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Abstract: The quality of geospatial data collection depends, among other things, on the reliability and
efficiency of the GNSS receivers or even better integrated GNSS/INS systems used for positioning.
High-precision positioning is currently not only the domain of professional receivers but can also be
achieved by using simple devices, including smartphones. This research focused on the quality of 2D
and 3D kinematic positioning of different geodetic and low-cost GNSS devices, using the professional
mobile mapping system (MMS) as a reference. Kinematic positioning was performed simultaneously
with a geodetic Septentrio AsteRx-U receiver, two u-blox receivers—ZED-F9P and ZED-F9R—and a
Xiaomi Mi 8 smartphone and then compared with an Applanix Corporation GPS/INS MMS reference
trajectory. The field tests were conducted in urban and non-urban environments with and without
obstacles, on road sections with large manoeuvres and curves, and under overpasses and tunnels.
Some general conclusions can be drawn from the analysis of the different scenarios. As expected,
some results in GNSS positioning are subject to position losses, large outliers and multipath effects;
however, after removing them, they are quite promising, even for the Xiaomi Mi8 smartphone. From
the comparison of the GPS and GNSS solutions, as expected, GNSS processing achieved many more
solutions for position determination and allowed a relevant higher number of fixed ambiguities, even
if this was not true in general for the Septentrio AsteRx-U, in particular in a surveyed non-urban area
with curves and serpentines characterised by a reduced signal acquisition. In GNSS mode, the Xiaomi
Mi8 smartphone performed well in situations with a threshold of less than 1 m, with the percentages
varying from 50% for the urban areas to 80% for the non-urban areas, which offers potential in view
of future improvements for applications in terrestrial navigation.

Keywords: GNSS/INS sensors; Smartphone Xiaomi Mi8; GNSS/INS sensors; kinematic-trajectory
acquisition; u-blox ZED-F9P and ZED-F9R; mobile mapping system (MMS)

1. Introduction

The task of mapping the world and determining positions while moving has always
been a challenging task in topographic surveying. With the advent of the first mobile
mapping systems (MMS) in the late 1980s, where moving platforms were equipped with
precise GPS (Global Positioning System) navigation and digital imaging, and later with
other sensors, the systems allowed the world to be surveyed with high accuracy and
productivity. As a result, several sectors have recognised the importance of high-quality
georeferenced geospatial data, such as land use planning and construction, insurance
and emergency services. Today, the requirements in this field have increased, especially
with the development of autonomous navigation in transportation, which requires fast
availability, reliability and high integrity of real-time positioning. However, the problem of
GNSS navigation in urban areas remains a grey area in which positioning accuracy can be
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frustrating and confusing [1–3]. To this end, the performance of devices of varying quality
must be tested against high-precision sensors.

Not everyone has access to highly professional MMS sensors, but there is another way
to solve the problem. With the advent of low-cost sensors, it is possible to produce mobile
mapping sensors at an affordable price. Today’s trend in geomatics is towards mass sensing
with low-cost devices that could be useful in daily life for real-time mapping of reality or
its subsequent reconstruction. Dual-frequency smartphones capable of acquiring carrier-
phase measurements associated with other sensors, including INS (Inertial Navigation
System), present another challenge in mobile mapping today. For example, such sensors
could be used in the rapid acquisition of road conditions and damage, mapping of the
condition of roadside facilities and the reconstruction of car accidents. However, in order
for this to be of use, the quality of their robustness and performance should be investigated
and estimated.

Several authors [4–11] have already noted that modern, low-cost electronic devices
can achieve high accuracy in determining kinematic GNSS trajectories. Such sensors are
used, for example, in drones for the direct georeferencing of trajectories [12–17]. However,
the georeferencing of trajectories for drones differs from ground-based positioning in terms
of obstacles and the open sky, whereby rapid changes in the signal reception environment
and measurement conditions pose a major challenge. The problem of kinematic positioning
quality is also relevant to the challenges of autonomous vehicle navigation, where the
requirements for integrity, reliability and quality are quite high and, in some cases, currently
impossible to meet. As for smartphones, some authors [18–20] have reported that some
characteristics of GNSS signals currently acquired by smartphones still have a negative
impact on GNSS position accuracy. This was one of the main issues of the analyses in
this study.

To meet this challenge, the reference trajectory was derived from a professional MMS
equipped with a POS/LV (Position and Orientation System for Land Vehicles) from Ap-
planix Corporation (Applanix, Richmond Hill, ON, Canada). A detailed explanation of
the system from the year 2000 can be found, for example, in [21,22]. Among other studies,
Applanix measurements have already been used to evaluate the extraction of road geometry
parameters [23], for studies comparing the kinematic performance of different satellite
systems (GPS, GLONASS, Galileo) in terrestrial measurements using single frequencies [24]
and multi-frequencies [25] at the University of Trieste. However, this study was extended
to the observation of multi-constellation systems and the use of a Xiaomi Mi8 Android
smartphone, two low-cost u-blox receivers—ZED-F9P and ZED-F9R—and a Septentrio
AsteRx-U geodetic GNSS receiver in terms of the reference trajectory of the Applanix
Corporation GPS/INS MMS system.

Thus far, this article has shown the importance of positioning quality in geospatial
data collection, using low-cost sensors from u-blox or smartphones that are affordable
for all. The main contribution of this article is the comparison of trajectories acquired by
using different GNSS devices and a comparison with the reference trajectory. Although the
authors are aware that both smartphones and u-blox devices can receive both GNSS and
INS measurements, the focus of this study was on the performance of GNSS receivers in
urban and semi-urban environments. The goal was to gain information on the quality of
GNSS positioning and to compare the performance of GNSS-based geodetic receivers and
the much cheaper u-blox and dual-frequency smartphones operating in kinematic mode.
All the findings obtained in this study should be extended and improved in the future to
also provide deeper insights into GNSS/INS observations and post-processing quality.

1.1. Low-Cost Devices in High-Precision Kinematic Terrestrial Positioning

The group of low-cost devices that currently provide high-precision positioning based
on carrier-phase GNSS or GNSS/INS measurements includes devices from u-blox (Thal-
wil, Switzerland), Septentrio (Leuven, Belgium), VectorNav (Dallas, TX, USA), ComNav
(Surveying Hub B.V., Hilversum, The Netherlands), and others. These devices are already
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installed in various road vehicles, drones, boats and satellites, and they have dramatically
improved processing chains in real-world data collection. The group of low-cost devices
also includes some smartphones, tablets and wristwatches with a production date of 2018
and beyond.

As for testing low-cost GNSS devices in kinematic terrestrial surveys, many stud-
ies have already been conducted since the introduction of multi-constellation and dual-
frequency smartphones in 2018. Broekman and Gräbe showed that a low-cost real-time mo-
bile geolocation service provides centimetre accuracy up to 15 km from the base station [13].
The problem was further investigated by Janos and Kuros [14], who used ZED-F9P for
stop-and-go topographic real-time kinematic (RTK) surveys under difficult measurement
conditions. Sana et al. (2022) [26] followed up on previous studies by testing the kinematic
performance of RTK and post-processing of two vehicles in two different environments:
once in a non-urban area with a long baseline of about 30 km with varying visibility and
screened locations and once in an urban area within a radius of about 10 km with some
buildings and open areas. Their experiences, especially the conclusions that the real-time
kinematic solutions matched well with the post-processed solutions, served as the basis
for this research. In addition, the authors’ previous research relating to the interference of
ZED-F9P receivers should be noted when several ZED-F9P receivers were tested under
vertical and horizontal L1/E1 chirp jamming [27,28], while the study by Dimc et al. [29]
was extended to the L1/E1 interference of the kinematic vehicle with several geodetic
receivers and two u-bloxes on board, namely ZED-F9P and ZED-F9R.

The year 2016 represented the first milestone in the use of smartphones in high-
precision GNSS positioning. At that time, the extraction of raw observation data for
post-processing (i.e., pseudorange, carrier phase, Doppler shift, and carrier-to-noise ratio
(C/N0)) was introduced under the Android Nougat operating system [30]. Until then, the
outputs of GNSS chipsets in smartphones were only PVT (position, velocity and time). The
very next year, the first two smartphones—the Samsung S8 and the Huawei P10—were
launched that could perform single-frequency carrier phase measurements. However, the
most important milestone was the launch of the Xiaomi Mi8 in May 2018 with the new
Broadcom BCM47755 GNSS chipset [31], which enabled the acquisition of dual-frequency
carrier phase data on L1/L5 and E1/E5a for GPS and Galileo, respectively.

These advances led to several studies being carried out on raw GNSS measurements
on smartphones, aiming at a comprehensive analysis of the observations of the positioning
quality and performance of various dual-frequency smartphones, starting with the Xiaomi
Mi8 [4,5,7,9,18,30,32–37]. Zeng et al. [38] reported that the carrier-to-noise density ratio
(C/N0) of a smartphone is about 10 dB-Hz lower than that of a geodetic receiver, but
the multipath is much higher. They reported that frequent cycle-slips and loss of lock
already limit the accuracy of high-precision positioning in static mode but even more
so in kinematic mode. In addition, the authors proposed that the duty cycles should be
turned off, which resulted in better carrier phase measurement accuracy and much higher
positioning accuracy.

Liu et al. [39] followed up this study in 2019 and investigated the quality of raw
GNSS observations from smartphones in terms of C/N0, noise, carrier-phase tracking and
velocity estimation. The authors suggested that an altitude-based weighting algorithm
is not suitable for low-cost receivers, including smartphones, while a C/N0 weighting
would be a better choice for these devices. Later, Banville et al. [40], Paziewski et al. [41],
and Robustelli et al. [9] confirmed the suitability of this processing approach. The fact
that this study is based on u-blox instruments operating in the L1/E1 and L2 frequency
bands, smartphones operating in the L1/E1 and L5/E5a frequency bands, as well as a
geodetic instrument receiving observations at all frequencies, was a good starting point for
further analysis. A valuable study on real-time kinematic positioning with smartphones
was recently published by Li et al. [42]. The study used two Huawei Mate30 and two
Huawei P40 smartphones with two installation modes: vehicle roof mode, in which the
smartphones were mounted on the roof outside the vehicle, and dashboard mode, in
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which the smartphones were stabilised inside the vehicle. The authors confirmed that
the installation on the vehicle roof provided better results, especially in terms of RMS
(Root Mean Square) for the vertical component. Therefore, in the current experiment, the
authors used the aforementioned method, i.e., the smartphone was mounted on the roof of
the vehicle.

As part of this brief overview of the use of low-cost devices and smartphones in
kinematic terrestrial surveying, it is also worth mentioning the 2021 Google Smartphone
Decimeter Challenge experiment that inspired Everett et al. [43] to optimise the use of
RTKLIB, specifically for measurements with Android smartphones, which highlighted the
changes needed given the low quality of measurements on these platforms.

1.2. Paper Focus and Outline

In the context of the state-of-the-art overview, the major motivation for the research
described in this paper was to conduct field experiments and analyse the performance
of GNSS devices of different quality operating simultaneously. The goal was to gain
knowledge to characterise the behaviour of each device during kinematic positioning
and to gain information to improve trajectory determination by GNSS and INS in post-
processing. The main objective of the research was to compare the positions in terms of the
reference positions based on double difference processing and to determine the positioning
quality, especially under difficult signal reception conditions. The focus of the research,
meanwhile, was to identify and investigate anomalies in smartphone Xiaomi Mi8 and
u-blox receivers.

The main research question of this study was: ‘Is there a significant difference in
performance between low-cost, i.e., u-blox receivers and smartphones, and professional
GNSS receivers in kinematic vehicle positioning?’ More specifically, this study focuses on
three different questions related to the following:

• Determining the quality of georeferencing in purely kinematic GNSS mode;
• Distinguishing between quality of observations and kinematic results from several

GNSS devices under consideration; and
• Evaluating the performance of GNSS devices compared to the mobile mapping

system (MMS).

The innovation of this study lies in the reference trajectory being generated using a
professional MMS. As far as the authors are aware, there are no examples of kinematic com-
parisons of smartphone and u-blox positioning performance against positioning systems
using the acquisition of an accurate MMS as a benchmark. The remainder of this document
is organised as follows: Section 2 describes the experimental setup in the study area with
the locations where the measurements were performed, including a description of the
hardware used. The processing aspects that were followed in performing this analysis are
described in Section 3. The experimental analyses are described in Section 4 and the final
conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Survey Experimental Design

For this study, a vehicle from the GeoSNav laboratory of the University of Trieste was
used, which was already equipped with a POS/LV (Position and Orientation System/Land
Vehicles) Mobile Mapping System from Applanix Corporation, namely Applanix POS LV-
420, Version 4 (Applanix, Richmond Hill, ON, Canada). For the purposes of this experiment,
the vehicle was additionally equipped with two u-blox devices, namely ZED-F9P and ZED-
F9R, an Xiaomi Mi8 smartphone and a Septentrio AsteRx-U geodetic receiver (Septentrio,
Leuven, Belgium) with a PolaNt-x MF antenna (Figure 1).
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the vehicle. The integrated inertial system is a Litton LN-200 Inertial Measurements Unit 
(IMU) with three accelerometers and three solid-state fibre-optic gyros (Northrop 

Figure 1. (a) The MMS of the GeoSNav Lab vehicle, University of Trieste, with the GNSS antennas
mounted on the roof; (b) the setup of the instruments inside the vehicle.

2.2. MMS POS/LV and GNSS Receivers Used in the Study

The antennas of the receivers were located at various positions on the iron shaft
mounted on the roof and axial to the vehicle, thus making it easy to measure the hori-
zontal distances between them. They served as a reference for the evaluation positioning
results (Figures 2 and 3).
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As shown in Figure 2, the central element of the Applanix system, the PCS (POS
Computer System), which can process data from various sensors for real-time positioning
and stores the data for post-processing analyses (as in the case in the current study), is
in the vehicle. The integrated inertial system is a Litton LN-200 Inertial Measurements
Unit (IMU) with three accelerometers and three solid-state fibre-optic gyros (Northrop
Grumman, Falls Church, VA, USA). Two Trimble Zephyr GPS antennas are mounted on
the car roof and connected to two different BD950 GPS cards in the PCS of the Applanix
system. The rear antenna is GPS L1/L2 and is used for positioning; the front is GPS L1
and is used for attitude determination. Trimble’s geodetic receivers send positioning and
heading data to the PCS, the latter using GAMS (GPS Azimuth Measurement Subsystem).
By using a carrier-phase double-difference algorithm to measure the relative position vector
between the two antennas, GAMS calibrates IMU and ensures that the azimuth does not
drift (when GPS/GNSS coverage exists). During the survey, data from the GPS receivers
had an acquisition rate of 1 Hz, while the inertial system sent data to the CPU system at a
rate of 200 Hz. The integrated measurements from each sensor were processed using the
Kalman filter.

In addition to the Applanix professional system, two SimpleRTK2B boards (Ardusim-
ple, Lleida, Spain) were used for this research, one with a ZED-F9P receiver and the other
with a ZED-F9R. The boards were connected to a laptop to provide power to both panels
and to store the kinematic observations. The reason for storing the observations directly
on the computer with the installed open-source programme from U-Center [44] rather
than on the SD card was that based on previous experiments, the memory unit was often
overloaded when performing measurements in multi-constellations, thus resulting in gaps
in the measurements. The two boards and the laptop were inside the vehicle next to the
Applanix system components. Two low-cost antennas ANN-MB-00 were mounted on the
roof of the vehicle on a special iron structure already used for GPS Trimble antennas and
the Septentrio PolaNt-x antenna (Figure 3).

Another device, the Xiaomi Mi8 smartphone, was mounted parallel to the roof of the
vehicle (Figure 1) in the direction of travel. The smart device was in a specially made plastic
box so that it was safe, protected and fixed during the measurements. The duty cycle mode
was turned off in the smartphone settings because it determines the time the GNSS chip is
actively tracking signals and can affect the quality of the GNSS data. This is because the
longer the duty cycle, the better the quality of the GNSS observation.

2.3. MMS POS/LV and GNSS Receivers Used in the Study

The kinematic tests were conducted on 11 February 2022 in the city centre of Trieste,
Italy, and on the outskirts of the nearby region. The measurements in the city were per-
formed only a few metres above sea level, while for the non-urban area, the measurements
were taken on a Karst plateau at an altitude of about 350 metres (Figure 4). To further
differentiate the measurement conditions and the behaviour of the different receivers under
these conditions, the overall trajectory was divided into different cases: tunnel (Case A),
city (Case B) with tall buildings representing a typical urban canyon area, a serpentine road
(Case C), and a GNSS vegetation-barrier area in the Karst plateau above Trieste (Case D).
The results were compared separately for each of these four areas. To obtain a better idea
of the measurement conditions, some characteristic points from the trajectory of the vehicle
are shown in Figure 5.
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3. Data Processing

The data processing chain implemented in this paper can be described as follows:

• Analysis of data quality from different receivers operating in GNSS mode;
• Reference trajectory computation from MMS measurements;
• Trajectory computation from low-cost devices, namely u-blox ZED-F9P, ZED-F9R, and

Xiaomi Mi8, and Septentrio AsteRx-U professional geodetic receiver; and
• Evaluation of the performances of low-cost GNSS/INS devices compared to the

professional MMS system and the Septentrio AsteRx-U geodetic receiver.

The trajectories from all the receivers, including MMS, were computed by the post-
processing relative double-difference carrier-phase technique. For the MMS, the Posi-
tion and Orientation System Post-Processing Package (POSPac™) Mobile Mapping Suite
(MMS™) was used [45], which provides a deep level of sensor integration and error mod-
elling and processing modes. For relative double difference positioning, the nearby Trieste
reference station (the distance from the study area was around 11 km) belonging to the
Antonio Marussi Friuli Venezia Giulia Region GNSS network was used [46]. Observations
for geodetic and low-cost receivers, namely u-bloxes and Xiaomi Mi8, were processed using
RTKLIB software, demo 5, version b34d [47,48].

RTKLIB is an open-source program package for standard and precise positioning
and consists of a portable program library and several APs (application programs). It
supports: (1) standard and precise positioning algorithms with GPS, GLONASS, Galileo,
QZSS, BeiDou, and SBAS; (2) single, DGPS/DGNSS, kinematic, static, PPP-kinematic and
PPP-static positioning modes with GNSS for both real-time and post-processing. A number
of features may contribute to its superior performance compared to the software, namely:
(a) it is free, while commercial software comes with a cost that can be significant for some
users; (b) flexibility in adjusting the processing parameters so that better results can be
achieved; (c) possibilities to improve the current version of RTKLIB also by changing
some algorithms.

Since the MMS relay on GPS-only constellations, the initial processing strategy for
all the used receivers was based only on GPS; successively, a multi-constellation solution
using GPS, GLONASS, and Galileo was applied. For static mode ambiguity resolution,
the “fix-and-hold” mode was used, which allows a GNSS receiver to maintain positioning
even if the number of visible satellites decreases or the measurement quality degrades. In
contrast, the “continuous” ambiguity mode was used for kinematic positioning because in
this mode, ambiguities are resolved in real time and solutions are continuously updated as
new observations become available. Since there were many obstacles along the roads, the
lower obstacles were bypassed at the cut-off angle at 15◦.

Observations were processed using broadcast ephemerides, iono-free mode, and
Saastamoinen’s tropospheric delay model. Unfortunately, there are no available antenna
calibrations for the patch antennas of the u-blox receivers ZED-F9P and ZED-F9R and
for the Xiaomi smartphones, as there were for the Septentrio AsteRx-U. However, in
this research, an approximated antenna phase centre offset was calculated based on the
procedure proposed by Netthonglang et al. (2019) [49], which is based on averaging post-
processed coordinates in northing and easting (reference was added). This study was
performed prior to this particular experiment in the static mode. All additional processing
settings used are listed in Table 1.

To investigate the benefits of multi-constellation, observations from the Septentrio
AsteRx-U, the ZED-F9P and ZED-F9R u-bloxes and the Xiaomi Mi8 were also processed for
GPS, GLONASS and Galileo, but without BeiDou, since the Marussi Network reference
station, configured to collect observations from only three constellations, was used for
relative positioning. Finally, the provided geographic coordinates were projected into the
reference system UTM ETRS.
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Table 1. Processing parameters used in RTKLIB.

Parameters RTKLIB

Constellations GPS/GPS + GLONASS + Galileo
Observations code and carrier phase (L1/E1 + L2/E5b + L5/E5a)

Ambiguity fix-and-hold/continuous
Ephemeris broadcast

Elevation angle 15◦

Ionospheric delay iono-free (LC)
Tropospheric delay Saastamoinen

3.1. Quality of GNSS Observations

To compare the performance of the Xiaomi Mi8, the ZED-F9P u-blox, the ZED-F9R
u-blox and the Septentrio AsteRx-U receiver, several pre-analyses were performed, namely:

• Satellite visibility during measurements;
• Multipath; and
• Cycle slips for the received signals.

Figure 6 shows the available number of GNSS satellites and the metric quantification of
the multipath effect on the L1 frequency of the total trajectory for the Septentrio AsteRx-U
geodetic receiver. The figures illustrate the areas with worse measurement conditions,
which refer to urban street canyons and areas with lush roadside vegetation, as shown
in Figure 6.
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Initially, the multipath was estimated; however, furthermore in RTKLIB, a module
was used to resolve LLI by using several algorithms, including integer least squares and
LAMBDA (Least-Squares Ambiguity Decorrelation). For static sessions, the “fix-and-hold-
algorithm was used”, while for kinematic, the “continuous mode” was used (Table 1).

As shown in Table 2, a smartphone was capable of acquiring observations only at the
L1 and L5 frequencies, while the u-bloxes were capable only at the L1 and L2 frequencies.
From the results, it can be seen that the Septentrio AsteRx-U geodetic receiver, which is
equipped with an active geodetic GNSS antenna with built-in low-noise amplifiers that
amplify the signals before further processing, and which has a higher gain, performed much
better under difficult conditions. The root mean square error (RMSE) for the multipath
along the entire track is 0.3554 m, 0.4320 m, and 0.3313 for frequencies L1, L2, and L5,
respectively. The smartphone’s multipath estimate is much higher on the L1 frequency
band with respect to the Septentrio and two of the u-bloxes, but it reaches the u-bloxes’
results from L1 and L2 on the L5 frequency band. It is also evident that the L5’s Septentrio
observations were much less affected by the multipath. The results confirm the fact that L5
signals are less susceptible to multipath because they rely on a higher frequency and wider
bandwidth compared to other GNSS signals.

Table 2. Statistics for GNSS multipath on different frequencies for the receivers for the whole track.

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

RMSE for multipath L1 (m) 0.3554 0.5129 0.4848 0.7394
RMSE for multipath L2 (m) 0.4320 0.5292 0.5581 -
RMSE for multipath L5 (m) 0.3313 - - 0.5515

The advantages of the Septentrio AsteRx-U receiver’s active antenna are also evident
in Figure 7, which shows the carrier-to-noise ratio (C/N0) in colours and the loss-of-lock
indicator (LLI) phenomenon in red lines. LLI is an indicator that shows when the receiver
has lost the link or signal to a satellite, resulting in a cycle slip event (Figure 7). This
information is particularly useful for GNSS post-processing to improve position accuracy
and repeatability. As can be seen in Figure 7, LLIs occur for all receivers during kinematic
positioning (from 13:55 to 14:45), but they are less frequent for the Septentrio AsteRx-U
antenna. LLIs are also common and quite frequent with the u-bloxes and the Xiaomi Mi8
smartphone in static mode. Overall, the measurements with the Septentrio AsteRx-U were
the least affected by LLIs even in kinematic measurements; however, interestingly, the
problem was greatest with the ZED-F9R u-blox. Moreover, it can be confirmed that the
signal quality of the overall measurements with the Xiaomi Mi8 receiver is significantly
worse compared to the u-bloxes, as previously demonstrated by other authors [50], albeit
with different smartphones.

LLI indicators show a temporary loss of signal coherence, which could be caused by
interference, non-line-of sight conditions, or multipath, and they often produce cycle slips
in the receiver. Cycle slips have a significant negative impact on GNSS positioning, but
fortunately, they can be recovered during post-processing. The method used by RTKLIB
compares the time series of carrier phase measurements from a GNSS receiver with the
predicted values calculated from code and carrier phase measurements. The occurrence of
a cycle slip is evident by a sudden change in the carrier phase observation, which does not
match the predicted value. The software uses the carrier phase residuals or an advanced
Kalman filter—the method used in our case—to estimate the carrier phase bias. When the
problem is detected, the software adjusts the carrier phase prediction to account for the
cycle deviation, thus improving the GNSS position accuracy.
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3.2. Quality of GNSS Positioning

The goal of processing the observations was to test the quality of the positions over
time, especially in challenging conditions for GNSS. In the following analyses, all the
comparisons were made under the hypothesis that the MMS solution is more accurate
compared to the other receivers. Since the Applanix system only allows the computation
of trajectories in the GPS constellation, all the comparisons were initially performed only
in the context of the trajectories generated by GPS; then, the multi-constellation results
for Septentrio, u-bloxes, and the smartphone were computed. It could be said that the
reference trajectory from Applanix was at an advantage due to operating in GPS/INS
mode, while the trajectories from the other receivers were at an advantage due to operating
only in GNSS mode. The GPS and GNSS solutions were analysed for the trajectory under
consideration, with the percentage determined by the number of total solutions obtained
from the MMS. Similar comparisons were then made for the individual cases, i.e., cases
A–D, as shown in Figure 4.

The reference coordinates (e0, n0, h0) at each epoch t were obtained from the post-
processing results of the MMS and computed for the position of the Septentrio AsteRx-U,
ZED-F9P, ZED-F9R, and Xiaomi Mi8 smartphone. Since in GNSS positioning, the vertical
accuracy can be significantly lower than the horizontal accuracy, especially under difficult
conditions such as urban canyons or dense vegetation, the spatial distances d3D were
estimated separately in further analyses. In each epoch t, they were computed between the
considered receivers (erec, nrec, hrec) and the reference receiver (e0, n0, h0), namely:

d2D(t) =
√
(e0(t)− erec(t))

2 + (n0(t)− nrec(t))
2

d3D(t) =
√
(d2D(t))

2 + (h0(t)− hrec(t))
2

(1)
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In the quality analysis, the first criterion for the quality of the positioning was the
ability to resolve the carrier phase ambiguities, while the second criterion was based on
the comparison of the calculated distance (d2D,computed(t) and d3D,computed(t)) between the
Applanix and the specific receiver at the specific epoch (Equation (1)) with the measured
horizontal distance between the Applanix and each of the receiver d0 (see Figure 3). The
measured height difference should be zero, since all instruments were placed on the same
levelled car mount. The calculation of the deviation of the distances (horizontal and spatial)
for each specific epoch t was made separately based on the following equation:

dev_d(t) = dcomputed(t)− d0 (2)

where d stands for either d2D or d3D. In addition, since many positions turned out to be
outliers, the deviations were analysed for the given threshold. Deviations greater than 1 m,
30 cm, and 10 cm were identified as outliers and removed from the analysis.

3.3. Statistical Testing

To test the equality of variances between two populations, namely GPS and GNSS
solutions for each of the receivers, the Fisher–Snedecor test (test F) was used. The null and
alternative hypotheses were as follows:

H0 : σ2
GPS = σ2

GNSS, H1 : σ2
GPS 6= σ2

GNSS (3)

based on the assumption that for each test, there were two independent random samples
of the deviations in horizontal distances (the same procedure was used for the spatial
distances) and the reference ones from Equation (2), namely dev_dGPSi , and i = 1, . . . , n,
and dev_dGNSSi , dev_dGNSSi , and i = 1, . . . , m, drawn from two normal distributions,
N(µGPS, σGPS) and N(µGNSS, σGNSS). To perform the test, a random sample of n should
be obtained from one population and a sample of m should be obtained from the sec-
ond population. The means and variances of the sample followed the equation for GPS
or GNSS:

dev_d =
1
n ∑n

i=1 dev_di, s2
dev_d =

∑n
i=1

(
dev_di − dev_d

)2

n− 1
, (4)

while the statistics F for different receivers were based on the equation:

F =
s2

dev_dGPS

s2
dev_dGNSS

(5)

followed F-distribution with n− 1 and m− 1 degrees of freedom. If the calculated F-score is
close to one, the null hypothesis that the samples come from the same populations could be
accepted; the more the ratio from Equation (5) deviates from 1, the stronger the evidence for
unequal population variances exists. If the F-score is greater than the defined Fα/2,n−1,m−1
or less than F1−α/2,n−1,m−1 for the significance level α, that leads to the conclusion that the
null hypothesis (Equation (3)) could be rejected, and it could be stated that the variances
from the two different solutions were not the same in both groups.

4. Results and Discussion
4.1. Entire Trajectory: Static and Kinematic Sessions

This scenario consisted of a static session (10 min) at the beginning of the survey, a
kinematic session that lasted approximately 50 min, and a final 10 min static session after
calibration of the Applanix system. The comparison of the solutions of GPS and GNSS
(Tables 3 and 4, Figure 8) shows that in the case of GNSS, many more positions could
be obtained on the whole trajectory when the observations were processed in the multi-
constellation mode. For the Xiaomi Mi8 phone, almost all ambiguities were determined
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as floats, although the range of deviations in distances was in the same range as for the
u-bloxes, albeit it is still slightly worse.

Table 3. GPS solutions, solutions with fixed ambiguities, and deviation of distances below the given
threshold. Situation for the entire trajectory: total solutions 5148).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GPS solutions 3628 (70.5%) 3174 (61.7%) 3125 (60.1%) 3286 (63.8%)
Fixed ambiguities 2320 (64.0%) 644 (20.3%) 1204 (38.5%) 33 (1.0%)

dev_d2D < 1 m 3168 (61.5%) 2869 (55.7%) 2832 (55.0%) 2287 (44.4%)
dev_d2D < 30 cm 2907 (56.5%) 1344 (26.1%) 1537 (29.9%) 912 (17.7%)
dev_d2D < 10 cm 2443 (47.5%) 906 (17.6%) 1146 (22.3%) 31 (0.6%)

dev_d3D < 1 m 2889 (56.1%) 2611 (50.7%) 2428 (47.2%) 1651 (32.1%)
dev_d3D < 30 cm 2712 (53.7%) 1294 (25.1%) 1085 (21.1%) 473 (9.2%)
dev_d3D < 10 cm 2300 (44.7%) 130 (2.5%) 849 (16.5%) 0 (0%)

Table 4. GNSS solutions, solutions with fixed ambiguities, and deviation of distances below the given
threshold. Situation: entire trajectory (static and kinematic: total solutions 5148).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GNSS solutions 4171 (81.0%) 3831 (74.4%) 3764 (73.1%) 3951 (76.8%)
Fixed ambiguities 2176 (52.2%) 1995 (52.1%) 2095 (55.7%) 30 (0.8%)

dev_d2D < 1 m 3369 (65.4%) 3279 (63.7%) 3264 (63.4%) 2177 (42.3%)
dev_d2D < 30 cm 2940 (57.1%) 1798 (34.9%) 1963 (38.1%) 719 (14.0%)
dev_d2D < 10 cm 2420 (47.0%) 1032 (20.0%) 1370 (26.6%) 243 (4.7%)

dev_d3D < 1 m 3123 (60.7%) 2215 (60.7%) 2814 (54.7%) 1326 (25.8%)
dev_d3D < 30 cm 2832 (55.0%) 1702 (33.1%) 1318 (25.6%) 261 (5.1%)
dev_d3D < 10 cm 2233 (43.4%) 335 (6.5%) 943 (18.3%) 0 (0.0%)
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olds less than 30 cm, and brown is for thresholds less than 1 m), and 4th bar shows deviation at 
spatial distances (yellow, green, and dark red for 10 cm, 30 cm, and 1 m thresholds, respectively). 

From Figure 8, it can be seen that the Septentrio AsteRx-U receiver outperformed all 
the other receivers both in terms of the number of total solutions and the number of fixed 
solutions. From GPS, 62% of all the available solutions were those where the deviations 
of the calculated distances from the (measured) reference distances were less than 1 m, 
and they were 57% and 48% where the deviations were less than 30 cm and 10 cm, respec-
tively. The results are slightly better for the GNSS solutions. 

Figure 8. Entire trajectory (static and kinematic): (a) GPS solutions; (b) GNSS solutions. Each bar
in a group shows: available solutions (1st bar), percentage of fixed solutions (2nd bar), deviation at
horizontal distances (3rd bar, where light blue is for thresholds less than 10 cm, green is for thresholds
less than 30 cm, and brown is for thresholds less than 1 m), and 4th bar shows deviation at spatial
distances (yellow, green, and dark red for 10 cm, 30 cm, and 1 m thresholds, respectively).
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From Figure 8, it can be seen that the Septentrio AsteRx-U receiver outperformed all
the other receivers both in terms of the number of total solutions and the number of fixed
solutions. From GPS, 62% of all the available solutions were those where the deviations of
the calculated distances from the (measured) reference distances were less than 1 m, and
they were 57% and 48% where the deviations were less than 30 cm and 10 cm, respectively.
The results are slightly better for the GNSS solutions.

From the overall trajectory statistics, it can be seen that the Xiaomi Mi8 allowed more
usable solutions than the u-blox receivers; however, in 99% of cases, the ambiguities were
detected as floats. For the phone, 44% of the possible GPS solutions were those where
the deviation of the distances from the reference positions was less than 1 m, while 18%
and 1% of the total positions on the trajectory were those where the deviations were less
than 30 cm and 10 cm, respectively. For the GNSS solutions, only 14% and 5% of the
GNSS solutions were those where the deviations of the distances were less than 30 cm and
10 cm, respectively. The results from the u-bloxes are interesting, wherein ZED-F9R seemed
to perform better than ZED-F9P both in the number of fixed solutions and in the quality
of positioning.

Results with Deviation in Distances and Heights below 30 cm

The statistics for the filtered deviation of distances (Tables 5 and 6) that were less
than 30 cm show that the Septentrio AsteRx-U receiver performed better than others
in the number of available solutions (47.5% for the GPS and 57.1% for the GNSS),
with deviations in distances calculated with a mean of −5.8 cm ± 6.5 cm for the GPS
solutions (Table 5) and −6.0 cm ± 8.4 cm for the GNSS solutions (Table 6). One of the
possible reasons for the larger standard deviations in the GNSS solutions could be
the fact that Applanix worked in GPS/INS mode; therefore, the results from the GPS
are more appropriate for comparisons. Nevertheless, it is noticeable that despite the
percentage of GNSS being higher (81.0%) in terms of the GPS-only solutions (70.5%),
the number of solutions calculated with fixed ambiguities is correspondingly lower
(2176 compared to 2320), which is probably due to the possible insufficient performance
of one of the systems used in the multi-constellation solution.

Table 5. Statistics (mean, standard deviation, and RMSE) for GPS solutions for filtered values of
deviation in distances that were below 30 cm. Situation: entire trajectory (static and kinematic:
5148 total epochs).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GPS solutions 2443 (47.5%) 1344 (26.1%) 1537 (29.9%) 912 (17.8%)

dev_d2D (m) −0.058 −0.095 0.026 0.207
s (m) 0.065 0.097 0.101 0.061

RMSE (m) 0.087 0.135 0.105 0.215

dev_d3D (m) −0.016 −0.165 0.058 0.251
s (m) 0.087 0.100 0.082 0.027

RMSE (m) 0.089 0.193 0.100 0.252

It is also even clearer from the graphical representation of the statistics for the deviation
of distances of less than 30 cm for all receivers that the Septentrio AsteRx-U receiver was
much better at determining the correct position. For the Xiaomi Mi8, the median of the
receiver deviates the most compared to the others. The overall scatter is smallest for the
Septentrio and largest for the ZED-F9R; the width between each quartile and the scatter is
much smaller for the Septentrio than for the other receivers. The situation is the same for
both GPS (Table 5, Figure 9a) and GNSS processing (Table 6, Figure 9b). The interquartile
range between the GPS and the GNSS for the ZED-F9R and the Xiaomi Mi8 changes
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drastically. Since there is no overlap between the boxes in any of the Figure 9 plots, it can
be concluded that there is a clear difference between the data sets from different receivers.
An F-test was used to detect differences in the variances for the GPS and GNSS solutions.
The results are shown in Table 7.

Table 6. Statistics (mean, standard deviation, and RMSE) for GNSS solutions for filtered values
of deviation in distances that were below 30cm. Situation: entire trajectory (static and kinematic:
5148 total epochs).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GNSS solutions 2940 (57.1%) 1798 (34.9%) 1963 (38.1%) 719 (14.0%)

dev_d2D (m) −0.060 −0.100 0.047 0.159
s (m) 0.084 0.095 0.101 0.181

RMSE (m) 0.100 0.138 0.111 0.204

dev_d3D (m) −0.025 −0.112 0.066 0.229
s (m) 0.098 0.140 0.083 0.034

RMSE (m) 0.101 0.179 0.106 0.231
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Figure 9. Boxplot for deviation of horizontal distances below 30 cm: (a) GPS solution; (b) GNSS solution.

Table 7. F-test (α = 5%) for deviations in distances of less than 30 cm; comparison between GPS and
GNSS solutions for each of the receivers.

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

F-test (2D, 3D) H0
cannot be rejected

H0
cannot be rejected

H0
cannot be rejected

H0
cannot be rejected

For the comparison of the variances between the two groups for each of the receivers
separately, i.e., the first group represents the GPS solutions and the second represents the
GNSS solutions, in both cases, the null hypothesis H0 that means and variances are equal
cannot be rejected. However, the number of possible solutions from the GPS processing in
terms of the GNSS is much lower (see Tables 5 and 6).
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4.2. Case A—Tunnelling

For the topographic survey at the tunnel exit (Figure 10), the main goal was to investi-
gate when the receivers can recover their position after leaving the tunnel and how much
they deviate from the reference position. This information can be found in Table 7.
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Figure 10. Case A—tunnel: performance of (a) Septentrio AsteRx-U, (b) Xiaomi Mi8, (c) ZED-F9P,
and (d) ZED-F9R.

After exiting the tunnel, the Xiaomi Mi8 was the last device to recover its position
(dalong) at about 57 m, while the other devices were able to recover their position slightly
earlier—after 30 m in the case of the ZED-F9P (Table 8). The performance of the Xiaomi
Mi8 and the ZED-F9P in the segment after leaving the tunnel was the worst among all
the receivers tested (see Figure 10b). Interestingly, the Septentrio and ZED-F9R receivers
recovered their position much better than the others, which deviated up to 2 m (dcross−track)
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from the Applanix trajectory (Figure 10). However, these are the results for this case;
therefore, the findings cannot be generalised to other situations at this stage.

Table 8. Time of reacquisition of position (t), distance along track from tunnel exit (dalong), and
deviations of first point (from tunnel) from MMS trajectory (dcross−track): Case A—Tunnel.

Type of GNSS Device

Parameter Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

t 5 s 4 s 6 s 9 s
d2D,along 34.21 m 30.22 m 40.02 m 57.07 m

d2D,cross−track 0.79 m 2.16 m 0.56 m 2.08 m

4.3. Case B—Urban Canyons

In urban areas, there should be a total of 700 solutions; however, due to the obstacles,
far less appropriate solutions could be obtained (Tables 9 and 10, Figure 11).

Table 9. GPS solutions, solutions with fixed ambiguities, and deviation of distances below the given
threshold. Situation: Case B—urban area (no. of total solutions: 700).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GPS solutions 525 (74.9%) 434 (61.9%) 460 (65.6%) 474 (67.6%)
Fixed ambiguities 253 (48.3%) 1 (0.2%) 6 (1.3%) 5 (1.1%)

dev_d2D < 1 m 326 (46.6%) 292 (41.7%) 318 (45.4%) 61 (5.7%)
dev_d2D < 30 cm 324 (46.3%) 157 (22.4%) 29 (4.1%) 27 (3.9%)
dev_d2D < 10 cm 243 (34.7%) 2 (0.3%) 14 (2.0%) 2 (0.3%)

dev_d3D < 1 m 287 (41.0%) 197 (28.1%) 315 (45.0%) 0 (0%)
dev_d3D < 30 cm 260 (37.1%) 58 (8.3%) 27 (3.9%) 0 (0%)
dev_d3D < 10 cm 49 (7.0%) 1 (0.1%) 13 (1.9%) 0 (0%)

Table 10. GNSS solutions, solutions with fixed ambiguities, and deviation of distances below the
given threshold. Situation: Case B—urban area (no. of total solutions: 700).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GNSS solutions 700 (100%) 647 (92.3%) 615 (87.7%) 605 (86.3%)
Fixed ambiguities 223 (31.9%) 238 (38.8%) 211 (34.4%) 6 (1.0%)

dev_d2D < 1 m 477 (68.1%) 342 (48.9%) 349 (49.9%) 348 (49.7%)
dev_d2D < 30 cm 376 (53.7%) 319 (45.6%) 324 (46.3%) 160 (22.9%)
dev_d2D < 10 cm 262 (37.4%) 60 (8.6%) 265 (37.9%) 2 (0.3%)

dev_d3D < 1 m 361 (51.6%) 329 (47.0%) 331 (47.3%) 2 (0.3%)
dev_d3D < 30 cm 265 (37.9%) 257 (36.7%) 41 (5.9%) 0 (0%)
dev_d3D < 10 cm 48 (6.9%) 56 (8.0%) 24 (3.4%) 0 (0%)

Figure 11 shows that the Septentrio was able to determine the position for Case
B (surveying in urban areas) most of the time, while the other receivers had difficulty
determining the position in urban street canyons, especially the Xiaomi Mi8 phone receiver,
where some of the positions deviated greatly from the reference positions. Both the u-bloxes
and the Xiaomi Mi8 were only able to delineate 1.1% and 1.3% of the possible solutions
with fixed ambiguities, respectively. As for the deviation of the distances, 46.3% of the



Remote Sens. 2023, 15, 957 18 of 27

Septentrio were below 30 cm and 34.7% were below 10 cm, while the others, especially
the ZED-F9R and the Xiaomi Mi8, were less successful, with only 4.1% of the positions
where the deviations were below 30 cm and small percentages (0.3%, 2.0% and 0.3% for the
ZED-F9P, ZED-F9R and Xiaomi Mi8, respectively) where the deviations from the reference
positions were below 10 cm.
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Figure 11. Case B: performance of: (a) Septentrio AsteRx-U, (b) Xiaomi Mi8, (c) u-blox ZED-F9P, and
(d) u-blox ZED-F9R.

Comparing the positioning of the GPS and GNSS (Tables 9 and 10 and Figure 12), it
is clear that a larger number of satellites (e.g., when using the GNSS) leads to a higher
number of calculated positions compared to the GPS and often to better quality positioning,
as can be seen in particular for the two u-blox receivers and the Xiaomi Mi8 smartphone.
For those devices, there is also a very significant improvement in the determination of



Remote Sens. 2023, 15, 957 19 of 27

the fixed ambiguities in the case of the GNSS, while for the Septentrio AsteRx-U receiver,
there is a decrease; this mainly leads to an improvement in accuracy for the deviations
below 1 m but less for the other thresholds (30 cm and 10 cm). For positioning, it is also
seen that much more data can be acquired in GNSS mode than in GPS mode. The same
is true for positioning performance. The GNSS solutions show a significant improvement
in deviations between the receivers and the Applanix of less than 1 m or 30 cm for all the
low-cost receivers tested and 10 cm and an improvement in deviations below 10 cm for the
two u-blox devices, especially for the ZED-F9R. From Figure 12a,b, it can be seen that for
the entire trajectory the horizontal positioning was clearly better compared to the spatial
one. Unfortunately, the positioning of the Xiaomi Mi8 smartphone in urban areas has not
proven to be adequate, as few GNSS solutions have managed to be positioned below the
threshold of qualitative accuracy; all of them refer to adequate horizontal positioning, while
spatial positioning has failed in all epochs for Case B.
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Figure 12. Percentage of solutions for Case B for (a) GPS solutions; (b) GNSS solutions. Each bar
in a group shows: available solutions (1st bar), percentage of fixed solutions (2nd bar), deviation at
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distances (yellow, green, and dark red for 10 cm, 30 cm, and 1 m thresholds, respectively).

4.4. Case C—Area with Curves and Serpentines

The example refers to a situation with fixed barriers along the road, although occa-
sional vegetation barriers were present, but they were not vegetated due to the winter
season. In this case C, the elevation of the trajectory gradually increased, resulting in a road
shape with multiple curves. Figure 13 illustrates how the receivers in this area performed
in GNSS positioning.

From the graphical representation (Figures 13 and 14), it is already clear that the
Septentrio AsteRx-U geodetic receiver outperforms the other receivers in the number of
detected positions. Interestingly, however, the Xiaomi Mi8 also detected more positions than
the two u-bloxes. However, the quality of the position determination for the smartphone is
significantly worse compared to the u-bloxes (Tables 11 and 12, Figure 14).

As in case B, the u-bloxes were able to determine many more fixed solutions in GNSS
mode; however, as in the other cases, this was not true for the Septentrio AsteRx-U. The
majority of all the available solutions were achieved with a deviation of the distances
from the (measured) reference of less than 1 m for the Septentrio and 84.0%, 79.0% and
79.4% of the solutions for ZED-F9P, ZED-F9R, and Xiaomi Mi8, respectively. At the 30 cm
threshold, the Septentrio was superior to the other receivers, as 80.0% of the solutions were
less than 30 cm and 37.9% of the solutions were less than 10 cm. The GNSS solutions were
significantly better for all the receivers with respect to the GPS.
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Table 12. GNSS solutions, solutions with fixed ambiguities, and deviation of distances below the 
given threshold. threshold Situation: Case C—serpentines (no. of total solutions: 481). 

Type of GNSS Device 

Parameters 
Septentrio  
AsteRx-U 

u-blox  
ZED-F9P 

u-blox  
ZED-F9R 

Smartphone 
Xiaomi Mi8 

GNSS solutions 481 (100%) 405 (84.2%) 384 (79.8%) 469 (97.5%) 
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Figure 13. Case C: performance of: (a) Septentrio AsteRx-U, (b) Xiaomi Mi8, (c) u-blox ZED-F9P, and
(d) u-blox ZED-F9R.

4.5. Case D—Area with Vegetation by the Roadside

The last case D involved a section of the trajectory that was kept flat, with some
vegetation barriers near the roadway, which were less leafy due to it being winter. The
measurement took place on the outskirts of the city, on the karst plateau, mostly at an
altitude of about 300 m above sea level. Figure 15 shows that all the receivers except the
ZED-F9R were able to determine the position in most of the section. As in the previous
cases, the quality of position determination with the Xiaomi Mi8 was significantly worse
than that of the other receivers (Tables 13 and 14, Figure 16).
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Table 11. GPS solutions, solutions with fixed ambiguities, and deviation of distances below the given
threshold. Situation: Case C—serpentines (no. of total solutions: 481).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GPS solutions 426 (88.6%) 285 (59.3%) 279 (58.0%) 326 (67.8%)
Fixed ambiguities 257 (60.3%) 0 (0%) 0 (0%) 0 (0%)

dev_d2D < 1 m 424 (88.2%) 278 (57.8%) 265 (55.1%) 157 (32.6%)
dev_d2D < 30 cm 389 (80.9%) 118 (24.5%) 184 (38.3%) 43 (8.9%)
dev_d2D < 10 cm 251 (52.2%) 47 (9.8%) 65 (13.5%) 2 (0.4%)

dev_d3D < 1 m 392 (81.5%) 265 (55.1%) 149 (31.0%) 38 (7.9%)
dev_d3D < 30 cm 389 (80.9%) 118 (24.5%) 84 (17.5%) 37 (7.9%)
dev_d3D < 10 cm 251 (52.2%) 47 (9.8%) 65 (13.5%) 2 (0.4%)

Table 12. GNSS solutions, solutions with fixed ambiguities, and deviation of distances below the
given threshold. threshold Situation: Case C—serpentines (no. of total solutions: 481).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GNSS solutions 481 (100%) 405 (84.2%) 384 (79.8%) 469 (97.5%)
Fixed ambiguities 146 (30.3%) 30 (7.4%) 48 (12.5%) 5 (1.1%)

dev_d2D < 1 m 481 (100%) 404 (84.0%) 380 (79.0%) 353 (73.4%)
dev_d2D < 30 cm 385 (80.0%) 145 (30.2%) 222 (46.2%) 121 (25.2%)
dev_d2D < 10 cm 134 (37.9%) 81 (16.8%) 76 (15.8%) 27 (5.6%)

dev_d3D < 1 m 481 (100%) 400 (83.2%) 210 (43.7%) 199 (41.4%)
dev_d3D < 30 cm 385 (80.0%) 145 (30.2%) 199 (41.6%) 120 (25.2%)
dev_d3D < 10 cm 134 (37.9%) 80 (16.8%) 76 (15.8%) 27 (5.6%)
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Figure 15. Case D: performance of: (a) Septentrio AsteRx-U, (b) Xiaomi Mi8, (c) u-blox ZED-F9P, and
(d) u-blox ZED-F9R.

In addition, in terms of possible positioning and in situations with fixed ambiguities,
the results using the GNSS are much better than with the GPS only. Again, with the Xiaomi
Mi8 smartphone, it was not possible to define the ambiguities as fixed. The geodetic
receiver also performed much better in this case than the other receivers in terms of the
quality of the position determination. Interestingly, fixed solutions have prevailed in GSS
processing with respect to GPS, especially for ZED-F9P and ZED-F9R. The deviation of the
calculated horizontal distances from the reference distances was less than 10 cm in 91.9% of
the total epochs. Interestingly, the Xiaomi Mi8 smartphone performed well in situations
with a threshold of less than 1 m, but in all the situations, the u-bloxes were superior to
the Xiaomi Mi 8. The ZED -F9P and Xiaomi Mi8 only achieved positioning quality below
10 cm in a few situations; in this case, the ZED-F9R was slightly better, but it was definitely
not comparable to the highly successful Septentrio AsteRx-U.
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Table 13. GPS solutions, solutions with fixed ambiguities, and deviation of distances below the given
threshold. Situation Case D—open sky conditions with vegetation by the roadside (no. of total: 1001).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GPS solutions 963 (95.3%) 875 (86.5%) 860 (85.0%) 914 (90.4%)
Fixed ambiguities 669 (69.5%) 46 (5.3%) 261 (30.4%) 1 (0.1%)

dev_d2D < 1 m 943 (94.3%) 871 (87.1%) 849 (84.9%) 786 (78.6%)
dev_d2D < 30 cm 911 (91.1%) 167 (16.7%) 358 (35.8%) 176 (17.6%)
dev_d2D < 10 cm 793 (79.3%) 40 (4.0%) 141 (14.1%) 11 (1.1%)

dev_d3D < 1 m 895 (89.5%) 783 (78.3%) 788 (78.8%) 492 (49.2%)
dev_d3D < 30 cm 895 (89.5%) 167 (16.7%) 358 (35.8%) 176 (17.6%)
dev_d3D < 10 cm 793 (79.3%) 40 (4.0%) 141 (14.1%) 11 (1.1%)

Table 14. GNSS solutions, solutions with fixed ambiguities, and deviation of distances below the
given threshold. Situation Case D—open sky conditions with vegetation by the roadside (no. of
total: 1001).

Type of GNSS Device

Parameters Septentrio
AsteRx-U

u-blox
ZED-F9P

u-blox
ZED-F9R

Smartphone
Xiaomi Mi8

GNSS solutions 990 (98.0%) 971 (96.1%) 946 (93.6%) 989 (97.9%)
Fixed ambiguities 711 (71.8%) 648 (66.7%) 750 (79.3%) 8 (0.8%)

dev_d2D < 1 m 972 (97.2%) 970 (97.0%) 945 (94.5%) 644 (64.4%)
dev_d2D < 30 cm 967 (96.7%) 288 (28.8%) 348 (34.8%) 141 (14.1%)
dev_d2D < 10 cm 919 (91.9%) 45 (4.5%) 115 (11.5%) 11 (1.1%)

dev_d3D < 1 m 972 (97.2%) 951 (95.1%) 945 (94.5%) 577 (57.7%)
dev_d3D < 30 cm 967 (96.7%) 288 (28.8%) 348 (34.8%) 141 (14.1%)
dev_d3D < 10 cm 919 (91.9%) 45 (4.5%) 115 (11.5%) 11 (1.1%)
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Figure 16. Percentage of solutions for Case D for (a) GPS solutions; (b) GNSS solutions. Each bar
in a group shows: available solutions (1st bar), percentage of fixed solutions (2nd bar), deviation at
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less than 30 cm, and brown is for thresholds less than 1 m), and 4th bar shows deviation at spatial
distances (yellow, green, and dark red for 10 cm, 30 cm, and 1 m thresholds, respectively).
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5. Conclusions

In this paper, the observations and position quality of a Septentrio AsteRx-U geodetic
receiver, two u-blox receivers –ZED-F9P and ZED-F9R– and a Xiaomi Mi8 smartphone
operating in GPS only and GNSS modes were analysed in relation to the Applanix MMS
trajectory results. The study was carried out in urban and non-urban areas and in GNSS
favourable measurement conditions. The results obtained in this research lead to the
following conclusions, especially in terms of the low-cost used devices:

• From the comparison of the GPS only and GNSS solutions for geodetic and low-cost
receivers, it can be concluded that in terms of the GPS, GNSS processing achieved
many more solutions for position determination and determined ambiguities in many
more cases with fixed values, even if this is not true in general for the Septentrio
AsteRx-U and in particular in case C: a non-urban area with curves and serpentines
characterised by a reduced signal acquisition. Comparing the means and standard
deviations of the deviation of the distances from the reference, it can be stated that the
variances for the GPS and GNSS solutions were comparable in this case.

• There is a significant difference in quality between kinematic positioning with geodetic
and low-cost receivers. The geodetic receiver is much more stable in ambiguity
solutions, especially when compared to a smartphone. The same is true for solutions
where the threshold for positioning quality is set at 30 cm and even more clearly at
10 cm. The differences certainly also relate to the design of the receiving antenna.
The geodetic GNSS antenna enables the elimination of some multipath signals and
obviously outperforms the small antenna of a smartphone and the patch antenna of
the u-bloxes. Therefore, it can be said that caution should be exercised when using
low-cost receivers in terrestrial measurements in urban environments, and further
studies and research are required in order to eliminate observations that are loaded
with effects (these can be multipaths or interferences).

• Care should also be taken when moving out of shaded areas that make GNSS posi-
tioning impossible, especially with low-cost receivers. In the future, when processing
combined GNSS and INS observations in the Kalman filter for low-cost receivers, it
would be useful to include the new GNSS resolution obtained from the transient in
the final solution, since the solutions—especially for the low-cost receivers—deviated
significantly from the Applanix reference solutions immediately after repositioning.

• In situations with many curves and manoeuvres on the road, the low-cost receivers
also performed worse compared to the geodetic receiver; in these situations, they
determined significantly fewer positions than the Septentrio AsteRx-U receiver. Since
this portion of the trajectory may have also been affected by the poor survey conditions
due to vegetation, further research is required in order to determine how the receivers
respond in curves and turns in the open sky.

• In GNSS mode, the Xiaomi Mi8 smartphone performed well in situations with a
threshold of less than 1 m, with the percentages varying from 50% for the urban areas
to 80% for the non-urban areas, which offers potential in view of future improvements
for applications in terrestrial navigation.

• The general conclusion is that even low-cost devices, especially u-blox receivers
and in particular those operating in GNSS/INS mode, are suitable for kinematic
terrestrial positioning; however, their use in problematic positioning areas and in
urban environments with obstacles should be treated with greater caution than is the
case when using professional geodetic receivers.

Future studies will focus on the fusion of GNSS and MEMS (Micro-Electro-Mechanical
System) sensors in smartphones and u-bloxes to enable more accurate and continuous
positioning using the Kalman filter, especially in problematic environments such as street
canyons, dense vegetation and under conditions of intentional interference, namely jam-
ming and spoofing.
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