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Abstract

As the 25th solar cycle is approaching its peak, the Real-time Kinematic (RTK) positioning performance is significantly
affected by solar activity and the ionosphere. This study focuses on a triangulation network in the Hong Kong region with
baseline lengths ranging from 10 to 20 km. The rover station is located at a distance of 16 km from the nearest reference
station. A complete dataset spanning the entire solar activity cycle from 2013 to 2023 was collected for analysis. Virtual
observations of the rover station’s position were generated using Network RTK (NRTK) processing mode. The results show
that during years of low solar activity, the overall fixing rate exceeds 80%. However, in years of high solar activity, the fix-
ing rate exhibits a noticeable correlation with local time, reaching its lowest point at around 16:00 local time, dropping to
approximately 66%. In years of low solar activity, the horizontal and vertical accuracy, with a 95% confidence level, remain
below 5 cm and 10 cm, respectively. In contrast, during years of high solar activity, the accuracy deteriorates to 7.5 cm and
13 cm in the horizontal and vertical direction. In addition, as the Vertical Total Electron Content (VTEC) increases, the RTK
positioning performance gradually declines. On the other hand, with the increase of Rate of TEC Index (ROTI), the RTK
positioning performance deteriorates rapidly.
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Introduction

The ionosphere is a region in the Earth’s atmosphere typi-
cally ranging from about 50 to 1000 km above the Earth’s
surface, primarily caused by the radiation of high-energy
ultraviolet and X-rays from the sun (Pereira et al. 2021; Aa
et al. 2023). When electromagnetic wave signals traverse
from the upper atmosphere to the Earth’s surface, they are
subject to the influence of the ionosphere (Yeh et al. 1982;
Aarons. 1982; Klobuchar. 1987; Koucka et al. 2021). Pres-
ently, the ionosphere stands as a prominent error source in
the domain of high-precision Global Navigation Satellite
System (GNSS) navigation and positioning. Ionospheric
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scintillation phenomena have significant impacts on the
performance of GNSS, leading to rapid changes in signal
phase and amplitude and affecting positioning accuracy and
reliability (Dierendonck et al. 1993; Kim et al. 2014; Juan
et al. 2017; Moraes et al. 2018; Liu et al. 2023).

Real-time kinematic (RTK) positioning is widely used
in surveying and mapping, monitoring, navigation, and
other aspects due to its advantages of simple algorithms,
fast convergence, high positioning accuracy, and reliabil-
ity. However, in some cases, such as the active ionospheric
conditions, the RTK positioning performance faces a serious
challenge because the atmospheric delay error cannot be
eliminated by the difference of measurements.

Tominaga et al. (2004) evaluated the relationship between
mesoscale baseline (around 46 km) ionospheric errors and
carrier phase positioning errors. They found that ambigu-
ity resolution was difficult for the mesoscale baseline dur-
ing some periods. Under active ionospheric conditions or
ionospheric storms, it is difficult for NRTK users to reach a
fixed solution (Luo et al. 2005; Wielgosz et al. 2005; Gian-
niou et al. 2012; Dobelis et al. 2017; Paziewski et al. 2022).
Especially in low latitude areas, when the distance between
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reference stations exceeds 30 km, the terminal positioning
performance will significantly decrease (Charoenkalunyuta
et al. 2012). Pluta (2013) and Follestad et al. (2021) ana-
lyzed the impact of the ionosphere on GPS-RTK positioning
accuracy which was related to seasonality and local time.
Bae et al. (2018) analyzed the performance of the ionosphere
on NRTK navigation applications. In dynamic mode, even
low-cost devices connected to high-quality GNSS anten-
nas could achieve comparable accuracy and stability as
surveying-grade devices. Odolinski et al. (2019) evaluated
the positioning performance of smartphone and low-cost
multi-system single- and dual-frequency RTK during peri-
ods of low, medium, and high ionospheric disturbances.
They found that at a baseline length of 8.9 km, both sets of
devices could achieve instantaneous ambiguity resolution
when the Kp index reached 30. Additionally, during calm
ionospheric periods, they compared the positioning perfor-
mance of a 21.8 km baseline. Dutta et al. (2022) predicted
that there would be several occurrences of cycle slips on
multiple satellites during the worst months, leading to RTK
float solutions or DGNSS.

It can be seen that the influence of the ionosphere on
high-precision positioning performance has been widely
concerned and some research results and progress have been
obtained. However, these studies mainly focus on the analy-
sis of positioning performance under specific geomagnetic
storm events, or assess the impact of ionosphere on the pre-
cision positioning performance within a short period of time,
such as several tens of days, and some of them are dominated
by PPP positioning (Psychas et al. 2019; Su et al. 2019; Lu
et al. 2020; Li et al. 2023b; Lyu et al. 2023).

Considering that the new solar activity cycle will reach
the active peak around 2025 (Okoh et al. 2018), it is not
known whether and to what extent the ionospheric activity
under the new solar activity cycle will affect RTK and other
precision positioning technologies. Through this study, we
aim to gain a clearer understanding of the NRTK position-
ing accuracy and ambiguity fixing rate during low and high
ionospheric activity. Further, we investigate the key factors
causing this degradation in RTK positioning performance.
Additionally, we aim to identify the optimal time of day for
achieving the desired RTK positioning accuracy, thus pro-
viding guidance for field engineering surveys.

Therefore, this paper quantitatively analyzes the posi-
tioning accuracy and fixing rate of RTK positioning for a
whole solar cycle of 11 years. The relationships between
Vertical Total Electron Content (VTEC), Rate of TEC
Index (ROTI) and positioning performances of RTK are
analyzed during the high and low solar activity years in
one solar cycle. Since low-latitude regions are prone to
ionospheric anomalies, this study mainly focuses on ana-
lyzing the effects of the ionosphere on positioning perfor-
mance in low-latitude areas, especially in China.
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Data and methodology

This section begins by providing an overview of the source
of the experimental data, followed by an introduction to
the RTK positioning method. Finally, a detailed descrip-
tion is presented regarding the data processing strategies
utilized in this study.

Data

This study is conducted within the geographical area of
Hong Kong, bounded by longitude 114° E to 114.5° E
and latitude 22.15° N to 22.55° N. The study utilizes four
reference stations, namely HKKT, HKOH, HKST, and
HKWS as illustrated in Fig. 1 (https://rinex.geodetic.gov.
hk/). The observational datasets cover an entire solar activ-
ity cycle, spanning from January 1, 2013, to December
31, 2023. Due to the large volume of data and compu-
tational constraints, a systematic sub-sampling approach
is employed. This approach involves extracting a set of
sample data every 7 days, ensuring both the precision and
reliability of the data analysis while managing the compu-
tational load effectively.

The NRTK method requires at least 3 reference stations to
provide VRS correction messages. Hence, we have statisti-
cally analyzed the data completeness rate of three reference
stations over the 11 years (2013-2023). In this paper, we
follow a pattern of selecting 1 day every 7 days, resulting in
a total of 52 days per year. We consider the data to be valid
when all three stations have data simultaneously. The statis-
tical results are shown in the following Table 1.

22.50°N

HKKT oskm  HKWS Elevation: m

1000
23km
500
HKOH
0
22.17°N
114.00°E 114.39°E

Fig.1 Schematic representation of the triangulation network in the
Hong Kong region. Triangular points represent reference stations, and
the red dot denotes rover station. The rover station is located at a dis-
tance of 16 km from the nearest reference station
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Table 1 data completeness rate
of three reference stations with
simultaneous data over the past 2013 52
11 years (2013-2023)

Year Available days

2014 52
2015 52
2016 52
2017 51
2018 52
2019 52
2020 51
2021 52
2022 52
2023 52

Methods
NRTK method

The observation equations associated with pseudorange and
carrier phase are defined as Ren et al. (2020):

i i i i i i i
{ Pl = P+ dionis + Ay + (7 = 7)) +d +dy + ]

k ) . pkij .
i i i i i
Ly = b = Gongj + diopj + c(zl— 1) — AN, +d} +d; + Elrj

ey
where i is the satellite; j is the receiver; k denotes frequency;p
is the satellite-to-receiver range; P represents the pseudor-
ange observation; L represents the carrier phase observa-
tion; d,,, stands for ionospheric delay error; d,,, is the tropo-
spheric delay error; 7; denotes the receiver clock error; 7' is
the satellite clock error; d represents the differential code
bias between the satellite and the receiver; N,’; represents
the initial integer ambiguity;e,, and &, represent the meas-
urement errors of pseudorange and phase respectively and
their variances can be modeled as a simplified function of
the elevation angle (Dai et al. 2017):

6% = a> + b/sin’0 2)

where 0 is the elevation angle of the satellite, a and b can be
set empirically.

The baseline solution of Continuously Operating Refer-
ence Stations (CORS) typically employs a double-difference
mode, where the coordinates of the reference stations at both
ends of the baseline are obtained in advance, thus serving
as known values during the solution process. Without loss
of generality, the observation equation for the double-differ-
enced baseline can be expressed as follows:

i - - - Pk-f.l? ..
o _ 1 1 1) 1j ij
AVL) = AVpl —AVI +AVT] - JAVN] +AVe)

3

i AV, i i i
{ AVP] = AVp, +AVI +AVT/  +AVe

Rover

Fig.2 The schematic diagram of a triangulation network

where AV represents the double-difference between sta-
tions and satellites. The parameters to be estimated include
Avd,,,, AVd,,, ;, and AVN,. Since the ambiguities possess
integer characteristics after double differencing, it is neces-
sary to fix the double-difference integer ambiguities in order
to obtain high-precision information on double-difference
tropospheric and ionospheric information (Teunissen. 1995;
Gao et al. 2002; Odijk et al. 2010; Platz. 2023).

The baseline network is configured with reference sta-
tions HKKT, HKOH, and HKWS, forming a triangulation
network, while HKST serves as the designated rover station,
as illustrated in Fig. 1. Utilizing the same procedure, the
double-difference tropospheric and ionospheric information
for the three baselines of the triangle is separately calculated
(Vollath et al. 2002; Chen et al. 2003; Dai et al. 2003). Fol-
lowing the interpolation principle within the triangle, tropo-
spheric and ionospheric model values at the interior of the
triangle’s rover station positions can be interpolated. Sub-
sequently, by adjusting these values to the nearest reference
station observations, virtual observations of the rover station
positions can be obtained. Figure 2 illustrates a schematic
diagram of a triangulation network, where A, B, and C are
reference stations. According to the ionospheric information
of baselines AB and AC, the following system of equations
can be formulated:

[AEAB AN, ] [a] ~ [ INZ ]

= 4
AExc ANjc | [ £ AVdio ac ¥

where AE represents coordinate difference in the east direc-
tion between stations; AN represents coordinate difference in
the north direction between stations; AVd,,, 4pand AVd;,, 4c
respectively indicate the ionospheric data derived from the
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calculations of baseline AB and AC; a and f represent inter-
polation coefficients, which can be obtained through least
squares calculation based on (4). The ionospheric interpola-
tion at the rover station is as follows:

AVdion,Rover = aAEAR + ﬁANAR (5)

RTK method

In this study, the NRTK mode was used to generate virtual
reference stations that are very close to the rover station
(within a few tens of meters). Consequently, after double dif-
ferencing between the base and satellite stations, the errors
caused by the ionosphere and troposphere can largely cancel
each other out. Therefore, (3) can be simplified to the form
of (6):

i ij ij
{ AVP] = AVpl +AVE) ) ©
i _ i ij ij

AVLy , = AVp, = AAVN 4 + AVeE,

Assuming there are m+ 1 common-view satellites
between the reference station and the rover station, the dou-
ble-difference observation equation from (6) can be written
in matrix form as follows:

Y
Y= [YL"] ©)

P _
DSD_

L _
DSD_
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where Yp= [AVPlJb, AVszrb, AVPLrb, AVPM] ,

T
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the parameters to be estimated are as follows:

YLz[AVL“ AVL! .. AVL™

X= [Xpos’Xamh]T

1
AVN} . AVNT L AVNR

]T ®)

= [xrb’ Yrbo Zrb’AVN}’rb’
The random model of the observations after double dif-
ferencing is given by (9):

P T
D= [TDSDT

L T )
TDL T

where the matrix T is the transformation matrix from single
difference to double difference, with the column having a
value of -1 representing the reference satellite:

1 -1
1 -1
1 -1
1 -1
T = R (10)
-1 1
-1 1
-1 1

| =1 1 1lom-1)2m

The variance—covariance matrices of pseudorange and
phase single-difference observations are given by (11) and (12)
respectively, where o represents the variance of the original
non-differenced observations from (2):

an

2 2
(o2) +(o5)
! ? -2m,2m

12)

2 2
L L
> > -2m,2m
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In dynamic GPS navigation positioning, a discretized
Kalman filtering model is often employed, with the linearized
equations as follows:

X, =, X

K kk—1%k—1 (13)

Vi =AX - Y,

where ik is the predicted state vector at time t,; )/ik and )A(k_l
are the estimated values at times t, and t,_; respectively;
@, ,_, denotes the state transition matrix; A, denotes the
observation design matrix; Y, represents the double-differ-
ence observation vector at time t,. The covariance matrix of
X, is given by the following equation:

T
Iz = QX Py + Tw, (14)

where E)A(k ] is variance of the estimated value at t,_;, and

Xy, represents the process noise. In contrast to high-
dynamic scenarios involving aircraft, vehicles and similar
movements, most situations encountered during NRTK user
operations exhibit low-dynamic walking modes. Further-
more, considering a data sampling interval of 5 s in this
study, only position parametrs (X5 in eqution (8)) are taken
into account during state prediction, omitting velocity and
acceleration parameters (Takasu et al. 2009). The specific
form is shown in (15):

§k(P05) = )S\k(Spp) (15)
Xk(amb) =Xy - 1(amb)

where )A(k(spp) denotes the estimated parameters of single-
point positioning coordinates at time t,, Xy _,mp) represents
the filtered estimates of ambiguity parameters at time t,_,.
and the covariance of ik is expressed by (16):

X
k(spp)
) : A (1 6)
Xk—l(amb) 2m+3,2m+3

where the L represents the variance matrix of single-
k(spp)

point positioning coordinates parameters at time t,, and the
value of each diagonal element is 100 m? in this study;

Ry denotes the variance matrix of the filtered estimates
—I(am

of ambiguity parameters at time t,_,. Subsequently, Kalman
filtering measurement updates are conducted by integrating
dynamic models with actual measurement data of t,.

TEC extraction

Considering the simplicity and effectiveness of the single-
layer model in describing electron content in the ionosphere,
this study has chosen the single-layer model for ionospheric
analysis. Ionospheric VTEC serves as a metric quantifying the

quantity of electrons passing through a unit area, denominated
in Total Electron Content Unit (TECU). By leveraging dual-
frequency observational data and employing the carrier phase
smoothing pseudorange method, the Slant Total Electronic
Content (STEC) along the slant propagation path is calculated
(Liu et al. 2020; Li et al. 2023a, 2024).

i i 1 1 i
Py =P}~ P, =4028( § — £ )STEC +c(B' +B))

Ly =Li; —Ly;=4028( £ — £ )STEC +c(B'+ B)) - (LN, = 1uy)
a7
where P, represents the pseudorange observation without
geometric distance; ¢ is the speed of light; B' = d}| — d},
stands for Differential Code Bias (DCB) of the satellite,
corrected in this study using the DCB product released by
the Chinese Academy of Sciences (Wang et al. 2016; Zhang
etal. 2019); B; = d, ; — d, is the differential code bias of
the receiver. To enhance the accuracy of P,, a Hatch filter is
applied for carrier phase smoothing pseudorange (Abdela-
zeem et al. 2016; Mazher et al. 2016). For continuous obser-
vation arcs, the smoothing method is defined as follows:

P4, () = %[msm(t - D+ L - Lyt - D] + %p4(t), i>1
P4sm(1) = P4(1) =1,t=1

(18)
where P4, represents the smoothed pseudorange observa-
tion; ¢ denotes epoch; k is the total number of epochs from
the start of smoothing. Substituting into (17), we obtain:

212
STEC= ———=— . [P4,, - c¢(B' + B. 19
40.28(f2 - £2) [P - i)l (1%

The STEC is ultimately transformed into the VTEC
above the measurement station using a single-layer model
projection function. The process is as follows:

VTEC = cos <arcsin < sin (az))) - STEC (20)

R
R+H
where z represents the elevation angle of the satellite; R
is the radius of the Earth; H is the height of the mapping
function, specifically the height where the electron density
peaks, with a chosen value of 506.7 km in this study; « is a
constant, equal to 0.9782 (Schaer. 1999; Xiang et al. 2019).

ROTI index

In addition to calculating ionospheric VTEC, this paper
also computes the ROTI index to analyze variations in
the fixing rate and accuracy of RTK under perturbed con-
ditions. By calculating the temporal rate of ionospheric
STEC (ROT) over a specific duration, this provides
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information on ionospheric disturbances (Pi et al. 1997,
Zhao et al. 2022):
STEC(t+ A t) — STEC(t)

ROT =
N 21

where A ¢ represents the temporal variation of ionospheric
STEC. The ROTI can be calculated as follows:

ROTI = \/ (ROT?) — (ROT)* (22)

where () represents the average value over a time interval.
In this study, we use a 30-s data sampling for ROT cal-
culations and a 5-min time interval for ROTI calculations.

Data process strategies
NRTK strategies

The NRTK technology improves the positioning accuracy of
rover stations by utilizing data from multiple reference sta-
tions (Vollath et al. 2002; Chen et al. 2003; Dai et al. 2003).
More GPS data processing details refer to Table 2.

Fixing rate

Least-squares AMBiguity Decorrelation Adjustment
(LAMBDA) is an algorithm used to resolve carrier phase
ambiguities (Teunissen. 1995). The "ratio" evaluation met-
ric is commonly used to determine the reliability of the

ambiguity resolution. Specifically, this ratio is calculated by
comparing the ambiguity residuals of the optimal solution
and the second-best solution (Teunissen et al. 2004). In the
context of this study, a fixed solution requires the satisfaction
of the following requirements simultaneously:(a) The ambi-
guity search and fixing are conducted using the LAMBDA
method, with a ratio threshold of 2.0. The definition of the
"ratio"” mentioned can be referenced from this particular lit-
erature; (b) The error between the positioning result of the
rover station in the horizontal direction and the true value
is less than 10 cm; (c) The error between the positioning
result of the rover station in the vertical direction and the
true value is less than 20 cm; (d) Epochs during the filter
convergence process are excluded.

Results and discussions

In this section, we will analyze the changes in RTK posi-
tioning performances in low-latitude regions throughout
the solar activity cycle. We will also examine the effects
of diurnal variations in the ionosphere on RTK position-
ing. Additionally, we will analyze the impact of ionospheric
parameters such as VTEC and ROTI on RTK positioning
and reasons of RTK performance degradation throughout
the solar activity cycle.

Table 2 Correction models and estimation strategies for GPS NRTK positiong

Items Descriptions
Server side User side
GNSS system GPS
GNSS signals L1,L2
Data sampling interval 5s

A priori noise
Combination mode
Elevation mask 10°
Minimum number of satellite 4
Estimator Sequential least squares
Weight of obervation Elevation-dependent weight

Phase ambiguties

observation arc
Receiver coordinate Fixed
Tonospheric delays

Tropospheric delays
Function (NMF) (Neil. 1996)

Double difference L4 (ionosphere-free combination)

WL-L1 cascade fixing with Constants for each continuous

First order eliminate, higher order ignore
Dry Component: Modeled by Sasstamoinen with Neil Mapping

Pseudorange: 0.3 m; carrier-phase: 0.003 m

Double difference L1&1L.2

Kalman filter

L1&L2 partial fixing with Constants for each
continuous observation arc

Estimated in the epoch-wise kinematic model
with a priori noise of 10 m

Corrected by linear interpolation model (LIM)
Corrected by linear interpolation model (LIM)

Wet Componet: Hourly constants with process noise of 1 cm/\/z

and NMF
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Fig.4 Time series of RTK positioning fixing rate from 2013 to 2023

Solar activity analysis

Figure 3 illustrates the day-to-day fluctuations in sunspot
number and F10.7 indices from 2013 to 2023, and the data

can be accessed from https://omniweb.gsfc.nasa.gov/form/
dx1.html. The sunspot number is widely employed to gauge
the intensity and periodicity of solar activity, reflecting its
cyclical variations. The F10.7 index is measured in solar
flux units (SFU) and reflects the strength of solar radio flux.
According to Chinese meteorological standards (https://
www.sws.bom.gov.au/Educational/1/2/4), solar activity
levels can be classified as follows: values below 80 SFU
indicate low solar activity, 80 SFU to 150 SFU represent
moderate solar activity, and values exceeding 150 SFU indi-
cate high solar activity. Periods in which the F10.7 index
exceed 100 SFU are classified as high solar activity years
(from 2013 to 2015 and from 2022 to 2023), while those
falling below this threshold correspond to low solar activity
years (from 2016 to 2021).

Relation with solar activity

Figure 4 depicts the variation in fixing rates for the rover
stations from 2013 to 2023. The red dashed line in the figure
represents the caution line, commonly considered in engi-
neering practice, indicating that fixing rates below 80% are
generally considered unreliable for providing high-precision
positioning services. It is observable from Fig. 4 that dur-
ing years of high solar activity, fixing rates frequently fall
below 80%. Conversely, in years of low solar activity, the
fixing rates remain above 80%. The overall trend aligns with
the solar activity variations observed throughout the entire
solar activity cycle in Fig. 3, suggesting a significant peri-
odic influence of solar activity on the fixing rates of RTK.
Table 3 presents the percentage of fixing solution accu-
racy in the horizontal and vertical directions for rover sta-
tions during the period from 2013 to 2023. It should be
noted that when assessing the accuracy of the results, the
reference coordinates (HKST station) are the precise coor-
dinates provided by the Hong Kong Geodetic Survey offi-
cial website. (https://www.geodetic.gov.hk/common/data/

Table 3 Statistical results

. . Year Percentage in the horizontal direction (%) Percentage in the vertical direction (%)

of fixing solution accuracy

percentage in the horizontal and €<2cm 2<E€<5cm €>5cm €<5cm 5<€<10cm €>10cm

vertical directions from 2013

to 2023 2013 72.49 20.12 7.39 86.33 9.32 4.35
2014 69.08 22.13 8.79 85.18 10.55 4.27
2015 77.11 17.40 5.50 88.74 8.43 2.83
2016 85.87 12.33 1.79 92.62 6.01 1.37
2017 88.28 10.36 1.37 94.60 4.53 0.87
2018 90.16 8.48 1.36 94.99 4.17 0.84
2019 89.37 9.20 1.42 94.59 4.50 091
2020 89.66 9.19 1.15 94.98 4.22 0.80
2021 84.68 13.30 2.02 92.74 5.84 1.42
2022 75.49 19.88 4.63 86.96 9.17 3.87
2023 62.27 28.79 8.94 78.93 13.36 7.71
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Fig.6 Heat map of fixing rates for the HKST station from 2016 to
2021. The vertical axis represents the years, while the horizontal axis
represents the day of the year. The color gradient from red to blue
signifies an increasing fixing rate (color figure online)

pdf/SatRef_Coord.pdf). The years of high solar activity are
2013, 2014, 2015, 2022, and 2023. Additionally, the Three-
dimensional (3D) error percentage chart are shown in Fig. 5.
From Fig. 5, it can be observed that the proportion of 3D
errors below 3 cm at the HKST station during high solar
activity years is significantly lower compared to low solar
activity years. Conversely, the proportion of errors exceed-
ing 5 cm is noticeably higher during high solar activity
years than during low solar activity years. Detailed preci-
sion numerical features in horizontal and vertical direction
can be found in Table 3.

Furthermore, the fixing rates of the rover station in
Fig. 4 exhibit noticeable periodic fluctuations, despite being
derived from datasets with a 7-days interval. To mitigate
potential randomness in the results and minimize the impact
of solar activity interference, a reanalysis was performed
using daily datasets from periods of low solar activity, as
depicted in Fig. 6. The graph reveals a decline in fixing rates
during the autumn season, as highlighted within the red-
boxed region. During the autumnal equinox, when the Sun
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is directly over the Earth’s equator, increased ionospheric
activity often occurs in low-latitude regions. Fluctuations
in electron density within the ionosphere can cause signal
attenuation, multipath propagation, and phase variations,
thereby affecting the reception and processing of GNSS sig-
nals. Sanz et al. (2014) noted in their study of ionospheric
activity indicators that ionospheric activity in low-latitude
regions exhibits significant seasonal dependence.


https://www.geodetic.gov.hk/common/data/pdf/SatRef_Coord.pdf

GPS Solutions (2024) 28:179

Page9of15 179

Taking into account the diurnal variation of the iono-
sphere at the same location caused by the Earth’s rotation,
this study further classifies all results based on local time.
The average fixing rates and fixing precision at each moment
during high and low years of solar activity are calculated, as
shown in Fig. 7 and Fig. 8.

From Fig. 7, it can be observed that during years of high
solar activity, the fixing rate is consistently above 90% from
08:00 Local Time (LT) to 12:00 LT. During this time period,
the horizontal and vertical error are within 5 cm and 10 cm,
respectively. Starting from 12:00 LT, the fixing rate and pre-
cision begin to decrease, reaching the lowest values around
16:00 LT, with a fixing rate of only 66%. At this time, the
horizontal and vertical direction errors at a 95% confidence
level reach 7.5 cm and 13 cm, respectively, no longer meet-
ing the requirement for centimeter-level high-precision ser-
vices. From 16:00 LT to 00:00 LT, the fixing rate and preci-
sion gradually improve but remain at a lower level. This is
likely due to the fact that as the sun approaches the horizon,
solar radiation must pass through a thicker atmospheric layer
to reach the ground, causing changes in electron density and
distribution in the ionosphere (Moreno et al. 2011; Gao et al.
2023). After 00:00 LT, the fixing rate and precision gradu-
ally return to normal levels.

From Fig. 8§, it is evident that during years of low solar
activity, the fixing rate remains consistently above 90%
throughout the day. The horizontal and vertical accuracy,
at a 95% confidence level, is consistently better than 5
cm and 10 cm, respectively. Only minor fluctuations are
observed at 16:00 LT, indicating overall stable and reliable
performances.
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Fig.9 Variations of VTEC and ROTI from 2013 to 2023. The top
panel illustrates the VTEC from the HKST station. The bottom panel
depicts the ROTI from the HKST station, with a temporal resolution
of 5 min. Both data sampling of VTEC and ROTTI are 30 s

Relation with ionospheric indices

The time series of the VTEC and ROTI values from 2013 to
2023 are shown in Fig. 9. It can be observed that during peri-
ods of low solar activity, the VTEC generally peaks around
40 TECU, occasionally exceeding 60 TECU. In contrast,
during years of high solar activity, the VTEC peaks surpass
120 TECU, approximately three times the values observed
during low years of solar activity. According to Pereira et al.
(2021), a ROTT value exceeding 0.2 TECU/min indicates
the occurrence of ionospheric irregularities. The analysis
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of Fig. 9 reveals that during low years of solar activity, the

majority of ROTI values remain below 0.2 TECU/min, sug-
gesting overall ionospheric stability. However, in high years
of solar activity, numerous instances exhibit ROTI values
exceeding 0.2 TECU/min, indicating frequent occurrences
of ionospheric disturbances.

To analyze the variations in RTK fixing rate and accu-
racy concerning VTEC, this study grouped VTEC values
in increments of 5 TECU and examined the corresponding
changes in positioning results. The results for high and
low years of solar activity are illustrated in Fig. 10 and
Fig. 11, respectively. It is evident from Fig. 10 to Fig. 11
that as VTEC values increase, the fixing rate exhibits a
decreasing trend. Particularly when VTEC values exceed
approximately 60 TECU, the fixing rate falls below 80%,
with horizontal directional errors exceeding 5 cm at a 95%
confidence level, while the vertical directional errors sur-
passing 10 cm. Statistical analysis revealed that during
years of high solar activity, the proportion of ionospheric
VTEC values exceeding 60 TECU is 23.1%, with the
majority occurring in the afternoon. In contrast, during
low solar activity years, this proportion is only 0.73%.
This suggests that during years of high solar activity, the
ionospheric VTEC values exert a greater influence on the
fixing rate of RTK, especially in the afternoon.

To analyze the variations in fixing rate and accuracy
under ionospheric irregular disturbances, this study con-
siders the maximum satellite ROTI value within each
epoch as the ROTI for that epoch. The ROTI values from
all epochs are then grouped into intervals for analysis.
Intervals within 0.2 TECU/min are categorized with an
interval size of 0.02, intervals above 0.2 TECU/min are
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Fig. 12 Variation in RTK positioning results during years of high
solar activity with respect to ROTL. The top panel represents the fix-
ing rate, while the bottom panel depicts the 95% confidence level in
horizontal and vertical accuracy
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categorized with an interval size of 0.4. The results for
years of high solar activity and low solar activity are pre-
sented separately in Fig. 12 and Fig. 13.

Figure 12 reveals that during years of high solar activ-
ity, when the ROTI value reaches approximately 0.08
TECU/min, the fixing rate begins to drop below 80%. As
the ROTI value continues to increase, both fixing rate
and accuracy exhibit a sharp decline, falling significantly
below the standards for high-precision services.

As can be seen from Fig. 13, during the low solar activ-
ity years, when the ROTI value is between 0.6 and 1.0, the
fixing rate is slightly below 80%. In contrast, as shown
in Fig. 12, during the high solar activity years, when the
ROTI value is between 0.6 and 1.0, the fixing rate has
dropped rapidly below 20%.

RTK performance degradation analysis

To analyze the reasons for the deterioration of positioning
accuracy, we conducted an in-depth analysis focusing on
the number of cycle slips and the interpolation accuracy of
the ionosphere.

We selected 10 days of data from both high solar activity
years and low solar activity years. Cycle slip detection was
performed using the TurboEdit method (Blewitt. 1990). For
analyzing the ionospheric interpolation accuracy of a rover
station, we use the method of treating the rover station as a
reference station for baseline calculation and compute the
double-difference ionospheric values which were considered
as the true values. Then the 68th percentile error and the
95th percentile error were statistically analyzed.The results
are shown in the Table 4 below.
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Table 4 Statistics of Cycle Slips and Ionospheric Interpolation Accuracy for 10 Days in High and Low Solar Activity Years

Date Fixing rate (%) Cycle slip Ionospheric interpolation accu-
racy
Number of Total number of  68th percentile 95th percen-
cycle slip satellites error (cm) tile error (cm)

High solar activity days 2013/4/9 45.7 4035 146939 1.25 7.76
2013/4/16 55.5 3236 147772 1.16 9.61
2014/3/12 422 5430 146429 1.02 7.44
2014/9/10 379 1875 146913 1.65 11.22
2015/4/23 66.8 580 152890 0.93 3.00
2015/5/7 39.0 1118 152944 0.96 5.15
2022/10/1 64.0 2397 153900 1.30 12.54
2023/2/19 61.6 761 153971 1.36 7.15
2023/3/19 63.7 1356 153457 0.93 3.39
2023/8/27 532 874 148137 1.41 13.36

Low solar activity days 2016/1/1 99.9 12 155866 0.60 1.28
2016/6/17 99.7 22 156545 0.71 2.01
2017/1/1 99.8 14 156411 0.57 1.25
2017/6/11 99.8 27 156759 0.69 2.03
2018/1/1 99.9 24 156628 0.57 1.24
2018/6/18 99.9 33 154365 0.66 1.54
2019/1/1 99.8 34 154846 0.57 1.22
2019/6/19 99.6 6 153909 0.77 2.70
2020/1/1 99.9 13 150592 0.56 1.23
2021/1/1 99.9 15 153502 0.56 1.27

Column 4 of Table 4 represents the number of cycle
slips detected at the rover station (HKST). Comparing the
10-days cycle slip results during high solar activity years
with those during low solar activity years, it is evident that
the frequency of cycle slips in high solar activity years is
approximately 10 to 100 times higher than in low solar activ-
ity years. Due to the frequent occurrence of cycle slips, the
number of satellites available for RTK positioning is greatly
reduced, resulting in a significant decrease in the overall
fixing rate.

Columns 6 and 7 of the Table 4 represent the iono-
spheric interpolation accuracy of the NRTK server at 68%
and 95% confidence levels, respectively. This value char-
acterizes the accuracy of the generated VRS observations.
During the 10 days of low solar activity, the ionospheric
interpolation errors are all less than 1 cm at 68% confi-
dence level and less than 3 cm at 95% confidence level.
However, during the 10 days of high solar activity, most
of the ionospheric interpolation errors are greater than 1
cm at 68% confidence level, and many exceed 5 cm or
even 10 cm at 95% confidence level. As the ionospheric
interpolation error of the NRTK server increases, indicat-
ing poorer VRS observation accuracy, it deviates more
from the assumption of (6) (that the double-differenced
ionosphere between short baselines can be neglected).

As seen in (6), when the double-differenced ionospheric
residuals between VRS observations and rover observa-
tions are larger, the impact on the ambiguity parameters
and coordinate parameters is greater, resulting in a lower
RTK fixing rate.

Conclusions

This paper investigates the RTK positioning performances in
low-latitude Hong Kong region during different solar activ-
ity levels within one solar cycle. Specifically, this paper thor-
oughly analyzes the relationship between the fixing rate and
fixing accuracy with the VTEC and ROTI. The conclusions
as follows:

(1) Trends in ambiguity fixing rates and accuracy from
2013 to 2023 are generally consistent with solar activ-
ity levels. In addition, fixing rates also exhibit seasonal
cyclical characteristics.

In high solar activity years, there is a strong correla-
tion between the fixing rate and local time. Particu-
larly around 16:00 LT, the fixing rate reaches its lowest
point, dropping to 66%. It’s important to note that the
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specific time periods of significant impact may vary
depending on the region.

(3) When VTEC reaches 60 TECU, RTK positioning
performance may not meet the requirement. In high
solar activity years, 23.1% of VTEC exceed 60 TECU.
In the lower years, this proportion was only 0.73%.
When ROTI reach approximately 0.08 TECU/min in
high solar activity years or around 0.2 TECU/min in
low solar activity years, the ionospheric disturbance
impedes the achievement of stable centimeter-level
high-precision positioning services in the vertical
direction.

(4) There are two main reasons for RTK positioning per-
formance declines. Firstly, the frequency of cycle slips
increase significantly during high solar years, which
is up to 10 times or even more compared to low solar
activity years. Secondly, during high solar activity
years, the accuracy of ionospheric interpolation values
declines, and many of them can reach 5 cm or even 10
cm at a 95% confidence level.
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