantly
increases if the photovoltaic power plants are installed on
rooftop. To overcome these operational challenges and increase the reliability of the inspection process in a cost and
time saving manner, EASY-PV provides an end-to-end auto-
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Fig. 3. Horizontal Positioning Accuracy of Ublox C94 M8P (left) and North RTKITE (right).

center, which produces the final product for maintainers of
PV plant in the form of a computerized report as well as a
web-based interactive map of the PV plant.
GPS/Galileo/GLONASS

GNSS Signal in Space
RPA

Thermal Imaging

Mul channel C&C link
PV Panel
Service Center
Ground Staon

End Users/
Maintainers

PV Plant data exhange

Fig. 4. Hotspots detection in PV panel, thermal camera (top), visual camera
(bottom).

matic solution for the maintenance of utility-scale photovoltaic
power plants.
EASY-PV system architecture, depicted in Fig.5, utilizing
RPA, which is equipped with a thermal camera and low-cost
GNSS receiver. The RPA, during its flight, performs thermal
imaging of the photovoltaic panels such that each image (or
frame of video) is tagged with decimetric-level positioning
information obtained from on-board high accuracy GNSS receiver. The data collected by RPA is then post-processed at the
ground station by means of custom designed computer vision
and geo-referencing algorithms to detect thermal anomalies
and creates a geographic map of the PV panels subsequently.
This information is then passed on to a dedicated service

Fig. 5. EASY-PV System architecture. This figure is reproduced from [?].

A. GNSS Requirement of EASY-PV
In order to uniquely identify and geo-reference PV panels
in a utility-scale photovoltaic power plant, the system error
budget must not exceed 50 cm. The error budget is directly
derived from the standard dimension of a PV panel as shown in
Fig. 6. The distance from the center of the panel to the boarder
frame is 50 cm and 80 cm in horizontal and vertical direction
respectively. This implies that the maximum error budget must
be min(80 cm, 50 cm) to uniquely locate a PV panel regardless
the placement of PV panels in PV plant. In order to satisfy
the error budget requirement, the GNSS positioning error,
which is potentially the largest contributing error source, must
allow enough error margins for other subsystem error sources,
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160 cm

80 cm

The ground station forwards the processed information
through a File Transfer Protocol (FTP) interface to the service
center, which compiles a computerized report and generates
an interactive web-based map of the entire PV plant. This
information is distributed to the end-users in the form of PV
plant data products.

50 cm

V. SARA

5 cm

5 cm

100 cm

Fig. 6. Standard dimensions of PV panel. This figure is reproduced from [?].

for instance, thermal camera resolution and lens distortion,
and payload gimbal accuracy as discussed in [?]. Given the
error budget of 50 cm, the choice of low-cost GNSS receiver
supporting decimetric-level positioning accuracy is the key to
EASY-PV solution.
B. EASY-PV System Design
To automate the maintenance of photovoltaic power plant,
EASY-PV end-to-end solution capitalizes on three main subsystems—customized RPA payload, ground station and service center. The interconnection of the subsystems and its
associated functionality is shown in Fig.7. The RPA, DJI
Matrice 100, is equipped with a payload, which include FLIR
VUE Pro 640 thermal camera, North RTKITE receiver, lowcost Tallysman TW3870 antenna, and a processing unit for
synchronization and interfacing of the payload components. In
addition to the aforementioned primary components, the RPA
payload includes IMU, barometer, visual camera (optional), 2axis gimbal, multi-channel command and control link (C&C)
for receiving RTCM messages (from base station receiver at
the ground station) and transmitting a real-time video feedback
along with real-time positioning information to the remote
pilot.
During RPA flight, each thermal image/video frame of photovoltaic panels is stamped with GNSS time and decimetriclevel positioning information. Upon completing the PV flight,
the data collected by RPA is then processed by RPA ground
station using a customized computer vision algorithm developed during the project using OpenCV library [?]. The
computer vision algorithm performs PV panel identification
and detection of thermal anomalies based on the thermal data
collected during the RPA flight. The computer vision processed images along with high positioning information is then
used to perform mapping and geo-referencing of photovoltaic
power plants using direct geo-referencing methods [?] [?] [?].
The geo-referencing process assigns a unique ID to each PV
panel based on its precise geographic location within the PV
plant.

Search and rescue in maritime environment are routine
operations, particularly in regions where border crossing by
refugees is very frequent. The operation becomes extremely
difficult at the time of darkness, which is the most frequent
time of border crossing. Mare Nostrum operation was launched
by the Italian Government on Oct. 18, 2013, as a military and
humanitarian operation aimed at tackling the immigration of
refugees in the strait of Sicily. The operation cost the Italian
government 9 million per month, which ended on Oct. 31,
2014 and was replaced by operation Triton.
Given the huge operational costs incurred by the Italian
coast guards to conduct search and rescue operation in addition
to the operational complexity particularly at night, the industrial partners of SARA project consortium has been contacted
by the Italian coast guard to provide a technological solution
to support search and rescue operations in a more reliable,
safe and cost-efficient manner to, especially during the period
of darkness when the operational conditions are not feasible
using a manned aircraft. SARA project aims to build an
automatic system to support coast guard vessels during search
and rescue mission. Due to small size and high manoeuvrable
functionality, RPA can be effective to support search and
rescue operations with minimal risk, cost and time. . Our
proposed system architecture, as shown in Fig. 8, is based
on RPA tethered with a maritime vessel using an extensible
power cable support longer flight duration. The RPA payload is
equipped with thermal camera, which can be effective during
the period of darkness in detecting people lost in sea while
crossing the border. As soon as the RPA takes-off from a
dedicated hangar located on vessel, it becomes a virtual pylon
to capture thermal images by sweeping the search area. The
images are forwarded in real time to a graphical processing
unit on-board vessel for processing.
A. GNSS Requirement of SARA
Given the operational conditions of conducting search and
rescue operation in maritime environment, the proposed SARA
solution shall meet the user requirements of minimal risk,
operation efficiency and reliability in a cost-effective manner.
In this context, the use of GNSS plays a critical role to realize
the proposed system architecture. As both the vessel and RPA
would move relative to each other such that the RPA would be
following the vessel while performing search operation, care
must be taken that the extensible power cable does not over
stretch to interrupt the flight. To avoid such a situation, the
RPA would constantly monitor the point-to-point displacement
or baseline between itself and maritime vessel at least 20 times
per second (20 Hz).
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Fig. 7. EASY-PV custom designed RPA payload,ground station, and service center . This figure is reproduced from [?] with minor changes.

on-board RPA and vessel as well to use RTK positioning for
RPA take-off, landing, manoeuvring, and more importantly,
real-time baseline estimation between RPA and vessel.
B. SARA System Design

Fig. 8. Proposed system architecture for SARA.

Our proposed solution to monitor the baseline is by using
Galileo/GPS RTK receiver on-board RPA that acts as a rover,
while placing a Galileo/GPS RTK receiver on-board vessel
acting as a base providing RTCM corrections to rover. The
RPA is expected to estimate the baseline with decimetriclevel accuracy to avoid stretching of the tethered power cable.
In addition to the real-time baseline estimation, the on-board
RTK receiver would support precise landing and take-off of
RPA as well as locating human lives upon detection during
the search mission. Based on our experience of GNSS market
survey and positioning performance evaluation of M8P and
North RTKITE, our first choice is to utilize North RTKITE

To assess the feasibility of the proposed system architecture,
a preliminary test is performed on the coast of Naples, Italy.
Below are the key operational aspects that has been analyzed
during the test to drive the system design for SARA.
• Wind gusts has a major influence on the tethered cable,
therefore a higher value of the torque provided by the
ground station is needed to keep the cable straight.
The cable lacking rigidity may result in poor safety for
operations for the vessel involved in the operations.
• During the movement and manoeuvring of vessel, precise
knowledge of RPA’s and vessel’s position represent a
critical factor to overcome the stretching of the cable.
This is relevant especially when the RPA follows the
vessel navigation in a fully autonomous way.
The precise information of the relative distance between
RPA and vessel with decimetric-level accuracy is an important
parameter for the system; such information shall be tightly
integrated with other measured parameters such as torque,
friction, temperature, power consumption for best cable deployment and RPA manoeuvring.
The proposed system design, as depicted in Fig. 9, has
a core common module, composed of tethered RPA with
customized payload, the hangar (including the cable) and
the C2 (command and control) module. This module is a
multi-purpose, which can be also be used for other system
applications, for instance, surveillance, event monitoring and
infrastructure monitoring. Moreover, an additional module is
needed to engineer a final customized solution for Search and
Rescue application domain, which is deployed according to a
cloud concept both in vessel and in the central headquarter
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Fig. 9. Proposed system design for SARA.

where missions are planned. Once a mission is started, The
Ground Control Platform (GMP) located on board the ship
is allowed to take control of the tethered RPA, whereas the
Ground Mission Platform (GMP) is able to receive mission
data.
VI. C ONCLUSION
This paper describes two professional applications resulting from Horizon2020 projects funded by European Global
Navigation Satellite Systems Agency which are based on
the integrated usage of GNSS and RPAS technologies. Both
EASY-PV and SARA utilizes high accuracy GNSS receivers
integrated in to RPA for inspection and mapping of defective
PV panels and supporting search and rescue operation in
maritime environment respectively. In order to gain significant
benefits in terms of operational cost and time for relevant
operational procedures, GNSS receiver market survey has
been performed to select a low-cost GNSS receiver to fulfil
both technical and economic constraints. Such a choice has
been also justified by test sessions confirming achievable
performances in terms of accuracy and reliability. Now, with
the activation of initial services of Galileo, navigation, and
timing (PVT) such services are going to experience significant
improvement. Therefore, during the on-going SARA project,
we would certainly capitalize on the added value brought by
Galileo in terms of enhanced positioning and availability to
meet the end-user requirements in a cost-effective and efficient
manner.
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