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Abstract

Accurate height determination is crucial in various geospatial applications, and Real-Time Kinematic
(RTK) GNSS plays a key role in providing high-precision positioning. This study explores the accuracy of
multi-constellation RTK GNSS height measurements by comparing them with ground truth static data
collected over different observation periods (2-hour, 1-hour, and 30-minute sessions). Three RTK
configurations: GPS-only, GPS + GLONASS + Galileo, and a full GNSS solution (GPS + GLONASS +
Galileo + BeiDou), were assessed to determine their relative performance in height estimation. The results
indicate that longer observation durations improve accuracy, with the 2-hr session yielding the smallest errors
across all configurations. Multi-constellation solutions generally outperformed GPS-only configurations,
providing more stable height measurements, although the GNSS RTK configuration exhibited the largest
variations in the 30-minute session. A one-way ANOVA analysis at a 95% confidence level confirmed that the
variations between different RTK configurations were statistically insignificant, implying that all solutions
exhibit similar uncertainties. These findings emphasize the benefits of integrating multiple satellite
constellations for RTK positioning while also highlighting the importance of observation duration and site-
specific factors in height determination.
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Introduction

The advent of Global Navigation Satellite Systems (GNSS) has transformed positioning, navigation,
and timing applications across industries, including surveying, construction, agriculture, and transportation
(Isioye er al, 2018; Tata et al, 2020; Abubakar and Hermann, 2021). Among the high-precision GNSS
techniques, Real-Time Kinematic (RTK) GNSS has garnered considerable attention for its ability to provide
centimeter-level accuracy in real-time applications (Odijk, 2017; Tidey and Odolinski, 2023). RTK GNSS
involves a base station with a known fixed position transmitting correction signals to a rover receiver, enabling
precise relative positioning (Pirti ez al, 2013; Langley ez al, 2017; Allahyari ez al, 2018).

Traditional RTK operations predominantly relied on single-constellation systems, particularly the U.S.
Global Positioning System (GPS), which required at least five visible satellites to resolve positional unknowns
and initiate surveys (El-Rabbany, 2006; Pirti er a/, 2013). However, achieving adequate satellite visibility in
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challenging environments such as urban canyons, dense forests, or mountainous regions remained problematic.
To address this limitation, additional constellations such as Russia’s GLONASS, China’s BeiDou (BDS),
Europe’s Galileo, and Japan’s Quasi-Zenith Satellite System (QZSS) has emerged as a viable solution for
enhancing satellite availability, positional accuracy, and system reliability (Odolinski and Teunissen, 2019;
Thom er al,2019).

The multi-constellation approach enhances performance by improving satellite geometry, offering
increased redundancy, and reducing the impact of signal obstructions. Studies have demonstrated the
advantages of integrating multiple constellations in RTK applications. For example, Odolinski and Denys
(2015) and Odolinski et al. (2015) showed that combining QZSS with GPS, Galileo, and BDS allowed the use
of a higher elevation cut-off angle while maintaining millimeter-level accuracy in single-epoch RTK mode.
Similarly, Xi et al. (2018) reported that adding BeiDou to GPS enhanced positioning precision by 20-30%. In
a comparative field test, Omer et al. (2022) evaluated different GNSS constellation combinations and found
that multi-constellation RTK significantly improved horizontal and vertical accuracy over varying baseline
lengths.

Height determination is a critical component of GNSS applications, particularly in surveying, geodesy,
and civil engineering (Gillins and Eddy, 2016; Raufu and Tata, 2022). Accurate height measurements are
essential for applications such as construction projects, flood modelling, tectonic deformation studies, and
infrastructure development. However, achieving high accuracy in height determination is challenging due to
error sources such as atmospheric delays, satellite geometry, and multipath effects (Krzyzek and Kudrys, 2022).
The integration of multiple satellite constellations in RTK GNSS has the potential to enhance height accuracy
by improving satellite geometry and mitigating these errors.

Despite the advancements in GNSS technology, research on the performance of multi-constellation
RTK GNSS specifically for height accuracy remains limited. While existing studies have extensively evaluated
horizontal positioning accuracy, fewer have focused on the comparative analysis of height accuracy, particularly
under diverse environmental conditions. Notably, Weaver et al. (2018) found that combining GPS and
GLONASS improved ellipsoid height accuracy by 19% and horizontal accuracy by 7%, demonstrating the
potential benefits of multi-constellation systems. However, Martin and McGovern (2012) observed no
significant improvement in height accuracy when GLONASS was added to GPS in network RTK operations
in Ircland. These mixed results highlight the need for further investigation of how different GNSS
configurations impact height measurement accuracy.

This study aims to address this gap by systematically evaluating the height accuracy achievable with three
distinct GNSS configurations: GPS-only, GPS + GLONASS + Galileo, and GPS + GLONASS + Galileo +
BeiDou. The research involves comparing RTK-derived height measurements with high-precision reference
values obtained through static GNSS observations. By analyzing the performance of these multi-constellation
setups, this study seeks to provide valuable insights into the suitability of different GNSS configurations for
height determination across varying environmental conditions.

Materials and Methods

Description of the study area

The study area for this research is the Federal University of Technology Akure (FUTA), situated in
Akure South Local Government Area, Ondo State, Nigeria. The geographic coordinates of the area extend
from latitude 7°18' N to 7°40' N and longitude 5°07'20" E to 5°08'40" E (Figure 1), with an average elevation
of 390 meters above mean sea level (Raufu er al, 2023). Spanning approximately 577.97 hectares, the
university's landscape is characterized by varied topography, including flat lands, gentle slopes, and undulating
terrain. The twenty (20) control points used for the observations are all located within the FUTA campus in
Akure South Local Government Area (Figure 2).
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Figure 1. Map of the study area
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Figure 2. Distribution of control points in the study area
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Method

The methodology employed in this study consists of three main stages. First, three-dimensional
positioning for the twenty (20) control points within the study area was established using the static GNSS
positioning method. This involved utilizing South Differential GNSS receivers, with observation sessions
conducted for durations of 2 hours, 1 hour, and 30 minutes. Second, the GNSS receivers were used to observe
the control points in RTK mode for 180 seconds at each point, applying different combinations of satellite
constellations to obtain the XYZ coordinate values. Lastly, an accuracy assessment was conducted by comparing
the results from the static and RTK observations using various statistical metrics. Figure 3 illustrates the
methodological workflow, demonstrating the sequential steps undertaken in the study.

Data Collection
O Static survey
» Observation durations: 2 hrs, 1 hr, 30 min
O RTK survey set up and configurations
»> GPS-only
» GPS + GLONASS + Galileo
> GPS + GLONASS + Galileo + BeiDou

I Data Processing

O Post-process static data using GNSS software

O Organize RTK obscrvation data

‘ Accuracy Evaluation

O Compare RTK heights to static-derived heights

O Compute metrics
» Mean Error (ME)
» Standard Deviation (STD)
» Root Mean Square Error (RMSE)

Figure 3. Methodology workflow

Static Survey proccdure

In this study, South Differential GNSS receivers were utilized to determine the horizontal and vertical
positions of the twenty (20) selected unknown control stations. The GPS base receiver was set up at a reference
station, with a temporary adjustment performed and all necessary precautions observed. The GPS rover receiver
was mounted on a 2-meter pole supported by bipod legs and was systematically positioned over each control
point. Observation sessions of 2 hours, 1 hour, and 30 minutes per point were conducted to ensure sufficient
satellite tracking and enhance data quality for improved accuracy. The static data collection included
observations from GPS, GLONASS, Galileo, and BeiDou constellations. The survey was conducted over a
three-week period in October 2024.

The collected static GNSS data were post-processed using South GNSS Processor software
(SW_GNSS_1.6.0.1) to compute the ellipsoidal heights, which served as the reference data for subsequent
analysis.

RTK setup and configurations
The RTK surveys were conducted at different times from the static surveys in October 2024. All RTK

measurements were referenced to a known control point, with the base station positioned approximately 2
kilometers from the study arca. A custom rover setup was used, consisting of a GNSS recciver mounted on a 2-
meter fixed-height pole stabilized by bipod legs. The recciver connected via Bluctooth to an Android device,
with data logging managed through the GNSS data Logger application. Table 1 lists the instruments and
software used during the GNSS surveys.
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Table 1. Instruments and software used in the study

Item Description
GNSS receiver model South Differential GNSS receiver
GNSS antenna mount 2-meter fixed-height pole with bipod
RTK data Logging device GNSS data Logger (Android)
Post-Processing software South GNSS Processor (SW_GNSS_1.6.0.1)

The receiver was configured to evaluate three distinct satellite constellation scenarios: (1) GPS-only, (2)
GPS + GLONASS + Galileo (GPS+GLO+GAL), and (3) GPS + GLONASS + Galileo + BeiDou
(GPS+GLO+GAL+BDS). These configurations were selected based on commonly used GNSS survey setups
in Africa. Configurations (1) and (2) were chosen because many previous studies assess the impact of adding
GLONASS to GPS satellites, providing a benchmark for standard survey practices in the region. Configuration
(3) incorporated all four available GNSS constellations to evaluate the maximum potential of using a multi-
constellation approach.

A single RTK setup was used to collect data for all three configurations consecutively. Each
configuration was tested under similar satellite conditions. Data collection at each control station lasted for 60
seconds if a "fixed" solution was obtained and 180 seconds (3 minutes) if the initial solution was "float."
Extended observation times for float solutions aimed to give the receiver ample opportunity to achieve a fixed
solution while maintaining consistency in the wait time for improved accuracy. This approach aligns with
common surveying practices to enhance data reliability.

Statistical accuracy assessment

To assess the accuracy of the ellipsoidal heights obtained using multi-constellation RTK GNSS
methods, three statistical metrics were employed: Mean Error (ME), Standard Deviation (STD), and Root
Mean Square Error (RMSE), as defined in Equations (1)—(3).

ME = Ziza Yi— Xi (1)
n . ¥)2
STD = \/Z—m(’: X 2)
n —x)2
RMSE = \[—ZFI(Y; X0 3)
WhCl’C:

¥; = ellipsoidal height value of each station from static GNSS survey, x; = predicted ellipsoidal height values
of each station from multi-constellation RTK survey, X= average ellipsoidal height values of each station and n
= number of points.

ME indicates the average error and helps identify systematic bias in the RTK measurements. STD describes the
variability or spread of the errors, showing how consistent the results are. RMSE provides a comprehensive
measure of overall accuracy by combining both the bias and variability in a single value. Lower values for ME,
STD, and RMSE imply higher accuracy and consistency of the RTK results compared to the static survey
reference.

Results and Discussion

To analyze the performance of different RTK configurations, we computed the absolute differences
between the ellipsoidal heights obtained from each RTK setup and the corresponding ground truth static data
for 2-hr, 1-hr, and 30-min observation sessions. Figure 4 provides a comparison of the ME and RMSE values
across these configurations and durations, offering a clear visualization of their relative performance. Table 2
provides a concise summary of the results, offering a comparative overview of the minimum, maximum, ME,
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STD, and RMSE for cach configuration and duration. To further illustrate the variations across different
stations, Figures 5, 6, and 7 present detailed visualizations of the height discrepancies.

Observation Duration
Em 2-hr Static
2.5 mmm 1-hr Static
N 30-min Static
mmm 2-hr Static (RMSE)
1-hr Static (RMSE)
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GPS-only RTK GPS+GLO+GAL GNSS Multi-constellation
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Figure 4. Comparison of RTK configuration performance for different observation durations

Figure 4 clearly illustrates that longer observation durations consistently result in lower measurement
errors, with the 2-hour sessions yielding the most stable results across all configurations. The GPS+GLO+GAL
configuration outperforms the GPS-only setup in terms of both ME and RMSE across all durations,
demonstrating the benefits of multi-constellation integration. However, the 30-minute session results show that
even multi-constellation setups struggle with height accuracy, as reflected by the increased RMSE values.

Table 2 summarizes the statistical performance of each RTK configuration across the three observation
durations. For the 2-hour session, all setups achieved relatively low errors, with GPS-only RTK showing a
maximum error of 2.60 cm and an RMSE of 1.10 cm. The GPS+GLO+GAL and GNSS multi-constellation
configurations performed slightly better, each reducing the RMSE to 1.00 cm, reflecting improved stability
with additional satellite signals. As the observation duration decreased to 1 hour, errors increased slightly.
Notably, the GPS+GLO+GAL configuration maintained strong performance with an RMSE of 0.72 cm, while
the GPS-only RTK rose to 1.20 cm. This highlights the benefit of multi-constellation integration for shorter
sessions. In the 30-minute session, all configurations experienced a significant drop in accuracy. GPS-only RTK
recorded an RMSE of 2.70 cm, while even the GNSS multi-constellation setup saw an increase to 2.50 cm,
indicating that very short sessions lead to reduced measurement stability regardless of satellite configuration.

Table 2. Statistics of the differences between the ground truth static data of different sessions and multi-
constellation RTK data

Ground RTK Min Max ME STD RMSE
truth configuration (cm) (cm) (cm) (cm) (cm)
2-hr GPS-only 0.00 2.60 0.90 0.70 1.10
GPS+GLO+GAL 0.00 2.00 0.80 0.70 1.00
GNSS 0.00 1.90 0.80 0.60 1.00
1-hr GPS-only 0.01 3.10 0.90 0.80 1.20
GPS+GLO+GAL 0.01 1.70 0.60 0.40 0.72
GNSS 0.00 2.10 0.90 0.60 1.10
30-min GPS-only 0.00 9.60 1.70 2.20 2.70
GPS+GLO+GAL 0.00 9.20 1.50 2.00 2.40
GNSS 0.00 10.30 1.20 2.20 2.50
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Figure 5 shows the absolute height differences between the 2-hour static measurements and RTK-
derived ellipsoidal heights across 20 stations. The GPS-only configuration exhibits the largest errors,
particularly at stations 7 and 12, where deviations exceed 2 cm. The GNSS configuration generally performs
better, with consistently smaller errors. The larger error spikes observed in the GPS-only configuration at
stations 7 and 12 may be due to environmental factors like multipath effects, satellite geometry variations, or
temporary atmospheric disturbances that impact RTK positioning accuracy.
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Figure 5. Absolute height differences between 2-hr static data and RTK GNSS observations

Figure 6 illustrates the discrepancies between the 1-hour static measurements and RTK-derived heights
across the 20 stations. Compared to the 2-hour session, the height errors are generally larger, with noticeable
fluctuations in the GPS-only configuration. The GPS+GLO+GAL and GNSS configurations show better
consistency and reduced error magnitudes. However, stations 11 and 14 in the GPS-only setup exhibit error
spikes above 2 cm, likely due to issues with satellite availability, cycle slips, or increased tropospheric effects.
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Figure 6. Absolute height differences between 1-hr static data and RTK GNSS observations

Figure 7 presents the height differences for the 30-minute static measurements compared to the RTK-
derived heights. This session shows significantly larger errors compared to the 1-hour and 2-hour sessions.
Notably, the GNSS configuration (GPS+GLO+GAL+BDS) shows the highest error, particularly at Station 9
(10.30 cm). This unexpected error spike may be linked to poor satellite geometry, potential multipath effects,
or un-modelled atmospheric disturbances that impacted positioning accuracy during the short observation
window.
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Figure 7. Absolute height differences between 30-min static data and RTK GNSS observations

Overall, the findings from this analysis demonstrate that longer observation durations result in
significantly lower errors in height determination, regardless of the RTK GNSS configuration used. Multi-
constellation RTK configurations (GPS+GLO+GAL and GNSS) consistently outperformed GPS-only
solutions, particularly in reducing height measurement discrepancies during shorter observation periods. These
results emphasize the importance of selecting appropriate observation durations based on the required level of
positioning accuracy. Specifically, 2-hr sessions provided the most consistent and accurate results across all
configurations, while 30-min sessions showed the largest deviations and least stability, strengthening the need
for extended observation times in applications demanding high-precision height measurements.

Analysis of variance (ANOVA)

To assess and compare the different solutions, we applied the Analysis of Variance (ANOVA), a
statistical method that examines whether the means of two or more groups originate from the same population
(Jackson, 2023). ANOVA evaluates variability among groups using the F distribution and is based on the
assumptions of equal variances, normal distribution of group means, and independence among observations
(Rutherford, 2001). A one-way ANOVA was performed at a 95% confidence level (¢ = 0.05) in Microsoft
Excel, with the critical F-value determined to be 2.467. The formulated hypotheses were as follows:

Null hypothesis (Ho): pcps = paps+GLo+GAL = aNss

Alternative hypothesis (H;): At least two or more means are significantly different from the others.

Following the ANOVA test conducted across the different observation sessions, the computed F-values
for the 2-hr, 1-hr, and 30-min sessions were found to be 0.0617, 1.9103, and 0.3053, respectively, with
corresponding p-values of 0.9403, 0.1574, and 0.7381. Given that in all cases, the computed F-values were
significantly lower than the critical F-value (2.467) and the p-values exceeded the significance threshold 0f 0.05,
we failed to reject the null hypothesis, indicating that no statistically significant difference exists between the
height uncertainties obtained from the different RTK GNSS configurations.

This result means that the variations in ellipsoidal height measurements remain statistically comparable
across the different GNSS configurations (GPS-only, GPS+GLONASS+Galileo, and GNSS multi-
constellation). For practitioners, this suggests that users can expect comparable uncertainty regardless of the
constellation configuration or observation duration. In practical terms, all configurations exhibit similar levels
of uncertainty, and users can rely on them with equal confidence for accurate height measurements.
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Conclusions

This study investigated the accuracy of height measurements obtained using multi-constellation RTK
GNSS by comparing them against static ground truth data recorded over different observation periods (2-hr,
1-hr, and 30-min sessions). The results demonstrated that both the duration of static observations and the
choice of satellite constellation configurations significantly impact the accuracy of RTK height measurements.
Longer observation durations generally yielded lower errors, reinforcing the importance of extended
observation times for precise positioning. Additionally, configurations incorporating multiple satellite
constellations, particularly GPS+GLONASS+Galileo, provided more stable results with reduced variations
compared to GPS-only solutions, particularly for shorter observation sessions. However, in the 30-min session,
the GNSS configuration (GPS+GLONASS+Galileo+Beidou) exhibited the highest variations, with a
maximum error of 10.30 cm observed at station 9, indicating potential issues with satellite geometry or signal
disturbances at that location. The statistical analysis, including one-way ANOVA, revealed that the differences
between the various RTK configurations were not statistically significant, suggesting that all configurations
provide comparable levels of uncertainty in height determination. For high-accuracy applications under time
constraints, using observation durations of at least 1 hour or 2 hours is recommended, as this will likely yield
more stable results. Multi-constellation configurations, such as GPS+GLONASS+Galileo, are ideal for
improving consistency, particularly in environments with variable satellite visibility. To achieve sub-decimeter
vertical accuracy, longer observation durations (2 hours or more) should be prioritized. However, site-specific
factors and satellite geometry should also be considered when selecting the RTK configuration and observation
period. For users in resource-limited environments, especially where access to advanced GNSS equipment may
be restricted, GPS-only setups may still provide acceptable accuracy when paired with longer observation times,
although multi-constellation receivers are recommended for improved consistency and reliability under varied
conditions. These findings highlight the potential benefits of multi-constellation RTK GNSS while also
emphasizing the need for optimal observation periods and site-specific considerations when conducting precise
height measurements.
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