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Abstract: Nowadays, with the incursion of low-cost GNSS receivers with modern characteristics,
it is common to investigate and apply new methodologies and solutions with different receivers
of this nature. Based on this fact, the performance of the solution obtained from the low-cost GNSS
receiver is evaluated compared to a geodetic grade GNSS receiver at different sampling frequencies
for the PPP-static and PPP-kinematic modes. For this, the original RINEX observation files were
analyzed and decimated into different sampling rates as 0.1, 0.2, 1, 5, 15 and 30 s with TEQC
software. All RINEX files were submitted to the Canadian Spatial Reference System Precise Point
Positioning (CSRS-PPP) online service for processing with static and kinematic modes. The PPP-
derived coordinates from the low-cost GNSS receiver were compared with the geodetic receiver to
evaluate the obtained solution. The results reveal that the behavior of all studied sampling rates from
the low-cost GNSS receiver are constant in achieved positioning. In addition, the achieved precision
shows that it is recommendable to use a high sampling rate to obtain a cm level in PPP-static mode
by using a low-cost GNSS receiver, this mode being the most accurate and potential alternative for
structural health monitoring studies, mapping and positioning in urban areas.

Keywords: low-cost GNSS receiver; PPP; GNSS high rate

1. Introduction

With the advance and improvement of the global navigation satellite systems (GNSS)
and geodesy, new receivers with different characteristics have appeared. In this sense,
the new low-cost GNSS receivers are a reality in geodetic works. These receivers first
appeared in the 1990s as a cheaper alternative to the high prices of geodetic receivers [1].
The low-cost GNSS receivers are sometimes called “high sensitivity” due to their capability
of tracking -160 dB [2], which causes the receiver to track weak signals that were degraded
by objects surrounding the antenna [1].

The low-cost GNSS receivers have been implemented and tested in several ways,
such as structure monitoring [3-5], RTK mode under ISO [6], geodetic baseline [1,7], com-
parison of precise point positioning (PPP) and static relative methods [8], meteorology and
mapping [2,9], in different technologies [10], by testing the performance with a single fre-
quency by constraining the distance from of the baseline [11], geodetic monitoring [12], etc.

Based on the above, it is common to use the static relative method using carrier
phase observations with at least two receivers simultaneously (one rover and the other
as a reference with well-known coordinates) to obtain high accuracy [13]. The collected
data could be processed with commercial or scientific GNSS software depending on the
work objective (i.e., topography could be processed with the Topcon Tools software or
crustal deformation purposes with the GAMIT/GLOBK software in the same way as when
using commercial software, as the user does not need an advanced knowledge of GNSS
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processing methods, unlike when using scientific software where the user needs a complete
and advanced knowledge of the topic) [14]. In the state of the art, the main works are related
to testing the performance of low-cost GNSS receivers using the static relative method [8,15]
and the RTK (real-time kinematic) method [6,16]. A new strategy implemented in this
research paper is using the PPP technique to test the performance of GNSS measurements
with low-cost receivers when they are processed with online software with different
sampling frequencies. The PPP technique is well known as a potential alternative to
relative positioning as it can achieve precision in the order of millimeters [13,17]. The PPP
technique for estimating geodetic networks and reference stations using a single receiver
was proposed by [18] and improved by [19]. This method provides centimeter to millimeter
levels and accurate positioning (sometimes with the increase in the geomagnetic storm
intensity, some stations suffer a degradation of positioning at high-altitude regions [20])
within a consistent global reference frame [21]. Some advantages are notable, such as the
use of a single receiver, highly accurate positioning, real-time PPP, compatibility of use in
urban canyons [22] and their suitability for monitoring structures. Due to the achievable
millimeter precision, and the ability to achieve measurements at high sampling frequencies,
the PPP technique provides better dynamic analysis of structures [17,23,24].

More recently, as a result of the improvement of some components (such as antenna
and receiver capability) in the geodetic receivers (including the low-cost GNSS receivers),
the high sampling rate in data collection and processing is possible [25]. According to [26],
PPP-based high-rate GNSS started to be used in seismology, structural health monitoring
of civil infrastructure [27], etc. Based on this fact, the main objective of this research is to
compare the performance and suitability in the positioning precision when using different
sampling rates to determine which of them achieves the best positioning, when using the
PPP method in static and kinematic mode, with a low-cost GNSS receiver. The solutions
of a geodetic GNSS receiver will be taken as a reference. This research also aims to show
that low-cost GNSS receivers are a possible alternative to geodetic order receivers in
applications where centimeter accuracies are required [26,28-30]. Likewise, the research
aims to prove the potentiality of the GNSS low-cost receivers at high sampling rates and
obtained positioning.

This paper is organized as follows. In Section 1.1, the functional mathematical model
of the PPP method is introduced. Section 2 describes the experimental setup, data collection
and processing strategies. The results are discussed in Section 3, and the conclusions are
given in Section 4.

1.1. The Precise Point Positioning Method

The PPP method is commonly used for processing measurements or GNSS observa-
tions of a single GNSS receiver due to its capability to compute position with high accuracy.
According to [17], the model for dual-frequency GNSS receivers with pseudo-range and
carrier-phase observables on L; and L, between a receiver j and satellite k is:

k k k k k j k
PLi = p}( +c (dT] —dt ) + dorb + Cltrop + Clion,Li + d]hd,PLi - dhd,PLi
+dmult,PLi + €PLi

M

OF = pk +c(dT; — dt*) + d¥, + difop — i, + AN, +d), a1 o

—dﬁd@Li + dmue e, T €y,
where: CI>1ﬁi and Plﬁi are the carrier-phase and pseudo-range measurements on the frequency
L;, respectively; pjk is the geometric distance between receiver j and satellite k, respectively;
c is the theoretical speed of light; dTj and dt* are the clock errors of the receiver and
satellite, respectively; dlérb is the satellite orbit error in m; dfmp is the troposphere delay in
m; d%‘on’Li is the first order ionosphere effect on the frequency L; in m; dL dpr, and d]h dp,

are the satellite and receiver hardware delays, respectively, for the L; pseudo range in m;
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d]h 4,0, and dﬁdﬁbLi are the satellite and receiver hardware delays, respectively, for the L;
carrier phase in m; dpp,. and dyue,. are the multipath errors of the pseudo range
and carrier phase on the frezluency L; in m, respectively; ep, and eq, are the noise errors
on the pseudo range and carrier phase on the frequency Li1 inm, relspectively; A, is the
wavelength of the frequency L; in m; and Ny, is the ambiguity on the frequency L; in cycles.

On the other hand, to reduce errors in the positioning, the use of precise orbit and
clock corrections is fundamental [17,31,32]. The dual-frequency PPP is used to form the
ionosphere-free combination of the carrier phase and pseudo range, this is expressed in
Equations (3) and (4):

2P, —£P k k k j
Py = féz = 0} + dom + ¢ (dT) — dt) + durop + dig p, 3)
_dﬁd,Pif + deItrPif + €py
o B0 k ok K K
chf = W - p]’ +c (dT] dt ) + dorb + dtrop (4)

j k
—AitNi + dhd,(bif - dhd,<bif + dmult,(bif + e,

where: Pis and &y are the ionosphere free for the code and phase combination in m,
respectively; f; is the frequency of L; in Hz; Nj; is the combined ambiguity term in m;
and ¢ is the noise measurement. Alternatively, a new approach could be used for the
ionosphere combination (see [33] for further information).

2. Methodology

The methodology applied for this research is presented in Figure 1. First, the observa-
tions with the low-cost GNSS receiver and the geodetic receiver were made at different
dates, but it was considered that the same day and time should be used with the aim
to maintain similar conditions. Second, the value of the signal-to-noise ratio (SNR) and
multipath (MP) were extracted to inspect the intensity of the received signal and the in-
fluence of the multipath effect on the observations at a sampling frequency of 0.1 and
0.2 s (original sampling rate) for the low-cost GNSS receiver and geodetic receiver, re-
spectively. Likewise, the treatment of the RINEX [34] files was performed with TEQC
(translate/edit/quality check) software [35] in order to obtain different sampling rates
for the proposed comparative analysis. Third, the data were processed using the PPP
method in the online software CSRS-PPP [36,37] considering the static and kinematic mode
according to the observation epoch. Finally, the comparison was made considering the
difference between the precise coordinates obtained from a previous survey campaign [20],
processed using the Trimble Business Center software [38], and estimations derived from
the CSRS-PPP software. Coordinates obtained from a previous survey from a geodetic
receiver were taken as a reference, wherein the lower the difference the better the be-
havior was deemed to be [21]. Additionally, the precision reached was considered for
the comparison.

Signal-to-noise )
Campaigns: ratio, Multipath Stati(ésa':?fi::rhatic Comparison
Low-cost and geodetic receiver effect calculus, and mode P
RINEX treatment

Figure 1. Flowchart for the methodology implemented for the present research.

2.1. Experimental Setup and GNSS Data Collection

As was mentioned earlier, two observations were made at different dates, but it was
considered that the same day and time should be used to maintain similar conditions.
First, the campaign with the geodetic receiver (Figure 2a) was carried out on 7 February
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2020. Likewise, the observations with the low-cost GNSS receiver (Figure 2b) were carried
out on 16 October 2020. In both campaigns, the location was on a stable forced-centering
monument located on the roof of the Earth and Space Sciences faculty building, with a
clean surrounding antenna environment and optimal weather conditions.

(b)

Figure 2. GNSS receivers used: (a) geodetic order receiver; (b) low-cost GNSS receiver.

The low-cost GNSS receiver ZED-FIP of the U-Blox series was used for generating the
observations (Figure 3a). This low-cost GNSS receiver had 184 channels on the frequencies
of GPS: L1C/A, L2C; GLO: L10F L20F; GAL: E1B/C, E5b; and BDS: B1I, B2I signals.
A convergence time RTK < 10 s, cold start of 24 s and reacquisition time of 2 s were used,
along with a navigation and tracking sensibility of 167 dBm, cold start of —148 dBm and hot
start of —157 dBm. This was used with a SMA multiband antenna ANN-MB (Figure 3b).

(a) (b)
Figure 3. Equipment used: (a) low-cost GNSS receiver; (b) U-Blox antenna.

With the purpose of testing the impact of different sampling rates on PPP performance
using a low-cost GNSS receiver, the sampling rates of each receiver were configured at the
highest sampling rate that the equipment allows for. In this sense, the sampling rates were
set up to 0.1 and 0.2 s for the low-cost GNSS and geodetic receivers, respectively, with a
cut-off angle (elevation mask) of 15°. The duration of the observation was setup for 2 h
with the purpose of inspecting the data loss derived from the capability of the registering
of the low-cost GNSS receiver. Once the observations were made, the original RINEX of
both receivers were decimated with the TEQC software at 0.2, 1, 5, 15 and 30 s for the
low-cost GNSS receiver, and likewise, 1, 5, 15 and 30 s for the geodetic receiver. In the
same way, the multipath was calculated following the pseudorange multipath approach
proposed by [35]. In addition, the signal-to-noise ratio was calculated with the TEQC
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software for the original sampling rates (0.1 and 0.2 s), with the objective of finding some
influence or degradation in the received signal. In addition, in order to analyze the obtained
solution derived from the geodetic and low-cost GNSS receivers, the coordinates obtained
by using both receivers in both methods were compared to the precise coordinates that
were obtained by means of the Trimble Business Center [38] Software.

2.2. PPP-GNSS Data Processing

The new version (version 3) of the Canadian Spatial Reference System PPP service
software (CSRS-PPP) was used to process the GNSS data in kinematic and static mode.
The main novelty of CSRS-PPP version 3 is the implementation of PPP-AR algorithms [37],
which are used to resolve ambiguities for data collected as of 1 January 2018. When a spe-
cific set of corrections is applied to the observations of the carrier phase and the parameters
of the phase differences are estimated. The ambiguity parameters set up in the PPP filter
have an integer nature. Therefore, using sophisticated algorithmes, it is possible to identify
these integers and restrict their values. When this additional information is added to the
solution the accuracy improves. In version 3 of the CSRS-PPP online software the ambigu-
ity resolution is performed on the backward run. This means that epochs are processed
first in a chronological order to ensure that all information is available before resolving
ambiguities. Then starting with the last successfully processed epoch, ambiguity resolution
is attempted. This process is repeated for all epochs in reverse order, that is, from the
last to the first epoch. After the backward run is complete, a final back substitution is
performed to obtain the final values of all parameters of interest in the process: receiver
clocks, tropospheric zenith delays and positions (in kinematic mode) [37].

For the PPP-GNSS data processing, CSRS-PPP can use different types of orbits and
clock products such as rapid, ultra rapid and IGS final. For the experiment, the IGS final
orbits at 30 s by the International GNSS Service (IGS) were used. According to [21,36,39]
the software interpolates at the same sampling rate of the submitted RINEX by using the
clock corrections. In the same way, a positioning close to 1 h and 30 min is necessary for
kinematic and static mode, respectively. Thus, it allows it to solve the ambiguity of the
carrier phase [37]. In this sense, the convergence of the GNSS method is fixed when the
accuracy does not present changes or the ambiguities are constant. Table 1 summarizes the
options and models implemented in the processing the GNSS data.

Table 1. Summary of processing options used by CSRS-PPP.

Processing Mode Static and Kinematic
GNSS System GPS + GLONASS
Observations Code and phase

Frequency L, Ly
Precise satellite orbits Precise (IGS final)
Satellite product input CLK-RINEX
Product interpolation YES

Phase center corrections IGS (ATX)

Davis (GPT) for hydrostatic delay; Hopf (GPT)

Tropospheric model for wet delay; GMF for mapping functions

Ionospheric model Tono-free (L; and L)
Elevation cut off (degrees) 15
.. Low-cost 0.1,0.2,1, 5, 15, 30.
Observation intervals (s) Geodetic 02,1,5,15, 30.
Low-cost 2

Duration of observations (h) Geodetic 5
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Table 1. Cont.
Processing Mode Static and Kinematic
. Low-cost 10 09
Number of satellites tracked Geodetic GPS 17 GLONASS 13
Reference frame ITRF in consideration to the epoch of GNSS data

3. Results

As was mentioned earlier, the calculation of the multipath effect (Figure 4) and signal-
to-noise ratio (Figure 5) were made using the TEQC software for the low-cost GNSS
and geodetic receivers at 0.1 and 0.2 s, respectively. In [40], it is mentioned that the
multipath effect is inversely proportional to the signal-to-noise ratio, this is found in
Figures 4 and 5. The low-cost GNSS receiver registered a high value of the multipath
effect in both frequencies compared to the IGS recommended value of 0.3 m, this was
despite the fact that the low-cost GNSS receiver does not have a polarized antenna to
reduce the multipath effect. Nevertheless, a normal value of the multipath effect was
registered in general terms compared to the mean global value of the multipath effect in
IGS stations [41,42]. Despite the good behavior presented in the signal-to-noise ratio for the
low-cost GNSS receiver, the multipath effect obtains high values in contrast to the value
recommended by IGS and the geodetic receiver.

Multipath effect

0.50

[ [V
045" mmmP2 7

IGS recommended value (MP < 0.30 m)
0.40 — i

0.35— m

0.30

MP (m)
o
b

0.20 — B

0.15— 7

0.10 - 4

0.05 4

GEODETIC LOW-COST
Receivers

Figure 4. Multipath effect for the low-cost and geodetic GNSS receivers. Yellow line: IGS recom-
mended value (MP < 0.3 m).

The difference between the estimated and precise coordinates’ position was calculated
for each receiver in both modes at different sampling intervals (0.1, 0.2, 1, 5, 15 and
30 s). The values obtained for the low-cost GNSS receiver were small in high frequencies
(0.1 and 1 s) for the PPP-static mode, where the height and longitude values presented the
greatest difference in the solution. Nonetheless, the obtained values, in comparison with
the geodetic receiver, are high (Figure 6). For the low-cost GNSS receiver, the longitude
and height obtained solution was constant with the major difference. Regarding the best
solution, the low-cost GNSS obtained the best solution in 0.1 and 0.2 s due to the data
loss found at low frequencies. In the same way, for the low-cost and geodetic receivers,
the difference of the precise and estimated coordinates was constant in all cases. Likewise,
the geodetic receiver had the best estimation.
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Signal-to-noise ratio
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Figure 5. Signal-to-Noise ratio for the low-cost and geodetic GNSS receivers. Yellow line: IGS recom-
mended value (SNR > 36 dBHz).
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Figure 6. Difference between estimated and precise coordinates of the low-cost and geodetic receiver
by processing with PPP-static mode.

The standard deviation of the estimated positions for each receiver is presented in
Figure 7. As was found in Figure 6, the solutions obtained by the geodetic receiver were
small and constant. It is found that there is a clear correspondence between the sampling
rate and the standard deviation obtained for the low-cost GNSS receiver. In this sense,
the standard deviation obtained from the low-cost GNSS receiver is higher compared to the
standard deviation from the geodetic receiver, this is clear for all sampling rates. However,
the obtained deviation for 1 and 15 s showed the best results, the worst case being at 5 and
30 s. This is because the RINEX file corresponding to the sampling frequency of 5 s had a
lower percentage of observations, affecting the processing with the PPP method and the
final precision. On the other hand, according to [43] these differences in precision can also
be caused by the multipath effect and atmospheric errors (tropospheric and ionospheric).
It is also related to the fact that the low-cost GNSS antenna (Figure 3b) does not have an
IGS antenna calibration, this affects the obtained solution making it impossible at this point
to achieve a mm solution as a relative static method [44].
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Figure 7. Standard deviation (95%) of estimated positions of low-cost and geodetic receivers by
processing with PPP-static mode.

The low-cost and geodetic receivers were set up to the maximum sampling rate they
allow, 0.1 and 0.2 s, respectively. In this sense, if the low-cost GNSS receiver was set up to
0.1 s, the obtained values of the standard deviation should be smaller than the geodetic
receiver, this was not found. The difference obtained at 0.1 s by the low-cost GNSS receiver
is higher compared to the one obtained with geodetic receiver when constant in horizontal
and vertical components (Figures 8 and 9).

0.05 T T
0 I
-0.05 -+ =
53
=
-0.10 - -
-0.15 + =
I DLAT
IEDLON
[IDHGT
-0.2 1 |

0.1 s (low-cost) 0.2 s (geodetic)
Sampling rate

Figure 8. Difference between estimated and precise position of low-cost and geodetic receivers at 0.1
and 0.2 s respectively, by processing with PPP-static mode.

Table 2 presents a summary of the values obtained for the PPP-static mode. For the
geodetic receiver, the obtained results are similar in all cases with a precise obtained
solution. The low-cost GNSS receiver presented solutions in cm order, nevertheless, at 1
and 15 s the obtained solutions are similar to the solutions from the geodetic receiver.

For the kinematic mode, a positive relationship between the observation recording
rate and the standard deviation was found (Figure 10). That is, the higher the observation
recording rate, the higher the standard deviation values. However, for the difference
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between the estimates and precise coordinates, the differences obtained are similar and
greater than the obtained values from the geodetic receiver. In all cases for the height of
the low-cost GNSS receiver the values obtained are higher and are more suitable at 1 s
(Figure 11)

LOW COST

0.45 T

I SDLAT
SDLON

040" | spHaT

0.35 -

0.30 -

meters (m)
o o
N N
o o

: |

0.15 -

0.10 -

0.05

0.1 s (low cost)
sampling rate

(a)

meters (m)

GEODETIC

0.020 T
I SDLAT

0.018 | SDLON
SDHGT

0.016 -

0.014 |

o o o
o o o
5 g &
(-] o N

‘ ,

0.006
0.004 |
0.002 |
0 L

0.2 s (geodetic)
sampling rate

(b)

Figure 9. Standard deviation (95%) of estimated positions by processing with PPP-static mode:
(a) low-cost receiver at 0.1 s; (b) geodetic receiver at 0.2 s.

Table 2. Differences and Standard deviation obtained at different sampling rates for the PPP-

static mode.

Receiver Sampling DLAT DLON DHGT SDLAT SDLON SDHGT
Rate (s) (m) (m) (m) (m) (m) (m)
0.1 0.045 —0.116 —0.179 0.155 0.390 0.410
0.2 0.057 —0.122 —0.127 0.069 0.108 0.340
Low-cost 1 0.007 —0.135 —0.112 0.035 0.050 0.236
GNSS 5 0.042 —0.014 —0.236 0.142 0.364 0.270
15 0.001 —0.169 —0.159 0.048 0.037 0.152
30 —0.039 —0.169 —0.15 0.197 0.470 0.368
0.2 —0.007 —0.007 0.037 0.004 0.005 0.018
1 —0.007 —0.006 0.038 0.004 0.005 0.018
Geodetic 5 —0.007 —0.007 0.038 0.004 0.005 0.018
15 —0.007 —0.007 0.04 0.004 0.005 0.017
30 —0.007 —0.007 0.041 0.005 0.006 0.022

Nonetheless, when the low-cost GNSS receiver was set up to 0.1 s, the results of
the difference between the estimated and precise positions (Figure 12) and the standard
deviation (Figure 13) are greater than the geodetic receiver.

The obtained differences of the precise coordinates and estimated coordinates for
the low-cost GNSS receiver are higher than the geodetic receiver in all cases (Table 3).
In comparison to the static mode, where the behavior of the difference of 1 s is similar to
the geodetic receiver, this is not found. In all cases the standard deviation of the low-cost
GNSS is greater than the geodetic receiver.
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Sampling rate

Figure 10. Standard deviation (95%) of estimated positions of low-cost and geodetic receivers by
processing with PPP-kinematic mode.

Sampling rate

Figure 11. Difference between estimated and precise positions of low-cost and geodetic receivers by
processing with PPP-kinematic mode.
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-0.05
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-0.10
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-0.20 ‘ i
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Figure 12. Difference between estimated and precise positions of low-cost and geodetic receivers at
0.1 and 0.2 s respectively, by processing with PPP-kinematic mode.
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Figure 13. Standard deviation (95%) of estimated positions of low-cost and geodetic receivers at 0.1

and 0.2 s respectively, by processing with PPP-kinematic mode.

Table 3. Differences and Standard deviation obtained at different sampling rates for the PPP-
kinematic mode.

. Sampling DLAT DLON DHGT SDLAT SDLON SDHGT
Receiver

Rate (s) (m) (m) (m) (m) (m) (m)
0.2 —0.006 —0.006 0.041 0.017 0.018 0.042
1 —0.006 —0.006 0.039 0.019 0.019 0.046
Geodetic 5 —0.006 —0.006 0.041 0.019 0.020 0.048
15 —0.006 —0.006 0.042 0.019 0.020 0.048
30 —0.006 —0.006 0.042 0.019 0.020 0.048
0.1 0.062 —0.195 —0.129 0.032 0.043 0.082
0.2 —0.021 —0.432 —0.100 0.035 0.052 0.093
Low-cost 1 0.017 —0.145 —0.278 0.046 0.086 0.116
GNSS 5 0.096 —0.177 —0.019 0.105 0.241 0.222
15 0.079 —0.254 —0.140 0.155 0.342 0.317
30 —0.007 —-0.272 —0.033 0.322 0.573 0.624

According to [21,43] the convergence time represents the time to reach a stable ac-
curacy level, which depends on many factors such as observation quality, noise level of
code observations, user environment, the number and geometry of visible satellites, sam-
pling rate and algorithms. As a result, for measurements obtained from CSRS-PPP for both
of the PPP modes, the convergence and the difference of precise (from a previous campaign
in static relative mode) and estimated coordinates are analyzed in Figures 14 and 15 with
3D coordinates. As stated by [45] the general rule for the time for the PPP-static solution
to converge for a horizontal accuracy (cm) of 5 cm is reached is at 60 min. The PPP-static
mode reaches the convergence at 15 min from the first observation (Figure 14), which is
seen at each sampling rate for the horizontal and vertical components [46,47]. For the
PPP-static mode, the best accuracy and estimated position are achieved at 1, 15 and 0.2 s,
compared to 5, 0.1 and 30 s. Notwithstanding, the obtained solution is accurate for all
sampling rates. It is clear that for high frequencies, the low-cost GNSS receiver lost data.
This affected the accuracy and positioning obtained. Nevertheless, for the high sampling
rates, the solution was not affected due to the quantity of observation data.

The PPP-kinematic mode was the most affected mode due to the data loss (Figure 15).
This data loss generated an offset in the difference, between estimated and precise positions
in the time series. In this sense, the kinematic mode was more affected than the static
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mode due to the data loss at low frequencies, being more affected at > 5 s sampling rates.
The obtained solution at 0.1 s seemed to have linear behaviors as with the rest of the
solutions obtained. Nevertheless, as the sampling rates diminished, an offset is seen at the
same time in all cases. Apparently, at 30 s the solution obtained was not affected by the
data loss due to the linear behavior of the time series.
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Figure 14. Low-cost GNSS static mode obtained by processing with CSRS-PPP: (a) sampling rate: 0.1, 0.2 and 1 s;
(b) sampling rate: 5, 15 and 30 s.

To evaluate the performance of the PPP-AR convergence time, the differences between
the reference coordinates (which were taken as true) and the estimated coordinates ob-
tained by kinematic and static PPP were used. It was considered convergent when the
differences reached + 0.1 m and remained within that limit. The time of convergence
was defined as the period from the first epoch to the epoch of convergence (indicated as
a red line in Figures 16 and 17). It is observed that the convergence time was more stable
in the PPP-static method, however, it was slower compared to PPP-kinematic method.
Convergence occurs near 50 min for the horizontal component and near 30 min for the
vertical component. This difference in convergence times can be related to the fact that the
measurements were carried out on the concrete of a forced-centering monument, which rep-
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resented greater stability in the vertical component, and in the case of the horizontal it was
more affected by the wind currents that hit the antenna.
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Figure 15. Low-cost GNSS kinematic mode obtained by processing with CSRS-PPP: (a) sampling rate: 0.1, 0.2 and 1 s;
(b) sampling rate: 5,15 and 30 s.

For the case of the PPP-kinematic method, this presented a greater instability in the
convergence time, mainly due to the independent solution method presented by the PPP-
kinematic method. The convergence time was reached within the first few minutes of
measurement and remained for close to an hour, however, the instability of the solution
caused the convergence to be lost and it started to restart for small periods of time. Al-
though convergence was achieved in a shorter time it did not remain constant until the
end of the measurement period, as was the case with the PPP-static solution.

Something new and interesting that should be highlighted in this study is the impact
that the measurement interval had in reaching convergence quickly. It is observed in
Figure 16 that the highest rate measurement intervals (10, 5 and 1 Hz) are those that had
more stability when convergence was reached in static mode. For the case of Figure 17 the
same does not occur due to the instability presented by the solutions of the kinematic mode.
Of the different measurement intervals, none had a good performance in the 3 components,
the 10, 5 and 1 Hz intervals presented good performance in convergence during the first
hour but in later times convergence was lost and was reached again only for short periods.
Considering the results illustrated in Figures 16 and 17, it is shown that the PPP-static
mode had a better performance in converging and staying stable. This is necessary to know
when using low-cost GNSS receivers in research areas where the time series represent a
physical magnitude of interest, such as displacements, then the static-PPP method must be
applied for a real representation of the magnitude.
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The performance of a multi-constellation low-cost GNSS receiver was evaluated at
high sample rates for kinematic- and static-PPP modes. The coordinates of different
scenarios were calculated using the online post-processing service CSRS-PPP in its new
version of ambiguity resolution PPP-AR. According to the results presented, the following
statements can be concluded:

The low-cost GNSS receiver presented high horizontal accuracy, nevertheless, the ver-
tical component was the most affected. In both components, the obtained results were
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calculated without considering the low multipath suppression of the antenna of the
low-cost GNSS receiver. Likewise, the antenna of the low-cost GNSS receiver did not
have an IGS calibration or circular polarized antenna (irregular gain pattern and low
multipath suppression), this affected the convergence in some circumstances making
it slow (if the antenna is compared with geodetic-grade hardware).

2. The results obtained at different sampling rates show that the low-cost GNSS receiver
had a better performance (obtained positioning) by using PPP-static mode when the
sampling rate was at 1 and 15 s.

3.  Aswas presented in Figures 14 and 15, the low-cost GNSS presented data loss at 5,
15 and 30 s, and lower precision at 5 and 30 s. On the other hand, when the data were
processed at high frequencies (0.1 and 0.2 s), the precision that was achieved was low
in comparison with a 1 s sampling rate.

4. An improvement of convergence time is clearly seen (Figures 16 and 17) for the
sampling rates of 0.1, 0.2 and 1 s. In the same way, the convergence time was reached
at ~50 min in static mode. In the kinematic mode, the convergence time at each interval
time was variable and constant with the behavior presented. The convergence was
affected by the cycle slips presented or by a high multipath, nevertheless, it was faster
than the static mode.

5. For the high frequencies a low-cost GNSS receiver is a viable option for obtaining cm
solutions if the project allows it.

6.  According to the results obtained, the low-cost GNSS receiver could be implemented
in structural health monitoring systems, mainly due to the centimeter precision
achieved in positioning. In addition, it could represent a potential economic alterna-
tive by replacing high-cost instruments used in SHM processes.

Finally, the use of low-cost GNSS receivers is suitable for applications such as: moni-
toring, mapping and positioning. The use of them depends on the characteristics of the
project. The impact of the antenna in the low-cost GNSS receivers is one of the most
important factors when processing GNSS observations, thus it is important to evaluate
the performance and accuracy that can be achieved with a low-cost GNSS receiver with a
geodetic grade antenna. Likewise, it is important to analyze the capability of new low-cost
GNSS receivers in tracking more signals and other constellations, this could improve the
obtained positioning and coverage.
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