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Abstract: The ionosphere, partially ionized by solar radi-
ation, is rich in free electrons and ions, affecting satellite
navigation signals by altering their speed and path. This
interaction often leads to signal delays of 5-10 m, compli-
cating accurate positioning in satellite-based systems. This
paper investigates the influence of global ionospheric mod-
els (GIMs) with varying Temporal Resolutions (TR) on satel-
lite positioning accuracy and convergence time under dif-
ferent solar activities, represented by the years 2009 (low
solar activity) and 2014 (high solar activity). The study uti-
lizes Global Positioning System (GPS) data from three GIMs:
CODG, representing the Center for Orbit Determination in
Europe (CODE) GNSS model with a 2-h TR; bcom, with a
1-h TR; and b5mg, with a 5-min TR. Analysis was conducted
using the GNSS Analysis Software for Multi-constellation
and Multi-frequency Precise Positioning across 46 inter-
national GNSS service stations under single and dual-
frequency strategies. The results indicate that precise point
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positioning convergence time improved by approximately
18 % and 78 % using single and dual frequencies, depend-
ing on the GIM applied. Consequently, positioning accuracy
after convergence improved by about 16 % and 27 % in the
horizontal and up components for ionospheric-constrained
single-frequency PPP models and by 68 % and 79 % in the
horizontal and up components for dual-frequency PPP mod-
els. Furthermore, vertical total electron content analysis at
the MARS station revealed significant variations correlating
with solar activity, underscoring the importance of select-
ing appropriate GIMs for accurate GNSS positioning. Future
studies, including multi-solar events, are recommended for
comprehensive analysis.

Keywords: ionosphere; PPP positioning; high temporal res-
olution; convergence time; VTEC

1 Introduction

The Earth’s atmosphere comprises multiple layers, includ-
ing the ionosphere, which extends from 60 to 1,000 km in
altitude. Ionization of the ionosphere is primarily driven
by ultraviolet (UV) and X-ray solar radiations, affecting the
propagation of GNSS signals as they travel through this
ionized layer [1-3]. The refraction of these signals can intro-
duce significant delays, complicating positioning accuracy.
Traditionally, GNSS precision position has relied on differ-
ential positioning, which requires measurements from mul-
tiple receivers [4]. While effective, this method is limited by
the need for a reference receiver. Precise Point Positioning
(PPP) allows positioning using a single receiver by mod-
elling and correcting all GNSS errors and biases. A common
approach in PPP is using ionosphere-free combinations of
code and carrier-phase data to eliminate first-order iono-
spheric effects. This linear combination, on the other hand,
results in a residual ionospheric delay component of up
to a few centimetres, which represents higher-order iono-
spheric terms [5-7].

Satellite orbit and clock errors are adjusted utilizing
precise products from the International GNSS Service (IGS)
[8]. Receiver clock errors can also be estimated, while other
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factors like ocean loading, Earth tides [9], carrier-phase
windup [10], relativity, and antenna phase-center varia-
tions can be modelled and corrected with high accuracy
[11]. Empirical models (e.g., Saastamoinen or Hopfield mod-
els) or tropospheric corrections generated from regional
GPS networks, such as the National Oceanic and Atmo-
spheric Administration (NOAA) tropospheric corrections,
can be used to account for tropospheric delay (NOAAT-
rop) [11, 12]. Currently, the IGS exact orbit and clock prod-
ucts do not consider the second-order ionospheric delays,
which can degrade the PPP accuracy. Therefore, correcting
higher-order ionospheric delays is critical for improving
PPP performance [13, 14]. While smaller than first-order
effects, these higher-order terms still contribute to position-
ing errors, particularly during periods of increased solar
activity and geomagnetic disturbances [15, 16].

Until 2014, all Global Ionospheric Maps (GIMs) had a
2-h temporal resolution (TR). In 2015, some international
associate analysis centers (IAACs) started to offer higher
resolution products (30—60 min), allowing for more detailed
ionospheric modelling. Recent studies, such as those by
Wang [16], have evaluated GIMs using PPP and found that
certain GIM products, such as CODG, ESAG, WHUG, and
CASG, underestimate vertical total electron content (VTEC)
during periods of high solar activity, particularly over the
equatorial ionization anomaly (EIA).

Gabriel et al. [17] assessed GIM using ionosonde data.
The study analyzed one year of data from 2015, evalu-
ating thirteen GIMs, with CODG and UQRG showing the
best performance. A four-year time series (2014-2017)
focused on these two models revealed regional and tempo-
ral ionospheric variations, particularly larger errors dur-
ing the solar cycle peak in 2014 and in areas with widely
spaced ionosondes. The findings confirm the effectiveness
of the developed method for assessing GIM quality using
ionosonde data. Additionally, Gabriel et al. [18] introduced
a clear understanding of the benefits of using regional iono-
spheric maps (RIMs) over GIMs. GNSS positioning resulted
in more significant, noisier errors near the equatorial
anomaly. Two of the studied RIMs showed significant errors
in stations on the margins of the coverage area.

This study evaluates two newer GIMs, b5Smg (5-
min resolution) and bcom (60-min resolution), by compar-
ing their impact on positioning accuracy and convergence
time against the widely used CODG GIM. Focusing on undif-
ferenced and uncombined observation data from multiple
GNSS stations across Western Europe, the study investi-
gates how ionospheric conditions influence GNSS position-
ing during years of low and high solar activity (2009 and
2014) in solar cycle 24 by applying single and dual fre-
quency. The study investigates how temporal variations of
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GIMs influence satellite positioning accuracy and conver-
gence time under different solar activity levels. Based on
the ionospheric and geomagnetic activities observed on DOY
079, 173, 266, and 356 of 2009 and 2014 — representing the
equinoxes and solstices during years of low and high solar
activity, respectively [19] — we calculate the VTEC and ana-
lyze its correlation with positioning accuracy and conver-
gence performance.

The data section will provide an overview of the data
sources and study period. Section 3 will outline the method-
ology, followed by the presentation and discussion of results
in Section 4. Finally, the conclusions will be summarized in
Section 5.

2 Datasets

Solar cycles span roughly 11years, alternating between
maximum and minimum sunspot activity periods. Solar
Cycle 24, the most recent complete cycle, which began in
December 2008, reached a smoothed sunspot minimum of
2.2 and concluded in December 2019. Solar activity was min-
imal until early 2010, peaking in April 2014 with a sunspot
number of 81.8. This peak was notably weaker than previous
cycles, reaching levels not seen since the late 19th and early
20th centuries [20, 21]. While solar activity in 2009 remained
low, 2014 showed a significant surge, as evidenced by the
solar flux (f10.7) data presented in Figure 1, which compares
2009 (blue) and 2014 (red).

The Kp-index is a global metric for geomagnetic activ-
ity derived from 3-hourly measurements taken by ground-
based magnetometers worldwide. Each station computes a
local Kp-index based on geomagnetic disturbances relative
to a quiet day baseline. The global Kp-index, ranges from
0 (minimal activity) to 9 (severe geomagnetic storms) and
is computed by combining local values. 2009, the Kp-index
remained low due to reduced solar flare activity (Figure 2).
In contrast, 2014 witnessed higher Kp-index levels (Figure 3),
reflecting increased solar and geomagnetic activity. The
comparison of Kp-index values during the equinoxes and
solstices of 2009 and 2014 clearly highlights 2009 as a year
of low solar activity and 2014 as one of high activity — an
ideal contrast for this study.

Global Ionospheric Maps typically offer TRs of one to
2 h, limiting their precision in detailed ionospheric studies.
However, recent advancements, such as the 30-s resolution
GIMs from Beihang University STAR Lab, offer valuable
insights for studying ionospheric weather and climatology,
although these are still experimental. This study evaluates
the influence of high-TR GIMs, particularly the 5-min (b5mg)
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Figure 1: Shows the solar flux (f10.7) for the years 2009 (blue line) and 2014 (red line), as sourced from OmniWeb (https://omniweb.gsfc.nasa.gov/),
with 4 black dotted lines at DOYs 79, 173, 266, and 356.
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Figure 2: Illustrates the Kp-index throughout 2009, covering the equinoxes (March and September) and solstices (June and December), based on data
sourced from OmniWeb (https://omniweb.gsfc.nasa.gov/).
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Figure 3: Illustrates the Kp-index throughout 2014, covering the equinoxes (March and September) and solstices (June and December), based on data

sourced from OmniWeb (https://omniweb.gsfc.nasa.gov/).

and 60-min (bcom) GIMs, on the accuracy of GNSS position-
ing during ionospheric disturbances.

Stations in Western Europe were selected due to the
high density of available data, which enabled a robust
analysis using three IONEX GIMs: CODG, bcom, and b5mg
(Figure 4). The study covers 46 stations and focuses on
data from 2009 to 2014, representing periods of low and
high solar activity, respectively. Seasonal variations were
examined through undifferenced and uncombined obser-
vations during the March Equinox, June Solstice, Septem-
ber Equinox, and December Solstice. These were evaluated
using IONEX files with TRs of 120, 60, and 5 min to assess the
performance of higher resolution GIMs. The study primarily
focused on mid-latitude stations, with latitudes between 20°
and 60°.

3 Methodology

This study analyzes GNSS data from 46 stations using differ-
ent estimation strategies for single-frequency (SF) and dual-
frequency (DF) processing, as summarized in Table 1. The
primary distinction between SF and DF processing lies in
the number of frequencies used: SF processes data from one
frequency, while DF utilizes two. The “lonoopt” parameter
highlights this difference, with SF applying ionospheric cor-
rections based solely on the single frequency (UC1), whereas
DF processing computes more precise correction by leverag-
ing both frequencies (UC12). The table also highlights that
both processing modes employ a GPS navigation system,
float ambiguity resolution, and a kinematic PPP positioning
mode, with a cut-off elevation angle set to 10°.
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Figure 4: Illustrates the cluster of IGS stations across western Europe,
represented by red dots.

Table 1: Parameters and estimation strategies for single and
dual-frequency processing.

Parameter Single frequency (SF)  Dual frequency (DF)
Navsys GPS

Ambiguity Float ambiguities

Posmode ppp_kinematic

Cut-off elevation 10

(deg)

Processing 1 2

frequencies

Ionoopt UC1: ionospheric UC12: utilize both

corrections based on
single-frequency data.

frequencies for a more
precise correction

The methodology is further outlined in the flowchart
(Figure 5), which details the steps to analyze GNSS data
under varying solar activity conditions, utilizing the GAMP
(GNSS Analysis software for Multi-constellation and multi-
frequency Precise positioning) software. The process begins
by categorizing data based on solar activity levels — dis-
tinguishing between low and high solar activity periods.
GNSS observation data, stored in the RINEX format and
precise Ephemeris data, are processed in GAMP. Key outputs
from this analysis include PPP convergence times, position-
ing accuracy, and Slant Total Electron Content (STEC) cal-
culations. Then, ionospheric corrections are applied using
IONEX files derived from three GIMs: CODG, bcom, and
b5mg. These outputs are then further analyzed and visual-
ized using Matlab, enabling a detailed assessment of posi-
tioning accuracy and the effect of ionospheric conditions
across different levels of solar activity.
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Figure 5: Flowchart illustrating the procedures followed in the
processes.

For the L, frequency (k =1 or 2), the observation for-
mulas for code and carrier phase measurements can be
expressed according to Ren [22] as follows:

Py =py,+d it d, He( = 70) +dy —dy + €

ion,k,r trop,r p.k.r
S — 5 _AS S _ .S S S __ s
Ly = Ppr = Gy + Diopr + (7 = T°) + ANp + by = b 67,

(3.1
where s is the satellite; r is the receiver; k denotes fre-
quency; p, is the satellite-to-receiver range; P represents the
pseudo-range observation; L represents the carrier phase
observation; d;,, stands for ionospheric delay error; dy,,
is the tropospheric delay error; 7, denotes the receiver
clock error; 75 is the satellite clock error; d represents the
differential code bias; b represents the differential phase
bias; N} represents the initial integer ambiguity; €, and ¢,
Represent the pseudo-range and phase observation noise,
respectively, incorporating errors such as multi-path effects
and satellite orbit errors.

Precise satellite orbit and clock products the IGS pro-
vides are typically employed for PPP procedures [23].
Because precise satellite orbits and clocks are derived
using an ionosphere-free combination of both code and
phase measurements, the hardware delays associated with
code measurements for both L1 (1,575.42 MHz) and L2
(1,227.60 MHz) frequencies that are used for GPS satellites
are accounted for within the satellite clock offset [24].

The equation below expresses how the clock offset
incorporates the impact of these dual-frequency signals:

; L (32)
=

Hi ds+

r=t- ;
He—1
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In this equation, d} and d; represent the hardware
delays for the L1 and L2 frequencies, respectively, and y;, =

f2’ where f; for L1 and f; for the L1 and L2 frequencies.
The parameter y, scales the relationship between these
frequencies, highlighting the ionospheric-free nature of the
combination. The equation demonstrates how the clock cor-
rections incorporate the frequency-dependent biases and
delays in the dual-frequency GPS signals, ensuring more
accurate PPP positioning. The study derives the full-rank
linearized observation equation for PPP by incorporat-
ing Equation (3.2) into Equation (3.1), as demonstrated in
Equation (3.3) [25].

AP =~y X+ b+ M, Ty + iy ly
AL, = —yS - X + 6+ M5, T, — IS, + N5
(3.3)
where APs and ALS are the observed minus calcu-

lated (OMC) observatlons necessary to correct all systematic
errors mentioned earlier; y° is the unit vector from the
receiver to satellite antennas; x, is the correction to the
approximate coordinates of the receiver; t, is the estimated
receiver clock offset; T, and M; . denote the zenith wet
tropospheric delay and its corresponding mapping function
that is used to transform zenith wet tropospheric delay to
slant wet tropospheric delay; fi’l denotes the ionospheric
observable to be estimated; y, is the frequency-dependent
multiple factor; ]Tli’k is the ambiguity parameter includ-
ing the frequency-dependent receiver and satellite uncal-
ibrated phase delays (UPDs). The ionosphere-constrained
SF PPP incorporates virtual observations of ionospheric
parameters and limitations into the observation equations,
as Zhou et al. Introduced [26], assuming the receiver r simul-
taneously tracks m satellites.

e
AP
1,s
ALY o
Xr
. Z, 65‘

AP™| [-u, 1 M, K R Tr . P 0.0
’ = E b b
AL™S 0 0 0 I 0 I'f’r i I
s rl £r,ion

Al AT
' [ V74 |
s

(34)

where 11is a vector of 2 X m rows and one column, of which
each element is one, corresponding to the receiver clock
parameter ,; in matrix K, the element for the corresponding
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APS is 1, while the element for ALS —1, correspond-
ing to the ionospheric parameter Is w1th corresponding
noise £, - R, is the matrix correspondlng to the ambiguity

parameters ITIS ; where the element for the corresponding
AP}, is 0, whlle for ALY, is 1,7 Q, denotes the stochastic
model of OMC observables Q, denotes the stochastic model
of virtual ionospheric observables; 0 is zero matrix; I is the
identity matrix. Additionally, The ionosphere-constrained
DF PPP incorporates virtual observations of ionospheric
parameters and limitations into the observation equations
with R, as the matrix corresponding to the ambiguity
parameters Ns ,as shown in equation (3.5), and the element
for the correspondmg APS is 0, while for ALS is 1. For
more details, one can refer to [26].

S
APr,l
1,s
ALr,l
APTPN |-, 1 ] M, K R R
AL:"&S 0 00 O I 0 O
Fl,8
Ir,l
Tm,s
XV
tr
DCB’"’PpPz Esp,r,l
X Tw,r 52%1 »QL, Q[ (3.5)
Iﬁ 1 gis’,ion
N,
Ny,
where DCB, , , is frequency-dependent receiver DCB

between the two pseudoranges P; and P,; I is the iden-
tity matrix; for matrix J the element for the corresponding
AP is ( ) while the element for AP is —(M’: f1>,
correspondmg to the receiver DCB. In this study, the iono-
spheric observable was utilized for TEC retrieval and can
be represented as follows:

~ 1
If",l = Iﬁ,l - 1 (diz + dr,lz) (3.6)
&, =& - d

dr,lZ = dr,l - dr,z

where dj, and d, ;, represent satellite and receiver differ-
ential code biases, respectively [26], considering that the
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d., =DCB, , , ,representing the receiver differential code

bias between pseudoranges APiﬁ and AP},

Ionospheric VTEC is a metric that quantifies the num-
ber of electrons traveling across a unit area and is denomi-
nated in TECU. One TECU equals 10 electrons per square
meter. In the context of GNSS signal propagation, it is
assumed that all electrons along the signal’s propagation
path are concentrated in an idealized thin layer of mini-
mal thickness. This thin layer is thought to be located at
an elevation of 450 km. The Slant Total Electronic Content
(STEC) along the slant propagation path is estimated using
single-site DF observational data. STEC is then turned into
VTEC using a projection mapping function [27].

Using a single-layer model projection function, the STEC
is ultimately transformed into the VTEC above the measure-
ment station. The process is as follows:

A. Abdelaziz et al.: Effects of GIM resolution on satellite positioning in solar cycle 24 =7

In this context, M (Zﬁ) represents the mapping func-
tion used to convert slant TEC into VTEC, where Z? is the
satellite’s zenith distance, and H represents the altitude
of the ionospheric thin-layer shell taken as 450 km, with
6,371 km as the radius of the Earth (R,); c is a constant with
a value of 40.28 x 10%® m s=2 TECU~.

4 Result and discussion

4.1 Impact of high temporal resolution GIMs
and solar activity on convergence time

PPP convergence is where position estimates or float ambi-
guities stabilize at specific accuracy levels without signifi-
cant deviation. Several factors influence convergence time,

2 i including satellite geometry, receiver environment and
VTEC, = M(Z}) - <Cll at m (a5, + dr,12)> dynamics, and observation intervals and assurance. During
s low solar activity, the convergence time using SF signals was
M( Zﬁ) =|1- M approximately 586 min, longer than the 477 min observed
(1 + g) during high solar activity (Figure 6a and c). Notably, conver-
(3.7)  gence time improved by 18.46 % during the March equinox
a) c)
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Figure 6: Average convergence time of PPP processing during low and hig

079 173 266 356 079 173 266 356 079 173 266 356

3 Different lonex Applied on 4 Equinox

h solar activity using single and dual frequency across three different

IONEX files for four equinoxes: (a) S-F, 2009; (b) D-F, 2009; (c) S-F, 2014; (d) D-F, 2014.
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Table 2: Average convergence time of PPP processing for low and high solar activity using SF and DF through three different IONEX files during four

equinoxes.
Solar activity periods IONEX files Average convergence time (min) through four equinoxes
79 173 266 356
2009, S.F CODE 585.97 358.84 574.22 447.96
bcom 539.76 401.55 538.27 542.04
b5mg 560.9 355.94 536.74 450.68
2009, D.F CODE 191.28 202 138.43 166.76
bcom 207.28 188.72 116.72 183.51
b5mg 186.14 187.08 133.88 192.43
2014, S.F CODE 477.79 347.26 472.89 468.35
bcom 455.19 494.58 390.46 446.11
b5mg 476.75 409.66 449.54 392.01
2014,D.F CODE 280.49 - - 392.65
bcom 293.8 353.84 516.15 415.39
b5mg 280.49 242.92 321.35 370.29

using the CODG IONEX file, with a smaller 3.23 % improve-
ment during the June equinox. However, 2014, convergence
times were significantly longer than in 2009, particularly
during the June equinox using the bcom and b5mg IONEX
files (Table 2).

When using DF signals, convergence times in 2014 were
generally longer than in 2009 (Figure 6b and d). Unlike SF,
DF observations showed no significant difference between
low and high solar activity periods (Figure 6c and d). In con-
trast, DF signals significantly improved convergence time
compared to SF signals during 2009. For instance, using
the CODG IONEX file, DF signals led to a 43.71 %-75.89 %
improvement across the equinoxes, with the most signif-
icant improvement during the September equinox as in
blue panels. Similar improvements were seen with the
bcom IONEX file, ranging from 53 % to 78.32 % across the
equinoxes.

2014 DF signals notably improved, albeit less than dur-
ing low solar activity periods. For instance, the b5mg IONEX
file showed improvements between 5.54 % and 4117 %
across the equinoxes. These findings suggest that DF was
more effective in 2009 than 2014, contrary to SF obser-
vations. Furthermore, solar activity influenced the higher
TR model (b5mg) more than the CODG and bcom models
employing DF versus SF in 2014. These findings align with
studies by Liu [10] and Wu [28], who found similar trends in
PPP convergence times.

In conclusion, PPP convergence times significantly
improve from single-to dual-frequency during low solar
activity. However, during high solar activity, results vary,
with some improvements and occasional worsening. These
variations may be attributed to the limited accuracy of GIMs,
which have a vertical precision of 2—8 TECU [29], leading to

a GPS L1 frequency signal range inaccuracy of 0.32-1.28 m.
The high TR model (bSmg) outperformed low TR models
(CODG and bcom) during periods of high solar activity.

4.2 Impact of high temporal resolution GIMs
on positioning accuracy
post-convergence

The improvements in convergence time observed during
2009, as previously discussed, had a significant impact on
positioning accuracy. Figures 7 and 8 illustrate the differ-
ences in positioning accuracy before and after convergence
for both SF and DF. Positioning accuracy improved by 16 %
and 27 % in the horizontal and vertical components, respec-
tively, using ionospheric-constrained SF in the left column
through Figure 7. In contrast, DF signals saw more substan-
tial improvements of 68 % and 79 % in the same compo-
nents, as shown in the left column from Figure 8. During
2014, positioning accuracy improved as well, with enhance-
ments of 22 % and 13 % in the horizontal and vertical com-
ponents for SE, as in the right column from Figure 7, and
54.27 % and 45.66 % for DF signals, as in the right column of
Figure 8.

For further clarity, during periods of low solar activity
in the March equinox, SF signals improved horizontal accu-
racy by 33 %, 28 %, and 34 % using CODG, bcom, and b5mg
IONEX files, respectively. The corresponding improvements
in the vertical component were 13 %, 18 %, and 20 %. How-
ever, the vertical component witnessed greater improve-
ments for the other equinoxes than the horizontal com-
ponent. For example, in the September equinox, vertical
accuracy improved by 28 %, 30 %, and 23 % for CODG, bcom,
and b5mg, respectively, while the horizontal showed no
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Figure 7: Average positioning accuracy (cm) in H.L and UP components before and after convergence using CODG, bcom, and b5mg IONEX files with
single frequency. The blue bars represent the H.L component, and the orange bars represent the UP component, the same for next figure.
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Figure 9: Percentage improvement in positioning accuracy after convergence time for CODG, bcom, and b5mg during high and low solar activity

periods, using sual frequency.

improvement with bcom and b5mg and only 8 % with CODG
(Figure 9). There was also a slight decline in the horizontal
component during the June equinox and an increase during
the December equinox.

In high solar activity years, using SF negatively affected
the vertical component for all three IONEX files during
the March equinox. The horizontal component, However,
improved with CODG and bcom files. In the June, Septem-
ber, and December equinoxes, the horizontal component
improved by 21 %, 11 %, and 31 % for CODG IONEX, and
26.2%, 28.6 %, and 38 % for bcom IONEX. The vertical
component also showed improvements, though to a lesser
extent. During low solar activity periods, DF signals pro-
nounced improvements, particularly in the March equinox,
with horizontal component improving by about 75 %, 73 %,
and 73.7% using CODG, bcom, and b5mg IONEX files,
respectively (Figure 10). The vertical component also
improved but to a slightly lesser extent. The improvements
in the other equinoxes were significant in hoth components,
particularly in the horizontal.

The horizontal component generally improved more
during high solar activity than the vertical component.

There was no improvement in the vertical component
for the March equinox, while the horizontal component
improved by about 45 % using CODG Ionex file. The hori-
zontal and vertical components improved by approximately
64 % and 49 % during the December solstice. For the bcom
and b5mg IONEX files, improvements in the horizontal com-
ponent varied across the equinoxes, with the most signifi-
cant improvements in the December solstice. The vertical
component showed lower levels of improvement compared
to the horizontal. Contrary to recent studies by Liu [10],
which demonstrated that the accuracy of GIMs with a time
resolution of 60 min or less is consistent, our findings indi-
cate that a 5-min TR offers significantly better accuracy than
a 60-min resolution. This suggests that further investigation
isneeded into the impact of high TR GIMs on PPP positioning
accuracy.

The VTEC data for 2009 and 2014 at the MARS station
(Lat: 43.279°, Lon: 5.354°) underscore the significant impact
of solar activity on ionospheric conditions and GNSS per-
formance. The comparison between SF and DF PPP mod-
els demonstrates the superiority of DF systems in miti-
gating ionospheric errors, particularly during periods of
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Figure 10: Percentage improvement in positioning accuracy after convergence time for CODG, bcom, and b5mg during high and low solar activity

periods, using dual frequency.

heightened solar activity, corroborating existing research
in this area. Figures 11 and 12 illustrate the VTEC obtained
from the three IONEX files (CODG, bcom, and b5mg). These
figures contrast the temporal distribution of VTEC in SF
and DF configurations. The data reveals a notable differ-
ence in VTEC between 2009 and 2014, with the latter year
exhibiting higher VTEC values. The VTEC values for the DF
signals in 2014, particularly in the CODG and b5mg datasets,
are significantly elevated compared to the SF signals, likely
due to the enhanced correction of ionospheric errors in DF
measurements.

As shown in Figure 11, the inability to directly cor-
rect for ionospheric delay increased positioning errors for
SF GPS. The lower VTEC values observed in 2009 reflect
reduced ionospheric activity, which may contribute to faster
convergence times, as earlier mentioned (Figure 6a), and
improved positioning accuracy (Figure 7). This finding is
consistent with previous studies that indicate SF users are
more susceptible to ionospheric conditions, experiencing
degraded accuracy during periods of high VTEC. Research
by [30] highlights that SF positioning is prone to greater
inaccuracies under high VTEC conditions, with ionospheric

models offering limited mitigation in such scenarios, espe-
cially for SF users. On the other hand, DF PPP gradually cor-
rects for ionospheric delay with undifferenced and uncom-
bined observations [31, 32], thereby reducing the impact of
elevated VTEC on positioning accuracy (Figures 8 and 10).
Nevertheless, the higher VTEC levels in 2014 still necessitate
adjustments in the PPP process to account for larger iono-
spheric variations, potentially slowing convergence. How-
ever, accuracy remains more stable than in SF PPP.

Our study indicates that during high solar activity
(high VTEC) periods, PPP convergence times can extend by
30-40 % due to increased ionospheric noise, confirming
that DF receivers perform better under these conditions,
maintaining horizontal accuracy within 10-15 mm even
when VTEC exceeded 50 TECU. This aligns with the DF VTEC
measurements in 2014, which show elevated values but still
allow for accurate positioning due to the correction capabil-
ities of DF systems. The analysis further demonstrates that
higher TR IONEX files (b5mg) provide more detailed and
accurate representations of VTEC, which are essential for
correcting ionospheric errors in GNSS applications, particu-
larly during periods of significant ionospheric activity. The
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Figure 11: VTEC comparison for three IONEX files at station MARS (Lat: 43.279, Lon: 5.354) in 2009 and 2014: (a) CODG, (b) bcom, and (c) b5mg, using
single frequency.
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Figure 12: VTEC comparison for three IONEX files at station MARS (Lat: 43.279, Lon: 5.354) in 2009 and 2014: (a) CODG, (b) bcom, and (c) b5mg, using

dual frequency.
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choice of TR in IONEX files directly affects GNSS positioning
accuracy, with higher resolutions offering superior perfor-
mance but at the cost of increased data processing require-
ments. For high-precision applications, such as surveying
and scientific research, b5mg is advantageous, while bcom
might be a suitable compromise for general use.

5 Conclusions

This study systematically analyzed the influence of solar
activity and the use of different IONEX files with varying
TRs on PPP convergence times and positioning accuracy
between 2009 and 2014. VTEC analysis was conducted at
the MARS station, reflecting the correlation and impact of
various GIMs. The findings underscore the critical role of
solar cycles and high-resolution GIMs in improving GNSS
performance.

The study highlighted a significant increase in VTEC
during 2014, a year closer to the solar maximum, com-
pared to 2009, near the solar minimum. This increase in
VTEC directly impacted PPP convergence times, particularly
for SF strategy. To elaborate, using DF signals consistently
reduced convergence times compared to SF models, espe-
cially during high solar activity periods, with the most sub-
stantial improvement observed during the March equinox
0f 2009 using the CODG IONEX file.

TR IONEX files, such as b5mg, significantly enhanced
positioning accuracy, particularly for DF users. These find-
ings suggest that higher TRs in GIMSs can effectively mitigate
ionospheric errors, especially during periods of high solar
activity. This study underscores that for high-precision GNSS
applications, especially during solar maximum periods, DF
systems combined with high-resolution GIMs are essen-
tial to achieve optimal convergence times and positioning
accuracy.

The study recommends further exploration of higher
TR GIMs and their potential to enhance PPP performance
under varying ionospheric conditions, it also recommends
a deeper investigation into the seasonal effects on GNSS
accuracy. Overall, this work provides valuable insights into
optimizing PPP by considering both solar activity and the
choice of GIM TR, offering practical implications for improv-
ing GNSS accuracy and reliability in diverse conditions.
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