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Abstract

The densification of GNSS reference networks is a fundamental challenge for the geodetic monitoring of sensitive
infrastructures, particularly engineering structures in sub-Saharan areas.

This study aims to evaluate the reliability and stability of a low-cost GNSS station (INPO1) permanently installed in an Ivorian
urban environment, and to analyze its impact on the accuracy of differential and absolute positioning.

A low-cost GNSS station based on a ZED-F9P u-blox receiver connected to an Ardusimple AS-ANT2B-CAL antenna is
located in Yamoussoukro. It recorded continuous multi-constellation GNSS observations over a period of 90 days. The data
were analyzed in static and PPP modes.

The INPO1 low-cost GNSS permanent base has demonstrated a planimetric stability of less than £3 mm and a vertical
variation of less than £5 mm in post-processed static from the permanent station of the IGS network, YKRO located only at
221 m. The permanent station of the IGS network called YKRO, indicated a planimetric stability of +3 mm and a vertical
variation of less than £5 mm in the same observation period. The horizontal accuracy of INPO1 is better than £10 mm, for
distances of less than 10 km. This performance meets the geodetic requirements for local monitoring networks of structures in
Céote d'lvoire.

The data from permanent low-cost GNSS stations, installed in an open environment, powered by a stable current and
connected to a high-speed internet network after post-processing with software, provide precise and stable coordinates within a
radius of indecision of the order of a millimeter. These results reliably contribute to the accurate determination of reference
points with sub-centimeter accuracy for base-rover distances of less than 10 km.
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Introduction engineering structures in accordance with international
Global Navigation Satellite System (GNSS) positioning is geodesy standards [©1.

now an essential pillar for high-precision geodetic Thus, this study aims to evaluate the stability and reliability
applications, ranging from classical topography to the of a low-cost GNSS station permanently installed in an
monitoring of critical infrastructure, such as hydroelectric Ivorian urban environment, and to analyze its impact on the
dams, bridges and dikes . The establishment of permanent accuracy of differential and absolute positioning.

GNSS stations plays a central role in providing real-time
differential corrections and developing reliable geodetic
reference networks. However, in sub-Saharan areas, and
particularly in Céte d'lvoire, the low density of permanent
stations, the high cost of professional equipment and the
instability of the internet network hinder access to precision
positioning solutions 12,

The advent of so-called "low-cost" GNSS receivers, such as
the u-blox ZED-F9P and UM980 models, capable of
receiving several constellations and frequencies, offers a

Materials and Methods

1. Methods

Our study area, mainly centered around Yamoussoukro
where our bases (INPO1 and YKRO) are located, covers the
Autonomous District of the Lakes, within a radius of 30 km,
including the villages of Soubiakro, Toumbokro and Kossou
where the 3rd hydroelectric dam of Cote d'lvoire is located.
We used data from two permanent GNSS stations and
receivers whose descriptions and details are below.

low-cost alternative for densifying geodetic Our methodological approach is

infrastructures 1. This equipment has interesting potential Experimental, because it is based on real observations;

for static and dynamic positioning applications, with Comparative, because it compares the low-cost solution to
centimeter accuracies when differential processing methods the reference geodetic solution;

(RTK or PPP) are implemented [, Qualitative, because it is tested with robust statistical laws
In Céte d'lvoire, the reliability and stability of these low- (DOPs, standard deviations,

cost stations is very crucial for the geodetic monitoring of RMS) and allows performance to be interpreted in an
engineering structures, particularly in areas with high operational context.

climate variability, such as the lake region and coastal Thus, in a practical way, we have carried out continuous
areas %1, The lack of local scientific data on the performance observations of the permanent low-cost station INPO1 over a
of these devices poses a major challenge for their use in period of ninety days; The recorded daily data from station
permanent monitoring networks for the monitoring of INPO1 made it possible to evaluate the temporal variations
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of the planimetric and altimetry positions of the station.
Observations of established landmarks with baseline
variation made it possible to evaluate the impact of the said
station on static positioning by comparison with the YKRO
reference station of the IGS. The recorded data was post-
processed using the Leica infinity software and analysed
using statistical methods.

Fig 1: visual of the permanent IGS and Low Cost stations

POINTS BASELINE | OBSERVATION
(Km) TIME
P01 1 1h
P02 5 1h 30 min
P03=RGIR43 b 2h
P04 20 2h30min
P05 30 3h

Fig 2: Observed landmarks and observation time
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Fig 3: Ublox ZED-F9P GNSS Low Cost

Features

= Multiconstelation,
GPS+GLONASS+BEIDOU+GALILEO

= Multi-frequency, L1/L2, E1/E2, B1/B2

= NGS-Calibrated Antenna

= 240 Channels

=  Permanent INPOl station installed at INPHB in
Yamoussoukro.

And professional receivers of the spectra brand
precision and the following characteristics

Fig 4: Spectra SP60 GNSS Professional

The spectra SP60 is a receiver:
= Multi-frequency

= 184 Channels

= Multi-constellation

= Static accuracy:
Horizontal: 3mm-+0.1ppm
Vertical: 3.5mm+0.4ppm.

Finally, a reference station YKROOOCIV the IGS network,
consisting of a JAVAD TRE_3 DELTA-4.3.00 receiver-
firmware; A ASH701945C_M-NONE antenna with a
ROBOT antenna calibration and an internal clock.

Fig 5: IGS Ykro GNSS reference

«YKROOOCIV», The Yamoussoukro station is part of
NASA's Global GNSS Network (GGN) as well as the 1GS
network. The GNSS antenna is installed on the RGIR02, the
reference point of the Ivorian geodetic network. Since June
2013, a monitoring, evaluation, malfunction prevention and
maintenance mechanism has been put in place, which has
significantly improved the rate of continuous recording and
transfer of measures (24 hours a day). A direct remote
connection has been established between the BNETD/CIGN
(Abidjan) and the Yamoussoukro site, thus allowing daily
monitoring of GNSS data via the server.

Results and Discussion

1. Temporal stability of station INPO1

The daily navigation, observation and ephemeris data from
INPO1 allowed us to follow the temporal evolution of each
component of the low-cost station, to see the average of the
coordinate deviations, to calculate the standard deviations
and the maximum deviation.

The daily drifts recorded remain mainly between -
2mm and +2mm in planimetry, while for the H
coordinates, the vertical component, we can see that the
variations are higher and between -4mm and +4mm
throughout the observation period. The results presented in
Table 1 lead to the following conclusions: The time series
from the permanent low-cost station INPO1 show average
deviations of less than one millimetre during the observation
period for the three components E, N and H. Very small
maximum deviations of the order of a tenth of a millimetre
throughout the month of August. This can be explained by
the low rainfall in this month.



2. Signal quality and sky visibility of the permanent station INPO1
In this part, we have analyzed the quality of the GNSS signals of the permanent station INPO1 on a day in June 2025. We have
randomly chosen the period from 05 to 06 June.

Table 1: Statistics of the coordinates of INPO1 in June, July and August.

JUNE 2025 JULY 2025 AUGUST 2025

Station - - -
Parameters (mm) Vertical | East | North | Vertical | East | North | Vertical
Low Cost East (mm) | North (mm) mm) |mm)| mm) | mm) |mm)| (mm)| (mm)
Average of Variances -0,043 0,04 -0,003 | -0,06| 0,03 | -0,05 |0,001| 0,003 0,01
INPO1 Standard deviation of deviations 0,33 0,11 2,96 0,18 | 0,07 1,66 [0,002|0,001| 0,027
Maximum Deviation 1,2 0,7 3,4 08 | 06 2,5 0,08 | 0,06 0,34
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Fig 7: Elevation of the satellites above the permanent low-cost station INPO1
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Fig 8: visibility of the satellites above INPO1
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Fig 9: DOPs of the low-cost station's signal

Figs (6, 7 and 8) show that all satellites in all visible
constellations have an elevation greater than 10°; the
permanent low-cost GNSS station simultaneously picked up
signals from more than 25 satellites visible on average
during the entire observation period. In addition, there are
three visible GNSS constellations. The PDOP of the
permanent station signal varies between 0.9 and 1.6 which
are values less than 3, so the uncertainty about the position
of the station is very negligible, the number of visible
satellites is excellent.

3. Differential positioning accuracy

The spectra SP60 receiver is placed respectively on the
landmarks located 1km, 5km, 8km, 20km and 30km from
our permanent station INPO1. Observations are made
between 8 a.m. and 12 p.m. each day. One day is dedicated
to the observation of a point, so five days are necessary for
the observation of all five landmarks. The position of each
point is calculated from the two permanent stations YKRO
and INPO1 using the Leica infinity software. This process
allowed us to compare the coordinates of each coordinate
system from the professional receiver and to analyze the
variations (Table 1, 2 and Fig 5).

Table 2: Differences between station INPO1 coordinates and the Reference (YKRO)

COORDONNEES PLANES - ITRF14.2010.0 - UTM 30N
BASE RGIRO2 YKRO BASE LOW-COST INPO1 AE AN{em) Ahe | op
MOBILE| poiNTS | E(m] N{m) he (m) E (m) N{m) he () S (em) | (em)
PO1L 251853.866 | 759376.545 | 250.069 | 251853.868 | 759376.547 250.063 -0.2 -02 0.6 0.3
° P02 249497.845 | 755937.210 | 261.926 | 249497.843 | 755937.215 261.932 0.2 -0.5 1-06] 05
0
% P03 249776.106 | 752273.675 | 266.261 | 249776.103 | 752273.681 266.273 0.3 06 |-12] 07
P04 250548.837 | 739937.750 | 220.091 | 250548.843 | 739937.737 220.074 -0.6 1.3 1.7] 14
P05 223508.681 | 766506.809 | 191.289 | 223508.650 | 766506.785 191.229 3.1 2.4 6.0 | 39
Deviations in E and N along the Baseline
45
40 °
35
_ 30
2
‘;g,.’ 2.5
E 20 —— AE
-
- — AN
*- 0P
25 30 35
Baseline(km)

Fig 5: Evolution of coordinate Deviations with Baseline length
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Table 3: Accuracy of the GNSS Low-cost INP 01 database
according to the baseline

Base/Mobiles Baseline M.Odd (Mobile S.PGO)
Vertical Horizontal
1 km 0.3
IAccuracy (cm) off 5 km °e 0.5
he {)ase 8 km 1.2 0.7
20 km 1.7 1.4
Low-cost INPO1 30km 6.0 39

These results (Table 2-3) and Fig 5 show that the
differences between the coordinates from the professional
SP60 receiver post-processed from the Ykro station of the
IGS and those post-processed with the low-cost GNSS
station INPO1 are less than =7 mm for a baseline length of
less than 10 km. The differences between the coordinates
from the professional SP60 receiver post-processed from the
YKRO reference station of the IGS and those post-
processed with the INPOL station are greater than £1cm for
a baseline length of more than 15km.

These results indicate that for high-precision geodetic
applications such as the observation of local reference
points, a combination of a professional receiver (Mobile)
with a permanent low-cost GNSS station is required, for a
maximum baseline of 10 km. Observations must be made
over a period of at least 2 hours and be calculated using
professional or scientific Leica infinity software. These
results corroborate the work of Stéphane DURAND et al [];
He processed the data from low-cost GNSS receivers with
Leica Infinity and RTKLIB software.

Discussion

The results obtained made it possible to establish an overall
picture of the quality of the positioning of the INPO1 Low-
Cost GNSS station. The permanent low-cost GNSS station
INPO1 has a maximum plane deviation in absolute value of
1.2 mmand a maximum vertical deviation of4 mmin
absolute value during the entire observation period. The
observed performances are consistent with those of the
YKRO reference station of the 1GS €. And the results of the
work of Eugenio Realini [¥1. No significant systematic drift
was detected during the entire observation period at the
permanent low-cost GNSS station. The analysis highlights
that low-cost GNSS receivers, although not designed for
initial geodetic uses, provide usable results when integrated
into an optimized observation system. The planimetry
precision obtained is sufficient for the detection of slow
displacements (> 1 cm/month), so they can be used for the
structural auscultation of engineering structures (bridges,
dams), the monitoring of landslides or active faults.

The densification of regional or national permanent low-cost
GNSS networks is sufficient for precision geodetic
applications, georeferencing of local satellite data and the
establishment of local reference points for geometric
monitoring operations of structures.

Conclusion

The results of this study show that low-cost GNSS receivers
have an adequate temporal stability of £ 3 mm horizontally
and = 5 mm vertically when using a permanent low-cost
GNSS station combined with a conventional mobile receiver
within a 10 km radius of the station.
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These results confirm the possibility of using this device in
high-precision geodetic applications in Africa and more
particularly in sub-Saharan Africa.

These results pave the way for the densification of national
geodetic infrastructures in the countries of the sub-Saharan
zone, a boon for the space agencies of these developing
countries.

References

1. Teunissen PJG, Montenbruck O, editors. Springer
Handbook of Global Navigation Satellite Systems.
Springer, 2017.

2. Djougou G, Kouadio K, Ahoua K. Défis et perspectives
de I’implémentation des stations GNSS permanentes en
Afrique de  I’Ouest. Revue  Africaine de
Géomatique,2022:12(3):45-57.

3. European GNSS Agency (GSA). Low-cost GNSS
Market Report. Prague: GSA Publications, 2020.

4. Wanninger L, Helelbarth A. GNSS code and carrier
phase observation analysis for low-cost receivers.
Journal of Geodesy,2020:94(6):1-16.

5. Konan A, Kouamé B, N’Guessan J. Surveillance
géodésique des barrages en milieu tropical humide: cas
de la Cote d’Ivoire. Journal Ivoirien de Géosciences et
Géomatique,2021:5(2):89-101.

6. International GNSS Service (IGS). Technical Report
2021-2022. IGS Central Bureau, 2022.

7. Durand S, Nahli A. GNSS bas colt pour
positionnement. Revue XYZ, 2021, 167.

8. Kouba J. A Guide to Using International GNSS Service
(IGS) Products. Version 2.1, 2009.

9. Realini E, Caldera S, Pertusini L, Sampietro D. Precise

GNSS Positioning Using Smart Devices.

Sensors,2017:17(10):2434.

Birinci S, Saka MH. Enhancing multi-GNSS precise

point positioning performance of low-cost receivers by

implementing a MAD-based quality control procedure.

GPS Solutions, 2026, 30, 86.

Hamza V, Stopar B, Sterle O, Pavlov¢i¢-PreSeren P.

Recent advances and applications of low-cost GNSS

receivers: a review. GPS Solutions, 2025, 29, 56.

Paziewski J, Sieradzki R, Rapinski J, Tomaszewski D,

Stepniak K, Geng J, et al. Integrating low-cost GNSS

and MEMS accelerometer for precise dynamic

displacement monitoring. Measurement, 2025, 242.

Akpmar B, et al. Monitoring Horizontal Displacements

with Low-Cost GNSS Systems Using Relative

Positioning: Performance Analysis. Applied Sciences,

2024, 14,

Maciejewska A, et al. The real-time detection of

vertical displacements by low-cost GNSS receivers

using precise point positioning. Sensors, 2024, 24.

Marut G, Hadas T, Nosek J. Intercomparison of multi-

GNSS signals characteristics acquired by a low-cost

receiver connected to various low-cost antennas. GPS

Solutions,2024:28(2):82.

Chen M, et al. Assessment of the real-time and rapid

precise point positioning performance using geodetic

and low-cost GNSS receivers. Remote Sensing, 2024,

16.

Oku Topal G, et al. Performance of low-cost GNSS in

structural health monitoring studies: shake table tests.

Experimental Techniques, 2024.

le

10.

11.

12.

13.

14.

15.

16.

17.



18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Curone D, et al. An innovative low-power, low-cost,
multi-constellation geodetic-grade global navigation
satellite system reference station for the densification of
permanent networks: the GREAT project. Sensors,
2023, 23(13).

Robustelli U, Cutugno M, Pugliano G. Low-cost GNSS
and PPP-RTK: investigating the capabilities of the u-
blox ZED-F9P module. Sensors, 2023, 23(13).

Hamza V, et al. A cost-effective GNSS solution for
continuous monitoring of landslides. Remote Sensing,
2023, 15(9).

Hamza V, et al. Low-cost dual-frequency GNSS
receivers and antennas for surveying in urban areas.
Sensors, 2023, 23(5).

Li X, et al. Performance analysis of frequency-mixed
PPP-RTK using low-cost GNSS chipset with different
antenna configurations. Satellite Navigation, 2023,
4(1).

Tomastik J, Everett T. Static positioning under tree
canopy using low-cost GNSS receivers and adapted
RTKLIB software. Sensors, 2023, 23(6).

Xue C, Psimoulis PA. Monitoring the dynamic
response of a pedestrian bridge by using low-cost
GNSS receivers. Engineering Structures, 2023, 284.
Xue C, et al. Assessment of the accuracy of low-cost
multi-GNSS receivers in monitoring dynamic response
of structures. Applied Geomatics, 2023, 15(2).

Still H, et al. Observing glacier dynamics with low-
cost, multi-GNSS positioning in Victoria Land
Antarctica. Journal of Glaciology, 2023, 70.

Carvalho GS, et al. Performance analysis of relative
GPS positioning for low-cost receiver-equipped
agricultural rovers. Sensors, 2023, 23(21).

Caldera S, et al. Monitoring of structures and
infrastructures by low-cost GNSS receivers. Applied
Sciences, 2022, 12(23).

Hohensinn R, et al. Low-cost GNSS and real-time PPP:
assessing the precision of the u-BLOX ZED-F9P for
kinematic monitoring applications. Remote Sensing,
2022, 14(20).

Manzini N, et al. Performance analysis of low-cost
GNSS stations for structural health monitoring of civil
engineering structures. Structure and Infrastructure
Engineering,2022:18(5):595-611.

Reguzzoni M, et al. GNSS-based dam monitoring: the
application of a statistical approach for time series
analysis to a case study. Applied Sciences, 2022,
12(19).

Sanna G, Pisanu T, Garau S. Behavior of low-cost
receivers in base-rover configuration with geodetic-
grade antennas. Sensors, 2022, 22(7).

Tunini L, Zuliani D, Magrin A. Applicability of cost-
effective GNSS sensors for crustal deformation studies.
Sensors, 2022, 22(1).

Xue C, Psimoulis PA, Meng X. Feasibility analysis of
the performance of low-cost GNSS receivers in
monitoring dynamic motion. Measurement, 2022, 202.
Zhao L, et al. A novel low-cost GNSS solution for the
real-time deformation monitoring of cable saddle
pushing: a case study of Guojiatuo suspension bridge.
Remote Sensing, 2022, 14(20).

Paziewski J. Multi-constellation single-frequency
ionospheric-free precise point positioning with low-cost
receivers. GPS Solutions, 2022.

477

37.

38.

39.

40.

41.

42.

43.

44,

45.

Hamza V, Stopar B, Sterle O, Pavlov¢i¢-Preseren P.
Performance evaluation of low-cost multi-frequency
GNSS receivers and antennas for displacement
detection. Applied Sciences, 2021, 11(14).

Hamza V, Stopar B, Sterle O. Testing the performance
of multi-frequency low-cost GNSS receivers and
antennas. Sensors, 2021, 21(6).

Nie Z, Liu F, Gao Y. Real-time precise point
positioning with a low-cost dual-frequency GNSS
device. GPS Solutions, 2020, 24(1).

Bertiger WA, Harvey M, Wang L. GNSS Precise Point
Positioning Using a Single Reference Station. Journal
of Geodesy,2010:84(12):905-918.

Zhang K, Gao Y. Evaluation of Low-Cost GNSS
Receivers for Positioning Applications. Journal of
Surveying Engineering,2015:141(4):04015010.

Burgos D, Rodriguez M. Impact of Baseline Length on
GNSS Measurement Accuracy. GPS
Solutions,2012:16(4):371-380.

Bisnath S, Gao Y. The Impact of Low-Cost GPS on
Surveying. Journal of Navigation,2009:62(3):387-400.
Scherer K, Kuhlmann H. Improving GNSS
Observations with Low-Cost Equipment. Journal of
Applied Geodesy,2017:11(4):219-228.

Omer F, Alkan RM. Low-cost multiband GNSS
receiver and their performance in accuracy, 2024.



