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ABSTRACT - The use of Static Global Navigation Satellite System (GNSS) has become QGRQ:\:/:E HIST,ORE April 2025
widespread in geodetic applications due to its ability to provide highly accurate positioning. Revised j 14 May 2025

One of the main sources of errors in GNSS positioning is the ionospheric delay, which has Accepted 4 August 2025

a significant impact especially during periods of maximum solar activity. Previous solar cycle Published - 30 December 2025

24 indicated that solar maximum and solar minimum occurred in 2014 and 2019,
respectively. This highlights the need for extensive collection of GNSS data to minimize the KEYWORDS
effects of the ionosphere. This study aimed to develop a simulator for mission planning to

, . : : : . ; lonospheric delay
determine the optimum duration for GNSS static observation. The Malaysia Real-Time Solar activity
Kinematic GNSS network (MyRTKnet) was used, focusing on three baseline categories: Observation duration
short (<50km), medium (50km to 100km), and long (>100km). The static GNSS data were Baseline precision

processed using Trimble Business Centre (TBC), and statistical adjustment was performed GNSS simulator
based on the standard deviation of delta X, delta Y, delta Z, horizontal, and vertical

components. The results of the study indicated that to achieve higher precision in GPS

baseline solutions during high ionosphere activity, an observation duration of at least two

hours is necessary, particularly to improve vertical precision. Furthermore, the precision of

the baseline solution was higher during solar maximum compared to solar minimum. A

comparison between the simulation and field data acquisition demonstrated that the

simulator successfully estimated the horizontal and vertical precision through statistical

analysis. Ultimately, it is expected that this simulator will assist surveyors in determining the

optimum duration for GNSS static observation.

1. INTRODUCTION

The Global Navigation Satellite System (GNSS) is a vital technology that enables positioning within a global reference
framework. It supports various applications such as navigation, agriculture, and land surveying [1,2]. However, the
required accuracy differs significantly across these applications. A key parameter affecting GNSS accuracy is the Total
Electron Content (TEC), which represents the electron density along the path between a satellite and a receiver [3,4]. TEC
influences signal propagation, especially during high solar activity when values can exceed 100 Total Electron Content
Unit (TECU) in equatorial regions [5]. These effects introduce errors, particularly in carrier-phase measurements [6,7].
To enhance precision, GNSS static observations are employed [8]. This method uses a known reference station and an
unknown rover station. Differences between observed and known coordinates allow post-processed differential
corrections [9]. Carrier-phase measurements can yield high baseline precision, though factors such as satellite geometry,
multipath, and tropospheric effects can impact results [10,11,12,13]. Longer observation durations generally mitigate
these effects. Therefore, determining the optimal observation time is crucial for efficient and accurate geodetic work,
particularly over long baselines [14,15].

The main sources of GNSS positioning error over long baselines are ionospheric and tropospheric delays. While these
can be minimized using double differencing techniques over baselines shorter than 20 km, the method becomes less
effective for longer distances [16,17,18]. Since TEC and sunspot activity significantly affect GNSS signal propagation,
especially near the equator, determining the optimal observation duration becomes essential for reducing ionospheric
effects [19,20]. Longer baselines typically require longer data collection times [21]. This study addresses the need for
cost-effective geodetic survey planning by proposing a GNSS simulator that helps determine the optimal observation
duration based on baseline length and solar activity. The focus is on short, medium, and long baselines during low and
high solar activity periods within Solar Cycle 24.

This research aims to determine the optimum duration for GNSS static observation for three types of baselines which
are short-length baseline, medium-length baseline, and long-length baseline including during low and high solar year in
Solar Cycle 24. To achieve the aim of the research, there are several objectives that need to be achieved. The objectives
include (1) To generate precision of GPS baseline solution during high and low solar year based on different inter-station
distance and data observation duration, (2) To estimate the rate of precision of degradation based on result, (3) To develop
mission planning simulator for determining optimum duration of GNSS static observation. This paper is divided into four
(4) sections. Section one (1) is the introduction which covers the background of study, problem statement, literature
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review and aim and objectives. Section two (2) is the methodology that covers the three (3) phases. These phases
encompass data preparation, data processing, parameter estimation, and the GNSS simulator development. Section three
(3) contains the result and analysis fulfilling the three (3) objectives stated in this study. Section four (4) is the study's
conclusion and recommendations.

2. LITERATURE REVIEW

GNSS refers to satellite constellations like GPS, GLONASS, Galileo, and BeiDou, which provide users with time and
positioning information. These systems operate through three segments: the space segment (satellites), the control
segment (ground monitoring stations), and the user segment (receivers). GNSS signals are transmitted through L1 and L2
frequencies, which carry coded and carrier-phase data. While code phase measurements are easier to interpret, carrier-
phase measurements provide more precise positioning but are sensitive to errors such as cycle slips [22].
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Figure 1. Segments of a satellite navigation system [23]

Several sources contribute to GNSS signal errors, including satellite-dependent, receiver-dependent, and propagation-
related factors. Satellite errors include clock and orbit inaccuracies, while receiver errors stem from multipath effects and
internal clock mismatches [24,25]. Of particular importance are ionospheric delays, which occur as signals pass through
the charged layer of the atmosphere, especially affecting single-frequency receivers [26,27]. TEC plays a critical role in
these delays and varies with location, time, and solar activity [28]. The equatorial region, such as Malaysia, often
experiences higher TEC due to unique magnetic and atmospheric interactions, with extreme variations during solar
maxima and minima [29].
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Figure 2. TEC in ionosphere [30,31]
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Figure 3. lllustration of baseline vector from GPS static observation [35]
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Static GNSS observations, commonly used in high-precision geodetic surveys, involve placing receivers at fixed
locations for extended periods. This technique enables accurate 3D coordinate and azimuth calculations without requiring
line-of-sight between stations [32,33]. Post-processing differential correction can precisely resolve coordinate differences
between a known base and an unknown rover. The baseline vector formed between two stations is estimated using carrier-
phase measurements, with double differencing applied to minimize common errors [34]. This approach, often modeled
mathematically, enables determination of accurate positions based on observation duration and baseline length.

$P(0) = 35PE (D) + N2 + 483 (D) )

where,

¢:(t) : Measured carrier phase expressed in cycles between satellite s and receiver r

p:(t) : Geometric range between satellite s and receiver r

A8E(t) : Combined receiver and satellite clock bias

N7 : Ambiguity Integer number

AS : Wavelength

c : Speed of light

During post processing of GPS data, double-differencing technique is applied to reduce the effect of aforementioned GPS
errors. Double differencing technique leads to equation 2

1, = aXB(t)AXB + “73 ()Y, + a) (t)AZB + AN )
where,
1 : Linearized equation between satellite i and j to receiver A and B
a,l(] : Arbitrary number for coordinate difference of receiver B
AXg : Coordinate difference of receiver B

Estimation of GPS baseline vector will fix ambiguity parameters (matrix X) requires clean double difference phase data.
The following equation X = (AT PA)"(—1) (A"T PL)
The Matrix-vector system can be represented as:

rAXpT _li’}g(ti)' -aXB(tl) aYB(tl) aZB(tl) ’1L1 0 0]
AYp Lk (t)) af,(t) afy(t) afy(ty) 0 A, O
X = AZUL? - lg’g(tl) A= agn(ty) afp(t) azp(ty) 0 0 A,
%g %@ al,(t2) afy(t) af,(t) A, 0 0
_NE’E‘_ ;%rg(tz) as, (tz) a}.'B(tz) age(t) 0 A, 0
L5 ()] | afi(ty) alit) afit) O 0 Au
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Finally, the rover (B) final position can be obtained through 3D Network Adjustment by using Linear Equation below:

Yp|=|[AYs|+ |V, 4)

2. METHODOLOGY

Prior to GNSS simulator development a mathematical model needs to be generated. The mathematical model is
necessary for explaining variation of baseline vector precision relative to the observation duration based on solar maxima
and solar minima. To generate the mathematical model, analytical study on baseline vector precision is required by using
GNSS observation data in year 2019 for solar minima and 2014 for solar maxima, respectively. To accomplish the
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objectives of the study, the methodology is divided into three phases. These phases encompass data preparation, data
processing, parameter estimation, and the GNSS simulator development, as shown in Figure 4.
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Figure 4. Workflow of the methodology
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2.1  Phase 1 Data Preparation

This phase involved preparing GNSS observation data for the study. Data for each station were obtained from the
Department of Survey and Mapping Malaysia (JUPEM) in Hatanaka ASCII format, which compresses RINEX files.
Broadcast ephemeris data were downloaded through using FileZilla. The data were then organized into different
observation durations: 24 hours, 5 hours, 1 hour, 15 minutes, and 5 minutes. GNSS data from the years 2014 (solar
maximum) and 2019 (solar minimum) were used, with baseline distances grouped into short, medium, and long
categories. The sampling rate for all data was 30 seconds, and the baseline details were listed in Tables 1.

Table 1. Short, medium and long baseline year 2014 and 2019

2014 2019
From To Distance (km)  From To Distance (km)
BANT  UPMS 27.769 JHIY KUKP 44.321
BANT MERU 37.428 JHIY TGPG 39.424
BANT  PDIC 44.962 BANT MERU 37.428
JHIY TGPG 39.424 BANT PDIC 44,962
JHIY KUKP 44.321 BANT UPMS 27.769
UUMK  SGPT 90.548 BENT MERU 70.226
UUMK  SIK1 76.223 BENT SEKI 91.015
USMP  SIK1 68.668 UUMK  SGPT 90.548
JUML KLAW 87.765 UUMK  SIK1 76.223
BENT MERU 70.226 JUML LBIS 93.374
SAND RANA 160.746 JHJY JUML 186.932
SAND  SEMP 161.354 KLIP MRCH 162.484
SAND MTAW 176.678 KLIP SETI 165.577
MIRI BIN1 160.689 KLIP KUAL 171.021
MIRI LAB1 170.734 KLIP AYER 176.113

2.2 Phase 2 Data Processing and Parameter Estimation

Trimble Business Center (TBC) software was used in this phase. All the data including broadcast ephemeris for each
day are imported into TBC software. Referring to the table 1, all the base station is assigned with coordinates. All the
baseline is process by using single baseline technique and the processing are saved for report generation. Processing report
are used to obtain the horizontal precision, vertical precision, Root Mean Square Error (RMSE) and standard deviation.
From the report generated by the software, the values of standard deviation for each baseline are then tabulated into
Microsoft Excel for equation generation.
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Figure 5. Processing methodology

2.3 Phase 3 GNSS Simulator Development

Trend of baseline vector precision proportional to the GNSS observation duration is generated by categorizing based
on solar maxima and minima. In addition, two (2) components of precision is applied such as cartesian X, Y, and Z and
horizontal N, E and vertical, h. Equation (5) is an exponential mathematical equation [36].

y = Ax"B (5)

where, y is expected baseline precision, and x is observation duration. Two (2) parameters were estimated, and the
parameter are used for GNSS simulator development. The simulator is developed by using MATLAB software. It is worth
to mention that satellite geometry as explained by Positional Dilution of Precision (PDOP) index (1 to 6) is included in
the final optimum duration in order to scale the number of optimal durations. Whereby 1 is best condition meanwhile, 6
is poor satellite geometry. Therefore, the final optimum duration based on user PDOP are calculated by using the formula
as shown below.
PDOP
Final Optimum Duration = ( ( — ) X x) + x (6)

where,

X = initial optimum duration as driven by Equation 5

The performance of the GNSS simulator is conducted by comparing the expected baseline precision from GNSS
simulator and the actual baseline precision from GNSS observation. Both baseline precision was based on the amount of
GNSS duration as expected by the simulator. From the difference, a chi square test is calculated as shown in Equation
3.3, where Oi is actual precision value meanwhile, Ei is expected precision value.

0: — E.)?
Xzzz(lE_ l) (7)
L
where,
X? : Chi-Square
0; . Observed Value
E; : Expected Value

3. RESULTS AND DISCUSSION
3.1  Trend of Baseline Vector Precision

Figure 5 and 6 show the trend of baseline vector precision proportional to the GNSS observation duration. The graph
is generated by based on solar maxima and minima in component AX, AY, AZ, AN, AE, and Ah. The precision is indicated
by standard deviation of the baseline solution. The results show that the standard deviation is lower when longer
observation time is utilized. This is because longer observation time provides redundancy of GNSS observation data. This
enables effective double differencing technique to minimize GNSS propagation errors.
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Figure 5. Standard deviation short baseline 2014
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Figure 6. Standard deviation short baseline 2019

Interestingly, both trends during 2014 solar maxima and 2019 solar minima depicted differences in variability. The
2014 data exhibit a substantial spike in the standard deviation of the AY parameter around DOY 104. The spike for the
AY data is quite notable, considering an overall stable situation for the AY parameter on other days that were 24 hours
for our data collection. The obvious reason for this spike could be due to increases in ionospheric activity during the solar
maximum in year 104 that would have imparted sudden and atypical changes in the TEC [37,38]. The conditions in the
ionosphere resulted in more variations to reflect as well in the AY parameter if measured in certain satellite-receiver
geometry or dates where the orbits were grossly aligned as moving in a northern-south direction during that period [39].
By following Equation 5 and Table 2, parameters A and B for each baseline length (short, medium and long) during both
events were generated. The trend variability of 2014 as described by the parameter of A and B are larger than the 2019.
This is due to the unusual high activities of TEC during solar maxima of 2014. In addition, minor differences are found
between data durations of 5 to 24 hours, that can be explained by the better standard deviation. Poor precision is depicted
for shorter data durations 15 minutes, and 5 minutes.

Table 2. Parameters of A and B values

Baseline Solar Maximum Solar Minimum
A B A B
Short X,Y,Z (mm) 44.694 -0.526 33.477 -0.457
N,E (mm) 31.488 -0.689 22.365 -0.636
h (mm) 66.270 -0.410 47.745 -0.344
Medium X,Y,Z (mm) 40.572 -0.514 29.250 -0.459
N,E (mm) 26.387 -0.688 18.532 -0.624
h(mm) 58.855 -0.416 43.766 -0.333
Long X,Y,Z (mm) 22.270 -0.427 22.531 -0.390
N,E (mm) 12.152 -0.594 12.188 -0.584
h (mm) 37.917 -0.331 37.878 -0.304

GNSS Simulator and its Performance

Figure 7 and 8 shows the example of the simulator interface. Depending on the specific objectives of the project, users
have the option to simulate precision using either the values of AX, AY, AZ or based on horizontal and vertical precision.
The input for this simulator is the year of observation, baseline length and precision needed while the output is the
optimum duration. This study utilizes the prediction of solar cycle phase where 2019 to 2022 is consider minimum solar
while 2023 to 2026 will utilize the maximum solar equation based on baseline processing result. Table 3 and table 4
tabulates differences of baseline precision in horizontal and vertical components, between GNSS simulator and actual
observation. The actual observation was taken in year 2023 which reaching phase of solar maxima in 11 solar cycles. The
expected values for horizontal precision and vertical precision are 37.05mm and 74.1mm respectively. The value of Chi-
Square tests shows that 0.551mm for horizontal and 58.524mm for vertical, respectively, which are lower than the
expected value. This indicates that the GNSS simulator is pass to be used in estimating optimum duration of observation.
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Figure 7. Simulator interface using cartesian precision components (X, Y, Z)
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Figure 8. Simulator interface using geodetic precision components (North, East, Height)

Table 3. Differences of baseline precision in vertical component year 2023
(reaching phase of solar maxima in 11 solar cycle)

GNSS Simulator Actual GNSS observation
. Duration (hour  Expected Precision  Duration (hour Obserya}non Difference
Baseline Length & minute) (E;) & minute) Precision Precision
' (Vertical) (0;)
(3.572km)
with PDOP at 2 2h45m 13.84mm 2h45m 23mm 9.16mm
(44.918km)
with PDOP at 2 2hagm 13.80mm 2h46m 63mm 49.20mm
(45.32km)
with PDOP at 2 2hasm 13.84mm 2h4sm 42mm 28.16mm
(45.327km)
with PDOP at 2 1h53m 18.60mm 1h53m 46mm 27.40mm
(3.964km)
with PDOP at 3 3h 14.02mm 3h 31mm 16.98mm
YE; = 74.1mm X? =58.42mm
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Table 4. Differences of baseline precision in horizontal component year 2023
(reaching phase of solar maxima in 11 solar cycle)

GNSS Simulator Actual GNSS observation
. Duration (hour  Expected Precision  Duration (hour Obserya}tlon Difference
Baseline Length & minute) (Ed) & minute) Precision Precision
' (Vertical) (0;)
(3.572km) _
with PDOP at 2 2h45m 6.92mm 2h45m 4mm 2.92mm
(44.918km)
with PDOP at 2 2ha6m 6.90mm 2hdem 10mm 3.1mm
(45.32km)
with PDOP at 2 2hasm 6.92mm 2h4sm 8mm 1.08mm
(45.327km) _
with PDOP at 2 1h53m 9.30mm 1h53m omm 0.3mm
(3.964km) _
with PDOP at 3 3h 7.01mm 3h 6mm 1.01mm
ZE; = 37.05mm X? =0.551mm

CONCLUSION

The GNSS measurement are prone to errors primarily caused by satellite dependent errors, ionospheric delays,
tropospheric delays, and receiver dependent errors. Ensuring cost-effectiveness is essential in geodetic projects thus,
making mission planning for GNSS observation data duration is necessary. This study intended to facilitate observers to
determine optimal duration for GNSS static observations via GNSS simulator. The study specifically examines short,
medium, and long baselines, solar maxima and solar minima within Solar Cycle 24. During the development of the GNSS
simulator, a mathematical model was generated based on an analytical study of baseline vector precision during solar
minimum and solar maximum. This model explains how the precision of baseline vectors changes with observation
duration. The results of this study showed that longer observation times resulting in lower standard deviation. This is
because longer durations provide more redundancy in GNSS observation data. This enables effective double differencing
technique to minimize GNSS errors propagation.
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