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Abstract

Currently, solar activity has entered the peak year of its 25th cycle, which is significantly and critically impacting

the positioning accuracy and reliability of the Global Navigation Satellite System (GNSS). Intense ionospheric scintilla-
tion and fluctuations in Total Electron Content (TEC) can lead to substantial errors in GNSS observations, particularly
in low-latitude regions. To address this issue, this study proposed an improved Network Real-Time Kinematic (NRTK)
positioning method tailored for complex ionospheric environments. By leveraging the warning information of iono-
spheric disturbances from the server-end, the proposed method enhances both the accuracy and availability of NRTK
positioning with ionospheric residual estimation and adaptive stochastic model at the user-end. Using the data

at Hong Kong regional Continuously Operating Reference Station (CORS) from September 2024, we demonstrated
that during the high solar activity year, the ionospheric disturbances index Rate Of TEC Index (ROTI) exhibited a strong
positive correlation (correlation coefficient: 0.91) with ionospheric interpolation errors on the server-end and a nega-
tive correlation (correlation coefficient: —0.9) with fixing rate on the user-end. Compared to the conventional NRTK
method, our approach significantly improves the rover positioning performance. The average fixing rate is increased
from 58 to 84%, while the positioning accuracy is improved by 37.6% and 41.6% for the horizontal and vertical com-
ponents, respectively.

Keywords Global Navigation Satellite System (GNSS), Network Real-Time Kinematic (NRTK), lonospheric modeling,
lonospheric disturbances, Stochastic model

Introduction regional augmentation technology, based on continu-

The Global Navigation Satellite Systems (GNSSs) pro-
vide users with global, all-weather, and high-precision
Positioning, Navigation, and Timing services (PNT) (Gao
et al,, 2024; Hofmann-Wellenhof et al., 2007). The GNSS
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ously operating GNSS reference station networks, is a
mainstream positioning technique due to its operational
convenience, rapid convergence, and high accuracy (Vol-
lath et al., 2002; Wanninger, 2004; Rizos, 2009; Paziewski
& Wielgosz, 2014; Weng et al., 2021). These systems,
commonly referred to as Network Real-Time Kinematic
(RTK) systems, provide error corrections to users using
pseudorange and phase observations, enabling real-time
centimeter-level positioning services. Network RTK
(NRTK) systems typically employ Delaunay triangulation
to construct reference station networks and resolve Dou-
ble-Difference (DD) integer ambiguities between stations
in real time (Gao et al., 2002; Zou et al., 2005; Odijk et al.,
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2010; Li et al.,, 2014; Zhang et al.,, 2022; Gu et al., 2024;
Liu et al., 2024).

The ionosphere delay is now recognized as one of the
dominant error sources in high-precision GNSS posi-
tioning. Over the past two decades, extensive research
efforts have been devoted to mitigating its impact. Tomi-
naga et al. (2004) investigated the relationship between
ionospheric disturbances and carrier-phase positioning
errors in mesoscale baselines (approximately 46 km).
Their results demonstrated that ambiguity resolution was
a challenge on such baselines during specific periods. In
the conditions of heightened ionospheric activity or dur-
ing ionospheric storms, it is particularly difficult for Net-
work RTK (NRTK) users to achieve fixed solutions (Luo
et al., 2005; Wielgosz et al., 2005; Gianniou et al., 2012;
Dobelis et al., 2017; Paziewski et al., 2022). This challenge
is exacerbated in low-latitude regions, where position-
ing accuracy degrades significantly when the distance
between reference stations exceeds 30 km (Charoenkalu-
nyuta et al., 2012). Bae et al. (2018) assessed the perfor-
mance of NRTK in navigation applications, concluding
that even low-cost receivers, when paired with high-
quality GNSS antennas, can achieve positioning accuracy
and stability comparable to geodetic-grade equipment in
dynamic conditions. Odolinski et al. (2019) evaluated the
performance of smartphones and low-cost multi-GNSS
single- and dual-frequency RTK devices at varying lev-
els of ionospheric disturbance (low, medium, and high).
Follestad et al. (2021) revealed that the impact of the
ionosphere on GPS-RTK performance exhibited strong
seasonal and diurnal variations. The recent studies by
Dutta et al. (2022) and Zhang et al. (2024) have demon-
strated that during the periods of peak ionospheric activ-
ity, frequent cycle slips may occur on multiple satellites,
potentially causing RTK solutions to remain in float sta-
tus and leading to a degradation in the accuracy of fixed
solutions.

Overall, the poor NRTK positioning performance dur-
ing ionospheric disturbances is mainly caused by the low
accuracy of ionospheric interpolation and the lack of ion-
ospheric interpolation precision information. The iono-
spheric and tropospheric errors between rover stations
and reference stations are corrected with an interpolation
method on server-end (Cui et al., 2018; Gao et al., 2025;
Gong, 2008; Gu et al., 2022; Mei, 2008; Mirmohamma-
dian et al., 2022; Yang et al., 2021). Wanninger (1995)
first proposed the Linear Interpolation Model (LIM),
which uses the horizontal coordinates of reference sta-
tions as parameters to establish an interpolation surface.
To improve the accuracy of ionospheric interpolation
models, numerous researchers have conducted in-depth
studies and proposed various approaches, such as Linear
Combination Model (LCM), Low-order Surface Model
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(LSM) and Distance-dependent Interpolation Model
(DIM). (Han, 1996; Wiibbena et al., 1996; Han et al., 1997;
Gao et al,, 1997; Raquet, 1998; Gao et al., 1998; Fotopou-
los et al., 2001; Gao et al., 2025). Comparisons of these
interpolation methods are reported in multiple studies
(Fotopoulos et al., 2001; Dai et al., 2003; Al-Shaery et al.,
2011; Tang et al,, 2016), demonstrating that these meth-
ods exhibit a good modeling performance during the
ionospheric quiet period. Accordingly, in conventional
NRTK positioning, the residual ionospheric delays are
usually not considered in DD observation model (Wu,
2009; Zhang et al., 2024). However, solar activity has now
entered the peak year of its 25th cycle, leading to strong
enhanced ionospheric disturbances (Jha et al., 2024). The
existing ionospheric modeling methods experience preci-
sion degradation during the period of ionospheric activ-
ity (Charoenkalunyuta et al., 2014; Liu et al., 2020; Zhang
et al,, 2025), which leads to large ionospheric modeling
residuals and consequently degrades the accuracy, avail-
ability, and continuity of NRTK services (Odolinski
et al., 2019; Follestad et al., 2021; Peng et al., 2021; Dutta
et al., 2022; Zhang et al.,, 2024). Consequently, achieving
centimeter-level accuracy with NRTK positioning still
remains a challenge during ionospheric activity period.

In order to mitigate the influence of the ionospheric
interpolation residuals, the ionosphere-weighted model
was proposed (Odijk et al., 2000; Julien et al., 2004; Wiel-
gosz et al., 2005; Wielgosz, 2011; Odolinski et al., 2017;
Mi et al, 2019; Gao et al,, 2022). This method has sig-
nificantly advanced the medium- to long-baseline RTK
positioning (Paziewski, 2016; Wang et al., 2023; Zhu
et al., 2023). Currently, integrating multi-station net-
work ionospheric corrections with ionosphere-weighted
models has emerged as one of the most effective strate-
gies for precise GNSS relative positioning. Paziewski and
Sieradzki (2020) proposed an improved method that uti-
lizes the correction rate of Total Electron Content (TEC)
to mitigate the effects of dynamic spatiotemporal TEC
variations during ionospheric disturbances. Using the
data from August 25 and 26 in 2018, they demonstrated
that their new method achieved an improvement of 20%
in ambiguity fixing success rate compared to both the
ionosphere-float model and the ionosphere-weighted
model. Despite the ongoing advancements, ionospheric
parameter estimation methods continue to encounter
difficulties under strong ionospheric disturbances, par-
ticularly in the initialization of ionospheric parameters,
the specification of suitable process noise, and the formu-
lation of an appropriate observation stochastic model.

In this contribution, we proposed an improved NRTK
positioning method optimized for challenging iono-
spheric environments. By employing ionospheric dis-
turbances information broadcast on server-end, the
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ionospheric parameters estimation is dynamically acti-
vated on user-end and the process noise of ionosphere
parameter is adaptively adjusted. In addition, the distur-
bance information is used to refine the stochastic model
of phase and code observations. We demonstrate that the
availability and accuracy of RTK positioning are signifi-
cantly enhanced in severe ionospheric disturbance condi-
tions by mitigating the residual errors introduced by the
ionospheric interpolation model on server-end.

Methodology

Conventional NRTK method on server-end and user-end
Server-end baseline resolution and atmospheric
interpolation

The NRTK baseline solution employs DD observation
model. Given the precisely known coordinates of the ref-
erence stations, the DD observation equations are formu-
lated as follows:

AvPE) = AvplD) 4+ avil) 4 AvTE) 4 euy,
v = AVl — avi®) 4 avTS) —JavNG) 1 o4y, 1)

where AV represents DD between stations and satellites,
P represents the pseudorange observation, ¢ represents
the carrier phase observation, i and j denote satellites, r
stands for the rover station, and b denotes the reference
station, p is the satellite-to-receiver range, I stands for
ionospheric delay error, T is the tropospheric delay error,
/. is the carrier phase wavelength, N represents the inte-
ger carrier phase ambiguity, and eav, and eav, represent
the noise of pseudorange and carrier phase observations,
respectively.

In the triangular network diagram shown in Fig. 1,
A, B, and C represent reference stations, U denotes the
actual user station, and V indicates the location where
virtual observations are generated near the user station.
After resolving the DD ambiguities of the three baselines
(AB, BC, CA) using Eq. (1), DD tropospheric and iono-
spheric delays along these baselines can be determined
precisely. Based on the principles of triangulation-based
interpolation, the tropospheric and ionospheric delays
near the user station can be interpolated.

Generation of VRS phase observations

In the process of generating phase observations at a Vir-
tual Reference Station (VRS), the first step is to compute
single differences for the observations between the mas-
ter station (the nearest reference station to VRS) and the
VRS, yielding (Herbert et al., 2002; Li, 2007):

APY, = Apl, + ALY, + AT, + cAtay +ea, )
Mgy = Aol — ALYy + AT, — AN, + cAtay +eay
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A C
Fig. 1 The schematic diagram of a triangulation network

where Atqv = ta — ty represents the single-difference
receiver clock bias between the master station and the
VRS, and ANX,)V = N} — Ni, denotes the single-differ-
ence ambiguity between the master station and the VRS.
By moving the master station observations to the right
side of the equation, Eq. (2) can be reformulated as:
P =P+ anf)), + (A1), + avily)
+(AT§’}, + AVTX’(,)) +cAtay +eap
10\ = i + npdy — (a1, + avify)
+(aT) + AVTH)) = 2AND, + Aty +ea,
3)
where the superscript j denotes the reference satellite.
At each epoch, the terms AIA}/, ATX%/ and cAtyy can
be eliminated in the subsequent user-side RTK DD algo-
rithms. Additionally, since the ambiguity N?, at the VRS
can be set to zero, the complete mathematical expression
for the undifferenced VRS observations are:
B r ol ravi et
00 = o0+ Ao, 10— AVEED 134 AVTSD [ en,

By forming an ultra-short baseline between the VRS
and the rover station, the ambiguity parameters can be
rapidly resolved (Teunissen, 1995), which enables rapid
centimeter-level positioning solutions.

Improved NRTK method on server-end and user-end

In conventional NRTK method, the residuals of DD iono-
spheric and tropospheric delays are typically neglected.
However, during the periods of intense ionospheric dis-
turbances, the residual ionospheric delays become the
dominant source of positioning errors. To address this
issue, our study adaptively determines whether to esti-
mate ionospheric parameters based on the level of iono-
spheric activity, utilizing the ionospheric disturbances
index provided on server-end of NRTK.
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Computation of ionospheric disturbance information

on server-end

This study adaptively adjusts both the user-end func-
tional model and stochastic model based on ionospheric
disturbance information provided on server-end. The
ionospheric disturbance indices are defined by the fol-
lowing formulas (Pi et al., 1997; Ren et al., 2024):

S+ A —S®)
"= At

(5)

where t represents epoch time; A ¢ represents the dura-
tion of ionospheric temporal variation; S represents the
slant TEC along the signal propagation path; and r repre-
sents the change rate of STEC during At. Then, the Rate
Of TEC Index (ROTI) can be calculated as follows (Pi
et al,, 1997; Ren et al., 2024):

R=/(r?) — () (6)

where R represents ROTL < > represents the average
value over a time interval.

In this study, ROT is calculated using the data sam-
pled at 30-s intervals, whereas ROTI is computed over a
5-min time window (Jia et al., 2024; Pi et al., 1997).

Refinement of the user-end functional model

Based on the ionospheric disturbance information pro-
vided on server-end of NRTK, the user-end functional
model requires corresponding refinements. The new
functional model is established by extending the conven-
tional DD RTK functional model with ionospheric resid-
ual parameters, expressed as:

AVPIEfZI),v = AVpIEfZI),V + AVIk(,lZI),V +éav,
AvED = aveD —avilD AN 4 eas,
7)
Assuming there are m + 1 common visible satellites at
the VRS and the rover station, the DD observation equa-
tion from Eq. (7) can be written in matrix form as follows:

2 2
otu1t oLy, , ,
Oyu1 T oy

Dpsp =
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Yp
y— ( v ) ®)
where vp = (AVPI(’IL’?V,AVPZ(,IL’QV,,..,AVPI(‘mU'Q,,AVPZ(E{\),) ,
o= (3518 a5i Gy 5 251

Therefore, the parameters to be estimated are listed as
follows:

X = (Xpos Xion Xamb )T (9)

where Xpos = (xu,v yu,v zuyv )

Xion = (avi®), - avi), )

Xion = (AVII(}U’/,)V AVIEfZ;{)V) ,
1, 1, m,j m,j
Xamb = ( AVNI(,U’,)V AVNZ(IU’,)V AVNl(‘U”‘)/ AVNZ(‘U”‘)/ )
The stochastic model of the observations after DD is
given by Eq. (10):
TDE, T
D= ( b L T) (10)
TDg, T
The matrix T denotes the transformation matrix from
single-difference to DD observations, where the column
with a value of -1 corresponds to the reference satellite:

1 -1
1 -1
1 -1
1 -1

-1 1
-1 1
-1 1
-1 1

2(m—1),2m

The variance—covariance matrices of pseudorange and
phase single-difference observations are given by Eq. (12)
and Eq. (13). o2 and n? denote the variances of the undif-
ferenced pseudorange and carrier phase observations,
respectively, where the subscripts denote the satellite fre-
quency, station, and satellite, respectively, in sequential
order:

(12)

2 2
OLum T OLV,m

2
O U,m + 02, V,m 2m,2m
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2 2
Mui T My , ,
M1 T Mv,1

Dy sp =
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(13)

2 2
M um + M,vm

2 2
M,um Y 12,vm 7/ amom

In kinematic GNSS positioning, a discretized Kalman
filtering model is often employed, with the linearized
equations as follows:

{VkZAka_AYk (14)

Xk = Ppp—1Xpk—1+ Wi

where Ay denotes the observation design matrix; Y rep-
resents DD observation vector at time ;; Xy is the pre-
dicted state vector; X r and X «—1 are the estimated values
at times # and £;_1, respectively; @ x_; denotes the state
transition matrix; and Wy is process noise; The covari-
ance matrix X is given by the following equation:

Xy, = q’k,kflzxk,l‘l’z,k_l + 2w, (15)
where ¥ iy is variance of the estimated value, and X,
represents the process noise. In contrast to high-dynamic
scenarios such as aircraft and vehicles, most situations
encountered during NRTK user operations are low-
dynamic walking modes. Furthermore, considering data
sampling interval of 1 s in this study, only positional
changes are taken into account in state prediction, omit-
ting estimation of velocity and acceleration-related
parameters (Takasu et al., 2009). The specific form is
shown in Eq. (16):

)ﬁk,pos = )A(k,spp
)ﬁk,ion = XZ(—I,ion
Xk,amb = Xk—l,amb

(16)

where )A(k,spp denotes the estimated parameters of stand-
ard point positioning coordinates at time #, )A(k_lyion rep-
resents the filtered estimates of ionosphere parameters
at time £;_1, )A(k,l,amb represents the filtered estimates of
ambiguity parameters at time #;_;. and the covariance of
W is expressed by Eq. (17):

z Wispp
Z“Wk = ZWk,ion (17)

Wiamb /' 343,3m-+3

where X, represents the process noise matrix of posi-
tion in each direction having a value of 10% Z Wi amp T€P-
resents the the process noise matrix of ambiguity with a

value of (10~%)2 (Takasu et al., 2009); and ZWj o, denotes
the process noise variance of the ionospheric parameters.

In previous studies, the process noise of the iono-
spheric parameters was typically set as empirical con-
stants. However, during periods of elevated solar activity,
the ionosphere exhibits highly dynamic behavior, render-
ing such empirical constants inadequate. This inadequacy
is particularly pronounced during ionospheric scintilla-
tion events, where the constants are unable to reflect the
rapid epoch-to-epoch fluctuations in ionospheric delays.
To overcome this limitation, an approach is proposed in
which the fixed process noise parameters are replaced
by real-time, epoch-wise ionospheric delay variations
derived from geometry-free (GF) combination observa-
tions. Equation (18) provides DD GF observations:

AVLEHY) = AvrHY)  Avp ) — o aviPY) 4 By eay,
(18)

where AVLgi{’u’v) represents the double difference GF
2_ 2
f2f—2fl and B= 4 AVN; — JhAVN,
2
represents the ambiguity term, and eay, is observation
noise. According to formula (18), the calculation formula
for DD ionosphere delays is:

observations, « =

AvIFHY) (AVLg'F”“’V) —B) Ja

(19)

When no cycle slips occur, the ambiguity terms B
remain constant and can be eliminated by epoch dif-
ferencing. Therefore, the process noise variance of the
ionospheric parameters Xy, - is derived based on the
ionospheric delay variations between epochs #;_; and #:

S

(i U,V) (03, V) ?
= <(AVLtk,GF - AVLtk_I:GF )/a) (20)

According to Eq. (20) and the ionospheric disturbance
index provided on server-end, the user-end assesses the
occurrence of rapid changes in ionospheric gradients.
When such variations are detected, the process noise
associated with ionospheric parameter estimation is
dynamically modified.
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Construction of the user-end stochastic model
During the periods of intense ionospheric disturbances,
a substantial proportion of satellites are affected by iono-
spheric scintillation, resulting in significant degradation
in both ambiguity resolution success rate and position-
ing accuracy. To address this issue, this study develops an
improved stochastic model for user-end RTK position-
ing, incorporating ionospheric delay residual estimation
and a quantitative analysis of the correlation between
ROTI and ambiguity fixing rate. When the intensity of
scintillation affecting satellite signals exceeds predefined
thresholds, the system applies piece-wise linear functions
to reduce the weights of virtual observations from the
impacted satellites. This strategy effectively mitigates the
influence of virtual observations with large ionospheric
interpolation errors on RTK positioning performance.
The specific implementation process is as follows.
Firstly, the average ROTI for each satellite over a period
is calculated as:

1 N
Rszﬁ;Ri
=

where N denotes the number of ROTI for satellite s
within the period, and R, is the average ROTI for satel-
lite s.

Secondly, the average ROTI are sorted in descend-
ing order as Ri,Ry,...,Ry. By excluding the top
k(k =0,1,...,M — 1) satellites, the ionospheric scintilla-
tion proportion for the remaining M — k satellites is cal-
culated as:

1 M
Sk:M—k‘Zgi

According to Pereira et al. (2021), ionospheric scin-
tillation occurs when ROTI exceeds 0.2 Total Electron
Content Unit (TECU) every minute. Here, g; equals 1 if
Ry exceeds 0.2, otherwise 0. S represents the scintillation
proportion after excluding the top k satellites.

Finally, the weight of virtual observations W is deter-
mined by considering both the scintillation proportion Sy
and ionospheric interpolation error g¢:

(21)

(22)

0) Sk >b

2
Wetev(en) - (7is5y ) @ < Sk < b
Welev(er) - 1, Sk Za

Wi = (23)

2
where Weey(ex) = %, er represents satellite elevation,

002 denotes the unit weight variance, o2 is observation

variance modeled as a simplified function of the eleva-
tion angle (Dai et al., 2017), f(Sk,€x) represents the
joint influence function of scintillation proportion and
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interpolation error (detailed later), c represents the coef-
ficient related to interpolation error, and a and b corre-
spond to the down weighting and exclusion threshold,
respectively. Multiple factors including ionospheric char-
acteristics and the quality of observation data should be
comprehensively evaluated for the determination of these
scenario-adaptive thresholds.

Figure 2 illustrates the workflow of the proposed NRTK
on server-end and user-end algorithms during iono-
spheric scintillation periods:

Table 1 presents a comparative analysis between con-
ventional NRTK user-end RTK method and the proposed
user-end method under active ionospheric conditions.
In conventional network RTK user-end method, the
impacts of ionospheric and tropospheric interpola-
tion residuals are generally neglected and observation
weighting primarily uses elevation-dependent models.
However, during the periods of intense solar activity
and severe ionospheric disturbances, ionospheric inter-
polation residuals increase significantly and cannot be
directly ignored. To address the defect of conventional
RTK method that overlooks ionospheric interpolation
errors on user-end, we propose a novel RTK positioning
method combining service-end ionospheric disturbance
information generation and user-end ionospheric inter-
polation residual estimation (denoted as Method A, see
Table 1). By integrating ROTI with elevation-dependent
weighting models, we further optimize the stochastic
model for user-end RTK positioning, enhancing adapt-
ability of algorithms across diverse for ionospheric envi-
ronments (denoted as Method B, see Table 1).

Results and analysis

To mitigate the increaseing ionospheric disturbances
during the peak of Solar Cycle 25, major NRTK service
providers have densified their reference stations in low-
latitude regions of China, reducing inter-station distances
to less than 30 km. Although such a dense reference sta-
tions are employed, NRTK positioning performance
remains unstable and unreliable during the periods of
heightened ionospheric activity. Therefore, the data
from a reference network with inter-station distances
of less than 30 km were employed in this study. The
network is in the low-latitude Hong Kong (HK) region
(114° E-114.5 °E, 22.15 °N-22.55 °N). Four Continuously
Operating Reference Stations (CORS) within the study
area—HKKT, HKOH, HKST, and HKWS—were selected
for analysis. Their spatial distribution is shown in Fig. 3,
where triangular symbols represent the reference sta-
tions, and the red dot indicates the location of the rover
station. The VRS represented by the red dot, is generated
at the same location of the rover station. The rover sta-
tion HKST is approximately 16 km away from the nearest
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NRTK server-end

Baseline processing

lonosphere modeling

NRTK user-end

lonosphere disturbance
identification

Preprocess

Tropsphere modeling

VRS generating

lonosphere disturbance

RTCM message R
4G/5G -

Conventional RTK method

Function model refinement

Stochastic model

calculation construction
Fig. 2 Diagram of NRTK on server-end and user-end method
Table 1 Comparison of three NRTK user-end method strategies
Items Convention RTK method Method A Method B
DD ionosphere residual  Ignore Adaptive parameter estimation Adaptive parameter estimation
DD troposphere residual  Ignore Ignore Ignore

Stochastic model Elevation-dependent model

noise

Elevation-dependent model; adaptive
determination of ionospheric process

Elevation-dependent model; adaptive determi-
nation of ionospheric process noise; construc-
tion stochastic model with ROTI

reference station, HKKT, which is the master station in
the network.

The observations in January and September of 2019
(a year of low solar activity) and 2024 (a year of high
solar activity) are selected. Figure 4 displays the 68th,
95th, and 99th percentile values of the daily ROTIL The
results reveal that even the 99th percentile ROTI values
in 2019 remained stable, where its values in 2024 show
frequent spikes, with more pronounced fluctuations in
September than January. This indicates frequent occur-
rences of intense ionospheric scintillation in September
2024. Because ionospheric scintillation exhibits distinct
seasonal characteristics, typically occurring more fre-
quently during the vernal and autumnal equinoxes (Liu

et al,, 2015). Figure 5 presents the Vertical Total Electron
Content (VTEC) time series at HKST station for January
and September of 2019 and 2024. The VTEC values are
derived with interpolation using ionospheric grid files
(ftp://igs.gnsswhu.cn/pub/gps/products/ionex) released
by the International GNSS Service (IGS). Notably, the
peak VTEC values in 2024 reached approximately 3—4
times of those observed in 2019, indicating a significant
enhancement in ionospheric activity during the solar
active period.

Figure 6 presents heatmap distributions of the ambigu-
ity fixing rate at the rover station for January and Septem-
ber of both 2019 and 2024. The horizontal axis represents
GPS time, and the vertical axis indicates calendar dates,
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Fig. 3 Hong Kong triangle network stations map (Zhang et al.,, 2024)

with each cell showing the hourly fixing rate for a given
day. In this study, a fixed solution is defined as one with
horizontal positioning errors less than 10 cm and vertical
errors less than 20 cm. For the evaluation of result accu-
racy, the reference coordinates of the HKST station were
obtained from the official website of the HK Geodetic
Survey (https://www.geodetic.gov.hk/common/data/pdf/
SatRef_Coord.pdf). The color bar on the right reflects the
fixing rate, with values increasing from red (low) to green
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(high).The heatmaps show substantial fluctuations in the
fixing rate during September 2024, particularly after GPS
time 12:00, which corresponds to 20:00 local time in HK
(UTC+38). Specifically, the average fixing rates in Janu-
ary 2019, September 2019, January 2024, and Septem-
ber 2024 are 99.78%, 99.98%, 99.97%, and 93.19%, with
the number of periods in which the fixing rate exceeding
90% being 715, 720, 720, and 629, respectively. Notably,
in September 2024, the average fixing rate between GPS
time 12:00 and 24:00 is 86.52%.

A comparison with Fig. 4 indicates that the dates with
significant variability in fixing rates are closely associated
with frequent ionospheric scintillation events. In con-
trast, the fixing rate remains consistently high throughout
the day during the periods of calm ionospheric condi-
tions without scintillation. Since virtual observations are
generated by interpolating atmospheric values of refer-
ence stations, their accuracy is directly influenced by the
quality of atmospheric interpolation. During the period
of onospheric disturbances, the increase in interpola-
tion errors reduces the reliability of virtual observations,
resulting in lower fixing rates during affected periods.
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Fig.4 68th, 95th, and 99th percentile values of ROTI in January and September of 2019 and 2024
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To further investigate the relationships among atmos-
pheric interpolation accuracy, ROTI, and ambiguity fix-
ing rate, this study presents graphical analyses illustrating
the correlation between the proportion of ionospheric
scintillation and ionospheric interpolation errors, as
well as the correlation between scintillation proportion
and user-end fixing rate. The ROTI values were calcu-
lated using the data sampled at 30-s intervals with a
5-min computation window. A satellite is considered to
be affected by scintillation when its ROTI exceeds 0.2
TECU/min.

In Fig. 7, the horizontal axis represents the average
Root Mean Square (RMS) of ionospheric interpolation
errors for all satellites per hour, while the vertical axis
denotes the hourly percentage of satellites affected by
scintillation. The average RMS interpolation error is com-
puted as follows: first, DD ionospheric delays are derived
from the HKKT-HKST baseline to serve as reference
values. Then, using the NRTK ionospheric interpolation
model, the DD ionospheric delay between HKKT (mas-
ter station) and HKST (rover station) is interpolated. The
interpolation error is obtained by subtracting the refer-
ence value from the model-derived value. The RMS error
is calculated for each satellite, and the hourly average is

computed for all satellites. Figure 7 shows that in 2024,
a year of high solar activity, low levels of ionospheric
scintillation (below 30%) correspond to small interpo-
lation errors (RMS below 10 cm). As the proportion of
the satellites whose signals are affected by scintillation
increases, the interpolation errors also rise. For instance,
when the proportion exceeds 50%, the interpolation error
RMS reaches or exceeds 20 cm. The correlation coeffi-
cient between the proportion of scintillation and interpo-
lation error in 2024 is 0.91, indicating a strong positive
correlation (Cohen, 1988). In contrast, the same correla-
tion in 2019, a year of low solar activity, is only 0.11, sug-
gesting a weak relationship.

However, in real-time applications, the true iono-
spheric interpolation error is not directly observable. By
conducting a rigorous correlation analysis between the
proportion of ionospheric scintillation and ionospheric
interpolation errors in 2024, a quantitative functional
relationship can be established. This relationship pro-
vides a foundation for enhancing the stochastic modeling
of virtual observation errors in network RTK user-end
processing. In this study, a linear regression analysis was
applied to the experimental dataset to model the corre-
lation between scintillation proportion and interpolation
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Fig. 6 Fixing rate heatmap of conventional RTK method in NRTK mode

residuals, resulting in a statistically derived empirical
equation:

£ = 0315 + 0.20 (24)

where S represents the proportion of ionospheric scintil-
lation measured in percentage and ¢ is the corresponding
ionospheric interpolation error measured in centimeters.

As illustrated in Fig. 7, in quiet ionospheric conditions,
the RMS of ionospheric interpolation error remains
within 5 cm. By integrating Eqs. (22) and (23), the sto-
chastic model for virtual observations can be further
refined by jointly considering both elevation-dependent
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weighting and ionospheric activity levels. For instance,
when the proportion reaches 40%, the corresponding
interpolation error estimated from Eq. (24) is 12.6 cm.
Compared to the nominal interpolation error of 5 cm
in quiet conditions, the observation variance should be
scaled by a factor of (12.6/5)* based on the elevation-
dependent model. As a result, the corresponding obser-
vation weight is reduced to approximately one-sixth
(1/6.35) of its original value.

As shown in the right panel of Fig. 8, in the year 2024,
when the proportion of satellites affected by iono-
spheric scintillation is low (below 20%), the user-end
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Fig. 7 Relationship between the proportion of ionospheric scintillation and the ionospheric interpolation error

ambiguity fixing rate generally remains high, often
approaching or reaching 100%. As the proportion
gradually increases, the fixing rate exhibits a notable
downward trend. Specifically, when the proportion of
satellites with ROTI values exceeding 0.2 TECU/min
reached 40% to 60%, the fixing rate declines to approxi-
mately 50—-70%. The correlation coefficient between the
proportion of scintillation-affected satellites and the
fixing rate is -0.9, indicating a strong negative correla-
tion. In contrast, the left panel of Fig. 8 presents the
results from 2019, a year of low solar activity. During
this period, the fixing rate remaines consistently above
95%, while the proportion of scintillation-affected
satellites stays entirely below 10%. The correlation

100 a ‘Year 2019'
801
& 60t
o
©
[
£
x
2 40t
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coefficient between the two variables is only 0.01, sug-
gesting an insignificant correlation.

The conventional NRTK user-end positioning method
typically does not explicitly account for the impact of
DD ionospheric interpolation residuals when construct-
ing DD observation models. This simplification enables
centimeter-level positioning accuracy during ionospheric
quiet periods. However, during the periods of high solar
activity, intense spatiotemporal gradients in ionospheric
electron density lead to significantly amplifing residual
ionospheric errors after double differencing, severely
degrading high-precision positioning performance on
user-end. As illustrated by the September 2024 Hong
Kong CORS network data in the bottom-right panel of
Fig. 6, the fixing rate of the conventional RTK method

Fixing rate (%)

Corr.coef =-0.90 ¢

0 20 40 60 80 100
Percentile of ROTI over 0.2 (%)

Fig. 8 Relationship between the proportion of ionospheric scintillation and fixing rate
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notably decreases starting at GPS time 12:00. This phe-
nomenon is closely linked to Equatorial Plasma Bubbles
(EPBs) generated in the ionospheric F-region over the
equatorial anomaly zone (Moreno et al., 2011; Gao et al.,
2023; Li et al.,, 2024). EPBs, a classic form of ionospheric
irregularities, exhibit strong vertical plasma density gra-
dients that induce rapid GNSS phase fluctuations and
severe amplitude scintillation, critically disrupting the
spatial correlation of DD observations. To address these
severe disturbance scenarios, this study employs Hong
Kong CORS data in September 2024 to evaluate user-end
positioning performance by incorporating ionospheric
parameter estimation and an adaptive process noise
methodology (Method A).

Figure 9 presents the fixing rate deviation between
Method A and the conventional RTK method in Sep-
tember 2024. From the figure, the fixing rates show a
significant improvement during most periods; however,
performance degradation is observed in a minority of
sessions. This study analyzed the fixing rate from GPS
time 12:00 to 24:00 (spanning a 30-day period, every hour
as a sample, totaling 360 samples). Among these sam-
ples, 88 cases show improvement while 10 cases exhibit
degradation.

In severe ionospheric disturbance conditions, the
ambiguity fixing rate of Method A is lower than that
of the conventional RTK approach, primarily due to
a significant reduction in the number of available sat-
ellites which is not scintillation-affected. Addition-
ally, abnormal increases in ionospheric delay spatial
gradients can cause ionospheric parameter estima-
tion to fail with Method A. To mitigate these issues,
this study further refines the stochastic observation
model of Method A based on the proportion of iono-
spheric scintillation. Specifically, the satellites with
scintillation-attecfted proportions exceeding 50% are
excluded from the observation model. For the satellites
with scintillation-attecfted proportions between 35 and
50% (corresponding to thresholds a=35% and b=>50%
in the ROTI-based stochastic model described in
Eq. (23)), observation weightings are reduced according
to the relationship between scintillation proportion and
interpolation errors defined in Eqgs. (23) and (24). This
refined approach forms the basis of Method B.

Using the data from GPS time 12:00:00 to 13:00:00
on September 4, 2024 (DoY 248) as an example, Fig. 10
depicts the ionospheric scintillation proportion during
this interval. The horizontal axis lists satellite PRNs in
descending order by their average ROTI values, while
the vertical axis represents the scintillation proportion
of the remaining satellites after sequential exclusion. A
three-tier classification scheme is applied: gray mark-
ers indicate the satellites excluded due to scintillation
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proportions exceeding 50%, light yellow markers rep-
resent the satellites requiring weighting adjustments
with scintillation proportions between 35 and 50%,
and orange markers denote the satellites retaining their
original weighting with proportions below 35%.

Figure 11 compares time-series positioning results with
three methods under varying ionospheric scintillation
conditions. Due to space limitations, one representa-
tive time period is selected for each ionospheric scintil-
lation proportion range: 0—20%, 20—-40%, 40—60%, and
60-80%. The figure displays positioning sequences in
the East, North, and Up (ENU) directions obtained with
the conventional RTK method, Method A, and Method
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Table 2 Information of user-end fixing rate below 90% with conventional RTK method

No. DoY Hour Fixing rate (%) No. DoY Hour Fixing rate (%)
1 254 17 0.00 45 264 12 54.78
2 258 13 0.00 46 274 14 54.83
3 258 16 0.00 47 254 21 58.06
4 262 13 0.00 48 254 19 58.58
5 262 14 0.00 49 266 16 58.86
6 262 15 0.00 50 248 17 58.89
7 255 14 0.03 51 253 17 59.00
8 255 16 0.03 52 251 13 59.28
9 255 15 0.08 53 254 20 59.44
10 247 18 0.72 54 254 12 59.50
11 254 16 1.39 55 249 18 60.06
12 269 15 1.39 56 252 20 60.97
13 274 12 439 57 247 14 62.83
14 258 15 4.97 58 251 15 64.86
15 267 13 5.06 59 267 12 67.17
16 252 17 533 60 265 13 67.64
17 268 12 5.64 61 251 19 68.06
18 249 15 5.81 62 247 13 68.94
19 249 16 6.33 63 252 14 69.08
20 262 16 7.64 64 253 18 70.69
21 258 14 7.83 65 266 21 7153
22 254 13 10.92 66 265 17 72.11
23 255 17 15.56 67 249 12 74.00
24 268 13 17.22 68 248 15 75.56
25 249 17 18.14 69 255 18 79.56
26 248 12 2336 70 251 18 79.61
27 258 12 25.25 71 252 13 82.22
28 252 21 25.28 72 265 18 82.69
29 262 12 26.89 73 248 13 82.92
30 265 16 27.03 74 251 21 83.75
31 253 12 2839 75 248 18 8542
32 254 18 29.94 76 251 14 85.97
33 252 15 32.86 77 271 14 87.06
34 252 16 3439 78 267 17 87.61
35 253 13 35.08 79 251 22 88.11
36 262 17 41.08 80 259 18 88.19
37 274 13 49.14 81 263 17 88.36
38 247 19 49.25 82 271 13 88.36
39 251 16 49.83 83 253 19 89.00
40 247 17 50.31 84 249 14 89.42
41 248 16 50.94 85 254 15 89.53
42 255 13 52.69 86 265 19 89.53
43 251 17 5433 87 266 22 89.58
44 252 22 54.56

B during these four typical periods. The annotation "PIS" At a scintillation proportion of 12.29%, all three meth-
(Percentage of Ionospheric Scintillation) indicates the ods achieve comparable positioning accuracy. When the
scintillation proportion without any satellite exclusion. scintillation proportion rises to 28.19%, both Method
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Fig. 12 User-end positioning fixing rate with three methods

A and Method B outperform the conventional method
with similar performance. At higher scintillation levels of
54.05% and 65.95%, Method B shows significant improve-
ment over Method A.

Table 2 lists the periods during which the user-end fix-
ing rates of the conventional RTK method in NRTK fall
below 90%, sorted in ascending order of fixing rate. Fig-
ure 12 presents a histogram comparing the fixing rates
of the three methods for the 87 samples listed in Table 2.
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Table 3 Availability improvement of methods A and B compared to conventional methods
Fixing rate range Conventional method Method A Method B
No. of samples No. of samples Availability No. of samples Availability
improvement (%) improvement
(%)
0-30% 32 16 50 14 56
30-70% 31 19 39 14 55
70-90% 24 6 75 6 75
Sum 87 41 53 34 61

Table 4 Statistics of horizontal and vertical direction errors for
three methods

Method Horizontal Vertical RMS Average
RMS (cm) (cm) fixing rate
(%)
Conventional Method 6.93 12.76 58.6
Method A 542 849 79.8
Method B 432 745 84.1

The horizontal axis corresponds to the sample sequence
numbers from Table 2, while the vertical axis indicates
the fixing rates. The figure shows that most samples
experience significant improvement in fixing rate when
using Method A and Method B, with Method B consist-
ently outperforming Method A.

Table 3 presents the distribution of user-end fixing
rates for the 87 samples withr the three methods. With
Method A, 46 out of 87 samples achieved fixing rates
above 90%, corresponding to an availability of 53%. While
Method B has 34 samples with fixing rates below 90% to
34 and 53 above 90% achieving a 61% improvement in
availability.

Table 4 presents the RMS statistics of positioning
errors for the 87 samples, excluding results with horizon-
tal errors exceeding 50 cm and vertical errors exceeding
100 cm. The results indicate that the accuracy and aver-
age fixing rates of the three methods rank in descend-
ing order as Method B, Method A, and the conventional
method.

Conclusions

Currently, solar activity has reached its peak within the
25th solar cycle, leading to a significant increase in ion-
ospheric disturbances that adversely affect the accuracy
and reliability of GNSS positioning. To address this issue,
this study proposed a novel NRTK positioning method
that integrates service-end disturbance information gen-
eration with user-end ionospheric residual estimation. By
incorporating the ionospheric disturbance index ROTI
along with an elevation-dependent weighting model, the

stochastic model for user-end RTK positioning is further
optimized to enhance adaptability in diverse ionospheric
conditions. The data of the CORS network in the low-
latitude region (HK, China) were employed to assess the
performance of the proposed method. The main conclu-
sions are summarized as follows:

(1) In years of high solar activity, the ionospheric dis-
turbance index ROTI exhibits a strong positive
correlation of 0.91 with the RMS of ionospheric
interpolation errors. Conversely, in years of low
solar activity, the RMS of ionospheric interpolation
errors and the proportion of ROTI values exceed-
ing 0.2 TECU/min are both low, resulting in a weak
correlation coefficient of 0.11;

(2) During the periods of high solar activity, there is
a significant negative correlation of—0.9 between
ROTI and the NRTK user-end fixing rate. In con-
trast, in low solar activity years, the proportion of
ROTI values above 0.2 remains small and fixing
rates stay high, yielding a negligible correlation
coefficient of 0.01;

(3) Statistical analysis of 360 hourly samples taken daily
from 12:00 to 24:00 in September 2024 reveals that
both Method A and Method B significantly improve
RTK positioning availability compared to the con-
ventional RTK method, with an improvement of
53% and 61%, respectively;

(4) Focusing on 87 samples where the fixing rate of the
conventional RTK method was below 90%, Meth-
ods A and B demonstrated much higher fixing rates
and positioning accuracy, with Method B the best
performance. Compared to the conventional RTK
method, the average fixing rate is increased from
58.6 to 79.8% for Method A and 84.1% for Method
B. Horizontal positioning errors are decreased from
6.93 to 542 c¢cm and 4.32 cm, reflecting improve-
ment of 21.8% and 37.6%, respectively. Vertical
positioning errors reduced from 12.76 to 8.49 cm
and 7.45 cm, with improvements of 33.5% and
41.6%, respectively.
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