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Abstract
With the increasing number of low-cost GNSS antennas available on the market, there is a lack of comprehensive analysis 
and intercomparison of their performance. Moreover, multi-GNSS observation noises are not well recognized for low-cost 
receivers. This study characterizes the quality of GNSS signals acquired by low-cost GNSS receivers equipped with eight 
types of antennas in terms of signal acquisition, multipath error and receiver noise. The differences between various types 
of low-cost antennas are non-negligible, with helical antennas underperforming in every respect. Compared with a geodetic-
grade station, GPS and Galileo signals acquired by low-cost receivers are typically weaker by 3–9 dB-Hz. While the L1, 
E1 and E5b signals are well-tracked, only 72% and 86% of L2 signals are acquired for GPS and GLONASS, respectively. 
The signal noise for pseudoranges varies from 0.12 m for Galileo E5b to over 0.30 m for GLONASS L1 and L2, whereas 
for carrier-phase observations it oscillates around 1 mm for both GPS and Galileo frequencies, but exceeds 3 mm for both 
GLONASS frequencies. Antenna phase center offsets (PCOs) vary significantly between frequencies and constellations, and 
do not agree between two antennas of the same type by up to 25 mm in the vertical component. After a field calibration a of 
low-cost antenna and consistent application of PCOs, the horizontal and vertical accuracy is improved to a few millimeter 
and a few centimeter level for the multi-GNSS processing with double-differenced and undifferenced approach, respectively. 
Last but not least, we demonstrate that PPP-AR is possible also with low-cost GNSS receivers and antennas, and improves 
the precision and convergence time. The results prove that selection of low-cost antenna for a low-cost GNSS receiver is of 
great importance in precise positioning applications.
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Introduction

Global navigation satellite systems (GNSS) significantly 
impact geodesy and surveying fields, including precise posi-
tioning (Correa Muñoz and Cerón-Calderón 2018), surface 
deformations (Martín et al. 2015), ionosphere (Yasyukevich 
et al. 2020) and troposphere remote sensing (Vaquero-Mar-
tínez and Antón 2021), tectonic plate motion monitoring 
(Jagoda 2021) as well as landslide monitoring (Komac et al. 
2015) or seismology (Nie et al. 2016). Despite results even 
at the submillimeter level, the primary limitation to the use 
of GNSS in various geoscience applications is the cost of 
the geodetic-grade receivers with associated high-precision 
antennas along with a high risk of damage or theft. With 
the emergence of low-cost GNSS receivers on the market, 
the cost of surveying with satellite techniques falls dramati-
cally, while work begins on the possibilities of using low-
cost receivers in novel geoscience applications.
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Current research indicates the high potential of low-cost 
GNSS receivers, both single and dual frequency, in position-
ing (Wielgocka et al. 2021), displacement detection (Biagi 
et al. 2016; Hamza et al. 2021a), deformation monitoring 
(Cina and Piras 2015), vehicle navigation (Skoglund et al. 
2016), autonomous agriculture (Han et al. 2017), as well 
as atmospheric studies (Krietemeyer et al. 2020). However, 
they still show deficiencies compared to geodetic receiv-
ers. The commonly used dual-frequency u-blox ZED-F9P 
chipsets are characterized by high sensitivity to signals 
reflected and degraded by the environment, up to − 160 dB, 
which simultaneously translates into increased vulnerability 
to the multipath effect (Romero-Andrade et al. 2021b) and 
a weaker signal of about 7 dB-Hz recorded by the devices 
compared to high-end receivers, especially for signals com-
ing from satellites at lower elevation angles (Wielgocka et al. 
2021). However, the lower-quality weaker signal recorded 
by low-cost devices still provides satisfactory results that 
can complement professional high-end geodetic receivers to 
densify existing monitoring networks for GNSS meteorol-
ogy (Marut et al. 2022). Kazmierski et al. (2023) found that 
utilizing observation networks comprising both low-cost and 
professional GNSS receivers enable the attainment of accu-
racies of 17 mm and 40 mm in the horizontal and vertical 
components, respectively. Bojorquez-Pacheco et al. (2023) 
achieved mm to cm level precision of horizontal coordi-
nates using low-cost receivers for static relative positioning. 
Moreover, it is shown that low-cost receivers meet the ISO-
17123–8 standard for measurements performed using the 
real-time kinematic (RTK) technique, with position deter-
mination uncertainties at the level of 5.5 mm and 11.0 mm, 
respectively, horizontally and vertically (Garrido-Carretero 
et al. 2019). RTK positioning allows for the use of low-
cost GNSS receivers in traditional cadastral measurements 
(Wielgocka et al. 2021; Hamza et al. 2023). The accuracy 
of the obtained final Zenith Total Delay (ZTD) at the level 
of 4 mm (Krietemeyer et al. 2020) legitimates these devices 
for meteorological projects such as E-GVAP (http://​egvap.​
dmi.​dk/). The potential of low-cost GNSS devices in tropo-
spheric studies is further confirmed by the high precision of 
the determined integrated water vapor (IWV) at the level of 
0.3 kg/m2 compared to a collocated water vapor radiometer 
(Marut et al. 2022). The analyses also show a high agree-
ment of GNSS measurements performed with both low-cost 
and geodetic receivers, aligning with the ERA5 tropospheric 
model to an accuracy level of up to 10 mm (Stępniak and 
Paziewski 2022).

At the same time as testing the potential of low-cost 
GNSS receivers, the scientific community seeks ways to 
overcome their limitations. Takatsu and Yasuda (2008) sug-
gest replacing the low-cost patch antenna with one of better 
specifications. Hamza et al. (2021b) confirm that the use 
of at least survey-grade antennas allows positioning with 

accuracy of single millimeters under favorable measurement 
conditions and detecting displacements larger than 4 mm. 
However, under less favorable urban conditions, replacing 
the antenna, even with a geodetic-grade antenna, does not 
significantly improve the results due to the high vulnerability 
of the receiver to registering reflected and degraded signals 
(Hamza et al. 2023). In addition to replacing the antenna, it 
is also recommended to extend the measurement period and 
increase the sampling frequency to 1 s (Romero-Andrade 
et al. 2021a). A noticeable improvement is also achieved by 
using circular ground planes, which limit the registration 
of reflected signals. Zhang and Schwieger (2018) propose 
a choke-ring ground planes dedicated to low-cost anten-
nas, which improve the obtained results by 50% and 35%, 
respectively, compared to results for antennas without any 
ground planes and with a flat ground plane without a choke-
ring. Paziewski et al. (2019) suggest changing the stochastic 
model by altering the observation weighting scheme, e.g., 
using the signal-to-noise (SNR) ratio-based approach for 
smartphone positioning, which improves coordinate preci-
sion by up to 40%. Krietemeyer et al. (2022) notice that 
results obtained with low-cost antennas are affected by the 
lack of antenna calibration models, i.e., phase center offsets 
(PCO) and phase center variations (PCV). The application 
of individual calibration methods established for geodetic 
antennas would significantly increase the cost of low-cost 
GNSS devices. A field method for GPS, PCO and PCV 
determination reduces the error of the height component 
by half (Krietemeyer et al. 2022). Odolinski and Teunissen 
(2020) propose replacing the classical ambiguity resolution 
(AR) approach in relative positioning with the best integer 
equivariant (BIE) estimation, which allows for obtaining at 
least the same results as in the common AR approach.

Despite many recent advancements in low-cost GNSS, 
some topics still remain open. With the increasing number 
of low-cost antennas available on the market, there is a lack 
of comprehensive analysis of their performance, includ-
ing vulnerability to multipath, repetitiveness of PCO/PCV 
models or their agreement with models provided by the 
manufacturer. Multi-GNSS observation noises are not well 
recognized for low-cost receivers, even though this knowl-
edge may significantly contribute to the redefinition of the 
stochastic model. Moreover, it has not been yet confirmed if 
Precise Point Positioning-Ambiguity Resolution (PPP-AR) 
is possible with low-cost GNSS surveying equipment.

The goal of this study is to further characterize the qual-
ity of GNSS signals acquired by low-cost GNSS receivers 
equipped with various antennas. Therefore, we set up a test 
platform that allows the deployment of up to 14 colocated 
antennas simultaneously. In the signal acquisition section, 
we analyze track capability, signal-to-noise ratio (SNR) 
and code multipath error for eight different types of anten-
nas. In the receiver noise estimation section, we investigate 

http://egvap.dmi.dk/
http://egvap.dmi.dk/
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double differences of code and phase observations using 
a zero-baseline approach utilizing a GNSS splitter. The 
PCO determination part is dedicated to the estimation of 
frequency-specific PCOs for each GNSS. The following sec-
tions present multi-GNSS positioning results using double-
difference (DD), PPP and PPP-AR techniques with null and 
estimated PCOs. In each section, a description of the meth-
ods is given followed by the corresponding results.

Test platform and GNSS instrumentation

In order to acquire the GNSS data from low-cost receivers, 
we perform a continuous measurement campaign, which 
takes place from July 5th to July 18th, 2022. We use 14 
antennas and receivers setup on the roof of the Institute of 
Geodesy and Geoinformatics, Wrocław University of Envi-
ronmental and Life Sciences, Poland, using the test platform 
located approximately 20 m from the International GNSS 
Service (IGS) WROC station (Fig. 1). To determine the ref-
erence coordinates of mounting points, we perform daily 
static measurements with geodetic-grade GNSS receivers 
simultaneously on four corner points and determine their 
horizontal coordinates with respect to the WROC station 
with the baseline processing using the Bernese 5.2 software 
(Dach et al. 2015). We measure horizontal distances between 
all neighboring points and determine reference coordinates 
of the inner points using the least squares adjustment. The 
vertical coordinates of all measured points were determined 
using precise leveling with respect to the WROC station. 
The estimated accuracy is 2 mm and 1 mm for horizontal 
and vertical components, respectively.

We use the in-house developed receivers equipped with 
the widely used low-cost high-precision GNSS module 
u-blox ZED-F9P and the microcomputer Raspberry Pi Zero 
W. The receivers track GPS L1 C/A and L2C, GLONASS 
L1OF and L2OF and Galileo E1 B/C and E5b and Bei-
Dou B1I and B2I signals. The devices utilize proprietary 
software written in the Python programming language, 
enabling bidirectional communication between the micro-
computer and the u-blox module. We store dual-frequency 
carrier-phase and code observations in the RINEX v.3 
format with 30 s sampling rate and elevation mask of 3°. 
Due to software limitations, we reject observations from 
BeiDou. We connect 12 low-cost receivers to six pairs of 
low-cost antennas available on the market: ArduSimple 
AS-ANT2B-SUR-L1L2-25SMA-00 (AS2S, version with 
no NGC calibration), ArduSimple AS-ANT3B-CAL-
L1256-SMATNC-01 (AS3C), Taoglas Colloseum (TGCL), 
Taoglas MagmaX2 (TGMA), Tallysman TW3972 (TALL) 
and u-blox ANN-MB-00–00 (UBLX) (Fig. 1). The two 
remaining receivers we connect to two geodetic-grade anten-
nas, namely Leica AS10 (LEIC) and JAVAD GrAnt-G3T 
(JAVD), which allow for connection to receivers with lower 
output voltage. For antennas, such as UBLX, TGCL, TGMA 
and TALL, whose construction prevents factory centering 
as envisaged by the manufacturer, we develop and manufac-
ture dedicated mounts using computerized numerical control 
(CNC) technology. These mounts facilitate precise center-
ing at the measurement point. Only three low-cost antennas, 
i.e., AS3C, UBLX and TALL, clearly indicate the North 
direction. For AS2S and TGMA, we apply the convention 
of using the off-centered antenna cable attachment point as 
the north marker. For the TGCL antenna, the antenna cable 

Fig. 1   Test platform with 14 
low-cost GNSS receivers con-
nected to 12 low-cost and two 
geodetic-grade GNSS antennas 
during the first measurement 
campaign
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connector is centered at the bottom plate; thus, the manufac-
turers seem to assume null horizontal PCOs and no azimuth-
dependent PCVs. Since all test antennas are colocated in 
open-sky conditions, and acquire observations simultane-
ously, we consider the comparison fair and equally affected 
by environmental effects.

Moreover, from May 26th to 28, 2023, we connect one 
AS3C antenna to four low-cost receivers through a GPS 
Networking ALDCBS1X8 active splitter and store 3 days 
of multi-GNSS observations for further analysis of signals’ 
noises.

Signal acquisition

Due to the short distance between the WROC station and 
the setup test platform, the direct comparison of signals 
tracked by geodetic-grade and low-cost GNSS antennas is 
possible. We assume that colocated receivers should concur-
rently track the same satellites, and thus, a similar number 
of observations should be available. While WROC station 
uses multiple signal tracking modes, low-cost receivers are 
limited to GPS (C1C, L1C, C2L, L2L), GLONASS (C1C, 
L1C, C2C, L2C) and Galileo (C1C, L1C, C7Q, L7Q). There 
is no direct match for the second GPS frequency, so, as an 
exception, we use C2W and L2W from station WROC as a 
reference. For each GNSS constellation and frequency inde-
pendently, we calculate the acquisition ratio defined as the 
percentage of observations acquired with low-cost receivers 
and observations available at geodetic-grade receiver con-
nected to a high-end antenna, i.e., station WROC.

Results

We notice that acquisition ratios are similar for code and 
carrier-phase observations, but depend on GNSS and fre-
quency; hence, we analyze results averaged for both types 
of observations over the two-week period (Fig. 2). For the 
first frequency, low-cost receivers achieve acquisition ratios 
exceeding 99% in most cases. Only two types of low-cost 
antennas have significantly lower ratios, i.e., TGCL with the 
lowest ratio of 89.6% for GLONASS and 95.5% for Galileo 
and TALL with a ratio equal to 96.4% for GLONASS. For 
the second frequency, there are major differences among 
GNSS constellations. For Galileo, the ratios are compara-
ble or slightly lower than the ratios at the first frequency, 
i.e., for E1 and E5b the mean among all receivers was 99% 
and 97%, respectively. Again, both TGCL and one TALL 
antennas perform significantly worse than other antennas. 
Noticeably, for GPS and GLONASS the ratios for the second 
frequency are lower by up to 28% as compared to the first 
frequency. The average ratios are 71.4% and 85.7% for GPS 

and GLONASS, respectively. Both TGCL antennas under-
perform, whereas the ratio for the TALL antenna is similar 
to ratios for other low-cost antennas.

Furthermore, we analyze the SNR and multipath param-
eters using the Anubis Free 3.3 software (Vaclavovic and 
Dousa 2015). The detailed procedure for calculating code 
multipath is presented in the user manual of the Anubis 
software (https://​gnuts​oftwa​re.​com/​themes/​gnut/​assets/​files/​
anubis_​manual.​pdf?​v3). We notice that GPS and Galileo 
signals acquired by low-cost receivers are typically weaker 
than signals from WROC station by 3 dB-Hz to almost 
9 dB-Hz (Fig. 3). For GLONASS, most low-cost anten-
nas achieve similar SNR as station WROC, but it is rather 
due to the underperformance of station WROC, for which 
GLONASS SNRs are lower by c.a. 5 dB-Hz than for other 
GNSS. Whereas we observe a typical increase of the SNR 
with the increasing elevation angle, the two TGCL antennas 
do not reveal such characteristics, which we attribute to their 
helical construction (Narbudowicz 2021). We notice that 
various antennas have varying characteristics, but the dif-
ferences between any two antennas of the same type remain 
at 1 dB-Hz level, except the TALL antennas, for which they 
reach up to 3.5 dB-Hz (GLONASS L1).

The code multipath analysis reveals a major increase in 
the multipath for both low-cost and geodetic-grade antennas 
connected to low-cost receivers compared to the high-grade 
receiver and antenna on station WROC (Fig. 4). For station 
WROC the multipath typically remains below 20 cm, whereas 
for low-cost antennas, signals coming from the same azimuth 

Fig. 2   Acquisition ratios between low-cost receivers and station 
WROC for the first (left) and the second (right) frequency

https://gnutsoftware.com/themes/gnut/assets/files/anubis_manual.pdf?v3
https://gnutsoftware.com/themes/gnut/assets/files/anubis_manual.pdf?v3
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and elevation are affected by multipath c.a. 5 times more (even 
20 times more for TGCL antennas) for all GNSS. Multipath 
remains two times lower for the second frequency than for 
the first frequency, except low-elevation observations, for 
which the multipath on both frequencies is similar. The JAVD 
antenna connected to the low-cost receiver shows no signifi-
cant difference in recorded multipath compared to the survey 
AS3C antenna, for which the results are at a similar level. 
However, both antennas exhibit noticeable distinctions when 
compared to the UBLX antenna. While there are no major 
differences between the majority of low-cost antennas, both 
TGCL antennas performed significantly worse with multipath 
frequently exceeding 2 m.

Fig. 3   SNR characteristics with respect to elevation angle for low-
cost antennas and station WROC for each satellite system and fre-
quency

Fig. 4   Multipath effect for WROC station and selected low-cost 
antennas for the first (left) and the second (right) frequency
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Receiver noise estimation

Following Ruwisch et al. (2020), we form six possible com-
binations of four receivers taken two at a time. Using obser-
vations with ideally corresponding time stamps, we calculate 
double difference of code and phase observations as:

where ∇Δx is the doubled differenced code or phase obser-
vation in meters or cycles, respectively, x is the measured 
code or phase observation in meters or cycles, respectively, 
m and n denote two receivers from pair, p and q denote two 
satellites from the same satellite’s system, f  is the frequency 
of observations, N  is the ambiguity part (only for phase 
observation) and � is the error of differenced observations. 
The ambiguity part is integer by nature; thus, the fractional 
part of the double-differenced carrier phases indicates the 
observation noise. However, due to frequency division mul-
tiple access (FDMA) in GLONASS, a linear fitting method 
is applied to reject unmodeled effects (Cai et al. 2016). 
Moreover, despite the exact time stamps of observations in a 
pair of RINEX files, due to the low-quality internal clocks of 
low-cost receivers, we assume a mis-synchronized reception. 
Since it is not eliminated by double differencing, it affects 
the ambiguity part, so we subtract it using the linear fitting 
for each continuous arc of observations.

We notice that the noise level of code observations is 
GNSS and frequency dependent (Fig. 5, top). For the first 
frequency, it ranges from 0.5 m to approximately 1 m, being 
typically the lowest for Galileo and the largest for GLO-
NASS. For pseudoranges recorded at the second frequency, 
we observe a significant reduction of the noise level for Gali-
leo observation, i.e., it remains below 0.4 m. There is a slight 
improvement also for GPS pseudoranges, but very limited 
or none for GLONASS. For GPS L1/L2 and Galileo E1/
E5b, the noise of carrier-phase observations does not exceed 
5 mm (Fig. 5, bottom). For GLONASS, we observe that the 
noise level varies over time, especially for the L2OF. The 
noise of observations is nearly twice as large as for other 
GNSS and at times exceeds 10 mm and 20 mm for the first 
and second frequency, respectively.

For each pair of receivers, we calculate standard devia-
tion of noise among the entire test period, independently for 
each GNSS, observation type (code or carrier phase) and 
frequency (Fig. 6), and consider it as a reliable measure of 
the observation noise. We find that the noise for GPS and 
Galileo is consistent across all receiver pairs. The average 
for GPS code observations is 0.25 m and 0.20 m for C1 
and C2, respectively. For Galileo the corresponding values 
are lower, i.e., 0.20 m and 0.12 m, respectively. For GLO-
NASS, there are relatively large differences between pairs 
and the noise varies from 0.24 to 0.40 m, with the average 

(1)∇Δx =
(

xf ,p
m

− xf ,q
m

)

−
(

xf ,p
n

− xf ,q
n

)

= �
x
f ,pq
mn

+ Nf ,pq
mn

Fig. 5   Double-differenced code (top) and carrier-phase (bottom) 
observations for the first (left) and the second (right) frequency, 
GNSS receivers BX03-BX08

Fig. 6   Standard deviation of code (top) and carrier-phase (bottom) 
observation noises at first (left) and second (right) frequency catego-
rized by GNSS and receivers’ pair
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of 31 mm for both frequencies. The carrier-phase noise is 
the lowest for GPS L1, i.e., 0.9 mm on average, and slightly 
larger for GPS L2 and both Galileo frequencies, reaching 
up to 1.4 mm. For GLONASS, the average noise of carrier-
phase observations is 3.5 mm and 3.0 mm for the first and 
second frequency, respectively. The significantly larger level 
of noise for GLONASS code and carrier-phase observation 
we justify by the frequency spacing due to the FDMA.

PCO determination

We use the Bernese 5.2 software (Dach et al. 2015) and the 
baseline strategy to estimate daily coordinates of low-cost 
antennas using single-frequency and single GNSS observa-
tions. In this way, for each antenna, we determined electrical 
phase centers for each system and frequency independently 
with respect to the base station WROC. We compare the 
daily values against reference coordinates of the physical 
center points of the test platform and determine the corre-
sponding differences in the North, East and Up directions. 
Although these differences were estimated in the relative 
mode, through the use of individual calibration model for 
base station WROC, we consider them as absolute. Due to a 
very good agreement between daily solutions, we determine 
PCOs as:

where x is the calculated PCO in North, East and Up, respec-
tively, Δx is the corresponding daily difference between esti-
mated and reference position, f  is the frequency, s is the 
satellite system, t indicates the day and � is the a posteriori 
error of the estimated position component. For validation 
purposes, we use the same strategy to determine PCOs of 
two geodetic-grade antennas, i.e., JAVD and LEIC, which 
have individual and model calibrations, respectively. We 
also compare estimated PCOs for AS3C antennas against 
the National Geodetic Survey (NGS) model for GPS.

Figure 7 presents the daily differences obtained for the 
Galileo system, as a representative example. The differences 
in the horizontal and vertical components are antenna- and 
frequency dependent. For the two geodetic-grade antennas, 
the differences oscillate from − 6 to + 9 mm in the horizontal 
component and − 9 mm to + 8 mm in the vertical component, 
confirming that the applied method is accurate to sub-cm 
level, despite the use of a low-cost GNSS receiver. For the 
AS3C antennas, the estimated PCOs differ from the NGS 
model by up to 8 mm and 13 mm, for the horizontal and 
vertical components, respectively.

(2)xf
s
=

∑

Δx
f

s,t ⋅ �
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Δx
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For each antenna, the repeatability of daily differences 
is at the level of single millimeters, which proves the high 
precision of the applied method. However, this is not the 
case for the two TGCL and the two TALL antennas, for 
which the daily results vary among each other by tens of 
millimeters, both in the horizontal and vertical compo-
nents. The determined horizontal PCOs are typically on a 
few mm level and agree between two antennas of the same 
type. However, for the vertical component PCOs are much 
larger and differ by up to 25 mm (Table 1). Such a diver-
gence excludes the possibility of using a low-cost antenna 
for precise GNSS leveling unless individual calibration 
is provided. In light of the above, we decide not to cal-
culate model-averaged PCOs, but to use antenna-specific 
PCOs. We notice offsets in North and East components 
are typically below 5 mm, with a few offsets reaching up 
to 10 mm. However, the vertical offset for the majority of 
tested antennas is positive and reaches up to 82 mm. The 
PCO differences between frequencies are marginal for the 
horizontal components, while for the vertical component, 
they reach up to 38 mm, 54 mm and 41 mm for GPS, GLO-
NASS and Galileo, respectively.

Fig. 7   Coordinate differences in horizontal (left) and vertical (right) 
components for the first (top) and second (bottom) frequency of the 
Galileo system
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We also check the consistency of PCOs determined with 
various GNSS for the corresponding frequencies. Neglect-
ing the two TGCL and two TALL antennas, the L1 PCOs 
determined with GPS and Galileo agree better than 2 mm, 
but the differences for GLONASS L1 against GPS L1 reach 
up to 7 mm and 10 mm for the horizontal and vertical com-
ponents, respectively. For L2, PCOs between GPS and 
GLONASS differ up to 7 mm and 5 mm, respectively. The 
PCOs for Galileo E5b vary from PCOs for GPS L2 by up to 
4 mm and 10 mm, respectively. Such results imply that the 
adaptation of missing PCOs from other systems and/or fre-
quencies, which is a common case for low-cost antennas, is 
invalid and leads to inconsistent processing of multi-GNSS 
observations.

Positioning results

We perform four reprocessing of our data, i.e., (1) DD with 
null PCO (DDnull), (2) DD with determined PCO (DDpco), 
(3) PPP with null PCO (PPPnull) and (4) PPP with deter-
mined PCO (PPPpco). Both DD reprocessings are performed 
with the Bernese 5.2 software, and both PPP reprocessings 
are performed with the GNSS-WARP software (Hadas and 
Hobiger 2021). In all cases we process multi-GNSS observa-
tions, i.e., GPS + GLONASS + Galileo, we apply null PCV 
model, use multi-GNSS clock and orbits products provided 
by Center for Orbit Determination in Europe (CODE) as 
well as apply troposphere parameters obtained from the 
Vienna Mapping Functions 1 (VMF1, Boehm et al. 2006). 
The resulting daily coordinates are compared against the 
reference ones.

Multi-GNSS DD.
Before applying the PCO, the multi-GNSS DD daily solu-

tions, i.e., DDnull, occurred to be highly precise for most 

stations, i.e., the horizontal repeatability of the coordinates 
is at the level of single millimeters (Fig. 8, top left). Since 
the results obtained for stations equipped with both TGCL 
and one TALL antennas are highly imprecise and inaccu-
rate, they will no longer be discussed in this section, but the 
results are presented in the figures. For the other stations, 
the estimated coordinates are typically biased toward the 
South and East directions by up to 10 mm. Moreover, we 

Table 1   Estimated vertical 
PCOs [mm]

[mm] G1 G2 R1 R2 E1 E5b

JAVD 16.6 29.6 14.4 27.5 14.5 26.1
LEIC 50.1 57.9 51.5 55.5 49.8 54.9
AS3CI 48.3 38.2 48.5 41.3 47.6 32.0
AS3CII 51.0 51.1 51.8 52.3 50.3 47.6
AS2SI 40.5 40.9 41.7 38.8 39.7 39.0
AS2SII 48.4 51.0 47.3 52.0 47.0 47.3
UBLXI − 0.2 17.3 − 0.3 20.7 − 1.8 15.8
UBLXII − 8.3 14.9 − 9.6 13.2 − 9.9 4.6
TGMAI 3.0 10.0 − 7.6 13.7 − 0.1 5.5
TGMAII − 3.2 10.4 − 7.6 15.0 − 3.2 6.0
TGCLI 23.2 −  −  −  − 3.7 − 60.2
TGCLII − 2.7 − 39.5 −  − 45.8 8.3 − 44.2
TALLI − 2.2 − 46.8 − 2.1 − 30.3 − 2.9 − 52.6
TALLII 8.2 − 33.8 16.3 − 25.7 10.0 − 27.3

Fig. 8   Horizontal (left) and vertical (right) differences of daily posi-
tions from the DD solutions with null PCOs (top) and with the deter-
mined PCOs (bottom)
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notice that most stations equipped with the same antenna 
type reveal consistent horizontal offsets. For the vertical 
component, we reach a sub-centimeter precision (Fig. 8, 
top right). The vertical biases vary from − 55 to + 60 mm. 
More important, for some stations equipped with the same 
antenna type, i.e., AS3C, AS2S and UBLX, the offsets are 
not consistent by up to 9 mm.

In the corresponding DD solution with PCO applied, i.e., 
in DDpco, we notice a clear improvement of accuracy for 
both the horizontal (Fig. 8, bottom right) and vertical (Fig. 8, 
bottom left) components. The horizontal and vertical differ-
ences do not exceed 2 mm and 3 mm, respectively. Consist-
ent DDpco results are obtained among stations equipped 
with the same antenna type. The repeatability of coordinates 
estimated with low-cost antennas remains at a similar level 
to coordinates estimated with geodetic-grade antennas, i.e., 
standard deviations do not exceed 0.6 and 1.0 mm for the 
horizontal and vertical components, respectively.

Multi-GNSS PPP.
The multi-GNSS PPP solutions with null PCOs, i.e., 

PPPnull (Fig. 9, top), are less precise and less accurate than 
DDnull. The results obtained for stations equipped with both 
TGCL and one TALL antennas are so highly imprecise and 
inaccurate, that only individual solutions are presented in the 
figure, whereas others exceed the scale. Therefore, results 
from these three antennas will no longer be discussed in 

this section. PPPnull allows us to reach precision better than 
20 mm in the horizontal and vertical components, with sub-
cm horizontal offsets and vertical offsets varying from − 77 
to + 32 mm. Most stations equipped with the same antenna 
type reveal consistent horizontal offsets and vertical offsets 
varying at the sub-cm level.

Application of determined multi-GNSS PCOs to PPP 
solutions increases both the accuracy and the precision of 
estimated coordinates. All solutions are shifted westward by 
6 mm on average and we obtain sub-cm precision, which we 
justify by the limitations of the PPP technique. In the vertical 
component, the precision is not improved with respect to the 
PPPnull solutions, but offsets are dramatically reduced for 
all antennas but still vary from − 15 to + 30 mm. Again we 
find sub-cm inconsistencies between solutions obtained with 
stations equipped with the same type of antenna.

Although PPPpco (Fig. 9, bottom) solutions are not as 
good as DDpco solutions, it should be noted that DDpco 
is obtained with the same software and analogous strategy 
that we use for PCO estimation, which is not the case for 
PPPpco.

PPP with ambiguity resolution

Since PPP-AR requires not only precise satellite and clock 
correction, but also code and phase biases, we use real-time 
products from CNES, which we find to be the only analysis 
center providing the set of products being fully consistent 
with the tracked signal (in RINEX 3 notation GPS: C1C, 
C2L, L1C, L2L; Galileo: C1C, C7Q, L1C, L7Q). We per-
form four different variants of simulated real-time data 
processing, i.e., (1) PPP with null PCO (PPPnull), (2) PPP 
with determined PCO (PPPpco), (3) PPP-AR with null PCO 
(ARnull) and (4) PPP-AR with determined PCO (ARpco). 
We process GPS and Galileo observations using the G-Nut/
Geb Pro software. Receiver signal biases are eliminated 
through between-satellites single-differences (Vaclavo-
vic and Nesvadba 2020). Integer ambiguities are resolved 
with the least-squares ambiguity decorrelation adjustment 
(LAMBDA) method incorporating the float ambiguity solu-
tion from the Kalman filter as input.

For the ARpco variant, the ambiguity fixing rate, defined 
as the ratio of the number of fixed epochs to the number of 
total epochs, oscillates around 99% for all low-cost receivers 
except those equipped with TALL and TGCL antennas, for 
which the fixing rates are 98% and 5%, respectively. This 
is comparable with the fixing rate of 99.2% obtained for 
the colocated geodetic-grade station WROC. The fixing rate 
of the ARnull variant was lower by c.a. 0.5%. We notice 
that PPP solutions with the determined PCOs are slightly 
more accurate than respective solutions with null PCOs, 
and the ambiguity resolution improves the repeatability, 

Fig. 9   Horizontal (left) and vertical (right) differences of daily posi-
tions from the PPP solutions with null PCOs (top) and with the deter-
mined PCOs (bottom)
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i.e., standard deviation of coordinates, especially of the East 
component (Fig. 10).

The most accurate results were obtained from stations 
equipped with low-cost AS2S and AC3C antennas, and 
are comparable to results obtained with the geodetic-grade 
LEIC antenna. We evaluated in terms of convergence time 
to achieve 5 cm horizontal/vertical accuracy. Convergence 
is considered achieved when the horizontal/vertical standard 
deviation of at least 10 consecutive epochs (5 min) did not 
exceed 5 cm. The determined PCOs allow for slightly faster 
convergence time, while the ambiguity resolution improved 
the convergence time except for the station equipped with 
the UBLX antenna (Fig.  11). Again, TALL and TGCL 
antennas underperform, while the fastest convergence is 
obtained with AS2S, AS3C and LEIC antennas.

Conclusions

Antennas have been identified as the main limiting hardware 
factor for precise positioning applications with low-cost 
receivers. Therefore, we compare the performance of six 
types of low-cost antennas with two geodetic-grade antennas 
in terms of signal acquisition, SNR and multipath character-
istics. We estimate receiver noise and determine PCOs for 
individual constellation and frequencies. Finally, we inves-
tigate the accuracy and precision of GNSS positioning with 
DD and PPP technique. For the latter, we investigate the 

feasibility of doing PPP-AR. We reveal clear differences in 
the performance of the test antennas, which are as follows.

•	 The acquisition of GPS L1, Galileo E1 and E5b signals 
with low-cost antennas is similar to geodetic-grade anten-
nas, which is not the case for GPS L2 and GLONASS L2. 
Both tested TGCL helical antennas acquire significantly 
less observations that other test antennas, especially for 
the GLONASS L1 frequency.

•	 Helical antennas underperform in terms of SNR char-
acteristics, whereas the other antennas acquire signals 
weaker by c.a. 3 dB-Hz compared with a geodetic-grade 
antennas.

•	 Low-cost antennas appear to be vulnerable to the mul-
tipath effect; for most test antennas, it is on average 5 
times larger than for a geodetic-grade antenna.

•	 Antenna PCOs vary significantly between frequencies 
and constellations; moreover, they do not agree between 
two antennas of the same type by up to 25 mm in the 
vertical component.

Moreover, we notice that the noise of signals tracked by 
low-cost receivers is constellation and frequency dependent. 
For pseudoranges, the noise varies from 0.12 m for Galileo 
E5b to over 0.30 m for GLONASS L1 and L2, whereas for 
carrier-phase observations, it oscillates around 1 mm for 
both GPS and Galileo frequencies, but exceeds 3 mm for 
both GLONASS frequencies. Such results indicate the need 
of redefinition of the stochastic model, i.e., the altering the 
multi-GNSS observation weighting scheme.

Fig. 10   Repeatability of the North, East and Up coordinates com-
ponents of float PPP (top) and PPP-AR (bottom) solutions with null 
(left) and determined (right) PCOs

Fig. 11   Average time required to achieve 5  cm horizontal/vertical 
accuracy (95%) of float PPP and PPP-AR solutions with null and 
determined PCOs
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Our results confirm that selection of low-cost antenna 
for a low-cost GNSS receiver is of great importance in 
precise positioning applications. Although the horizontal 
coordinates can be accurately estimated with the majority 
of antennas, the accurate determination of station height 
requires individual determination of PCO. The proposed 
field-calibration method, that allows to determine the off-
sets with sub-centimeter accuracy for all GNSS constella-
tions and individual frequencies, improves the multi-GNSS 
positioning performance, i. e.:

•	 The accuracy of daily static DD solutions is better than 
2 mm and 3 mm for the horizontal and vertical compo-
nents, respectively,

•	 In daily static PPP solutions, sub-cm accuracy is obtained 
for horizontal coordinates, whereas vertical offsets vary 
from − 15 to + 30 mm.

Positioning results that we obtain with AS2S, AS3C and 
TGMS antennas are the best among low-cost antennas and 
are similar to results obtained with both tested geodetic-
grade antennas. However, it is expected that the differences 
are more highlighted when working in adverse conditions.

Last but not least, we demonstrate that PPP-AR is pos-
sible also with low-cost GNSS receivers and antennas. AR 
improves the convergence time and repeatability, i.e., preci-
sion, of estimated coordinates. The AR success rate that we 
achieve with AS2S and AS3C antennas exceeds 99% and is 
comparable to both tested geodetic-grade antennas.
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