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Abstract: The main objective of this research work was to study the accuracy of GNSS code receivers
under poor sky visibility conditions based on measurements on three different objects (point, line, and
surface) and additionally to test results on point positioning with good sky visibility conditions. The
measurement was based on 3 smartphones (in the same mode to check repeatability) and 2 handheld
receivers (working in GPS+GLONASS modes). The methodology was based on the RTK technique,
whose coordinates were assumed as a reference. Based on the results, the significant influence of
measuring in the vicinity of high trees on the obtained accuracy was observed for both the precise
geodetic equipment and the tested code receivers. More favorable results of point positioning were
observed when using mobile phones. On the other hand, in the case of measurement in motion, the
handheld receivers guaranteed higher accuracy. Moreover, the study showed that handheld receivers
might achieve a better accuracy than smartphones, and that position might be determined with a
greater accuracy and reliability. Furthermore, handheld receivers were characterized by a smaller
number of outliers.

Keywords: GNSS; GPS; smartphone; positioning; navigation

1. Introduction

The GNSS (Global Navigation Satellite System) can determine a person’s position
anywhere in the world in navigation mode, while more precise measurements require
additional input data (PPP—Precise Point Positioning) or additional reference stations
(RTK—Real Time Kinematic). Currently operating GNSS systems include the American
GPS system (Global Positioning System), the Russian GLONASS system (Глoбaльнaя
нaвигaциoннaя спутникoвaя системa), the Chinese BeiDou system, the Japanese QZSS
(Quasi Zenit Satellite System), and the European Galileo system [1,2]. The development of
satellite systems is ongoing, which influences the continuous improvement of measurement
techniques and accuracy of measurements, including in navigation solutions that use code
receivers, in areas such as tourism or car navigation [3–6].

This study aimed to investigate the accuracy of GNSS code receivers under low-
visibility conditions (tree-bounded terrain), in one session on the roof of a building with
good sky visibility conditions, and the reliability and accuracy of solutions. This kind of
research has not been conducted so far in such a complex and innovative way. To date, there
has been no research analyzing the accuracy of the same receivers on three different fields:
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point, line, and circle. In addition to testing smartphone solutions, this study also assessed
handheld GNSS receivers in GPS and GPS+GLONASS mode. Today, due to the widespread
availability of smartphones and the growing popularity of watches with GNSS receivers,
handheld receivers enjoy less and less interest. Another innovative aspect of the study was
the use of a dual-system receiver, which is rare. This type of research can answer questions
for professionals and laymen in many fields where the use of such receivers is important,
such as land navigation, tourism, or forestry. For example, the study has great innovative
potential to be applied to measurements in open-pit mining. In open-pit mines, there is a
limitation on the horizon of the sky visibility zone. Therefore, the developed methodology
should also be tested in the mining industry. Moreover, the majority of literature studies
are based on the geographic/geodetic coordinates ϕ, λ, h, which is not justified in practical
use. The ϕ, λ, h system refers to geocentric coordinates, which are not natural and, in the
field, difficult for the user to define. In this paper, the authors used the NEU system, which
is directly related to the user’s location and is easy to define in the field.

For this purpose, a synchronous satellite measurement was performed using a pre-
cision geodetic receiver (in RTK mode) and 5 code receivers (3 smartphones, 2 handheld
receivers, Figure 1).
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Figure 1. Receivers used in experiments: Garmin Etrex 30 and Xiaomi Mi 8 (Sources: https://
www.garmin.com/pl-PL/p/87774/, https://www.gsmarena.com/xiaomi_mi_8-pictures-9065.php:
(accessed on 1 April 2022)).

2. Background

The rapid technological development and miniaturization of GNSS receivers has made
their use in mobile phones possible. The first device of this type was the Benefon ESC!
phone, released in 1999, equipped with a GPS positioning system operating on two GSM
frequencies of 900 and 1800 MHz [7]. The appearance of a low-cost GNSS chipset after
the 2010s has allowed for the development of mobile devices that are accessible almost to
everyone [8,9]. For example, the year 2013 started a new era: more smartphones were sold
worldwide than any other type of phone [10]. In 2016, Google announced the Android
Nougat (version 7) operating system, which allowed smartphones to receive raw GNSS
measurements, i.e., pseudorange, carrier-phase, Doppler shift, and carrier-to-noise density
ratio (C/N0) observations [11,12]. According to the GNSS Market Report from the Euro-
pean GNSS Agency, in 2019, 1.8 billion GNSS receivers were sold; about 1.6 billion of these
units were mass-market devices, costing less than EUR 5, and about 90% of these were
mounted in smartphones or wearables (smart watches, fitness trackers, smart glasses) [13].
Smartphones, as navigation or positioning devices, are undergoing constant testing and im-
provement, and their usefulness and reliability in precision surveying are being tested [14].
Over the past few years, there has been a continuous and rapid development of both
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handsets and GNSS systems. Moreover, smartphones have been the object of continuous in-
vestigation by researchers in different fields of science and for applications, e.g., in terms of
power consumption [15], usage of raw GNSS observations [16], or dual-frequency observa-
tions [17]. Nowadays, it is possible to achieve an accuracy of 3–5 m using GPS+GLONASS
observations [7]. Such tests have shown that using satellite signals in addition to GPS
provides more accurate measurements [18]. Tests have also been performed for various
weather and environmental conditions [19] as well as regarding relative positioning [20].
Studies conducted using smartphones that record phase measurements offer the possibility
of very high accuracy in static measurements: 1–4 cm [21] or even 2 cm for 60 min of
measurement [22]. In addition, the use of external clock files and orbits allows the accuracy
of the code solutions to be improved, and taking into account multi-tracking gives the
possibility to achieve an accuracy of 2–3 m [23,24]. The problem with this type of posi-
tioning is the fast TTFF (Time To First Fix), or time to full initialization of the receiver,
which is currently as low as 0.5 s [15,25]. Due to the nature and most common use of
smartphones, they perform well in areas with high obscuration of the horizon, such as
cities, mountainous areas, or forests [26]. In the case of such phones, the use of auxiliary
information (IMU—Inertial Measurement Unit—sensors) even enables indoor position de-
termination [27,28]. Moreover, in recent years, raw (RINEX) measurements from Android
smart devices have become more and more popular in accurate positioning, e.g., precise
point positioning (PPP) [17,29–33]. In addition to satellite techniques, other algorithms
are becoming increasingly popular that refine positioning, such as SLAM (simultaneous
localization and mapping) [34], stereo vision [35], or mixed algorithms [36].

3. Materials and Methods
3.1. Materials

Measurements were performed on 4 test objects (point, line, circle, and an unob-
structed sky static session) with an interval of 1 s. In order to determine the accuracy of
determination of horizontal coordinates and altitude coordinates, the transformation of
geographic coordinates to XYZ coordinates was carried out, and precise RTK solutions
(fix, total phase indeterminacy) were adopted as error-free measurements. The obtained
coordinates were transformed to the NEU topocentric system. In conditions of limited
visibility, a decrease in accuracy was noticed for both code and precision receivers. It should
be noted that the possibilities of simulators available on the market are quite large and
low-cost solutions are also available.

An urban park (Figure 2) with heavy forest cover, flat terrain, and paved alleys of
regular shape and width was adopted as the study site. It is located in the center of
Kraków (center of yellow circle on Figure 2: 50◦03′45.9” N 19◦55′02.9” E, 204 m). For testing
purposes, the following were used:

• Javad Triumph-1 (chipset 352-TFBGA, 90 nm) precision receiver operating in RTK
GPS mode, with reference to a reference station located at a distance of 500 m, which
eliminated the influence of the ionosphere.

• Two Garmin eTrex 30 (chipset STA8088 TESEO II) receivers allowing signals to be
recorded in GPS or GPS+GLONASS mode, each receiver operating in a different mode
(Table 1).

• Three Xiaomi Mi 8 (chipset Qualcomm SDM845 Snapdragon 845, 10 nm) phones
running the Android 8.1 operating system capable of recording GPS, GLONASS,
Galileo, and BeiDou signals. A free GPS Logger application (Geo Stats) was used to
measure the smartphones. It was programmed to receive only the GPS signal, so it
was not possible to set other signals, although the phones had such a possibility. All
smartphones were operating in the same mode. Furthermore, the application did not
record altitude. During the study, 4 software applications were tested for measuring
smartphones on the move, but only 1 application positioned the device throughout
the measurement, while the other 3 terminated after 1 min.
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Table 1. Summary of receivers used for measurement.

Receiver Mode Marking

Xiaomi Mi 2
GPS X_1
GPS X_2
GPS X_3

Garmin eTrex 3
GPS G_1

GPS+GLONASS G_2
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Unfortunately, the geoid model used in the receivers we tested is a “black box”; thus,
the authors decided to use the EGM96 model due to its widest use to date and the awareness
that Garmin Etrex 30 receivers premiered in 2011. In addition, the differences between
the EGM96 and EMG2008 geoid models are not significant and amount to less than the
accuracy of the receivers tested, so the impact on the results is negligible.
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3.2. Methods

All survey instruments were located on a cart and stabilized in polystyrene in a vertical
position at a distance of ~10–15 cm (Figure 3 right), which allowed them to be in a fixed
position relative to each other and at a constant height relative to the terrain (Figure 3 left).
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Figure 3. Survey equipment design and GNSS devices used in the study.

Figure 4 shows a panorama of each site where the measurement was performed
and Figure 5 shows sky visibility conditions. The experiment was conducted on 3 test
objects. These were a circle with a diameter of 35.5 m forming a surface object (yellow color,
Figure 2), a line with a length of 100 m forming a linear object (orange color, Figure 2), and
a point (red color, Figure 2), and each measurement lasted 20 min with an interval of 1 s.
The circle was measured 10 times, the cart was driven along the line 20 times, while the
measurement on the point lasted over 1200 epochs.
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The results obtained from the RTK measurement were taken as a reference for further
analyses. However, due to significant obscuration of the horizon, only some of the solutions
were precise. In the case of the point, the obtained precise solutions were averaged, while
for the line and the circle, on the basis of precise solutions, the geometric shape of these
figures was determined, and the accuracy of coded solutions was defined as deviations
from the line and the circle.

Measurement data from handheld receivers were obtained in gpx format and from
phones in csv format. For each measurement object, a list of geographic coordinates was
created in decimal format and in degrees/minutes/seconds format, which enabled faster
implementation of further stages of work. The Javad receiver recorded geodetic coordinates
in the WGS-84 system, while the other receivers recorded ϕ, λ geodetic coordinates in
WGS-84 and elevation with respect to the EGM96 global geoid [37]. All receivers measured
coordinates at epochs of measurement. First, geoid heights (H) from code receivers were
converted to ellipsoidal heights (h) using the global undulation (N) calculator [38]:

h = H + N. (1)

The next stage of the work was the transformation of geodetic coordinates to coordi-
nates in the XYZ system [39]:

X = (RN + h)·cosϕ·cosλ.
Y = (RN + h)·cosϕ·cosλ.
Z =

([
1 − e2]RN + h

)
·sinϕ.

(2)

where RN is the radius of curvature in the prime vertical and e. is eccentricity. For this
purpose, the calculation program Transpol 2.06 was used. Then, the obtained Cartesian
coordinates were converted into topocentric NEU according to the formula [40] for the ith
number of observations (in this paper, this is ~1200—20 min with a 1 s interval):N

E
U

 =

−sinϕicosλi −sinϕisinλi cosϕi
−sinλi cosλi 0

cosϕicosλi cosϕisinλi sinϕi

dXi
dYi
dZi

 (3)

where dXi = Xi − X, dYi = Yi − Y, dZi = Zi − Z; X, Y, and Z are reference
coordinates from RTK measurement; and Xi, Yi, Zi are consecutive coordinate components
generated by smartphones or handheld receivers.



Remote Sens. 2022, 14, 2615 8 of 18

4. Results

The obtained fixed solutions were characterized by deviations at the level of 2 cm for
the horizontal component and 5 cm for height, so for further analysis, they were assumed
as error-free; due to the lower accuracy of the remaining receivers by about 2 orders of
accuracy, all measurement points acquired from code receivers were used for analysis. For
each of the solutions, deviations in the horizontal components (NE) and a line graph of
changes in the height ccomponent (U) were presented from the precise RTK solutions for
Garmin receivers. In order to best compare the solutions against each other, the scale in
each figure of the NE and U deviations was the same. Moreover, the authors did not find
relations between specific models of the antenna in results.

4.1. Point

Figure 6 shows the deviations in the NE components for each of the five receivers. The
handheld receiver G_1 (GPS) did not exceed 13 m in the code solution for the E component,
while the values for the N component were within 10 m. The measurement points were
very unevenly distributed. For the G_2 (GPS+GLONASS) receiver, the accuracies presented
themselves more consistently, the points were in close proximity to the center of the
coordinate system, and both for the NE components, the values did not exceed 3 m.
Differences in the G_1 and G_2 might be the effect of the number of visible satellites
during measurement. G_2 also registered GLONASS signals; thus, this receiver registered
almost twice as many satellites as G_1, which was clearly visible in the obtained accuracy.
The solutions obtained from the smartphones were significantly more accurate. The X_1
receiver started recording data with poorer accuracy (from 4 to 6 m), but after a minute,
the measurement stabilized to 2.5 m for the N component and to 1 m for the E component.
This receiver had quite large single deviations, exceeding even 15 m by the end of the
measurement. Smartphone X_2 obtained deviation values close to 1 m for both components,
but this value increased to 3 m for the E component in the middle of the measurement.
Receiver X_3 recorded one measurement point located at a distance of 2 m for the N
component and 1.4 m for E from the reference point. In the case of the point measurement,
the worst accuracy was obtained by the handheld receiver G_1 based only on the GPS
signal. A significant part of the obtained deviations of the NE components were values
in the range of 6 to 13 m. Compared to the G_2 receiver, which used the GPS+GLONASS
mode, one can notice the lack of consistency of the data with respect to each other. The
point measurement using cell phones proved to be more accurate compared to the Garmin
receivers. The results obtained were very similar for all the smartphones tested. The
dominant values did not exceed 3 m. The worst results were obtained by the X_1 phone
due to the occurrence of single errors with values greater than 15 m.

In the determination of the elevation component using the G_2 (GPS+GLONASS)
handheld receiver, it received slightly better accuracies than G_1 (GPS), but the difference
was small (Figure 7).

For the G_1 receiver, the deviation was in the range of 7 to 11 m, while for G_2, the
range was from 7 to 9 m. For both measuring instruments, the error was constant. When
measuring on a point, the receiver operating in GPS+GLONASS mode obtained better
accuracies for both NE and U component deviations compared to G_1 based on GPS mode.
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4.2. Line

The calculation result of survey points from the surveying instrument was uploaded
into QGIS 3.16.14 software and a straight line was fitted (Figure 8). As a result of the
interpretation of the accuracy of the measurement points, the straight line was fitted based
on the precision solutions.

After exporting the reference points, we proceeded to determine the NEU components
deviations analogously to the point measurement. Figure 9 shows the deviations in the
NE components for each of the five receivers. As a result of the analysis, it was noticed
that for the N component, the best accuracy was achieved by the G_2 receiver using the
GPS+GLONASS mode. These values were within a 10 m range. For the G_1 receiver,
the accuracy did not exceed 11 m. It was observed that smartphone X_1 lost the signal
after one minute of measurement and recorded the coordinates that were saved last until
the end of the test. Phone X_3 achieved deviations within 19 m, while smartphone X_2
achieved deviations up to 17 m. When measuring a straight line in motion, it was noted
that the Garmin receivers produced more consistent results relative to each other than
when measuring a point. The graphs were very close to each other. After in-depth analysis,
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we observed weaker signal receptions for all five receivers at 12:22:32, where error values
increased several times for the NE components. For the deviations in the E component of
the linear measurement, smaller discrepancies in deviation values were observed than for
the N component. The best accuracy was determined by smartphone X_3, whose values
did not exceed 5 m. Phone X_2 obtained deviations in the E component in the range of 7 m.
Both the Garmin G_1 and G_2 receivers obtained values within 7 m. The values of the E
component deviations of the handheld receivers were very similar to each other. In the case
of X_2 and X_3 telephones, the similarity of the graphs could be noticed, but divergences
appeared at the end of the measurement.
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When analyzing the U-component deviation plot of the linear measurement (Figure 10),
large error values were noted for receiver G_2. The loss of the signal near 12:22 resulted in
the registration of several times larger errors for both devices.
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In the case of the G_1 instrument, the error values were within 12 m, while the
deviation range of the G_2 receiver was from 28 to 55 m. When determining height on
the move, better positioning capability was guaranteed by the receiver using the GPS
system (G_1) compared to the receiver using the GPS+GLONASS mode (G_2), which was
characterized by a systematic shift.

4.3. Surface

The result of calculating the measurement points from the surveying instrument was
loaded into the QGIS 3.16.14 program. As a result of interpreting the accuracy of measurement
points, the average value of the circle radius (35.5 m) and the coordinates of the theoretical circle
center were calculated based on precise solutions. Considering the conditions and execution
of the measurement in motion, a range of ±0.5 m was assumed from the determined (based
on the calculated radius and coordinates of the center of the circle) line forming the circle, in
which the comparison points should be located. The points were selected to represent the
accepted geometric figure of the surface measurement (Figure 11).
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After exporting the reference points, we proceeded to determine the NEU components
analogously to the point measurement. Analysis of Figure 12 shows a plot of NE compo-
nents deviations for the 5 code receivers in which similar accuracies between the handheld
receivers were noted. It was observed that smartphone X_1 lost signal after one minute of
measurement and recorded the same last recorded coordinates until the end of the survey.
The G_1 receiver using the GPS measurement mode was positioned with an accuracy of
9 m for the N component and 8 m for the E component, while the G_2 receiver equipped
with the GPS+GLONASS signal recorded horizontal coordinates with an accuracy of 8 m
for the N component and 6 m for the E component. Comparing the graphs of G_1 and G_2,
one can see the consistency between the handheld receivers in determining the horizontal
coordinates while measuring on the move. Phone X_2 obtained deviation values of the N
component not exceeding 15 m and of the E component not exceeding 13 m. Smartphone
X_3 recorded data with an accuracy up to 15 m, although values less than 9 m for the N
component prevailed, and this phone was within 12 m for the E component. The cell phone
plots were not consistent with each other, the points could be described as highly scattered,
and the accuracies were variable over a short time interval.
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When analyzing the U-component deviation plot of the surface measurement (Figure 13),
large error values were observed for receiver G_2, which ranged from 25 to 54 m. Receiver G_1
recorded data with an accuracy of 14 m, except for one larger error that reached 25 m. During
altitude determination, a better measurement capability was guaranteed by the receiver using
GPS (G_1) compared to the receiver using the GPS+GLONASS mode (G_2). This means, as
in the measurement across a line (Section 3.2), that in a moving receiver, GLONASS signals
underestimated the accuracy, causing artefacts up to even 50 m.



Remote Sens. 2022, 14, 2615 13 of 18

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

gathered from RTK mode, and 𝑠𝑠 is the number of the coordinates. The deviations were 
calculated as the mean, absolute value of the deviation from the RTK measurement. 

𝜎𝜎𝑐𝑐 = �∑ (𝑟𝑟𝑖𝑖 − RTK𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑠𝑠
 (5) 

where 𝜎𝜎𝑐𝑐 is the standard deviation. 

 
Figure 12. Plot of NE component deviations of surface measurements with code receivers. 

 
Figure 13. Plot of U-component deviations of surface measurements with code receivers. 

As a result of the analysis of Table 2, it was noted that during the measurement of 
the point, the smallest average error of the N component with a value of 0.6 m was 
obtained by the X_2 phone, the E component with a value of 0.9 m by the G_2 receiver, 
and the standard deviation of the NE components was obtained by the X_2 phone (0.0 m). 

-30

-20

-10

0

10

20

30

-30 -20 -10 0 10 20 30N
 [m

]

E [m]

G_1
G_2
X_1
X_2
X_3

-75

-50

-25

0

25

50

75

11:47:00 11:52:00 11:57:00 12:02:00 12:07:00

U
 [m

]

Time 

G_1 G_2

Figure 13. Plot of U-component deviations of surface measurements with code receivers.

Table 2 shows a statistical summary of obtained accuracies and deviations. The bias is
a mean of absolute difference between coordinates gathered by the receiver vs. the RTK
result at the same point, according to the equation:

bc =
∑n

i = 1|ri − RTKi|
n

. (4)

where bc is the bias, c = N, E, or U are coordinate components, ri is the coordinate value
gathered by either smartphone or handheld receiver, RTKi is the coordinate component
gathered from RTK mode, and n is the number of the coordinates. The deviations were
calculated as the mean, absolute value of the deviation from the RTK measurement.

σc =

√
∑n

i = 1(ri − RTKi)
2

n
. (5)

where σc is the standard deviation.

Table 2. Biases of the results obtained (in meters).

Object Coordinate/Error [m]
Receiver

G_1 G_2 X_1 X_2 X_3

Point
N/σN 3.0/2.0 0.8/0.7 2.8/2.4 0.6/0.3 2.0/0.0
E/σE 4.8/3.0 0.9/0.7 1.2/2.5 1.1/1.2 1.4/0.0
U/σU 9.1/1.0 8.7/0.4 - - -

Line
N/σN 3.0/2.5 3.4/2.5 43.0/28.5 8.1/3.7 10.5/4.0
E/σE 1.4/1.1 2.0/1.5 4.1/2.7 1.8/1.6 2.0/1.2
U/σU 3.0/3.2 42.1/6.6 - - -

Circle
N/σN 2.6/1.9 1.9/1.6 20.4/11.6 5.6/3.2 5.5/3.1
E/σE 2.8/1.8 1.9/1.4 30.3/25.6 5.1/3.2 4.4/2.8
U/σU 2.6/2.6 40.1/7.1 - - -

As a result of the analysis of Table 2, it was noted that during the measurement of the
point, the smallest average error of the N component with a value of 0.6 m was obtained by
the X_2 phone, the E component with a value of 0.9 m by the G_2 receiver, and the standard
deviation of the NE components was obtained by the X_2 phone (0.0 m). The recorded data
by receiver G_1 had the largest mean error and standard deviation of the E component. A
significant difference was observed between the accuracies of handheld receivers operating
in two modes (GPS+GLONASS and GPS). Instrument G_2 (GPS+GLONASS) recorded data
with a lower mean error of NEU components and better accuracy in comparison to receiver
G_1 (GPS).

Smartphone X_1 positioned the user with an error of 1 to 3 m (NE) and a bias of
2.5 m. Phone X_2 determined horizontal coordinates with an error of approximately 1 m.
Phone X_1 lost signal during the linear and surface moving measurements, so its errors
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ranged from 20 to 43 m for horizontal coordinates. When analyzing the average errors
and bias of the linear measurement, the best results were observed for receiver G_1. For
the N component, the error value was 3.0 m and the standard deviation 2.5 m, while the
error was 1.4 m and the standard deviation was 1.1 m for the E component. The G_2
receiver obtained better results when measuring a point and a circle (1.9 m error for NE
components) compared to the G_1 receiver (2.6–2.8 error for NE components), but during
height determination on the move, the Garmin receiver using only GPS provided less error.
During measurements on the move, mobiles X_2, X_3 determined horizontal coordinates
with a similar error and standard deviation.

4.4. Static Session

Figure 14 shows an NE graph of the static session on the roof of a building with almost
perfect sky visibility conditions (Figure 4d). The true (known) position of the antennas was
determined in the same way as in Sections 4.1–4.3 by using RTK mode on the roof of the
building; the coordinates were 50◦03′58.54”N, 19◦55′13.36”E, 227 m. In the case of the G_2
receiver, some of coordinates had an error larger than 10 m. For better interpretation, the
scales of Figures 14 and 15 are the same as the corresponding graphs in Sections 4.1–4.3.
Moreover, the accuracy of G_1 and the smartphones were very close each other.
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Figure 15 shows the height error of the Garmin receivers. In this case, the G_1 receiver
accuracy varied between −25 m and 25 m of error, while the G_2 error was stable, but
much larger, around 40–45 m for the whole period.

This shows how, in this kind of handheld receiver, good initialization is important, in this
measurement disturbed by high sky obstructions, which particularly affected the G_2 receiver.

5. Conclusions

The present engineering work was aimed at investigating the accuracy of GNSS code
receivers under limited visibility conditions. The obtained measurement data from the
survey instruments were compared with the measurement results of a Javad Triumph-1
surveying instrument operating in RTK mode. Due to the limited visibility of the celestial
sphere (presence of tall trees and close proximity of high buildings), the number of precision
solutions was very low.

As a result of the analysis of the measurement results of the three studied objects,
the best accuracies were noticed for the static point measurement. Additionally, in this
study, a better reliability of the results obtained from cell phones was noticed than with the
Garmin receiver using GPS. The deviation values of the NE components for the smartphone
X_1 were predominantly in the range up to 3 m, but compared to the other phones, the
measurement was less stable due to the larger errors present (±15 m). Horizontal coordinate
errors ranged from 1.2 to 2.8 m, while the standard deviation ranged from 2.4 to 2.5 m.
For phone X_2, the NE deviations were within 1 m in the first half of the measurement
and within 3 m in the second half. Horizontal coordinate errors ranged from 0.6 to 1.1 m,
while the standard deviation ranged from 0.3 to 1.2 m. The X_3 smartphone provided the
most stable measurements, maintaining values within 2 m for both horizontal coordinate
components throughout the measurement. All phones were running the same software
and mode and, apart from a few outlier observations at the beginning of the measurement
with the X_1 receiver, they showed a high consistency and potency. They used only
the GPS system. The results of measurements with these receivers were similar and the
values of deviations in NE components did not exceed 3 m for all tested smartphones.
While testing the measurement accuracy with receiver G_1 for NE components, it was
noticed that the deviations did not exceed the value of 13 m, while for G_2, the limit was
3 m. The application installed on the smartphones did not record altitude, so only the
Garmin receivers were subjected to the U component deviation test. The G_2 receiver
obtained 3 times smaller mean horizontal coordinate errors and twice smaller NE standard
deviations compared to the G_1 receiver. During the point measurement, the deviations in
the elevation component (U) for G_1 ranged from 7 to 11 m, while for G_2, it was from 7 to
10 m. Both receivers recorded a constant error, and its value did not exceed 11 m. For all
three NEU components, the G_1 receiver, which operated in GPS mode, received worse
accuracies than the G_2 receiver using GPS+GLONASS mode. When measuring the point
with the phones, better accuracies were noted for the handheld receivers by up to 10 m.

The worst accuracies were observed during the linear measurement in motion. As
a result of the analysis of the results, a drop in the receiving signal was noticed for all
tested receivers (at 12:22:32), which affected the accuracy of both the horizontal coordinates
and the altitude coordinate. During the measurement, a loss of the measurement signal of
receiver X_1 was noticed, which was characterized by the registration of the last recorded
point until the end of the measurement. The phone did not stop recording data, probably
due to the app being programmed to do so. The other two smartphones (X_2, X_3) produced
similar point plots. The deviations in the N component did not exceed 19 m, while for
the E component, it was 7 m. The position determination error with the cell phone was 8
to 11 m for the N component and up to 2 m for the E component. Smartphone receivers
showed high consistency and repeatability of measurements. The largest errors were in the
north-south direction, according to the direction of measured line. During the analysis of
the accuracy of the handheld receivers, it was observed that the graphs of the horizontal
coordinate components were similar to each other. The deviations for the N component did
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not exceed 11 m, while for the E component, they were within 7 m. It was also observed
that the G_1 receiver using the GPS system obtained a higher accuracy (up to 12 m) during
the height survey than the G_2 receiver (GPS+GLONASS), which obtained deviation values
ranging from 28 to 55 m. When analyzing the linear measurement results, it was noted that
the handheld receivers obtained better results compared to the cell phones. The Garmin
G_2 receiver using the GPS+GLONASS mode measured horizontal coordinates with a
higher accuracy (by 1 m) compared to the G_1 (GPS) receiver, while in the case of height
measurement, the G_1 instrument obtained smaller deviations in the U component.

When analyzing the surface measurement results, smaller deviations in NE compo-
nents determined by handheld receivers than by cell phones were observed. The measure-
ment route was surrounded by trees more closely than in the case of the point and line
objects. During the measurement, the loss of the measurement signal of the X_1 receiver
was noticed, which was characterized by the registration of the last recorded point until
the end of the measurement. Phone X_2 positioned the user with an error of no more than
15 m for the N component and 12 m for the E component. The horizontal coordinate errors
ranged from 5.1 to 5.6 m, while the standard deviation was 3.2 m. The X_3 smartphone
received deviation values of up to 15 m for the N component, and up to 13 m for the E
component. Horizontal coordinate errors ranged from 4.4 to 5.5 m, while the standard
deviation ranged from 2.8 to 3.1 m. The positioning results of the cell phones during the
surface measurement were very similar, with high consistency and repeatability; errors
were distributed uniformly, as with a random distribution. The G_1 receiver using GPS
mode was positioned with an error of no more than 9 m for the NE components and
14 m for the U component. Horizontal coordinate errors ranged from 2.6 to 2.8 m, while
the standard deviation ranged from 1.8 to 1.9 m. The receiver using the GPS+GLONASS
mode received deviation values of up to 8 m for the N component and up to 6 m for the E
component. Horizontal coordinate errors were 1.9 m, while the standard deviation ranged
from 1.4 to 1.6 m. The deviation in the elevation component ranged from 25 to 54 m. The
Garmin receiver plots for the surface measurement were similar for the NE components,
while for the height coordinate, the deviations in the U component of the G_2 receiver were
larger by up to 40 m.

The most favorable results were obtained for the static point measurement, and the
worst results were obtained for the linear measurement that took place in motion. The
results of each measurement are presented in plots of the horizontal component deviations
(NE) and a line plot of the altitude component changes (U) for the travel receivers. The
mean errors and accuracy of the receivers were also plotted. The tested GNSS code receivers
did not allow for accurate measurements in conditions of limited visibility. While during a
point measurement, it would be possible to obtain satisfactory results after an appropriate
selection of the obtained data, it is not possible in the case of measurements in motion. A
better performance of the cell phones was observed during the point measurement than
the GPS-only Garmin receiver. The measurement with smartphones was consistent, while,
in the case of travel receivers, it was noted that more satisfactory results were obtained
by the receiver working in GPS+GLONASS mode. The value of the average error of
horizontal coordinates was 3 times smaller compared to the handheld receiver using GPS
only. During linear and surface measurements in motion, handheld receivers achieved
better accuracies (by about 5 m) than cell phones. The measurement was nonuniform and
unstable. For smartphones, the maximum deviations in the N component ranged from
15 to 19 m, while for the E component, it was from 5 to 13 m. The error of cell phones
during the linear measurement ranged from 8 to 11 m for the N component, and for the E
component, it was about 2 m. On the other hand, during the surface measurement, the error
values of NE components were less than 6 m. The G_1 (GPS) and G_2 (GPS+GLONASS)
receivers determined the coordinates with an accuracy of 3 m for the NE components. The
difference in height determination with the handheld receiver operating in the GPS mode in
comparison to GPS+GLONASS reached values of up to 40 m. However, when comparing
only the heights obtained using the Garmin receivers, only measurements on the point
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(Figure 7) gave similar, comparable results. In the case of line (Figure 10) and surface
(Figure 13) measurements, the accuracy of the receiver operating in GPS+GLONASS mode
was significantly worse than the receiver operating in GPS mode. This is most likely due
to imperfections in the computational algorithms for the dual-system receiver, which is
underdeveloped in these receivers.

6. Future Works

Future research in this area is planned by extending the number of signals involved
in positioning. First, as we wrote in the Methods chapter, there is currently no software
available that would allow measurement in kinematic mode using more than just GPS
signals and additionally allowing for height measurement. The vast majority of available
positioning applications only offer the possibility to view the status of visible satellites,
signal strength, or DOP coefficients, generally statistical data. These programs, however,
do not offer the possibility of recording the user’s position. Currently, there are programs
available that have the possibility of recording raw observations in the RINEX format,
e.g., rinex ON (GPS, GLONASS and Galileo constellations) or Geo++ RINEX Logger
(GPS/GLONASS/GALILEO/BDS/QZSS). In the future, the authors plan to develop obser-
vations using signals other than GPS alone and to see how including these observations
will affect the accuracy of the results. Moreover, with the development of GNSS positioning
apps, the research will be extended to include additional GNSS signals.
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