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Abstract: This paper preliminarily evaluates the performance of multi-GNSS Precise Point Positioning (PPP) using 
the GRAPHIC method and dual- (IF2) and triple-frequency (IF3) ion-free combinations under contrasting ionospheric 
conditions in Brazil. RINEX3 data from five stations of the Brazilian Network for Continuous Monitoring of GNSS 
Systems (RBMC) were processed for March and June 2024, totaling 60 days of observations, with daily three-hour 
sessions starting at 00:00 UTC. The assessment considered satellite availability, solution geometry through position 
dilution of precision (PDOP), convergence time, positioning discrepancies in the Local Geodetic System, and 
pseudorange and carrier-phase residuals as a function of elevation angle. The results show that IF2 achieved the best 
overall performance, preserving greater multi-constellation availability, with approximately 28 satellites per epoch 
and PDOP close to 1, while also providing faster convergence and smaller final discrepancies, especially in June. 
GRAPHIC showed greater dispersion, associated with the propagation of pseudorange noise into the quasi-carrier 
observable. IF3, in turn, was penalized by the lower effective availability of simultaneous triple-frequency 
observations, decreasing to approximately 12 satellites per epoch and increasing PDOP, which resulted in longer 
convergence times and larger residual errors, especially in the vertical component. The results indicate that the direct 
application of triple-frequency combinations, under the tracking conditions of the analyzed stations, did not provide 
systematic improvement over IF2. Therefore, its operational adoption requires adequate multifrequency availability, 
quality control, and explicit modeling of inter-frequency biases. 
Keywords: PPP. Multi-GNSS. Ion-free combination. GRAPHIC. Ionosphere.  
 
Resumo: Este artigo avalia, de forma preliminar, o desempenho do Posicionamento por Ponto Preciso (PPP) multi-
GNSS com os métodos Group and Phase Ionospheric Calibration (GRAPHIC) e combinações ion-free de dupla (IF2) 
e tripla frequência (IF3), considerando condições ionosféricas contrastantes no Brasil. Foram processados dados 
RINEX3 de cinco estações da Rede Brasileira de Monitoramento Contínuo dos Sistemas GNSS (RBMC) para março 
e junho de 2024, totalizando 60 dias de observações, com sessões diárias de três horas iniciadas às 0h UTC. A 
avaliação considerou a disponibilidade de satélites, a geometria da solução por meio da diluição de precisão posicional 
(position dilution of precision - PDOP), o tempo de convergência, as discrepâncias posicionais no Sistema Geodésico 
Local e os resíduos de pseudodistância e fase em função do ângulo de elevação. Os resultados mostram que a IF2 
manteve o melhor desempenho geral, preservando maior disponibilidade multi-constelação, com cerca de 28 satélites 
por época e PDOP próximo de 1, além de apresentar convergência mais rápida e menores discrepâncias finais, 
especialmente em junho. O GRAPHIC apresentou maior dispersão, associada à propagação do ruído da 
pseudodistância na observável quasi-carrier. A IF3, por sua vez, foi penalizada pela menor disponibilidade efetiva de 
observações simultâneas em três frequências, com redução para aproximadamente 12 satélites por época e aumento 
do PDOP, resultando em maior tempo de convergência e erros residuais mais elevados, sobretudo na componente 
vertical. Os resultados indicam que a aplicação direta da tripla frequência, nas condições de rastreio das estações 
analisadas, não garantiu melhoria sistemática em relação à IF2. Assim, sua adoção operacional requer disponibilidade 
multifrequência adequada, controle de qualidade e modelagem explícita de vieses interfrequência. 
Palavras-chave: PPP. Multi-GNSS. Combinação livre da ionosfera. GRAPHIC. Ionosfera. 
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1 INTRODUCTION 
 
The continuous modernization of Global Navigation Satellite System (GNSS) constellations has 

expanded the scope of high-precision positioning techniques, including Precise Point Positioning (PPP). In this 
method, centimeter-level geodetic positioning can be achieved using a single receiver, provided that 
pseudorange and carrier-phase observations are processed together with precise orbit and clock products, as 
well as appropriate atmospheric models and corrections (Ge et al., 2019; Elsheikh et al., 2023). This scenario 
has been particularly favored by the consolidation of global services that routinely estimate precise products 
and by the increasing adoption of multi-GNSS solutions in scientific and engineering applications (Elsheikh 
et al., 2023). In this context, the International GNSS Service (IGS) Multi-GNSS Experiment (MGEX) stands 
out for generating and providing precise multi-GNSS products, including orbits (SP3), clocks (CLK), and 
associated biases, such as Observable Specific Biases (OSBs), thereby enabling the consistent integration of 
different constellations in PPP processing (Montenbruck et al., 2017). 

Historically, PPP has been widely adopted mainly through the dual-frequency ion-free linear 
combination, as it provides a direct way to eliminate the first-order ionospheric term, one of the main error 
sources in GNSS observations (Tegedor & Øvstedal, 2014). This approach remains a standard in operational 
applications, partly because of its consistency with the products commonly used in processing, which helps 
explain why traditional services are still mostly based on two carrier frequencies. However, the availability of 
additional signals in modern constellations, such as L5 for GPS, E5a/E5b and E6 for Galileo, B2a/B2b for 
BeiDou, and L3 for GLONASS-K, has enabled the use of triple-frequency ion-free combinations (Su & Jin, 
2019; Wang et al., 2022). In principle, this expansion allows combinations with different stochastic properties 
and greater tolerance to adverse observational conditions. Nevertheless, such combinations may also introduce 
stronger noise amplification and changes in ambiguity behavior, which do not always result in effective 
performance improvements when compared with the traditional dual-frequency model (Su et al., 2020; Tian 
et al., 2026). In parallel, alternative strategies such as the Group and Phase Ionospheric Calibration 
(GRAPHIC) method have been employed especially for single-frequency receivers. This method enables the 
mitigation of the first-order ionospheric effect by combining pseudorange and carrier-phase observations, 
although at the cost of increased observation noise (Choy, 2009; Shi et al., 2012). The literature also shows 
that PPP performance is sensitive to ionospheric conditions, especially at low latitudes, where the variability 
of the Total Electron Content (TEC) can become more intense and dynamically complex (Su et al., 2020; 
Elsheikh et al., 2023; Glaner & Weber, 2023). During periods of high ionospheric activity, associated, for 
example, with geomagnetic storms, scintillation, and irregularities such as ionospheric plasma bubbles, 
fluctuations in the propagation medium degrade observation quality, increase residuals, and may prolong the 
convergence period of the solution (Moraes et al., 2014; Veettil et al., 2020). 

 Although recent studies have reported benefits associated with the use of multifrequency observations 
in PPP, such as reduced convergence time, increased observational redundancy, and improved support for 
ambiguity estimation, these gains depend on the effective availability of signals, the consistency of the precise 
products used, the modeling of inter-frequency biases, and the local ionospheric conditions. Studies such as 
those by Deo and El-Mowafy (2017) and Su et al. (2020) demonstrate performance improvements with the use 
of multiple frequencies, while more recent investigations highlight the importance of inter-frequency bias 
modeling and multifrequency integration in multi-GNSS PPP solutions (Wang et al., 2022; Wu et al., 2022; 
Yang et al., 2024). However, the operational application of these strategies may be limited by receiver 
heterogeneity, incomplete support for specific signals, and firmware or tracking-channel restrictions, as 
observed for BeiDou-3 in international multi-GNSS networks (Zajdel et al., 2022). Furthermore, in low-
latitude regions such as Brazil, the Equatorial Ionization Anomaly and ionospheric scintillation introduce 
significant spatial and temporal irregularities in the TEC, which can degrade the quality of the observables, 
reduce tracking continuity, and compromise the simultaneous availability of multiple frequencies. Recent 
studies have also shown the impact of scintillation on GNSS availability and precise positioning in equatorial 
regions, reinforcing the need for specific assessments under these conditions (Aguiar et al., 2025; Marques et 
al., 2025). 

Therefore, this paper aims to evaluate the performance of dual- and triple-frequency ion-free linear 
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combinations, as well as the GRAPHIC method, in multi-GNSS PPP by integrating GPS, GLONASS, Galileo, 
and BeiDou observations under low and high ionospheric variability conditions. For this purpose, data 
collected by Brazilian stations located in a low-latitude region are analyzed, considering distinct periods of 
ionospheric activity. The evaluation metrics include: (1) positioning accuracy, considering the discrepancy 
vector and the propagation of the covariance matrix of the adjusted positional parameters; (2) observation 
residuals, assessed separately for pseudorange and carrier-phase measurements; and (3) convergence time, 
defined as the interval required to reach predefined horizontal (H) and vertical (V) accuracy thresholds. 
Furthermore, this paper is an extended version of the work presented by Zaupa et al. (2025) at the I CIRF & 
VIII SIMGEO – Regularização Fundiária Plena & Geotecnologias. 

In addition to this introduction, the paper is organized as follows. Section 2 presents the theoretical 
background of the GRAPHIC and ion-free combinations and their application in PPP. Section 3 describes the 
materials and methods, including the data, processing strategies, and evaluation criteria. Section 4 discusses 
the results, comparing the performance of the combinations under different ionospheric conditions. Finally, 
Section 5 presents the conclusions, summarizing the main findings and their implications for high-precision 
GNSS positioning. 

 

2 ION-FREE LINEAR COMBINATION 
 
The propagation of GNSS signals through the Earth’s atmosphere is strongly affected by the 

ionosphere, especially in regions close to the magnetic equator, where intense spatial and temporal gradients 
in electron density are commonly observed. As a dispersive medium, the ionosphere affects the group and 
phase propagation of GNSS signals in different ways. The interaction with free electrons reduces the group 
velocity, causing a delay in pseudorange observations, while the phase velocity becomes greater than the speed 
of light in vacuum, resulting in an advance in carrier-phase observations. Both effects depend on the signal 
frequency and the TEC along the satellite–receiver line of sight (Jiang et al., 2024). Most of this effect is 
associated with the F region, particularly the F2 layer, whose peak electron density typically occurs between 
250 and 400 km in altitude and may reach values on the order of 10⁵ to 10⁶ electrons per cubic centimeter 
(Hobiger & Jakowski, 2017; Sousasantos et al., 2024). TEC variations are related to factors such as latitude, 
local time, season, and solar and geomagnetic activity, and may lead to severe effects such as scintillation, 
ionospheric plasma bubbles, and cycle slips (Matsuoka et al., 2013; Veettil et al., 2020; Zaupa et al., 2022; Dal 
Poz et al., 2025; Yang & Morton, 2025; Zaupa et al., 2026b). Different strategies can be employed to mitigate 
ionospheric effects in GNSS observations. Among them, the GRAPHIC method, presented in Section 2.1, is 
based on the combination of pseudorange and carrier-phase observations, whereas ion-free linear combinations 
exploit the dependence of the ionospheric delay on the inverse square of the signal frequency. This technique 
is based on the combination of two or more observations collected simultaneously on different frequencies. 
Sections 2.2 and 2.3 present the dual- and triple-frequency ion-free combinations, respectively. Section 2.4 
discusses the noise amplification caused by this linear combination. 

 

2.1 GRAPHIC method 
 

The GRAPHIC method is an ionospheric mitigation strategy mainly intended for applications using 
single-frequency receivers and is based on the concept of a “quasi-carrier” observable (Choy, 2009). In this 
method, pseudorange observations are used as provided in RINEX files and may be previously corrected by 
ionospheric models, such as the Klobuchar model (1987). The main characteristic of the method lies in the 
combination of pseudorange (𝑃) and carrier-phase (𝐿) observations, taking advantage of the fact that first-
order ionospheric effects act with the same magnitude on both observables, but with opposite signs. Thus, by 
combining these quantities, this effect can be directly eliminated. Considering all observations expressed in 
meters, the resulting observable, called quasi-carrier (𝜑ത), can be expressed as (Choy, 2009): 

 𝜑ഥ =
𝑃 + 𝐿

2
. (1) 

Therefore, the combination results in an increase in the effective noise of the observation, which may 
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negatively affect the precision of the solution, especially in high-accuracy applications. Despite this limitation, 
the method presents relevant advantages in scenarios with limited frequency availability, representing a viable 
alternative for applications based on low-cost receivers. 

 

2.2 Dual-frequency linear combination (IF2) 
 

Ion-free combinations can be applied to both pseudorange and carrier-phase observations. For signals 
1 and 2 with frequencies 𝑓1 and 𝑓2, respectively, the multiplying coefficients 𝑚ଵ and 𝑚ଶare defined as 
(Hauschild, 2017): 

 𝑚ଵ =
𝑓1ଶ

𝑓1ଶ − 𝑓2ଶ
, 𝑚ଶ =

𝑓2ଶ

𝑓1ଶ − 𝑓2ଶ
 (2) 

resulting in the following expressions for the pseudorange (𝑃௜௙) and carrier-phase (𝐿௜௙) combinations: 

 
𝑃௜௙ = 𝑚ଵ𝑃1 − 𝑚ଶ𝑃2, 

 𝐿௜௙ = 𝑚ଵ𝐿1 − 𝑚ଶ𝐿2,  
(3) 

where 𝑃1 and 𝐿1, 𝑃2 and 𝐿2 are the pseudorange and carrier-phase observations for signals 1 and 2, 
respectively. The use of these combinations is widely adopted in PPP, mainly due to their simple 
implementation and their effective elimination of first-order ionospheric delays. In general, combinations 
involving more widely separated frequencies, such as GPS L1 and L5, produce lower combined noise. 
Conversely, combinations between close frequencies, such as Galileo E5a/E5b, result in high noise 
amplification, which may limit their practical use (Schönemann, 2014). 

 

2.3 Triple-frequency linear combination (IF3) 
 
This section presents a PPP model based on a triple-frequency ion-free linear combination, formulated 

to reduce noise propagation while preserving the geometry, with the aim of favoring faster ambiguity 
convergence when compared with the traditional dual-frequency model (Deo & El-Mowafy, 2017). The linear 
combination is consistently applied to both carrier-phase and pseudorange observations. The geometry-
preserving condition is defined by the sum of the combination coefficients being equal to 1, while the condition 
for eliminating the first-order ionospheric effect is represented by a relationship between these coefficients and 
the frequency multipliers associated with each constellation (Table 1). 

 
Table 1 – Fundamental frequency multipliers (10.23 MHz) of the GNSS constellations. 

 

Source: Adapted from Teunissen and Montenbruck (2017). 
 
Noise propagation is minimized by minimizing a noise amplification factor derived from the three 

frequencies. Considering three phase or code signals observed at frequencies 𝑓1, 𝑓2 and 𝑓3, the linear 
combination can be expressed as (Deo & El-Mowafy, 2017; Su et al., 2020): 

 
𝑃௜௙ = 𝛼𝑃1 + 𝛽𝑃2 + 𝛾𝑃3, 

 𝐿௜௙ = 𝛼𝐿1 + 𝛽𝐿2 + 𝛾𝐿3,  
(4) 

where 𝛼, 𝛽 and 𝛾 are the coefficients of the linear combination. Three conditions are imposed to construct an 
optimized combination: 

1. Geometry preservation: the sum of the coefficients must be equal to 1: 𝛼 + 𝛽 + 𝛾 = 1; 

System Signals and Fundamental Frequency Multipliers 
GPS L1: 154 L2: 120 L5: 115 
GLONASS-K2 G1: 156.5 G2: 122 G3: 117.5 
Galileo E1: 154 E5a: 115 E5b: 118 
BeiDou B1: 152.6 B3: 124 B2: 118 
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2. Elimination of the first-order ionospheric effect: based on the inverse-square dependence on 
frequency: 𝛼𝑓1ିଶ + 𝛽𝑓2ିଶ + 𝛾𝑓3ିଶ = 0; 

3. Minimum noise propagation: assuming equivalent noise in the three observations, the noise 
amplification factor ε is defined as: 𝜀 = 𝛼² + 𝛽² + 𝛾². 

By minimizing 𝜀, a more stable combination suitable for ambiguity estimation is obtained, contributing 
to a reduction in PPP convergence time. The coefficients can be obtained through sequential substitution in 
the equations described above, resulting in a quadratic equation of the form: 

 𝐴𝛾ଶ + 𝐵𝛾 + 𝐶 = 0,  (5) 

where the coefficients A, B and C depend on the frequency multipliers given in Table 1. 
 
2.4 Noise Amplification in the Linear Combination 

 
Although ion-free combinations are effective in eliminating the first-order ionospheric term, they 

inevitably amplify the noise in the resulting observations due to the weights assigned to the different 
frequencies. This amplification can be represented by a characteristic factor for each set of frequencies used 
and is directly related to the relative separation between them. It is important to emphasize that this increase is 
not limited to the simple propagation of the covariance of the original observations: it also includes the 
contribution of multipath, which manifests differently at each frequency and, when combined, may further 
intensify the effective noise in ion-free observations. Figure 1 presents the values of ε for different dual- and 
triple-frequency combinations of GNSS signals, considering the most commonly used signals in each system, 
organized as signals 1, 2, and 3, respectively. The following correspondence was adopted: L1, L2, and L5 for 
GPS; G1, G2, and G3 for GLONASS (CDMA); E1, E5a, and E5b for Galileo; and B1, B3I, and B2I for 
BeiDou. Each combination represents the pair or set of three signals used to form the ion-free observable, 
highlighting how frequency selection influences the level of associated noise amplification. 

 
Figure 1 – Noise amplification in ion-free combinations (dual- and triple-frequency).

 
Source: The Authors (2026). 

 
Combinations with close frequencies, such as GPS L2-L5 or Galileo E5a-E5b, tend to present significant 

amplification, which results in greater residual dispersion, lower reliability of the estimated ambiguities, and 
longer PPP convergence time (Schönemann, 2014; Tegedor & Øvstedal, 2014; Deo & El-Mowafy, 2017). 
Therefore, the choice of the most appropriate combination should consider the balance between the removal 
of the ionospheric effect and the penalty introduced by noise amplification. 
 

3 METHODOLOGY 
 
In this study, GNSS data from five stations of the Brazilian Network for Continuous Monitoring of 
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GNSS Systems (RBMC), distributed across the country, were used: BOAV, BRAZ, PERC, PPTE, and RSSL 
(Figure 2). For the analysis of ionospheric scintillation, data from stations belonging to the National Institute 
of Science and Technology – GNSS Technology to Support Air Navigation (INCT GNSS-NavAer) were 
employed: POAL, PRU2, STMC, STMN, and STNT (Monico et al., 2022). The data were obtained in RINEX3 
format, with continuous records during two distinct 30-day periods: March and June 2024, totaling 60 days of 
observations. For each month, a three-hour interval was processed each day, starting at 00:00 UTC. These 
periods were selected to represent distinct ionospheric conditions: March as a typical equinoctial transition 
period and June as representative of winter in the Southern Hemisphere. The GNSS observations were 
processed using static multi-GNSS PPP approaches, applying the GRAPHIC, IF2, and IF3 combinations with 
the APPPOLO (Advanced Precise Point Positioning software for Optimized LOcalization) software (Zaupa, 
2025; Zaupa et al., 2026a). Each configuration was independently applied to the 60-day dataset, while keeping 
the remaining modeling and adjustment parameters fixed, as described in Table 2. 

 
Figure 2 – RBMC and INCT GNSS-NavAer stations selected for the experiment. 

 
Source: The Authors (2026). 

 
Table 2 – Strategies for PPP processing using the APPPOLO software. 

Source: The Authors (2026). 

Parameter Strategy 
Observables GPS: L1 C/A, L2 P(Y), L5; GLONASS: G1, G2, G3; Galileo: E1, E5a, E5b; BeiDou: B1, 

B2I, B3I. 
Uncertainties σP1=0.8 m; σP2=σP3=1.0 m; σL1=0.008 m; σL2=σL3=0.010 m (weighted by the inverse of 

the sine of the elevation angle).  
Estimator Robust Adaptive Kalman Filtering (Zhang et al., 2021). 
Masks Elevation: 10°; SNR: 27 dBHz. 
Orbits and clocks Precise ephemerides (SP3) and clock files (CLK) from CODE, in the IGS20 reference 

frame, with temporal resolutions of 5 minutes and 30 seconds, respectively. Interpolated 
to the signal transmission time using Moving Window Lagrange Interpolation of degree 9 
(Zaupa, 2025). 

Neutrosphere effects VMF3 mapping function (Landskron & Böhm, 2018), zenith wet delay (VMF3), zenith 
hydrostatic delay (VMF3), and estimated residual component. 

Coordinates and 
ambiguities 

Coordinates estimated as constants. Ambiguities estimated as white noise when cycle 
slips occur, detected using the TurboEdit algorithm (Blewitt, 1990). 

Other systematic effects Phase wind-up (Wu et al., 1993), Sagnac effect (Ashby, 2004), Phase Center Offset and 
Variation (PCO/PCV) (Montenbruck et al., 2015), Observable Specific Biases (OSBs) (Li 
& Yuan, 2021), solid Earth and ocean tides (Kouba et al., 2017), and relativistic effects on 
clock and range (Ashby, 2003). 
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3.1 Ionospheric Variability during the Processing Period 
 
To illustrate the ionospheric behavior during the analyzed periods, Figure 3 presents the temporal 

evolution of the S4 index based on GNSS observations recorded at the INCT GNSS-NavAer stations for March 
and June 2024. This index is widely used as an indicator of ionospheric scintillation intensity and reflects rapid 
variations in GNSS signal amplitude (Veettil et al., 2020). The bars represent the hourly mean S4 values 
throughout each month, together with the number of observations for which S4 exceeded 0.7, considering the 
complete monthly datasets. A fluctuation pattern can be observed over time, with higher values associated with 
greater ionospheric instability in March, which may directly affect positioning accuracy and the convergence 
time of PPP solutions.  

 
Figure 3 – S4 index for March (left) and June (right) 2024, considering the INCT GNSS-NavAer stations. The bar plot 

represents the hourly mean S4 throughout the month, as well as the count of epochs with S4 > 0.7, considering all 
monthly observations. 

 
Source: The Authors (2026). 

 
In June, the S4 index values remained predominantly below 0.6 throughout the day, with small 

fluctuations and no significant peaks. Considering only values above 0.3, the mean S4 was 0.39. During the 
observation window between 00:00 and 03:00 UTC, only 21 instances presented S4 values greater than 0.7. 
This behavior reflects relatively calm ionospheric conditions, which are favorable to the stability of high-
precision GNSS solutions. In contrast, in March, a marked increase in S4 values was observed between 21:00 
and 02:00 UTC, with peaks exceeding 1.0 at several moments. During the processing interval between 00:00 
and 03:00 UTC, the mean S4 was 0.54, with a total of 11,300 occurrences above 0.7. This pattern is 
characteristic of strong amplitude scintillation and is consistent with the typical nighttime behavior of the 
ionosphere in the equatorial region, when irregularities such as plasma bubbles are more frequent (Basu et al., 
2002). 

 

3.2 Evaluation Metrics 
 
The quality assessment of the multi-GNSS PPP solutions was conducted using three main metrics: 

positioning accuracy, observation residuals, and convergence time. Accuracy was obtained from the 
discrepancy between the estimated coordinates and a reference position, adopting the SIRGAS-CON 
coordinates, updated to the processing epoch. The analysis was performed in the Local Geodetic System 
(LGS), considering the propagation of the covariance matrix of the estimated positional parameters. To provide 
a broader representation of performance over the processing epochs, the three-dimensional component of the 
error and standard deviation was analyzed through the Root Mean Square Error (RMSE), thereby summarizing 
the accuracy effectively achieved at each processing epoch. The quality of the GNSS observation adjustment 
was evaluated using the Root Mean Square (RMS) of the residuals, which expresses the degree of compatibility 
between the observations and the adopted model. This indicator is sensitive to different degradation sources, 
including measurement noise, modeling imperfections, and atmospheric disturbances that are not properly 
compensated, directly reflecting the internal consistency of the adjustment (Monico, 2008). 

The analysis of convergence time aimed to identify the epoch at which the solution reached a 
predefined accuracy level and remained stable until the end of the session. For this purpose, a threshold of 10 
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cm was adopted for both the horizontal and vertical components (Xiang et al., 2020). Convergence was 
considered to occur at the first epoch in which the positioning accuracy fell below these thresholds and 
continuously remained within this criterion. 

  

4 RESULTS AND ANALYSES 
 
Before discussing the accuracy indicators, Figure 4 presents the mean satellite availability and the 

geometry associated with the evaluated combinations for each station. The geometry is assessed using the 
Position Dilution of Precision (PDOP), an indicator that describes the geometric quality of the satellite set in 
the adjustment and quantifies the degree of measurement-error amplification in the position estimation.  

 
Figure 4 – Mean geometry of the multi-GNSS PPP solution over the complete set of analyzed days: mean number of 

satellites, with contribution by constellation, and mean PDOP per station for (a) IF2 and GRAPHIC and (b) IF3. 
(a) 

 
(b) 

 
Source: The Authors (2026). 

 
A significant difference between the strategies can be observed: the dual-frequency ion-free 

combination maintains a multi-constellation set with an average of 28 satellites per epoch, with the minimum 
occurring at BRAZ, with 24 satellites. On average, this set is distributed among GPS (10), GLONASS (6), 
Galileo (7), and BeiDou (5). In contrast, for the triple-frequency ion-free combination, availability decreases 
sharply to 12 satellites per epoch, with a critical reduction at BRAZ, where only 6 satellites are available, 
reflecting the lower availability of simultaneous triple-frequency observations. In addition, the constellation-
wise decomposition shows that, in this strategy, the solution is mainly supported by Galileo, with 7 satellites, 
while the contributions from GLONASS, with 0.18 satellite, and BeiDou, with 0.81 satellite, become residual, 
and GPS is reduced to approximately 4 satellites. This limitation is directly associated with (i) the total number 
of satellites transmitting triple-frequency signals in each constellation and (ii) the tracking capabilities of the 
RBMC receivers, whose firmware restricts the collection of certain signals, significantly reducing the number 
of satellites available for forming the triple-frequency combination. In the case of GLONASS, a severe 
decrease is observed in the number of satellites with effective support for three tracked frequencies; for GPS, 
there is an approximate 40% reduction in the number of satellites usable in this configuration. For BeiDou, the 
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absence or low availability of B2a observations in the analyzed RINEX files limits the use of combinations 
based on modernized BDS-3 signals, making the solution dependent on the observations effectively tracked 
and recorded by the receivers, especially those associated with the B1I/B2I/B3I signals. This limitation is 
consistent with the scenario described by Zajdel et al. (2022), who highlight that not all signals are supported 
by receivers due to tracking-channel restrictions, configuration limitations, or outdated firmware.  

Figure 5 presents the density maps of positioning discrepancies obtained for March 2024, considering 
the GRAPHIC, IF2, and IF3 methods, with results aggregated for all selected stations and processed days. The 
organization of the figure allows the temporal behavior of the East, North, and Up components to be compared 
among the three processing strategies. The vertical lines indicate the mean convergence time of each 
component, considering the complete set of stations and analyzed days. In cases where the solution did not 
meet the convergence criterion within the processing session, the maximum session time, corresponding to 
180 minutes, was assigned so that these cases were also incorporated into the aggregated statistics. 

 
Figure 5 – Density maps of positioning discrepancies in the Local Geodetic System for March 2024, considering the 

GRAPHIC, IF2, and IF3 methods. The vertical lines indicate the mean convergence time for each component. 

 
Source: The Authors (2026). 

 
The GRAPHIC method shows greater dispersion throughout the first three hours, with final 

discrepancies still elevated at some stations. In the final epochs, the mean horizontal errors ranged from 
approximately 7.2 cm at RSSL to 15.8 cm at BRAZ, while the vertical errors ranged from 8.2 cm at RSSL to 
17.9 cm at BRAZ, indicating lower solution stabilization when compared with the ion-free strategies. For the 
IF2 combination, the best overall performance among the evaluated methods is observed, with a greater 
concentration of discrepancies close to zero and lower residual error at the end of the processing. In the final 
epochs, the mean horizontal errors ranged from 1.3 cm at RSSL to 9.0 cm at BRAZ, while the vertical errors 
ranged from 2.2 cm at RSSL to 8.5 cm at BRAZ. Despite the poorer performance at BRAZ, the IF2 strategy 
showed a more stable behavior at the other stations, with final errors predominantly at the level of a few 
centimeters, indicating a better compromise between convergence, stability, and final accuracy. The IF3 
strategy showed intermediate performance compared to the other methods, but with more evident degradation 
in the vertical component. In the final epochs, the mean horizontal errors ranged from 3.1 cm at RSSL to 10.0 
cm at BOAV, while the vertical errors ranged from 5.3 cm at RSSL to 17.9 cm at PERC. This behavior 
indicates that the inclusion of the third frequency did not result, in this experiment, in a systematic 
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improvement of the solution, being especially penalized in the Up component. Compared with IF2, IF3 showed 
greater residual dispersion and larger formal uncertainties, suggesting that the reduced availability of triple-
frequency observations and the consequent geometric degradation limited the potential gains associated with 
the use of additional signals. Figure 6 presents the density maps of positioning discrepancies obtained for June 
2024, considering the methods used, with results aggregated for all selected stations.  

 
Figure 6 – Density maps of positioning discrepancies in the Local Geodetic System for June 2024, considering the 

GRAPHIC, IF2, and IF3 methods. The vertical lines indicate the mean convergence time for each component. 

 
Source: The Authors (2026). 

 
In the final epochs, for GRAPHIC, the mean horizontal errors ranged from approximately 3.4 cm at 

PPTE to 6.5 cm at RSSL, while the vertical errors ranged from 4.6 cm at PPTE to 7.7 cm at BRAZ, indicating 
moderate final stabilization, although still inferior to that obtained with IF2. For the IF2 combination, the best 
overall performance among the evaluated methods is again observed, with a greater concentration of 
discrepancies close to zero and lower residual error at the end of the processing. In the final epochs, the mean 
horizontal errors ranged from 0.5 cm at PPTE to 1.2 cm at BOAV, while the vertical errors ranged from 0.9 
cm at BOAV to 2.9 cm at PERC. These values indicate predominantly low-centimeter final performance, with 
small variability among stations and better stabilization of the positional components, especially when 
compared with GRAPHIC and IF3. The IF3 strategy showed poorer performance than IF2 and, at some 
stations, also larger residual errors than GRAPHIC, especially in the vertical component. In the final epochs, 
the mean horizontal errors ranged from approximately 3.2 cm at BRAZ and PERC to 7.9 cm at PPTE, while 
the vertical errors ranged from 7.6 cm at RSSL to 11.7 cm at BOAV. The vertical penalty was more evident at 
PERC and BOAV, with final mean errors greater than 11 cm, indicating that the inclusion of the third frequency 
did not result in a systematic improvement of the solution for this dataset. This behavior suggests that the 
reduced availability of triple-frequency observations and the possible geometric degradation limited the 
expected benefits from the use of additional signals. 

Considering the results presented in Figures 5, for March, and 6, for June, a clear improvement in the 
performance of the IF2 combination is observed in relation to the other strategies, both in terms of accuracy 
and convergence time. In March, IF2 reduced the final horizontal errors by approximately 70 to 85% compared 
with the GRAPHIC method and by about 50 to 75% compared with the triple-frequency strategy. In the vertical 
component, these reductions reached 60–80% relative to GRAPHIC and 40–70% relative to IF3. In June, 
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although all methods showed improved performance due to more stable ionospheric conditions, IF2 still 
maintained an advantage, with typical reductions of 50–70% compared with GRAPHIC and 30–60% compared 
with the triple-frequency strategy. Regarding convergence time, the results indicate that IF2 converged 
significantly faster: in March, the reduction was on the order of 30% to 50% compared with the triple-
frequency strategy, while in June this difference remained relevant, although smaller, ranging from 20 to 40%. 
Figure 7 presents the observation residuals as a function of elevation angle for March 2024, considering the 
GRAPHIC, IF2, and IF3 methods, with results aggregated for all analyzed stations. 

 
Figure 7 – Observation residuals as a function of elevation angle for March 2024, considering the GRAPHIC, IF2, and 

IF3 methods. The first three rows correspond to pseudorange, and the last three rows correspond to carrier phase 
observations. 

 
Source: The Authors (2026). 

 
Figure 8 presents the observation residuals, for different methods, as a function of elevation angle for 

June 2024, with results aggregated for all analyzed stations. The residuals show the expected behavior as a 
function of elevation, with greater dispersion for satellites close to the horizon and a gradual reduction at higher 
elevations, due to the shorter atmospheric path and the lower relative influence of multipath and measurement 
noise. This effect is more evident in the pseudorange observations, whereas the carrier-phase residuals of the 
ion-free combinations remain more concentrated around zero, with predominantly centimeter-level variations. 
In the case of GRAPHIC, the use of the quasi-carrier propagates the pseudorange noise, degrading the phase-
related residuals when compared with the IF2 and IF3 combinations. The greatest concentration of residuals 
close to zero generally occurs in intermediate elevation ranges, where there is greater geometric recurrence of 
the observations and more favorable link conditions. When comparing the analyzed months, June shows 
slightly lower RMS values and a more controlled distribution, consistent with the lower ionospheric variability 
of the period. However, the difference relative to March is not necessarily proportional to the scintillation 
intensity, since the quality control removes discrepant observations and reduces the weight of degraded 
observations through the inflation of their uncertainties. Thus, the most severe effects of scintillation tend to 
be more clearly reflected in observation availability, solution stability, and convergence time than only in the 
final residuals analyzed. 
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Figure 8 – Observation residuals as a function of elevation angle for June 2024, considering the GRAPHIC, IF2, and 
IF3 methods. The first three rows correspond to pseudorange, and the last three rows correspond to carrier phase 

observations. 

 
Source: The Authors (2026). 

  
5 CONCLUSION 

 
The analysis conducted in this study made it possible to compare, at Brazilian RBMC stations, the 

performance of multi-GNSS PPP using three ionospheric mitigation strategies, including the GRAPHIC 
method and dual- and triple-frequency ion-free combinations, considering periods with contrasting ionospheric 
variability, namely March and June 2024. Initially, it was observed that observation availability is a structural 
factor determining the behavior of the solution: the dual-frequency combination preserved an effectively multi-
constellation scenario, with a higher mean number of satellites per epoch and more favorable geometry, 
whereas the triple-frequency combination sharply reduced the set of valid satellites, with loss of constellation 
diversity and consequent geometric degradation, as evidenced by the increase in PDOP among stations (Figure 
4). This limitation, associated with the lower availability of simultaneous tracking on three frequencies, 
explains a relevant part of the poorer performance observed for the triple-frequency strategy, regardless of the 
analyzed month. 

The results obtained in this study, although still preliminary, partially differ from what is reported in 
the literature, where triple-frequency solutions usually provide benefits mainly in reducing convergence time 
and handling residual ionospheric effects, while gains in final accuracy tend to be limited. In the present work, 
however, the IF3 strategy did not outperform the IF2 combination. This can be explained by factors associated 
with the adopted strategy and modeling, including the direct use of the triple-frequency combination without 
explicit treatment of inter-frequency biases (IFBs), the consistency of orbit and clock products based on dual-
frequency processing, and the lower effective availability of triple-frequency observations, which negatively 
affects the solution geometry. In addition, the analysis was conducted under tropical ionospheric conditions, 
which are more challenging and less explored in controlled studies reported in the literature, potentially 
amplifying these limitations. Therefore, the results do not invalidate the potential benefits of triple-frequency 
combinations, but indicate that their practical application critically depends on the adopted modeling strategy, 
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signal availability, and propagation environment considered. 
In terms of positioning accuracy, the density maps revealed consistent differences among the evaluated 

strategies for each month. In March (Figure 5), under higher ionospheric variability, greater temporal and inter-
station dispersion was observed for all methods, with cases of persistent degradation throughout the three-hour 
processing sessions. In this scenario, the dual-frequency ion-free combination generally presented smaller final 
discrepancies and faster convergence, especially in the horizontal components, while the vertical component 
remained more sensitive and required a longer time to stabilize. The GRAPHIC method showed greater 
dispersion and lower stability, whereas the triple-frequency strategy was penalized in both convergence time 
and final accuracy, with more evident degradation in the vertical component. In June (Figure 6), under more 
favorable ionospheric conditions, the solutions showed a more controlled behavior, with a greater 
concentration of discrepancies at centimeter levels and lower dispersion than in March. Even so, the dual-
frequency combination maintained the best overall performance, while the triple-frequency combination did 
not provide systematic improvement, especially in the vertical component. The GRAPHIC method showed 
greater residual variability associated with the propagation of pseudorange noise into the quasi-carrier 
observable. 

The evaluation of residuals as a function of elevation angle (Figures 7 and 8) reinforced the 
characteristic behavior of the GNSS link, with greater dispersion at low elevations and a gradual reduction in 
dispersion as the elevation angle increases. This effect is associated with the longer atmospheric path, greater 
susceptibility to multipath, and geometric degradation at grazing angles. This pattern was more pronounced in 
pseudorange observations, while carrier-phase residuals remained concentrated around zero, with 
predominantly centimeter-level variations. The comparison among methods showed that the dual-frequency 
combination presented lower dispersion across the entire elevation range, indicating better control of the 
effective noise, whereas the GRAPHIC method exhibited greater spreading, especially at low elevations. The 
triple-frequency strategy showed an intermediate behavior, but with greater pseudorange variability than the 
dual-frequency combination, especially in March. Compared with March, June presented more controlled 
residuals and lower RMS values in part of the analyses. However, this difference is not as pronounced in the 
plots, since the analyzed residuals already reflect the processing quality control, with outlier removal and 
reduced weighting of degraded observations. 

In summary, the results indicate that, for the set of stations and conditions evaluated, the dual-
frequency strategy provided the best compromise among observation availability, geometry, convergence 
speed, and final performance. In contrast, the triple-frequency strategy was systematically penalized by the 
reduction in the number of useful satellites and by geometric degradation, resulting in longer convergence time 
and larger final residual errors, mainly in the vertical component and during the period of higher ionospheric 
variability. These findings reinforce that the potential gains associated with the use of additional signals 
critically depend on the effective multi-constellation availability on three frequencies and on the conditions of 
the propagation medium. Thus, the operational adoption of the triple-frequency strategy should be 
accompanied by tracking and quality criteria, as well as geometry assessment, to avoid performance losses in 
tropical scenarios. 

As a perspective for future work, specific experiments are recommended during periods of severe 
ionospheric disturbance, including events associated with intense geomagnetic storms, such as the May 2024 
Mother’s Day Storm. In these scenarios, the effects of ionospheric irregularities, scintillation, and rapid 
variations in TEC tend to be significantly amplified. Investigating these conditions is essential to assess the 
robustness of multifrequency strategies under extreme conditions and to verify whether increased spectral 
redundancy can effectively contribute to mitigating the degrading effects of the propagation medium or, 
alternatively, accentuate limitations already observed under nominal conditions. 
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