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Abstract

In low-latitude regions, ionospheric conditions can degrade Global Navigation Satellite Systems (GNSS)
accuracy, this study investigates the performance of Global Positioning System (GPS), Galileo, and
combined GPS+Galileo positioning in a low-latitude environment over Ogbomoso, Nigeria, using dual-
frequency u-blox ZED-F9P observations collected at 4 Hz in May 2025. A static reference station at the
Ladoke Akintola University of Technology (LAUTECH) GNSS Laboratory logged raw GNSS data, which
were processed to obtain carrier-to-noise density ratio (C/No), number of satellites visible, satellite elevation
angles, positional dispersion, and Single Point Positioning (SPP). Accuracy metrics were used to evaluate
the position solution. Results show that Galileo ES provides the highest and most stable C/No (=<41-42 dB-
Hz), while all signals exhibit a systematic midday C/No dip around 13:00-15:00 UTC, identifying a
vulnerability window for critical operations. GPS offers more stable satellite visibility and consistently
lower standard deviations in latitude, longitude, and altitude than Galileo, whereas Galileo maintains higher
mean elevation angles. The GPS+Galileo hybrid solution delivers the best overall performance, improving
SPP accuracy by approximately 8—11% relative to GPS-only and up to 50% compared with Galileo-only,
depending on the metric. The findings support prioritising hybrid GPS+Galileo operation and time-aware
mission planning to enhance positioning reliability in equatorial low-latitude regions.
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1.0 Introduction

In recent decades, Global Navigation Satellite Systems (GNSS) have become indispensable to
modern society, enabling critical services in transportation, precision agriculture,
telecommunications, disaster management, scientific research, and national infrastructure (Ogobor
et al., 2025). By providing continuous, global Positioning, Navigation, and Timing (PNT), GNSS
now underpins digital transformation and a wide range of technology-driven applications. While
the major constellations, Global Positioning System (GPS), GLONASS, Galileo, and BeiDou can
each provide standalone positioning, many modern applications increasingly rely on multi-
constellation (hybrid) operation to improve satellite availability, strengthen redundancy, and

enhance positioning reliability.

This need is especially pronounced in low-latitude regions such as Nigeria, where ionospheric
disturbances can severely degrade GNSS signal quality and positioning performance (Oladipo et
al., 2018; Adewumi et al., 2025; Ogobor et al., 2025). The West African sector lies beneath the
equatorial ionization anomaly (EIA), where strong Total Electron Content (TEC) gradients and
post-sunset plasma instabilities promote ionospheric scintillation, causing signal fading, cycle
slips, and degraded tracking (Akala et al., 2014; Ikani et al., 2023; Oladipo et al., 2018; Vasylyev
et al., 2022).

Observations over Nigeria (e.g., Lagos and Ilorin) show clear equinoctial seasonality and
predominantly night time scintillation, indicating that GNSS users in the region face recurring
performance stress (Akala et al., 2014; Oladipo et al., 2018). More recent GNSS-TEC/ROTI
analyses across multiple Nigerian stations further confirm that irregularity occurrence remains
persistent and exhibits strong seasonal and latitudinal structure (Ikani et al., 2023; Onuchukwu et

al., 2024; Ogobor et al., 2025).

These ionospheric conditions translate directly into measurable navigation impacts. Across the
African low-latitude sector, GPS single point positioning (SPP) errors can reach approximately 25
m horizontally and 45 m vertically, with a substantial fraction of night time errors linked to plasma
irregularities, highlighting the vulnerability of single-constellation positioning under disturbed
ionospheric conditions (Abe et al., 2023). Consequently, there is growing interest in hybrid GNSS
operation (e.g., GPS+Galileo), which can increase the number of satellites in view, improve

positioning geometry (GDOP), and provide additional measurement redundancy when signals are
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intermittently degraded (Dan et al., 2021; Vankadara et al., 2023; Adewumi et al., 2025). Beyond
constellation choice, recent work also emphasizes the importance of high-resolution measurements
and resilient receivers for accurately quantifying ionospheric effects and assessing performance

under real conditions (Adewumi et al., 2025; Ogobor et al., 2025).

At the same time, West African GNSS research has increasingly adopted affordable monitoring
platforms, including low-cost dual-frequency receivers and local ionospheric monitoring
approaches (Bolaji et al., 2023; Okoh et al., 2024; Adewumi et al., 2025; Ogobor et al., 2025).
However, much of the existing literature in Nigeria and West Africa focuses on ionospheric
characterization and instrument validation, with comparatively fewer field studies that directly
compare GPS-only, Galileo-only, and combined GPS+Galileo performance using common
metrics such as carrier-to-noise density ratio (C/No), satellite visibility/elevation characteristics,
and SPP accuracy under local low-latitude conditions. Although multi-constellation benefits are
widely reported globally (Li et al., 2019; Angrisano et al., 2023, Mahato et al 2023, Adewumi et
al., 2025), location-specific evidence is still needed to clarify how these gains manifest under

Nigeria’s equatorial ionospheric dynamics.

Motivated by the limited location-specific evidence for hybrid GNSS performance in Nigeria, this
study evaluates GPS-only, Galileo-only, and combined GPS+Galileo operation using dual-
frequency u-blox ZED-F9P observations collected at the Ladoke Akintola University of
Technology (LAUTECH) GNSS Laboratory in Ogbomoso, Nigeria. Using high-rate (4 Hz) data,
we quantify C/No, satellite visibility and elevation characteristics, and SPP accuracy using standard
positioning metrics. The next section describes the observation setup, data processing workflow,

and performance indicators used to compare the three positioning modes.
2.0  Materials and Methods

A static mode real-time GNSS Reference Coordinate (RC) point was established in LAUTECH
GNSS Laboratory (LGL), Ogbomoso, Nigeria depicted in Figure 1. Figure 2 shows the
experimental setup of a dual-frequency u-blox ZED-FI9P receiver, equipped with a multi-band
patch antenna, deployed to collect continuous 4 Hz GNSS observations over a two-week period in
May 2025. Raw logged UBX files were converted to Receiver Independent Exchange (RINEX)
format 3.03 using Real Time Kinematic LIBRARY (RTKLIB) software, after which the dataset
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was processed in four steps. First, carrier-to-noise density ratio (C/No) values were extracted and

analysed in MATLAB to examine diurnal signal quality variations.

Second, the number of satellites visible (NSV) per epoch was obtained from RTKPOST outputs,
and satellite elevation angles were evaluated using Tec-suite. Third, positional stability was
assessed by computing the standard deviations of latitude, longitude, and altitude solutions.
Finally, Single Point Positioning (SPP) accuracy was evaluated using established metrics,
including two-Distance Root Mean Square (2DRMS), Circular Error Probable (CEP), Spherical
Error Probable (SEP), and Mean Radial Spherical Error (MRSE) detailed in (Santra et al 2019).
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Figure 1: Geographical Locations of the Study Area over LAUTECH, Nigeria
(8°1018"N, 4°16'18"E) (Google Earth. 2025)
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Figure 2: Experimental Setup for the GPS+Galileo Position Solution Study

3.0 Results and Discussion

Figure 2 presents the May hourly-mean C/No plot curve per signal. It was observed that Galileo
ES had the highest signal strength at about 41 to 42 dB-Hz throughout the day, the GPS L1 range
was within approximately 36 to 39 dB-Hz, GPS L2 was a little lower than GPS L1, and Galileo
E1 was generally the lowest, just below GPS L2. Diurnal changes were small, and midday dip was
observed at approximately 13:00 to 15:00 UTC, which was followed by a gentle evening recovery,

and the curves remain stable, showing that the May pattern is consistent rather than day-specific.

The recurring midday dip (=13:00-15:00 UTC) is most likely caused by a repeatable change in
satellite geometry and reception conditions. When the average satellite elevation is lower, the
antenna gain typically decreases and multipath effects become stronger, both of which reduce C/No
(Peppa and Psimoulis, 2023; Karimidoona et al., 2023). A second possible contributor is local in-
band interference, which increases the noise level (No) and lowers C/No even if the satellite signal
power is unchanged (Garcia-Pena et al., 2021). Although not expected to produce a strictly daily

pattern, solar radio bursts can also reduce GNSS C/No on the dayside and can be checked using
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space-weather records for the observation dates (Sato et al., 2019). This period should be treated
as a vulnerability window; to limit performance degradation, it is advisable to apply mitigations
such as combining multiple constellations and frequencies or scheduling critical operations outside

these hours.

It was also observed that the ES performed best in terms of C/No, which could be as a result of the
Galileo satellites orbit height which is slightly higher than that of GPS satellites. Galileo E5 also
shows a higher C/No because its wideband AItBOC (15,10) modulation provides a sharper
correlation peak, which helps the receiver track the signal more cleanly and reduces the impact of
multipath compared with narrower-band signals (Padokhin et al., 2021; Tawk et al., 2012). In
addition, ES5 includes a pilot (data-less) component, allowing longer integration in the tracking
loops and improving receiver sensitivity, which can appear as higher and more stable C/No (Borio,
2023; Tawk et al., 2012). Furthermore, this result showed that both bands remain well above
common tracking thresholds of approximately 36-37 dB-Hz, which implies that both
constellations delivered a reliably high C/No throughout the monthly diurnal cycle.
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Figure 2: May Hourly Mean C/No Behavior at L1 and L2 Bands
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Table 1 shows the daily NSV for both GPS and Galileo constellations during the observation
period in May 2025. The table reports the minimum, maximum, and average number of satellites
observed each day for the two constellations. For the GPS constellation, the results indicated a
high level of stability throughout the observation period. The minimum NSV consistently
remained at 6 satellites, while the maximum reached 11 on most days. The daily average was
steady at approximately 8.2 satellites, with only minor fluctuations recorded. This confirmed that
GPS provided reliable coverage, ensuring that users in the study region had access to a sufficient
number of satellites at all times. Since a minimum of 4 satellites is required for a three-dimensional
position fix, the consistent availability of 6 or more satellites demonstrated the robustness of the
GPS constellation for both standard navigation and high-precision techniques such as Precise Point

Positioning (PPP).

In contrast, the Galileo constellation displayed greater variability in satellite visibility. The
minimum NSV was consistently 4 satellites, which is just adequate for 3D positioning, but the
maximum values ranged between 8 and 11, depending on the day. The daily averages fluctuated
between 5.43 satellites on 14 May and 7.84 satellites on 13 May. This variability suggested that,
while Galileo provided adequate coverage, it did not match the stability demonstrated by GPS.
Nevertheless, the higher average values observed on some days confirmed that Galileo was
capable of delivering performance comparable to GPS under favourable orbital conditions. The
comparison between the two systems revealed that GPS consistently outperformed Galileo in

terms average satellite visibility.
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Table 1: GPS and Galileo Constellations NSV

Observation GPS Galileo
Days

NSV NSV
Min Max Ave |Min Max Ave
01-05-25 6.00 11.00 8.23 |4.00 11.00 7.32
02-05-25 6.00 11.00 8.23 |4.00 11.00 7.28
03-05-25 6.00 11.00 8.23 |4.00 10.00 7.33
04-05-25 6.00 11.00 8.23 |4.00 11.00 7.58
05-05-25 6.00 11.00 8.23 |4.00 9.00 6091
06-05-25 6.00 11.00 8.23 |4.00 11.00 7.77
07-05-25 6.00 11.00 8.23 |4.00 11.00 7.74
08-05-25 6.00 11.00 8.24 |5.00 10.00 7.09
11-05-25 6.00 11.00 8.24 |4.00 11.00 7.36
12-05-25 6.00 11.00 8.23 |4.00 11.00 7.32
13-05-25 6.00 11.00 8.23 |4.00 11.00 7.84
14-05-25 6.00 11.00 8.23 |4.00 800 543
15-05-25 6.00 10.00 8.06 |4.00 9.00 6.38
16-05-25 6.00 11.00 823 |4.00 11.00 7.73

Figure 3 presents the average angle of elevation of GPS and Galileo satellites varied over a 24-
hour period for the observation period, providing insight into their relative visibility patterns. The
hourly variation in average elevation showed noticeable differences between the two
constellations. For GPS, the average elevation ranged from 21.35° to 29.53°, with a mean value of
25.69° across the full day. The elevation profile revealed fluctuations, with lower values during

the early morning hours between 3 and 6 am UTC.

It increased and peaked at 9:00, 11:00, and 21:00, respectively. There was also a decrease in the
midday, from 13:00 to 15:00, which coincided with the decrease observed in the C/No data, which
implies that the reduction in angle of elevation influenced the reduction in the GPS C/No at that
time window. For Galileo, the average elevation values were higher and more uniform, ranging
from 25.48° to 28.45°, with a mean of 27.10°. Unlike GPS, Galileo maintained a relatively stable
elevation profile, showing smaller variations across the 24-hour cycle. Galileo also experienced
dips similar to that of GPS but not as intense as GPS. Also, at some points an inverse pattern was

observed in Galileo when compared to the GPS curve, notably at 1:00, 19:00, and 21:00 UTC,
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which will serve as an advantage when using both constellations for hybrid purposes to
complement each other to improve positioning performance. The midday decrease between 13:00
and 15:00 was also observed in Galileo, although not as low as that of GPS. This result showed
that Galileo satellites demonstrated greater stability, maintaining higher elevation angles with only
minor fluctuations. This indicates a more uniform orbital distribution during the observation

period, which could have also supported consistent signal quality in the E5 band.
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Figure 3: May Hourly Average Variation of GPS and Galileo Satellites’ Average Angle of
Elevation Relative to Visible Hours (1-24 h).

Figure 4 shows the daily standard deviation (SD) of latitude, longitude, and altitude gotten from
the POS for GPS and Galileo during the observation period. The results revealed that GPS
consistently provided lower and more stable SD error values in all three coordinate components

compared to Galileo, where lower SD indicates tighter clustering and higher precision. For the
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latitude component, GPS remained steady and precise, with standard deviation values ranging
from 1.15 to 1.75 m and a mean of 1.54 m over the 14-day period. Galileo, on the other hand,
showed higher dispersion, spanning 2.10 to 6.80 m with a mean of 2.97 m. The most notable
feature was a sharp increase on Day 15, when the latitude error peaked at about 6.80 m before

returning to typical values near 2 to 3 m.

The longitude component followed a similar pattern. GPS values were stable, ranging between
1.38 and 1.94 m with a mean of 1.69 m, while Galileo longitude errors varied more widely,
between 1.94 and 4.51 m with a mean of 2.84 m. The largest deviation occurred on Day 13, when
the Galileo longitude error rose to about 4.51 m. The altitude component displayed the largest
errors for both constellations. GPS values remained comparatively stable, varying from 4.16 to
5.69 m with a mean of 5.16 m. Galileo altitude errors were consistently larger and more irregular,

spanning 5.40 to 14.23 m with a mean of 7.66 m.

A significant surge was observed on Day 14, when the vertical error climbed to 14.23 m, followed
by elevated values on Day 15 (about 10 m) before reaching the lowest point of 5.40 m on Day 16.
Generally, the horizontal precision (latitude and longitude) was consistently tighter than the
vertical precision, but in every component GPS maintained lower dispersions than Galileo. The
results demonstrated a clear performance distinction between the two constellations. GPS solutions
exhibited higher stability and lower standard deviations, while Galileo solutions displayed greater

variability across days, particularly in the altitude component.

This variability, which surged on Day 14 and 15, coincided with days of reduced NSV as observed
in the visibility results, with average NSV values of 5.43 and 6.38, respectively. It was observed
when comparing the two constellations that GPS proved more precise in both horizontal and
vertical components, while Galileo introduced larger scatter and day-to-day variation. However,
the integration of both systems would allow users to benefit from the stable precision of GPS and
the additional redundancy of Galileo, which can help reduce errors and improve geometry,

especially in challenging observational environments.
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Figure 4: Standard Deviation of Latitude, Longitude, and Altitude

The performance of GPS-only, Galileo-only, and the combined GPS+Galileo hybrid positioning
system was evaluated using standard accuracy metrics: 2DRMS, CEP, SEP, and MRSE, all derived
from the POS solutions. These metrics offer details about horizontal precision (CEP, 2DRMS) and
volumetric (SEP, MRSE) where lower values represent better accuracy. The daily variations are
presented in Figure 5. The results showed a consistent hierarchy in accuracy: the hybrid solution
outperformed both GPS-only and Galileo-only systems, GPS-only achieved second-best
performance, while Galileo-only produced the largest errors and greatest variability. On average
across all days, the GPS+Galileo hybrid achieved a 2DRMS of 4.17 m, CEP of 1.74 m, SEP of
3.85 m, and MRSE of 5.05 m. This represented an improvement of about 8 to 11% compared with
GPS-only and nearly 42 to 50% compared with Galileo-only, depending on the metric.

GPS-only solutions were also precise; GPS-only achieved mean values of 2DRMS 4.57 m, CEP
1.90 m, SEP 4.28 m, and MRSE 5.65 m, remaining stable across the observation period. In
contrast, Galileo-only showed higher dispersions, with average values of 2DRMS 8.32 m, CEP
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3.44 m, SEP 6.87 m, and MRSE 8.77 m, and notable peaks on Days 14 and 15 when MRSE
exceeded 15 m and 2DRMS rose above 14 m. The day-to-day analysis confirmed that GPS
maintained steady accuracy, with its best results recorded on Day 15 (2DRMS 3.60 m and MRSE
4.54 m), while its worst performance still remained within acceptable limits, with 2DRMS
reaching 5.16 m on Day 3 and MRSE reaching 6.17 m on Day 5.

Galileo, however, was far less stable, showing acceptable performance on some days but also sharp
degradations on others, particularly during periods of weaker satellite availability. The hybrid
solution consistently achieved the lowest errors across nearly all days and maintained stable
accuracy even when Galileo-only degraded significantly. Generally, the results demonstrated that
the GPS+Galileo hybrid mode delivered the most accurate and consistent position solutions. Its
advantage stems from the increased number of visible satellites and improved geometric diversity,
which reduce dilution of precision and smooth out constellation-specific fluctuations.

GPS-only remained reliable and precise, owing to its advanced development and strong global
coverage, while Galileo-only was less consistent and more prone to errors due to its smaller
constellation and limited visibility at times. Taken together, the findings show that using
GPS+Galileo hybrid is the best approach for achieving reliable and high-precision position and

navigation in the study area.
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Figure 5: Position solution accuracy metrics 2DRMS, CEP, SEP, MRSE) for GPS-only,
Galileo-only, and GPS+Galileo hybrid system.
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4.0 Conclusion

This study compared GPS, Galileo, and GPS+Galileo hybrid performance in a low-latitude setting
at LAUTECH, Ogbomoso, using May 2025 data. It examined C/No, NSV and satellite visibility,
positional precision, elevation angles, and SPP accuracy. The GPS+Galileo hybrid solution was
the best overall: it combined GPS stability with Galileo’s high-elevation to achieve the lowest
2DRMS, CEP, SEP, and MRSE values, improving accuracy by about 8—11% compared to GPS-
only and up to 50% compared to Galileo-only. This confirms the hybrid approach as the most

effective option for reliable, high-precision positioning in the low-latitude study region.

This study advances understanding of GNSS behaviour in equatorial low-latitude regions by
empirically comparing GPS and Galileo, showing GPS as more stable, Galileo as offering higher
elevation and confirming that hybrid GPS+Galileo consistently delivers the best accuracy
(2DRMS, CEP, SEP, MRSE). It also identifies a systematic midday C/No dip around 13:00-15:00
UTC as a vulnerability window for operations. Based on these findings, the work recommends the
use of high frequency data sampling rate for GNSS observations, prioritizing hybrid GPS+Galileo
solutions in low-latitude regions, avoiding critical tasks during the identified midday dip,
extending performance monitoring across seasons, and combining hybrid GNSS with PPP/RTK
for sub-meter and centimetre-level applications such as surveying, precision agriculture, and
autonomous navigation. Future research will be to investigate the impact of the midday C/No dip

on SPP, PPP and RTK accuracy for months and seasons.
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