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ABSTRACT Precision Agriculture (PA) refers to applications asking for reliable and highly available precise
positions, at centimeter level, in most of operational scenarios. Machinery guidance, automatic steering
and controlled traffic farming enable machinery to move along repeatable tracks on the field, minimizing
pass-to-pass errors and overlaps. In the recent years, satellite-based navigation has also opened the door to
(semi) autonomousmachineries for some specific farming scenarios and operations. Farming industry is now
looking to use small robots to bring efficiencies and benefits to farms, capable of complex tasks that have not
been possible with traditional large-scale agricultural machinery. Even though the state-of-the-art Real Time
Kinematic (RTK) Global Navigation Satellite System (GNSS) receivers usually match the requirements
posed by PA applications in open fields, propagation effects degrade the performance under foliage or with
surrounding obstacles. This paper presents an experimental testbed and methodology suitable to assess the
real performance of RTK GNSS-based devices in operational environments. Such testbed and methodology
were effective to compare different devices, which resulted to be equivalent in open-sky conditions, but with
significant differences in other types of environments. The paper also discusses opportunities and current
limits of GNSS for emerging PA applications based on small robots and artificial intelligence.

INDEX TERMS Global navigation satellite system (GNSS), real time kinematic (RTK), horizontal position
accuracy, positions availability.

I. INTRODUCTION
The accurate and reliable estimate of vehicles’ position is at
the basis of many applications for land transportation. In the
last decade, it also became an important requirement in other
domains, such as in Precision Agriculture (PA) that can be
defined as the application of the ‘‘right treatment in the right
place at the right time’’ [1] and allows for site-specific man-
agement and production optimization. Thanks to emerging
digital technologies (e.g.: [2]–[5]), the modern agriculture is
evolving and is becoming more and more efficient. Saving
operational costs and reducing the environmental impact are
the principal aspects of this evolution, which in turn results
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into more and better food production, while optimizing the
whole agriculture processes.

PA is a growing market, whose automatic steering is the
fastest growing segment as reported in [6]. Furthermore,
the application of agricultural machinery in PA has experi-
enced an increase in investment and research due to the use
of robots for the execution of specific tasks [7]. Precision
autonomous farming refers to the operation, guidance, and
control of autonomous machines to carry out agricultural
tasks. The reliable knowledge of such machines’ position
plays a crucial role for four main operations [7], namely
guidance (i.e.: the way the machine navigates), detection
(i.e.: the extraction of features from the environment), action
(i.e.: the execution of the task) and mapping (i.e.: the con-
struction of field maps with the most relevant features).
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Indeed, if the automatic machine has poor positioning capa-
bilities, then it is not able to perform any path-following,
path-tracking or trajectory-tracking activities. Without a pre-
cise knowledge of the actual position, autonomous naviga-
tion becomes dangerous for the vehicle integrity and, more
importantly, for workers. Clearly, the design of autonomous
machines demands for centimeter-level position accuracy in
most of operational conditions. In turn, developers keep seek-
ing innovative strategies and reliable systems at affordable
costs to facilitate the penetration of PA solutions at large-
scale. The Global Positioning System (GPS) - in general
terms, the Global Navigation Satellite System (GNSS) -
remains the main means for absolute positioning and out-
door navigation, but specific site conditions often pose
challenges to the receivers. In fact, the presence of dense
foliage and obstacles might induce signal attenuations and
reflections that, in turn, cause corrupted measurements and
degraded positioning performance. Even worse, in severe
cases, the obstacles could reduce the number of visible satel-
lites such that the GNSS receivers might be unable to pro-
vide Position Velocity and Time (PVT) data. In response
to this issue, major manufacturers of GNSS antennas and
receivers address the design of new components and signal
processing algorithms able to mitigate the negative effects
induced by the environment. Consequently, nowadays profes-
sional GNSS receivers are based on the processing of signals
from multiple constellations (i.e.: GPS, Galileo, BeiDou and
GLONASS), use correction services and often fuse GNSS
measurements with other technologies. Today is already a
common practice the integration of GNSS receivers with
terrestrial sensors, namely wheel odometers [8], Inertial Nav-
igation Systems (INSs) [9]–[13], cameras [14], and Light
Detection and Ranging (LIDAR) [15]. Nonetheless, the per-
formance assessment of innovative positioning technologies,
algorithms and solutions in real scenarios characterized by
dense foliage remains important to develop new automatic
machines for PA applications.

The use of GNSS in agriculture has significantly expanded
due to the increased availability of differential corrections.
In order to assess suitability for precision agriculture, in [16]
authors compared three modes of differential corrections
through specific tests carried out in static and dynamic
conditions. Such analysis confirmed that Real Time Kine-
matics (RTK) clearly provides the best performance and
is the obvious choice if there are not constraints on the
cost of the devices. When available, RTK base stations pro-
vide the highest level of position accuracy (cm range) and
precision for agricultural tasks like mechanical intra-row
weed control or thinning of crop plants, according to [17].
In [18], authors compared low-cost RTK receivers in order to
investigate their application to precise agriculture. Moreover,
in [19] researchers improved the previous work by evaluat-
ing the performance of RTK receivers set to use single or
multi-GNSS constellation in typical agricultural sites, such
as open fields, orchards and mountainous area. The use of

Network RTK has also been investigated for precision farm-
ing, like in [20] for hilly areas.

This paper describes a possible approach to design an
experimental testbed for the on-field validation of RTK
GNSS-based devices employed as positioning modules in
automatic machines. Such a testbed allows for reliable
measurements and fair comparison of performance with
respect to benchmarks. In addition to the testbed design,
the paper will show that also the calibration and the test-
ing procedures need to be carefully defined because of
the centimeter-level positioning performance targeted by the
devices under test. Indeed, small misalignments in the testbed
installation, as well as poor accuracy of the calibration phase
(e.g.: sub-centimeter errors in the estimate of the antennas’
phase center), could lead to biased measurements and invalid
test results. In this paper, we define a procedure to remove
residual errors detected during the calibration phase. This
method represents one of the main contributions of the paper
since, according to author’s knowledge, there are no previous
works available in the scientific literature addressing such
issue in practical experiments.

The paper is organized as follows: section II introduces
relevant scenarios in the PA context, where the use of stan-
dalone GNSS is still problematic due to the lack of per-
formance. These scenarios have been selected because they
represent a challenge for the next generation of GNSS equip-
ment and are suitable environments to host validation tests.
Section III describes the proposed test methodology, details
the functional block scheme of the experimental testbed, and
introduces meaningful Key Performance Indicators (KPIs).
Section IV presents a practical case where the proposed test-
ing approach was employed to evaluate the performance of a
high-end GNSS receiver prototype designed for professional
applications. Section V presents and discusses the results of
the tests, whereas Section VI concludes the paper highlight-
ing the relevance of the presented work.

II. TEST SCENARIOS
This section presents and motivates the agricultural environ-
ments selected for the performance assessment and bench-
marking of the RTK GNSS devices. The selection was driven
mainly by the following aspects:

• Signal propagation impairments posing technologi-
cal challenges: scenarios providing harsh conditions
in terms of GNSS signal reception (e.g. presence of
anti-hail nets and greenhouse covers, multipath, shad-
owing due to dense foliage) represented the desired test
environment to challenge the devices under test;

• Morphological conditions of the terrain: in many appli-
cations, not only accurate positions matter, but also
the estimated heading, namely the yaw, pitch and roll
angles. Therefore, sloping and variable terrains provide
perfect conditions where the RTK GNSS devices can be
tested;
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• Productivity and territorial fallout: scenarios represent-
ing local agricultural regions characterized by a relevant
productivity are preferred. In addition, some sectors, like
the wine sector, welcome innovations and new technolo-
gies more than others do.

These criteria have been applied in the selection of three
distinct meaningful scenarios: open fields, presence of foliage
(i.e.: vineyard, orchard) and greenhouse.

A. OPEN FIELDS
Systems for PA applications in open fields already bene-
fit of a variety of high-end GNSS receivers and antennas.
Indeed, there are many commercial devices, at different costs,
able to match the main requirements of agriculture applica-
tions [6]. Limits of the horizontal position accuracy are in
the 10÷30 cm range, like for spraying/spreading and har-
vesting in arable crops, down to 2.5 cm for automatic steer-
ing, control for precision operations such as planting [21],
weeding, and in-row fertilization. Commercial high-end RTK
GNSS receivers, able to process multi-constellation and
multi-frequency signals already provide such performance.
Thus, in this paper open sky conditions are often taken as
reference for other more challenging scenarios.

B. PRESENCE OF FOLIAGE, E.G. VINEYARD
AND ORCHARD
A GNSS-based device installed on an automatic machine
moving along vineyard rows can be constrained by the poor
visibility of satellites. In addition, it receives degraded GNSS
signals due to leaves and obstacles surrounding the antenna.
The same problems occur in orchards, which are generally
characterized by higher tree heights (which further limit the
visibility of satellites) and to the presence of anti-hail nets,
like in Fig. 1. The relevance of this scenario is also due to
the morphological characteristics of the terrain, since in some
regions vineyards and orchards are in very steep hills, like
in Fig. 2.

FIGURE 1. Orchard rows with anti-hail nets.

C. GREENHOUSE
Currently, the small robots used in greenhouses for specific
tasks are not guided by satellite signals, rather they use ad-
hoc technologies for indoor navigation, such as Ultra-Wide

FIGURE 2. Vineyard rows in steep terrain.

FIGURE 3. Typical greenhouse environment.

Band (UWB) modules. The coverage and the presence of
obstacles cause attenuations and multipath, but these effects
can be mitigated by new GNSS receiver technologies, which
leverage on multi-GNSS, multi-frequency processing and
enhanced algorithms.

III. EXPERIMENTAL TESTBED AND METHODOLOGY
In order to assess the performance of new GNSS equipment
in operational environments, we designed an experimental
testbed that can host the devices under test, other devices
taken as benchmark and measurement reference systems.
This section presents the functional block diagram of such
testbed and describes the main operations required to get
reliable measurements.

A. FUNCTIONAL BLOCK DIAGRAM
Fig. 4 shows the functional block diagram of the experimental
testbed.

The testbed includes:

• the GNSS receivers under test, each one connected to
a GNSS antenna (or connected to more in case they
feature multi-input antennas). Alternatively, the GNSS
receivers can share a common GNSS antenna: the signal
is split by a power splitter and sent to all receivers. When
possible, this approach is preferable, as it guarantees
equal signal conditions for all the receivers under test
and fair comparison of the results. In addition to the PVT
information, some GNSS receivers are able to estimate
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FIGURE 4. Conceptual block diagram of the experimental testbed
designed for the on-field measurements and for the benchmarking of
GNSS devices.

the attitude, i.e. the orientation with respect to the local
level frame (horizontal plane) and true north: the testbed
can evaluate also the attitude estimation error, if avail-
able from the receivers under test;

• a 4G modem that enables the connection to the internet,
or to a base station, to retrieve local area differential
GNSS corrections. All the tested receivers use the same
DGNSS corrections, from a regional network of geode-
tic receivers (e.g. http://www.spingnss.it);

• twomeasurement reference systems (i.e.: one based on a
robotic total station, one on GNSS technologies), which
provide the estimate of positions, attitude and time with
negligible errors, thanks to their superior performance
with respect to the devices under tests. They are used to
quantify the positioning and attitude estimation errors
of the GNSS devices under test. It must be noticed that
the attitude estimation from the GNSS measurement
reference system is needed to proceed with the analysis
of the positioning error, as detailed in Section III.D;

• a PC used to manage the internet connection, collect
and distribute local area differential corrections to the
receivers under tests. Such a PC can be used to log data
either from the receivers under test and the GNSS-based
reference system.

With the exclusion of the robotic total station, all compo-
nents are mounted on a vehicle (labeled ‘‘Movable testbed’’
in Fig. 4), which moves on-field following a predefined tra-
jectory.

It must be added that GNSS receivers can provide attitude
estimations from the integration of external sensors (e.g. Iner-
tial Measurement Units, IMU) or other strategies (e.g. mul-
tiple antennas). The presented testbed works independently
from the strategy adopted by the receiver, so, in the following
sections, the tested receivers will be referred to as GNSS

receivers, independently from the presence of non-GNSS
sensors.

B. SELECTION OF THE MEASUREMENT
REFERENCE SYSTEMS
The choice of the measurement reference system is a key ele-
ment in the design of the testbed due to the cm-level accuracy
required by PA applications. Without a careful design of the
testbed, the GNSS-based reference receiver could be affected
by the same signal degradation of the GNSS receivers under
test and would not be able to provide the reliable trajectory
necessary to quantify the errors. On the other hand, alternative
systems could have an insufficient performance level, or their
use could be limited by the environmental characteristics.
In order to cope with the scenarios listed and described in
Section II, two complementary reference systems have been
identified:
• a robotic total station tracking a reflector mounted on the
testbed;

• a multi-frequency, survey-grade GNSS receiver com-
bined with a tactical-grade Inertial Measurement
Unit (IMU).

The robotic total station is able to provide an accurate
position estimation independently from the availability of
GNSS signals. A georeferenced and calibrated robotic total
station sends a laser beam to a reflector mounted on a specific
position of the testbed, then the robotic total station measures
the laser round trip time, along with its direction of arrival.
By processing these measurements, the precise position of
the reflector is estimated. It is evident that such a system
reaches optimal performance as long as no obstacles interfere
with the correct transmission and reception of the laser beam:
frequent and large obstacles might prevent the total station
from tracking the reflector correctly. This makes the robotic
total station suitable in the greenhouse and flat orchard rows,
where GNSS signals are obscured by the greenhouse cover
or leaves of high plants. On the contrary in steep vineyards,
the GNSS-based reference system is preferred, if this can
work in conditions of open sky. Indeed, to avoid the signal
degradation due to the leaves of the grapevine, the antenna
of the GNSS-based reference was mounted on a pole higher
than the vineyard rows, which grants a good visibility of the
satellites.

C. KEY PERFORMANCE INDICATORS
The experimental testbed introduced in the previous section
is suitable for the collection of data sets, which can be pro-
cessed off-line to quantify the positioning performance of the
devices, according to predefined Key Performance Indicators
(KPI). The first KPI is the Horizontal Position Error (HPE)
and is defined as a complex number, with the error on the
East coordinate on the real axis, and the error on the North
coordinate on the imaginary axis:

ε = (xEi − xEref)+ j(yNi − yNref) (1)
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where:
• xEi is the East coordinate estimated by the i-th receiver
under test and referenced to the antenna’s phase center
of the GNSS-based reference receiver, or to the reflector
of the robotic total station;

• xEref is the East coordinate estimated by the measurement
reference system;

• yNi is the North coordinate estimated by the receiver
under test and referenced to the antenna’s phase center
of the GNSS-based reference receiver, or to the reflector
of the robotic total station;

• yNref is the North coordinate estimated by the measure-
ment reference system.

Considering a data collection spanning over a specific time
interval, we evaluated the cumulative distribution (Cumu-
lative Distribution Function, CDF) of the HPE magnitude
(expressed in meters), along with its mean value, standard
deviation (std) and the 50th and 95th percentiles.

The second KPI we evaluated is the availability of the PVT
data. To evaluate this KPI, only the estimates able tomatch the
accuracy requirements of the scenario under evaluation are
taken into account. Therefore, the availability is defined as:

Ai =
ni
RiT
· 100 (2)

where ni represents the number of PVT data epochs within
the accuracy limit in a pre-defined time window T and Ri is
the PVT output rate of i-th GNSS receivers under test. Ai is
dimensionless and expressed as a percentage.

Specific KPIs for the assessment of the ambiguity reso-
lution performance have not been considered, because the
quality of the ambiguity resolution directly affects both the
HPE and the availability.

One of the receivers under test was capable to estimate
the attitude of the vehicle by interferometric and inertial
techniques. The error on this attitude estimation could also
be evaluated. For the roll, pitch and yaw, we compute such
error as the difference between the angles estimated by the
measurement reference system and those estimated by the
receiver under test:

εa,i = ai − aref (3)

where:
• ai is the angle estimated by the i-th GNSS receiver under
test. It can represent the roll, the pitch or the yaw;

• aref is the corresponding angle estimated by the mea-
surement reference system.

Also for the attitude angles, assuming a data collection
spanning over a specific time interval, we used themean value
and the 95th percentile as metrics to quantify and compare
performance. Differently from the position estimation, the
attitude is not an output always available from all GNSS
receivers, so this KPI should be considered only when the
tested receivers evaluate the attitude. In the remaining part of
the paper, εy, εp, and εr will indicate the yaw, pitch and roll
errors.

D. PROJECTION OF THE ESTIMATED COORDINATES TO
THE REFERENCE SYSTEM TRAJECTORY
The computation of the HPE requires that the estimated coor-
dinates of the receiver under test are projected either to the
antenna’s phase center of the GNSS reference receiver or to
the position of the reflector of the robotic total station. This is
possible because the level arms between the antennas’ phase
centers (and reflector) can be measured once the devices are
installed on the vehicle and the attitude is known from the
measurement reference system. The lever arm lbi is defined
as the vector that runs from the phase center of the antenna
of the i-th GNSS receiver under test to the phase center of
the reference antenna (or the reflector). lbi is expressed in
the body frame (note the apex b) and is assumed to be con-
stant over time. After the installation of the devices and the
measure of the lever arms, the position of the i-th receiver’s
antenna, computed in the navigation frame (note the apex n),
is translated to the GNSS antenna of the reference receiver
(or reflector) through the following expression:

p̂ni = pni + R
n
bl
b
i (4)

where:
• p̂ni represents the vector of coordinates (in the naviga-
tion frame) of the i-th receiver under test, projected to
the phase center of the GNSS antenna of the reference
receiver (or the reflector);

• pni represents the vector of coordinates in the navigation
frame estimated by the i-th GNSS receiver under test;

• Rnb is the direction cosine matrix representing the rota-
tion between the body and the navigation frames,
as available from the inertial reference system. Rnb is
obtained from the attitude evaluated by the GNSS mea-
surement reference system;

• lbi is the lever arm vector associated to the phase center
of the antenna of the i-th GNSS receiver under test and
expressed in the body frame.

Then, the new estimated position vector p̂ni is converted to
Universal Transverse Mercator (UTM) easting, northing and
up coordinates p̂ui =

(
x̂Ei , ŷNi , ẑUi

)
and can be compared with

the position estimated by the reference system in the same
coordinate frame puref =

(
xEref , y

N
ref , z

U
ref

)
, according to (1).

E. EXPERIMENTAL SYSTEM CALIBRATION
The projection of coordinates described in III-E is based on
the measure of the lever arm, which can be corrupted by
errors. Indeed, the measured lever arm can be rewritten as:

lbi = lbi,true + εl,i (5)

where εl,i represents an unknown error (bias), which also
includes possible variations of the antennas’ phase centers.
A poor estimation of the lever arm generates an erroneous
computation of the HPE. Therefore, it is necessary to com-
pensate any bias on the measured phase centers’ lever arm,
which should be known with mm-level accuracy, before
assessing the performance of the GNSS receiver under test.
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The effects of this lever arm error are emphasized when the
testbed moves along an 8-figure trajectory, like that depicted
in Fig. 5. In such a case, the error εl,i corrupts either the east-
ing and northing components of the HPE and is strongly cor-
related to the period of such 8-figure. Fig. 6 shows the easting
and northing components of the HPE for four different GNSS
receivers under test, plotted with different colors. In this case
all the receivers share the same antenna, therefore the same
lever arm error affects the receivers position estimates (and
the index i is omitted in the following of this section).

FIGURE 5. Sample of an 8-figure trajectory as those used by the
calibration procedure.

FIGURE 6. HPE along easting and northing coordinates for four GNSS
receivers under test (plotted with different colors), with a residual error εl
in the phase centers’ lever arm.

Clearly, a cm-level recursive error pattern is visible in both
the easting and northing coordinates. Such a pattern is the
same for all the GNSS receivers and has a period which
corresponds to the period of the 8-figure trajectory, along
which the testbed moved.

The detection of such recursive pattern in the HPE compo-
nents is invaluable to estimate εl and in turn lbtrue. Indeed,
the best estimate of the phase centers’ lever arm can be
found in post processing by searching for the value that mini-
mizes the error on the HPE easting and northing components.
Fig. 7 shows the mean of the absolute value of the HPE, for
different values of the lever arms, which is varied along the
x-axis and y-axis in the body frame. In other words, each

FIGURE 7. Absolute value of the HPE varying the lever arm along the x-
and y- axes in the body frame.

FIGURE 8. HPE along easting and northing coordinates for four GNSS
receivers under test (plotted with different colors), after the correction
of εl .

cell of the XY-plane corresponds to a different lb, which is
used to compute the HPE. The mean of the absolute value is
plotted and the cell corresponding to the minimum is taken,
as it indicates the best estimate of the lever arm thatminimizes
the error εl .

Fig. 8 is the same plot of Fig. 6, but using the refined
estimate of the lever arm. The recursive pattern is no longer
visible, and the easting and northing components of the HPE
are noisy and bounded within the sensitivity of the reference
system. After the described process, an estimation of lbtrue
is available and is used for the assessment of the receiver
performance.

IV. PRACTICAL EXPERIENCE IN REAL
AGRICULTURAL CONTEXTS
The experimental testbed and methodology described in
Section III were used in the frame of the FANTASTIC
project [22] to evaluate the performance of a new prototype,
which is a triple-frequency, multiple-constellations, GNSS
receiver targeted to PA applications. Such a GNSS receiver
can be connected to two wideband antennas, with exception-
ally stable phase center. One of them is equipped with a tacti-
cal grade Micro Electro-Mechanical Systems (MEMS) IMU.
The collocation of the IMU in the antenna has several advan-
tages: among all, it avoids the need for a precise estimation
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of the antenna to IMU lever arm, easing the installation pro-
cedure. The GNSS receiver runs a state-of-the-art GNSS/INS
loosely coupled integration, which uses high accuracy RTK
position estimates, as well as GNSS attitude estimates to aid
the INS heading estimation during motion. The developed
system does not require an initialization procedure of the
attitude, which would typically involve vehicle motion with
sufficient velocity to deduce the heading from the course over
ground. Especially in PA applications, such an initialization
procedure is impractical.

Following the general block diagram of Fig. 4, the imple-
mented testbed included:
• the new prototypal GNSS receiver, connected to its
own two antennas. It will be indicated as FANTASTIC
receiver or, in short, FANTASTIC;

• three state-of-the art high-end commercial receivers that
could be considered benchmark devices. All of them are
able to process concurrent signals from different GNSS
constellations (i.e.: GPS and Galileo), over at least two
frequencies (i.e. L1/E1, L2) and provide RTK measure-
ments. They are connected to the same antenna, through
a passive RF splitter, to have equal signal conditions.
In the remaining part of the paper these benchmark
receivers will be indicated as Bmk 1, Bmk 2, and Bmk 3.
Further details about benchmark receivers are not given
to avoid disclosing sensitive commercial info;

• as GNSS-based reference system, we selected a
GNSS+INS high-end receiver able to provide Root
Mean Square (RMS) error less than 2 cm. It is generally
employed in professional applications, in experimental
systems [12] and is often used for scientific investiga-
tions. It will be indicated as GNSS Reference Receiver;

• a survey grade robotic total station able to provide dis-
tance and angle estimations with a standard deviation
of the error near to 1 mm and 10−3 deg respectively,
in optimal environmental conditions. It will be indicated
as Robotic Total Station.

FIGURE 9. Block diagram of the experimental set up implemented in the
frame of the FANTASTIC project.

Fig. 9 follows Fig. 4 and shows the functional scheme
of the implemented testbed, where the blocks related to the
distribution of the RTK corrections are omitted for sake of

simplicity. The testbed, with the exclusion of the Robotic
Total Station, is mounted on a remoted controlled electric
vehicle, designed for agricultural works.

Antenna of the GNSS 
Reference Receiver

Antenna of the 
benchmark GNSS 

receivers

FANTASTIC project 
GNSS AntennasReflector for the 

Robotic Total Station

PC for data log

Benchmark GNSS 
receiver Bmk3

Benchmark GNSS 
receiver Bmk2

Benchmark GNSS 
receiver Bmk1

FANTASTIC 
Receiver

FIGURE 10. Experimental system used for the on-field test in a
greenhouse.

Fig. 10 shows the experimental system installed on the
electrical vehicle. It is possible to see three antennas at the
front edge of the vehicle, where the central one is connected
to the benchmark receivers through a passive splitter. All
the GNSS receivers are installed just behind these antennas,
whereas the central pole hosts the GNSS Reference Receiver
and its antenna. Note that the prism enabling the tracking of
the Robotic Total Station is visible right below such antenna.
Finally, the car PC for data logs and batteries are placed on
the back of the vehicle.

V. RESULTS AND DISCUSSION
This section reports a set of the main results. For the sake
of clarity, they are divided into subsections, according to the
scenarios introduced in Section II.

A. OPEN FIELDS
The open sky conditions experienced following the trajectory
in Fig. 11 are representative of open fields: at the location
and time of this test, up to 13 satellites were visible with
a best Position Dilution Of Precision (PDOP) equal to 1.6
(see Fig. 26 in the Appendix for details). In such conditions,
we used the GNSS Reference Receiver.

Fig. 12 shows the cumulative distribution of the HPE
magnitude for the FANTASTIC Receiver (green curve) and
the three benchmarks. As expected in open sky conditions,
the receivers show comparable performance, with the 50th

and 95th percentiles approximately equal to 1.5 cm and 3 cm,
respectively.

Considering a position accuracy limit of 2.5 cm,
we observed the FANTASTIC receiver provided data within
such limit for 92.5% of time, similarly to Bmk 1. The other
two receivers used as benchmarks had a lower availability,
approximately equal to 85.5%.
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FIGURE 11. Trajectory followed during the data collection in open sky
conditions.

FIGURE 12. CDF of the HPE for the receivers under test in open sky
conditions.

FIGURE 13. Attitude errors of the FANTASTIC receiver in open sky
condition.

Fig. 13 reports the heading errors of the FANTASTIC
receiver with respect to the GNSS Reference Receiver,
according to the KPI defined in III-D. As shown, the yaw
and pitch errors are always bounded to 0.5 deg, whereas
the error on the roll shows a bias approximately equal to -
0.9 deg. After further investigations, such bias was due to a
misalignment between the electric vehicle hosting the testbed
and the case of the reference system antenna. Fig. 13 confirms
good performance of the FANTASTIC receiver. Indeed, they
are comparable to those of the GNSS Reference Receiver,
which is more expensive and belongs to a superior class of
equipment.

B. ENVIRONMENT CHARACTERIZED BY THE PRESENCE
OF FOLIAGE
Tests have been performed in two different environments
where the GNSS signal is obstructed by the presence of
foliage: a kiwifruit orchard and a vineyard. In both cases the
positioning and attitude errors were estimated by using the
GNSS Reference Receiver, which was mounted on a pole to
have a better visibility of the sky, as visible in Fig. 14.

FIGURE 14. Testbed used in vineyard, with GNSS-based reference system
mounted on a pole to gain good visibility of the sky.

The kiwifruit orchard that hosted the tests is located in
Lagnasco, Italy; Fig. 15 shows the map along with the tra-
jectory followed by the testbed. At the location and time of
this test, up to 12 satellites were visible with a best PDOP
equal to 1.4 (see Fig. 27 in the Appendix for details)

FIGURE 15. Trajectory followed during the test in a kiwifruit orchard.

Fig. 16 and Fig. 17 show the cumulative distribution func-
tion of the HPE and the time plot of the attitude errors
respectively.

The comparison with Fig. 12 and Fig. 13 allows to con-
clude that the positioning errors are higher than in the open
sky conditions, but their magnitude is however within 10 cm
most of the time, whereas the attitude errors are comparable.
This could be explained by considering that this orchard
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FIGURE 16. CDF of the HPE for the receivers under test in a kiwifruit
orchard.

FIGURE 17. Attitude errors of the FANTASTIC receiver in a kiwifruit
orchard.

is characterized by the presence of a dense foliage, with a
moderate height of the trees. Consequently, the GNSS signal
is shadowed, but not blocked or degraded to induce receivers
to lose the signal tracking. This is confirmed by the KPI
metrics reported in Table 1 in the Appendix. The horizontal
positioning error is under the 10 cm for almost 100% of the
time, as highlighted by the availability (i.e.: 96.4% is the
worst availability measured for Bmk 2) and the percentiles
(i.e.: 9.3 cm is the worst 95th percentile measured for Bmk 2).

The mean of the attitude errors stays below 1 degree for
the yaw and pitch, and is approximately equal to 1.5 degree
for the roll. Also in this case, we noted a slight degradation of
performance w.r.t. the open fields case and we still observed
the presence of the small misalignment affecting the roll
estimation, as reported in Section V.A.

The vineyard where we performed the test is located in
Serralunga d’Alba, Italy, whose picture is reported in Fig. 18:
at the location and time of this test, up to 16 satellites
were visible with a best PDOP equal to 1.2 (see VI in the
Appendix for details). Such environment featured a couple of
peculiar characteristics, making it different from the previous
case:

• the vineyard is in an extremely steep side of a hill
(i.e.: the maximum pitch is 24 deg), therefore the pitch
and roll angles assume values higher than in the case of
the kiwifruit orchard (Fig. 19).

FIGURE 18. Three-dimensional representation of the trajectory followed
during the test in vineyard.

FIGURE 19. Attitude values in the vineyard.

• the rural environment posed limitations to the cell phone
network coverage, making difficult the possibility to
retrieve differential corrections from internet services or
from a base station.

The limited availability of differential corrections pre-
vented the RTK positioning, which resulted in degraded posi-
tioning performancew.r.t. the previous case. Nevertheless, for
two receivers of the testbed (i.e.: FANTASTIC andBmk 1)we
were able to store rawmeasurements (i.e.: pseudoranges, car-
rier phase measurements, etc.), apply differential corrections
off-line and then evaluate the RTK positioning performance.
Taking this into account, we present either the performance
obtained in Real Time (RT) and in Post Processing (PP). Also
the GNSS Reference Receiver suffered from the lack of dif-
ferential corrections. In order to get a reliable error analysis,
also the raw measurements of the GNSS Reference Receiver
were post processed and the resulting RTK positioning is
used for the error analysis. For sake of clarity, it must be
noticed that PP results were obtained by proprietary tools
from the receiver manufacturers, whereas the RT results are
those recorded by the receivers on the field. Such proprietary
tools were not available for Bmk 2 and Bmk 3, whose PP
performance were consequently not analyzed.

Fig. 20 reports the cumulative distribution function for both
the RT (a) and PP (b). In the RT case, the degradation of
performance is evident, and also the gap between different
receivers widens. Indeed, FANTASTIC and Bmk 3 show
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FIGURE 20. CDF of the HPE for the receivers in the vineyard, real time
results (a) and post processing results (b).

similar errors which are smaller than those reached by Bmk 1
and Bmk 2. For example, the mean HPE goes from 36 cm for
Bmk 3 to 116 cm for Bmk 2. As expected, the analysis carried
out off-line exhibits great improvements for what concerns
the position accuracy of FANTASTIC and Bmk 1 receivers,
which reaches levels comparable to the open sky conditions
(Fig. 12). The mean HPE for the FANTASTIC receiver is
equal to 1.5 cm (96% reduction w.r.t. RT) and reaches 1.4 cm
for the Bmk 1 (98% reduction w.r.t. RT). Similar comments
can be made observing the values of percentiles, as reported
by the full statistics of Table 2 in the Appendix.

The attitude errors are reported in Fig. 21 for the RT
estimation and the PP, respectively. Pitch and roll estimations
do not improve when PP is adopted, whereas the mean error
on the yaw estimate passes from 2.5 deg to 0.9 deg, with a
64% reduction.

Finally, the analysis of the availability metric leads to the
conclusion that RTK is necessary to reach the performance
level required by PA: without RTK, the availability, either
with 2.5 cm and 10 cm thresholds for the maximum error,
is zero or negligible. On the contrary, RTK allows to reach
positioning errors under 2.5 cm for the 90.5% and 95.7% of
the time in the case of FANTASTIC and Bmk 1 respectively.

C. GREENHOUSE
Fig. 22 shows the greenhouse where the experimental testbed
was used to evaluate the performance of the FANTASTIC
Receiver and the benchmark devices: the electric cart hosting

FIGURE 21. Attitude errors of the FANTASTIC Receiver in the vineyard, real
time results (a) and post processing results (b).

the testbed entered the greenhouse and moved through it
following a straight trajectory, back and forward. The green-
house metal structure and coated glasses represented a chal-
lenging scenario for all the GNSS receivers under test, as the
signals from the satellites were attenuated by 15-20 dB and
reflected and, consequently, all the GNSS receivers under test
experienced a complete outage for the most part of the test
duration. Obviously, this was true also for the GNSS Refer-
ence Receiver. Indeed, Fig. 23 shows the positions estimated
by the GNSS Reference Receiver: few seconds after the
testbed entered the greenhouse, the position estimated by the
GNSS Reference Receiver quickly drifted away. This result
is not unexpected: as already pointed out in [12], even profes-
sional reference systems based on GNSS high-end receivers
and tactical grade inertial sensors suffer during GNSS signals
outages or degraded signals. In such conditions, additional
sensors not based on satellite signals, can improve the relia-
bility and precision (e.g., in [12] an odometer is considered).
In such conditions, the most appropriated reference system
was the Robotic Total Station. During the data collection,
that lasted for about 270 seconds, such reference system
recorded the track reported in Fig. 24, which is overlapped
to an orthophoto of the greenhouse.

By considering the Robotic Total Station as the reference,
it was possible to compute the positioning error for the
receivers under test, whereas the error related to the attitude
estimation could not be evaluated because the total station did
not output the attitude of the electric vehicle.
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FIGURE 22. Electric vehicle hosting the experimental testbed entering the
greenhouse main door.

FIGURE 23. Position estimated by the GNSS Reference Receiver
overlapped to an orthophoto of the greenhouse.

Fig. 25 reports the cumulative distribution function of the
HPE: the magnitude of the errors is the greatest amongst the
test reported in this paper. This is confirmed by the statistics
reported in Table 3 of the Appendix. Only the FANTASTIC
Receiver was able to maintain a mean HPE within 1 m,
whereas the best benchmark receiver, i.e. Bmk 2, was able to
reach a mean HPE approximately equal to 1.3 m. Such trend
is the same observing the percentiles: Bmk 1 and Bmk 3 have
a 95th percentile beyond 5m and 8m respectively. Finally, the
availability is very reduced: only the FANTASTIC Receiver
is able to grant an availability over the 10 % but just for
the 10 cm threshold, which remain poor for the target PA
operations in greenhouse.

FIGURE 24. Reference positions estimated by the robotic total station
overlapped to an orthophoto of the greenhouse.

FIGURE 25. CDF of the HPE for the receivers under test in the greenhouse.

VI. CONCLUSION
This paper has presented an experimental testbed and
methodology that enabled the on-field evaluation of perfor-
mance of RTK GNSS-based devices devoted to PA applica-
tions. The key point was the choice and setting of a reference
system able to provide reliable measurements of positions
and attitude, which were used as reference in the errors com-
putation. The selection of the reference system is performed
off-line and depends on the type of environment (i.e.: open
field, constrained environment with objects surrounding the
antenna, indoor), in which the tests have to be performed.
An accurate design of the testbed layout and a calibration
procedure have been described, as they were fundamental
to quantify small errors, on the order of few centimeters for
positions and few degrees for attitude.

The experimental testbed and methodology were designed
to assess performance of the devices under test directly
in operational agriculture environments. Although problems
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FIGURE 26. Number of satellites used in the PVT computation and PDOP
for the open sky dataset.

FIGURE 27. Number of satellites used in the PVT computation and PDOP
for the dataset in the kiwifruit orchard.

FIGURE 28. Number of satellites used in the PVT computation and PDOP
for the dataset in the vineyard.

related to the setting of a reliable reference system could be
overcome by using an in-lab test setup (where the GNSS
signals are generated by using a hardware signal genera-
tor), this approach could have some limits when the set up
include inertial sensors or special environments and dynamics
(e.g.: greenhouse, steep terrain) that need to be reproduced.
Furthermore, as highlighted by the results presented in this
paper, the devices under test were based on the fusion of mul-
tiple sensors and revealed their major benefits in the presence

TABLE 1. KPI metrics for the tested receivers under the foliage of a
kiwifruit orchard.

of real harsh environments, or even during GNSS signal
outages. In these cases, the in-lab evaluation of performance
of RTK GNSS-based devices could be impractical or come at
high costs.

The results reported in this paper have demonstrated that
the proposed testing approach was successful to evaluate
(and benchmark) the performance of a new GNSS receiver
prototype devoted to the PA applications. As expected, its
performance was comparable with benchmarks in open sky,
but showed differences in other environments. The new pro-
totype demonstrated superior performance w.r.t. state-of-the
art, especially for what concerns attitude determination, with
95th percentiles lower than 1 deg for the heading, lower than
0.4 deg for the pitch and lower than 0.2 deg for the roll,
respectively. Under foliage, either in orchard and vineyard,
the prototype guaranteed positioning errors lower than 2.5 cm
for 90% of time, and lower than 10 cm for 99% of time.

Last, the test campaign, performed in real agriculture envi-
ronments, highlighted some limits due to external factors,
rather than the devices under test themselves. RTK GNSS-
based devices can match target performance requirements
and, in turn, be used for machinery guidance and automatic
field operations, only with reliable wireless channels and
mobile network coverage. From the performed test campaign,
this seems not always the case, since in one of the presented
tests all receivers struggled to receive differential corrections
with consequent degraded performance, either for positioning
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TABLE 2. KPI metrics for the tested receivers under foliage in vineyard.
Where post processing is available, the statistics for both Real Time
elaboration (RT) and Post Processing (PP) are reported.

TABLE 3. KPI metrics for the tested receivers in the greenhouse.

(95th percentile approximately equal to 1 m) and attitude
(95th percentile higher than 1 deg).

APPENDIX
See Figures 26–28 and Tables 1–3.
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