DE GRUYTER

J. Appl. Geodesy 2023; 17(3): 255-267 a

Kamil Kazmierski*, Kamil Dominiak and Grzegorz Marut

Positioning performance with dual-frequency

low-cost GNSS receivers

https://doi.org/10.1515/jag-2022-0042
Received September 28, 2022; accepted February 1, 2023;
published online February 22, 2023

Abstract: In this study, positioning quality is tested with the
use of low-cost in-house developed receivers. The analyzes
consider the practical use of low-cost devices in surveying
works. In the network solution, the accuracy of the GNSS
positioning based on low-cost receivers can be character-
ized by the repeatability of the baseline length of 1and 6 mm
in 24 h and 10 min observation sessions, respectively. The
field experiment of 4 GNSS receivers and 3 GNSS low-cost
receivers allowed for establishing a precise geodetic con-
trol network. The accuracy of the control point coordinates
determined with low-cost GNSS receivers equals a maxi-
mum of 17 and 40 mm for the horizontal and height compo-
nents, respectively. Therefore, low-cost GNSS receivers can
provide positioning accuracy at the some centimeter level
and can support land surveying and geodetic monitoring
activities.

Keywords: geodetic control network; low-cost GNSS; multi-
GNSS; u-blox.

1 Introduction

The basic applications of Global Navigation Satellite Sys-
tems (GNSS), such as positioning, navigation, and time
transfer; have expanded extensively to new areas. These
areas include monitoring continental plate movement [1],
GNSS reflectometry [2], troposphere and ionosphere [3, 4]
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monitoring, landslides control [5, 6], or sea level mea-
surements [7]. The increase in the application potential is
related, among other things, to the increase in the number
and decrease in the prices of GNSS receivers. In 2029, the
number of GNSS receivers will exceed 2.6 billion, of which
up to 90% will be devices whose cost will not exceed $150
[8]. Development and miniaturization open up new possibil-
ities for GNSS chipsets widely available in everyday devices,
starting with mobile phones and sports watches [8] and
ending with clothes equipped with a small GNSS locator
[9, 10]. Mobile phones gained even more potential in 2016
when Google reported the availability of raw GNSS data for
Android 7 Nougat users [11]. This caused the smartphone
potential and the area of application to be still growing
[12]. The relative positioning accuracy of smartphones in
short 20 min sessions can reach the horizontal decimeter
accuracy and vertical component accuracies exceeding 2 m
[13]. Precise Point Positioning [14] results based on mobile
phones may even provide accuracies of 37 and 51 cm for hor-
izontal and vertical components, respectively [15]. The use
of the observation quality information of the observations
provided by smartphones can also reduce the positioning
quality [16].

Small chipsets designed only for tracking GNSS obser-
vations constitute another, more specialized group of low-
cost receivers. Initially, low-cost receivers were able to track
the single GNSS frequency L1 and, according to the ISO
17123-8 standard, ensured uncertainties of 5.5 and 11 mm
for the horizontal and vertical components, respectively.
These results are twice worse than the results for geodetic-
grade instruments [17]. However, the Real-Time Kinematic
(RTK) experiment for single-frequency low-cost receivers
indicates centimeter-level accuracy in the kinematic mode
[18]. Correct ambiguity fixing in RTK single frequency solu-
tion can reduce the horizontal error from approximately
2 m to about 0.05 m [19]. These accuracies and limited pur-
chase costs allow for the establishment of more measure-
ment points in surveying and geodetic networks [20] and
the discovery of other application areas, such as ionosphere
monitoring [21]. The single frequency was a limitation for
PPP applications [22]; therefore, double differences for long
vectors were preferred to obtain high accuracies [23]. The
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newer two-frequency receivers showed a horizontal error
of 3 mm and a vertical error of 8 mm in relative position-
ing [24]. The main limiting factor for low-cost GNSS sets
is the patch antenna [25] which is often replaced during
experiments by more sophisticated constructions [26]. The
upgrade of GNSS antennas leads to millimeter positioning
accuracy on a zero-baseline approach [27]. Additionally,
a low-cost patch antenna requires dedicated corrections
to the carrier phase pattern [28]. State-of-the-art dual-
frequency low-cost receivers can track GPS, GLONASS,
Galileo, and BeiDou signals.

As low-cost dual-frequency GNSS receivers have been
available for a short time, the number of studies on the
subject is small. No literature position discusses positioning
results from a large group of low-cost GNSS receivers. Most
existing research focuses on single baselines [29] or a couple
of receivers treated as an RTK set [30, 31]. Furthermore,
other studies often relate to navigation rather than clas-
sical surveying or geodetic measurements [32]. Therefore,
this paper provides a comprehensive performance evalu-
ation of a dual-frequency low-cost multi-GNSS receiver in
relative and absolute positioning. Such an evaluation may
increase the popularity of the use of low-cost GNSS receivers
in everyday life of surveyors, e.g., in works connected to
the establishment of geodetic control networks or setting
up multiple low-cost receivers for monitoring vast land
subsidence.

This study aims to investigate the measurement poten-
tial of low-cost GNSS receivers. The quality of the baselines
determined in the differential GNSS static positioning is
characterized and verified from the perspective of precise
surveying requirements. The works are concluded by an
experiment consisting of setting up a geodetic control net-
work twice, with the use of geodetic-grade receivers and a
setin which three devices were replaced with low-cost GNSS
receivers.

2 Methodology

The experiment data were collected using the set of 11 low-cost u-blox
C099-F9P receivers equipped with high precision GNSS ZED-F9P chipset
and the default patch antenna ANN-MB supported by microcomputer
and GSM modem. The Raspberry Pi is responsible for controlling the
C099-F9P receiver and allows for remote configuration of the device
through the Internet connection available via the Wi-Fi module or in
the absence of a Wi-Fi network with the use of the GSM network. All
those elements together with the power supply unit are enclosed in
the hermetic box. The above-mentioned components are presented in
Figure 1. Table 1 summarizes the signals stored in the Receiver Inde-
pendent Exchange (RINEX) 3.04 format by the low cost receiver. The
receiver and antenna are able to retrieve dual-band multi-GNSS fre-
quencies for four GNSS constellations. The phase center offset (PCO)
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Figure 1: Low-cost dual-frequency GNSS receiver components.

1 - C099-F9P, 2 - Raspberry Pi, 3 - power supply unit, 4 - Wi-Fi module,
5 - GSM module, 6 - GSM antenna connector, 7 - GNSS antenna
connector, 8 - 230 V Ethernet connector, 9 - AC230 V input,

10 - hermetic enclosure.

and phase center variation (PCV) accuracies declared by the manufac-
turer are also listed in Table 1. However, [28] derived a different set
of PCO and PCV, which differs substantially from the values declared
by the manufacturer. Due to these differences in calibrations data, it
was decided to omit the calibration of antennas for low-cost receivers
during computations.

In the experiment static data were collected at 15 locations. Most
data were collected during one week between 22 and 28 March, 2021
(DoY 81-87) in the urban area of Wroclaw. Additionally, we used
data recorded by 4 receivers between 14 and 20 September, 2020 (DoY
258-264) to provide data for long baseline computation. The receivers
were distributed partly on the roofs of the buildings, and the tripods
were installed at the ground level. To determine baselines created
with low-cost and geodetic-grade receivers in the experiment Polish
EUREF Permanent Network (EPN) stations were also used in the exper-
iment. The last data set consists of geodetic grade receivers of the
small regional network. Figure 2 shows the distribution of the u-blox
receivers, geodetic grade receivers, and the Polish EUREF Permanent
Network (EPN) stations used in the experiment. All receivers tracked
the GPS, GLONASS and Galileo constellations with a 30 s interval with
no additional mask for elevation angle or DOP. The prototype low-
cost receivers used in tests could track up to 32 satellites simultane-
ously, and four-constellation tracking caused random gaps in satellite’s
observations. Due to these limitations, we decided to turn off BeiDou
constellation tracking.



DE GRUYTER

K. Kazmierski et al.: Performance of dual-frequency low-cost GNSS receivers === 257

Table 1: GNSS signal supported by the u-blox ZED-F9P equipped with the ANN-MB series patch antenna.

Constellation Tracked signals

PCO PCV

GPS L1 C/A (C/L10), L2 C(C/L2Q)
GLONASS L1 OF (C/L1C), L2 OF (C/L2C)
Galileo E1-B/C (C/L1C), E5b (C/L7Q)
BeiDou B1(C/L1I), B2 (C/L7I)

<5 mm horizontal
<8.9 mm (L1) vertical
<7.6 mm (L2) vertical

<5 mm (L1) <10 mm (L2)

e EPN Station
e geodetic-grade receiver

u-blox receiver
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Figure 2: Distribution of low-cost receivers (gren dots), geodetic-grade
receivers (blue dots), and EPN stations (red dots) during experiment
campaigns. The upper plot shows the area of Poland, while the bottom
plot covers the Wroclaw area.

3 Analysis of the collected
observations

Figure 3 shows the percentage of epochs available dur-
ing measurement campaigns with the use of low-cost
receivers. As a reference value, 2880 observation epochs
were adopted, which corresponds to data recording every
30 s during the day. The RINEX files saved by the low-cost
receivers contain almost all the intervals, at the mean level
close to 100%. The only exception is point BX12 with tem-
poral data unavailability due to power supply problems
which last about 2.5 h, resulting in availability of 90%. How-
ever, from the user’s point of view, the completeness of the
epochs saved in the RINEX files is not the only important
factor. The user should also know what set of GNSS obser-
vations is available when performing calculations; there-
fore, an in-depth analysis of the number of observations
recorded in individual epochs of the observation files is
indispensable.

Figure 4 shows the number of GPS, GLONASS, and
Galileo satellites with available observations on one and on
two frequencies for the receivers BX03 and BX07. Notice
that the number of available satellites sometimes drops to
zero. The largest number of such breaks can be seen on
days 84 and 87. Thus, to illustrate this phenomenon more
precisely, we decided to additionally present day 84 as an
example showing this phenomenon. The gaps are short and
occur simultaneously for all types of observations of a given
system. The largest number of gaps occurs for the GPS and
Galileo systems, while the smallest for the GLONASS, for
which gaps occur very rarely. Figure 4 shows two stations
to present differences in the number of gaps occurrence.
The BX07 receiver recorded observation data almost contin-
uously with individual epochs where GPS or Galileo obser-
vations were missing. The BX03 receiver, on the other hand,
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Figure 3: Observation availability for each observation epoch collected
by low-cost receivers in test periods from RINEX files in % (color bar
scale).

had more problems with continuous signal tracking. This
receiver data are split by short interruptions in the received
GNSS signal. Both receivers observe these discontinuities in
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Figure 4: GPS observation availability from BX03 and BX07 low-cost
receivers in DoY 81-87, 2021 (upper and middle plot). The bottom plot
shows data availability in DoY 84, 2021.
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the data for both frequencies simultaneously. The described
interruptions in signal supply may be caused by hard-
ware or software problems of some receivers used in
the experiment. Nevertheless, all prototype receivers were
configured in the same way, which may indicate techni-
cal problems only at some stations, which are difficult to
identify.

Figure 5 shows the mean number of satellites observed
by low-cost stations divided into three groups: (1) the num-
ber of satellites with the availability of at least one observa-
tion of any type, (2) the number of satellites for which code
and phase observations on one frequency are recorded,
and (3) the number of satellites for which complete obser-
vations are available on both frequencies. For comparison
purposes, Figure 5 also shows the WROC EPN station, which
shows the same analysis for a geodetic-grade receiver. The
mean differences between the first and second groups equal
0.2 satellites. These minor differences may be related to the
temporary data gaps shown in Figure 4. The most remark-
able differences between the observed single-frequency and
complete data are obtained for GPS. The mean difference of
the GPS satellites from groups (2) and (3) exceeds 3 satel-
lites. The low-cost GNSS receiver cannot retrieve precise
P2 signals, which are the only code data at the second fre-
quency for older GPS satellites from Block IIA and IIR. The
second civilian use signal, L2C, is being broadcasted starting
with the first Block IIR-M satellite launched in 2005. For
Block IIA and IIR satellites, users can track only one fre-
quency in the absence of an L2C code [33]. This fact reduces
the available dual-frequency GPS constellation from 31 to
22 spacecraft and may limit the utilization of low-cost
receivers with ionosphere-free linear combinations due to
the lower number of observed satellites.This situation is not
present for the WROC station, for which almost all available

# of Sat.

CIL1 | ECINTE20GPS
[Sat. # | NG/ IGMNE2NGLONASS

[Sat.# | G N Galileco

Figure 5: Mean number of satellites registered by low-cost receivers and
for the WROC EPN station.
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GPS satellites have always the complete set of observation
data.

The mean number of GLONASS satellites in the third
group is reduced by about 1.5 satellites when compared
to the second group. This is because the observations at
the second frequency are not recorded for satellites RO6,
R10, and R23. A slightly lower number of Galileo satellites
with a complete set of observations was stored in RINEX
files, which is mainly due to the fact that the E20 satellite
(GSAT0104) transmits a single-frequency E1 signal [34]. It
shows the lack of used receiver dependency, which is proved
by the data presented for the WROC station for which obser-
vation for GLONASS and Galileo also contains fewer data
for the second frequency. In summary, the mean number of
visible satellites for which low-cost GNSS receivers record
dual-frequency data is 7.4, 7.4, and 8.4 for GPS, GLONASS,
and Galileo, respectively.

Additionally, the average daily number of cycle-slips
is computed using single frequency cycle-slip detector and
with geometree-free combination to illustrate the quality
of the observations provided by the low-cost receivers.
Figure 6 presents the average number of cycle-slips detected
for the low-cost receivers. What is more, the average num-
ber of cycle-slips for the EPN WROC station is shown to
illustrate observation quality in terms of their continuity of
the geodetic grade receivers. GLONASS has the biggest num-
ber of cycle-slips among the tested receivers and reaches
up to 1100 signal jumps for BX05. The average number of
cycle-slips for all low-cost receivers is equal to 331, 585,
and 251 for GPS, GLONASS, and Galileo, respectively. These
values are significantly higher compared to the WROC sta-
tion for which cycle-slips occur in 11, 35, and 12 epochs for
GPS, GLONASS, and Galileo, respectively. The large amount
of signal cycle-slips present in data stored by low-cost
receiver is a serious problem that limits the resolution of
phase ambiguity computation, especially for the GLONASS
system.
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Figure 6: The daily average number of cycle-slips detected for the
low-cost receiver and WROC station.
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4 Evaluation of relative GNSS
positioning

The data collected by the tested low-cost GNSS receivers
have been tested in relative positioning. The results
obtained are presented in the subsections of the chapter.

4.1 Processing strategy

The data collected during the measurement campaigns are
first used to determine the baselines between the GNSS
receivers. The computations are conducted in the Leica
Infinity 3.3.2 (LI) software commonly used for the realiza-
tion of local geodetic control networks. Different session
lengths and different strategies are tested to verify the use-
fulness of low-cost GNSS receivers. Table 2 summarizes the
session lengths, GNSS constellations, and calculated base-
line types. As mentioned in Section 2 three sets of observa-
tion data stored by different types of receivers are used in
the presented paper: low-cost, EPN stations, and geodetic-
grade. These three sets of data allowed the following base-
line types to be determined: baselines between two low-cost
receivers — UBX-UBX, baselines between low-cost and EPN
stations — UBX-EPN, and baselines between two geodetic-
grade receivers — GEO—GEO. The last type of baseline is
presented for comparison purposes to illustrate the qual-
ity difference between the use of professional and low-
cost equipment. Those observation data allow us to create
baselines in the range between 0 and 450 km depending
on the receivers’ distribution. All computed baselines are
divided into three groups based on their length: short base-
lines for the range of 0-15 km, medium baselines in the
range of 15-25 km, and long baselines longer than 25 km.
For long baselines, calculations are limited to daily and
hourly sessions. Table 3 shows the calculation strategy used
inLL

4.2 Characteristic of the computed baselines

The first step is to determine the percentage of integer-
resolved phase ambiguities for different baselines which
indicates the reliability of baseline estimation.

The number of vectors that obtained the “Phase Fixed”
status varies and depends on the calculation variant.
Figure 7 shows the percentage of fixed vectors for each
calculation variant. The data presented are divided accord-
ing to the type of baseline (UBX-UBX, UBX-EPN, and
GEO-GEO) and the duration of the observing session. Each
bar depicts the results obtained for a specific processing
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Table 2: Characteristics of the calculation variants used in the experiment.

DE GRUYTER

Processing variants

Session length

Constellation

DoY 258-264, 2020 60 min, 24 h
DoY 81-87, 2021
DoY 262, 2020

DoY 86, 2021

GPS (G), GPS + GLONASS + Galileo (GRE)

10 min, 20 min, 30 min, 60 min

Baseline variants

UBX-UBX, UBX-EPN, UBX-WROC

Table 3: Characteristics of the calculation strategies used in Leica Infinity software 3.3.2.

Elevation cut-off angle 10°
Orbits

Antenna calibration
Frequencies

CODE MGEX final products “CODOMGXFIN” [35]
Absolute antenna calibration igs14.atx for EPN stations, no calibrations for u-blox antennas
L1 (only for baselines in range 0-25 km); ionosphere-free (IF [36]) linear combination based

on code and phase L1 and L2 (GPS, GLONASS) or E1 and E5b (Galileo) for baselines >25 km

Tropospheric model

Global pressure and temperature model 2 (GPT2, [37])
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Figure 7: Percentage share of fixed short (top panel), medium (middle
panel), and long (bottom panel) baselines for each calculation variant.

strategy, where G stands for GPS-only processing and GRE
stands for GPS + GLONASS + Galileo, L1 represents sin-
gle frequency processing, and IF indicates ionosphere-free
linear combination. The top panel of Figure 7 presents
results for short baselines, the middle panel presents results
for medium-length baselines, and the bottom panel shows
results for long baselines. The average number of fixed short
baselines using the GPS in 10 min sessions is 52% and 64%
for the UBX-UBX and UBX-EPN vectors, respectively. In
the case of the GRE L1 solution, 10 min observations allow
for determining 97% of the baselines. A similar level of
effectiveness is achievable for the GPS L1 solution with at
least 30 min observations. The number of fixed short and
medium baselines in the G IF variant is smaller than in
the case of G L1 solutions. In the case of long baselines,

60 min sessions allow for fixing only 44 and 59% of the
calculated UBX-UBX vectors for variant G and GRE, respec-
tively. An improvement is seen in the case of the UBX—EPN
vectors, for which the number of vectors fixed is 72% and
81% for variant G and GRE, respectively. Note that when
using GLONASS observations, ambiguities are fixed only for
baselines with at least one geodetic-grade receiver. How-
ever, it is still possible to obtain a fixed status based on the
GPS and Galileo systems between two low-cost receivers.
The number of baselines with fixed ambiguities
decreases along with the shortening of the observation
session. Additionally, more fixed baselines from the range
between 0 and 25 km are computed using the L1 frequency
than the ionosphere-free combination. The reduced num-
ber of fixed ambiguities for ionosphere-free linear combi-
nation is related to the lower number of observations as
shown Figure 5. Moreover, the ionosphere-free wavelength
(10.7 cm) is shorter than the L1 wavelength (19.4 cm) [38],
and the longer wavelength is, the more precise ambigui-
ties occur [39]. The shorter wavelength combined with the
increased noise of the ionosphere-free combination reduces
the number of the determined ambiguities. The results for
short baselines show a very similar number of fix base-
lines with 1% differences for the same baselines length and
session duration, regardless of whether the baseline con-
tains an EPN station or is determined only by two low-cost
receivers. The positive effect of employing EPN stations in
the 60 min session is noticeable in the case of long baselines,
for which 82% of the computed baselines obtained the fix
status in the GRE variant. When comparing the UBX-EPN
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baselines with the UBX-UBX baselines, the gain is equal to
70%. The importance of using the GRE solution increases in
inverse proportion with the duration of the session length.
This is visible in the case of 10-min sessions for UBX-UBX
baselines, for which the gain resulting from the use of GRE
observations is equal to 87%. This gain of using GRE data is
clearly visible in the case of short UBX-UBX baselines, for
which the number of fixed ambiguities is comparable to the
result obtained by the GEO—GEO baselines.

4.3 Repeatability of the baselines length

In the next step, the repeatability of the computed baselines
is verified for all variants. Standard deviation (StdDev) for
the length of the unique baselines is adopted as an indicator
of repeatability. StdDev is calculated from the mean differ-
ences of the unique baselines to the mean length of each
unique baseline. Please note that in the case of daily sessions
the number of observations is much smaller than in the case
of sub-daily sessions. Figure 8 illustrates the repeatability
for the analyzed baselines in relation to their length. Due
to minor differences between the results obtained in short
sessions and the lack of the visible session length pattern,
results for sub-daily sessions are aggregated into a common
group for simplification.

The results in daily sessions allow for achieving better
baseline repeatability than in the case of short observation
sessions. Short baselines in 24 h sessions have a StdDev
smaller than 1.5 mm in most cases. When the ionosphere-
free combination is used, the repeatability of the results for
short and medium baselines decreases by a factor of two,
and the StdDev value differences increase for baselines of
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Figure 8: Repeatability of baselines for the tested strategies in subdaily

(top panel) and daily sessions (bottom panel). Note the logarithmic axis
scales.
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similar length. The negative impact of using the ionosphere-
free combination is pronounced for the short and medium
baselines in sub-daily sessions. For short sessions in the
L1 strategy, the results deteriorate with increasing baseline
length, reaching an error of 8 mm for baselines up to 25 km.
Further increasing the length of the baseline reduces the
quality of the obtained results, which in most cases does not
exceed 20 mm for 24 h observation sessions, while for sub-
daily sessions, it allows for achieving the repeatability of
100 mm. The positive impact of using the GRE combination
is more visible in short sessions than in daily sessions when
computing long baselines.

Figure 9 illustrates the StdDev aggregated values of the
length differences obtained for the calculated baselines in
daily sessions. Among the GEO—GEO computed baselines
there were 4, 3, and 4 vectors in the range below 15, 15-25,
and more than 25 km, respectively. The figure demonstrates
high repeatability of the results obtained for short base-
lines, equal 0.6 mm and 0.7 mm in L1 solutions in the
UBX-EPN and UBX-UBX 2021 baselines, respectively. The
repeatability of the medium baselines is slightly worse and
exceeds the value of 1 mm. The results obtained for the
2020 data for short and medium baselines are based on two
and one unique baselines, respectively, which can result in
larger errors for these baselines. The repeatability for short
baselines calculated on the ionosphere-free combination
is below 1.5 mm and below 1 mm, for the UBX-UBX and
UBX-EPN baselines, respectively. In the case of medium
baselines, the repeatability of the baseline obtained is com-
parable to the results of geodetic grade receivers. However,
the use of the ionosphere-free combination in the GEO-GEO

0.012 ; -

<15km ! 15-25km | >25km
I I
i i
-E-O.O‘IO i i
_ I I
2 i i
5 0.008 i i
) ! !
3 ! !
2 0.006 i i
[ i i
4} i i
£ 0.004 i i
[} i i
7] H .
© ! !

@ 0,002 | i i ]
I I

Lol L ] 1]

X ZOXZO0OXzZO0O

0o Woaowoaw

Yo 2Wo U0

s QaaQaa

o D [0) o D 0] o D o

Figure 9: StdDev values of baselines length differences for daily

sessions.



262 = K. Kazmierski et al.: Performance of dual-frequency low-cost GNSS receivers

variant reveals the outcomes below 1 mm, which indicates
the influence of the ionospheric delay seen in L1 solutions.
Low-cost receivers determine 15-25 km baselines three
times worse than geodetic grade receivers. The repeatabil-
ity for long baselines is significantly worse and the results
are comparable for G and GRE variants. The results for
UBX-UBX baselines compared to the results obtained for
GEO-GEO baselines are significantly less accurate and show
the limitations of these devices even for baselines using
EPN stations (UBX-EPN). However, short baselines created
by UBX receivers reveal slightly worse results than those
provided by GEO-only receivers. For short baselines, low-
cost receivers provide results comparable to the results of
GEO-GEO baselines. On the other hand, there is no advan-
tage of the second frequency usage for UBX-UBX medium
baselines that is observed for GEO-GEO baselines. The
results of those 24 h session show the potential of the low-
cost receivers in terms of densification of existing perma-
nent networks with a limited spatial range.

Figure 10 shows the length differences for short base-
lines in sessions lasting from 10 to 60 min. Regardless of
the duration of the observation session, short baselines
are characterized by better repeatability when using one
frequency, resulting in more than two times better out-
comes when compared with the strategy employing the
ionosphere-free combination. There is a slight repeatability
gain of 6-15% and 15-23% when using GRE on a single
frequency for UBX-UBX and UBX-EPN baselines, respec-
tively. Short UBX-UBX baselines need 60 min of data to
achieve repeatability comparable to the UBX-EPN base-
lines in 10 min sessions. For short UBX-EPN baselines
in the GRE scenario give results only 1 mm worse than
GEO-GEO baselines. The UBX-UBX baselines perform not
as well and have 1.5 times worse results than the GEO-GEO
baselines.
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Figure 10: StdDev values of short baselines length differences for
sub-daily sessions on March 27, 2021 (DoY 86, 2021).
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Figure 10 shows the StdDev for short baselines length
differences in sessions lasting from 10 to 60 min. The results
for the 60 min sessions are equal to 3.5, 2.5, and 2.2 mm for
UBX-UBX, UBX-EPN, and GEO—GEO baselines, respectively.
The degradation of outcomes caused by shortening the dura-
tion of the session looks similar for the baselines UBX-UBX
and UBX-EPN. In all cases in the GRE L1 variant, the use of
sessions of 30 min, 20 min, and 10 min degrades the results
by 15%, 10%, and 10%, respectively, with respect to the dura-
tion of the sessions of 60 min, 30 min, and 20 min, respec-
tively. In the case of the results for GEO—-GEO baselines, they
deteriorate slightly less, especially in 10 and 20 min sessions.
Regardless of the duration of the observation session, short
baselines are characterized by better repeatability when
using one frequency, resulting in more than twice better
results compared to the strategy employing the ionosphere-
free combination.

Figure 11 shows the StdDev for the baselines repeata-
bility results obtained for medium (left panel) and long
baselines (right panel). The time-dependent degradation
for UBX-UBX in the case of medium baselines is smaller
than for short baselines. The results for UBX-UBX base-
lines only slightly differ in various session lengths both
in G and GRE scenarios. In terms of GRE variant the
results improve by 5-15% with respect to GPS-only sce-
nario. Medium GEO-GEO baselines obtained slightly big-
ger StdDev than UBX-UBX medium baselines due to the
three unique GEO-GEO among which all baselines were
longer than 20 km. In the case of ionosphere-free solutions,
there is a positive effect associated with the use of multi-
GNSS observations. For long baselines created with low-cost
receivers the results can be improved by applying PCO and
PCV corrections with a few millimeters [28]. Nevertheless,
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Figure 11: StdDev values of medium and long baselines length
differences for sub-daily sessions on March 27, 2021 (DoY 86, 2021).



DE GRUYTER

the multi-GNSS solution provides more accurate results
than the GPS-only solution in both baseline types based on
low-cost receivers and geodetic class receivers. It should be
noted that the number of unique UBX-EPN was 121, while
the amount of baselines for UBX-UBX baselines was only
12. The worse results may be additionally influenced by
the longer lengths of the UBX-EPN baselines. Shorter ses-
sions allow for creating short baselines with a good length
repeatability. However, it is worth using a multi-GNSS solu-
tion and one geodetic receiver to increase the repeatability
of the results. On the other hand, in terms of long baseline
creation low-cost receivers should not be used even when
two frequencies multi-GNSS scenario is applied. It is visible
that the results for long baselines created with at least one
UBX receiver perform three to five times worse than the
GEO-GEO baselines. Therefore, the use of this equipment
for baselines longer than 25 km is not recommended.

4.4 Relative positioning coordinates

The coordinates of the low-cost receivers were also deter-
mined in the network solution in relation to the WROC
station. Two 12 h sessions for every day from period DoY
81-87, 2021 were used. The second determination of the
coordinates used two 1 h sessions for each day in the same
period. The solution for both variants was based on the
same baseline system. Figure 12 shows the obtained results
of the coordinates. It can be noticed that the daily results
(top panel) are in the sub-millimeter level for the hori-
zontal components. In the case of the height component,
the results are worse, but mostly they remain within the
2 mm range. The only exception is the BX20 station, for
which the height component is in the range of +8 mm.
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Figure 12: Coordinate repeatability for the low-cost receivers in DoY
81-87, 2021. The upper panel shows the results obtained using two 12 h
sessions, the lower panel presents the results obtained with two 1 h
sessions for each day of the test period.
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Two 1 h sessions (bottom panel) provided poorer repeata-
bility of the obtained coordinates with respect to the result
based on daily data. In the case of two 1 h sessions (bottom
panel), horizontal components obtained values are in the
range of 1-2 mm. The errors in the height component also
increased compared to long sessions and are in the range of
2-10 mm.

5 Absolute accuracy

The analysis presented in the previous sections shows that
low-cost GNSS receivers may have great application poten-
tial in the realization of surveyor tasks. Therefore, another
field experiment is conducted with the purpose of revealing
possible accuracies in the realization of a geodetic control
network with the use of low-cost GNSS receivers.

First, the network measurements are based on a set of
seven geodetic-grade receivers. The results of this stage are
used as a reference for the second variant of the test. In the
test variant, the same points are measured once again in
static mode; however, three geodetic receivers are replaced
with low-cost receivers. The planned network consists of
seven marked points near the WROC EPN station. The max-
imum distance of the new points from the WROC station
does not exceed 400 m. Table 4 presents the characteristics
of the measurement campaigns, whereas Figure 13 illus-
trates the distribution of network points and the generated
baselines.

The calculations are conducted in the LI software. Short
vectors are computed using a single frequency, whereas
long vectors are computed using the ionosphere-free linear
combination. The stations of the Polish GNSS permanent
network, ASG-EUPOS, are used for a realization of a local ref-
erence frame: KEPN, KROT, LEGN, OPLE, WROC. Reference
baselines are generated using geodetic-grade receivers due
to the increased error of long vectors containing low-cost
receivers, as discovered in the previous sections. Contrary to
previous tests in which most low-cost antennas were located

Table 4: Description of the GNSS test campaigns.

Reference

Session length 2X1h
Interval 1s
Receivers/antennas 7 geodetic-grade

Experimental

Session length 2x1h
Interval 1s
Receivers/antennas 4 geodetic-grade + 3 low-cost
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on the roofs of buildings, in this experiment, the antennas
were located on surveying tripods; thus, the GNSS signal
could also be affected by the urban environment and the
tall surrounding buildings. We apply a flat circular ground
plane provided with the antenna by the manufacturer with
diameter equals 10 cm. Figure 14 illustrates the method of
mounting the u-blox patch antenna on the tribrach, whereas
Table 5 summarizes the calculation strategies in LI

For the horizontal network constraining, we employ
five GNSS reference stations from the ASG-EUPOS network,
whereas the heights are constrained by the results of precise
leveling at points 2013 and 2018 of the established network
with a connection to the national height geodetic network.
For geoid undulations, we employ the geoid model consis-
tent with the realization of the European Vertical Reference
Frame EVRF2007-NH for the area of Poland. The calculations
started with checking the quality of the baselines computed
in a network and ended with a constrained adjustment
of the network. Table 6 shows the coordinate differences
between the test and reference campaigns. Height results
are missing for the points 2013 and 2018 because these are
used as height reference points.

The best results are obtained for the north coordinate
component with the maximum deviation of 17 mm for the
point 2013. The differences for the east component do not
exceed 5 mm for points occupied by the low-cost receivers;
however, some horizontal inconsistency might affect two
points occupied by the geodetic-grade receivers, 2009 and
2015, with differences equal 55 mm. For the up compo-
nent, all offsets are negative compared to the reference
campaign; however, low-cost receivers allow for obtaining
results with a maximum difference of 40 mm. The results
of the experiment show that low-cost receivers can pro-
vide coordinates with a maximum difference of 17 and
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Figure 14: The method of mounting the u-blox patch antenna on the
tribrach.

41 mm for 2D and 3D positions, respectively. The presented
results may be affected by the application of inadequate
antenna shielding. In the literature, the experiments dedi-
cated to this issue suggest the use of larger ground planes
or even choke ring constructions commonly used on GNSS
permanent stations. The choke ring may reduce the posi-
tion standard deviation by about 30-40% with reference to
the ground-plane shielding approach [40]. Furthermore, the
multipath reduction algorithms dealing with the reflections
from the obstacles located above the antenna [41] could
improve the accuracy. Nevertheless, this approach is limited
because it needs implementation in the processing software.
Additionally, the presented results may be affected by the
lack of low-cost antenna calibration files. In this paper, we
decided to disregard the available calibration [28] due to
its inconsistency with the official data distributed by the
manufacturer.
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Table 5: Characteristics of the calculation strategies used in the Leica Infinity software 3.3.2.

Absolute NGS antenna calibration for EPN stations and geodetic grade antennas, no calibrations for u-blox antennas

Systems GPS, GLONASS, Galileo

Elevation angle 10°

Orbits CODE MGEX final products “CODOMGXFIN” [35]
Antenna calibration

Strategy

Tropospheric model GPT2

L1 (only for short baselines) and ionosphere-free linear combination for baselines >25km

Table 6: Position differences obtained for network points with respect to
the results obtained in the reference campaign. The results for low-cost
receivers are highlighted in bold.

dN [m] dE [m] dU [m]
2002 0.005 0.005 —0.040
2009 0.009 0.055 —0.006
2011 0.005 —0.012 —0.009
2013 0.017 —0.002 -
2015 —0.005 0.055 —0.021
2016 0.016 —0.001 —0.031
2018 0.010 0.000 -

6 Conclusions

The results presented in this paper demonstrate the utility
potential of low-cost u-blox C099-F9P receivers equipped
with the ANN-MB series patch antenna. Analysis of the con-
tent of RINEX files generated by the low-cost receivers dis-
closes some limitations resulting from the lack of tracking
of the entire GPS constellation because of the absence of the
civil code L2C on the second frequency for the older class
GPS satellites. The results show the highest reliability and
repeatability for daily sessions. However, from a practical
point of view, the use of such long sessions may be unjusti-
fied in everyday works related, for example, to the establish-
ment of geodetic control networks. The greatest benefit of
using the multi-GNSS constellations compared to GPS-only is
visible in 10 min observation sessions. For multi-GNSS com-
putation variants the number of fixed baselines increases by
40% in 10 min session when compared to GPS-only variant.
The presented results confirm the high potential of low-cost
receivers for the densification of geodetic control networks
in an area of up to 25 km and demonstrate the limitation of
reliability for long baselines. The length differences for the
baselines longer than 25 km is at the centimeter level accu-
racy, which corresponds to the results obtained for a single
long baseline [31]. Furthermore, the use of one geodetic-
grade receiver in a short baseline improves repeatability
by 20% compared to a baseline measured with two low-cost

receivers. The second frequency makes it possible to create
an ionosphere-free combination; however, the results pre-
sented in the paper show that the quality of long baselines
is much lower compared to baselines determined with the
use of geodetic grade receivers. This fact proves the lesser
potential of the low-cost receivers in long baseline creation.
The field experiment conducted to establish the local geode-
tic control network with a mixture of geodetic-grade and
low-cost receivers shows that the coordinate accuracy is
better than 17 mm and 40 mm for horizontal and vertical
component, respectively.

Although some papers report better accuracies [40, 42],
it is mainly because of the extended session lengths and the
use of geodetic-grade receivers as a base station.

The number of baselines with fixed phase ambigui-
ties and the high repeatability of the determined baseline
lengths confirm the usefulness of observations recorded
with low-cost receivers, especially for the determination of
short baselines. However, geodetic measurements require
robustness and integrity, which are still an issue in the
case of low-cost receivers. This issue may be solved by the
application of better quality antennas, advanced shielding
or algorithms reducing multipath effect.

The potential of low-cost GNSS receivers prompts
reflection on the possible applications in surveying and
geodetic work when setting up control and reference net-
works. Their usefulness can be even greater in the context
of practical applications that require less accurate results
at the centimeter level, such as precision agriculture, the
steering of construction machines, or transport machines in
the areas of container reloading.
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