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ABSTRACT

efficiency in PPP applications.

Precise point positioning (PPP) is increasingly being used for achieving highly accurate positioning using a single GNSS receiver,
particularly in applications such as seismic monitoring and structural health assessments. This study explores the impact of GNSS data
sampling rates on PPP accuracy and convergence time by collecting field measurements from five observation points (A, B, C, D, and E)
in Erbil, Iraq, using a Leica GS16 instrument. Data were recorded at sample rates of 5, 15, 30, and 60 s for 2 h at each location. Statistical
analysis shows that reducing the sampling interval significantly improves the root mean square error (RMSE). For example, at the 5-s
sampling rate, the RMSE at point A dropped by 85% from 0.35 m at 15 min to 0.05 m after 120 min. Similarly, at the 60-s sampling rate,
the RMSE improved by approximately 80% during the same period. Across all points, the highest accuracy improvements occurred
within the first 30-60 min of observation, demonstrating that higher sampling rates help reduce convergence times. However, the benefit
diminishes for extended observation durations, suggesting that optimizing the sampling interval is crucial for balancing accuracy and

Keywords: Precise point positioning, sample rate, convergence time, accuracy, RTKLIB software

INTRODUCTION

he most popular approach for achieving very precise
location with satellite-based is the use of simultaneous

carrier-phase measurements with at least two receivers.
The gathered raw data should subsequently be post-processed
in an office through the appropriate GNSS processing software.
In general, this technique requires considerable money, labor,
and administrative work. In addition, it does not offer a
solution for those requiring coordinates in real-time.!*?! The
Real-Time Kinematic (RTK) approach was first developed to
provide an accurate location in real time. In contrast, Network
RTK (NRTK) needs several continuously operating reference
stations, control center(s), and a communication connection
(such as the cellular or internet) to broadcast adjustments to
the user. A single-baseline RTK only needs a base station and
radio link. The range between the base station and rover is also
restricted, generally between 10 and 20 km for single-baseline
RTK and between 70 and 100 km for NRTK techniques.*
Nonetheless, these techniques cannot be utilized successfully in
certain challenging terrain situations, such as hills surrounded
by various terrain types, high mountains, or urban canyons,
that prevent or restrict radio access or global system for mobile
communication utilization.

Precise point positioning (PPP), whether post-processed
or real-time, has recently gained attention. This approach
utilizes derived accessible or real-time streaming GNSS satellite

products to achieve centimeter to decimeter-level precise
positioning globally, all while maintaining a consistent global
reference frame. Since 2013, the International GNSS Service
(IGS) has offered a global real-time service (RTS) for PPP In
addition, several private companies have developed their own
commercial global real-time PPP services as alternatives to IGS-
RTS. Furthermore, there are free internet services available, as
well as alternatives for commercial, corporate, and academic
software for post-processed PPPs.[>11!

The PPP method, recognized for its numerous advantages,
has been extensively applied across various fields, this includes
applications in precise positioning, surveying, mapping,
monitoring crustal deformation, orbit estimation, agriculture,
weather forecasting, construction, and photogrammetry using
unmanned aerial vehicles. Data gathering at a very high sample
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rate has recently been made feasible because of advancements
in GNSS hardware and data processing techniques."? Due to
these advancements, high-rate GNSS PPP is now widely utilized
in seismology and various engineering projects. It plays a
crucial role in measuring earthquake displacements, assessing
the condition of engineering structures, and calculating the
vibrations and displacements of civil engineering assets,
including tall buildings, towers, and both long and short-span
bridges, as well as viaducts. This technology is particularly
important for structures that are susceptible to the impacts of
earthquakes, strong winds, or heavy traffic loads.!*1®!

Numerous investigations have looked at how well
the typical PPP approach performs, incorporating GNSS
observations with a sample rate of 30 s.[%%°1 An important
area of interest for the PPP approach, the influence of the
observation sampling rate on PPP performance, specifically
the effect of increasing the sample rate on the convergence
time, which has not received much attention. The interval
of the precise orbit and clock products plays a crucial role
in determining positioning accuracy, especially when higher-
frequency GNSS observations are utilized, as it can lead to
interpolation errors. The recent IGS precise orbit products
are expected to have interpolation accuracies better than
0.3 cm.l'” High-rate clock corrections are essential for
supporting high-rate PPP applications,'7:!®! as random drifts in
satellite clocks can lead to significant instability over time.™
The IGS typically provides precise orbit and clock products at
30-s or 300-s intervals, but high-rate products are not publicly
available. To date, there has been limited research on high-
rate PPP processing using multi-GNSS combinations. Given
the growing integration of high-rate observations with PPP
applications, this research aims to explore the impact of the
observation sampling rate on PPP performance, particularly
with respect to positioning accuracy and convergence time.

METHODOLOGY
PPP Method

PPP combines differential positioning methods with absolute
positioning. In addition, it uses a variety of adjustments
and it processes data collected from a single GNSS receiver
and makes a number of adjustments.%2! Because PPP does
not rely on connecting observations with simultaneous
measurements from reference stations, such as relative
baseline positioning does, it provides greater flexibility for
operation and is appropriate for regions with limited GNSS
network infrastructure.®?%:221 Even though PPP can produce
extremely accurate positioning results, it sometimes needs
quite lengthy observation periods to do so. Therefore, the
objective of PPP is to reduce its convergence time rather than
to enhance the achieved accuracy. If one can eliminate these
unidentified ambiguities, one may anticipate noticeably lower
convergence durations since the existence of carrier-phase
ambiguities heavily influences how long convergence takes. If
the possibility of accurately estimating the ambiguities could
be made with a high enough success rate, then this is feasible.

For the pseudorange (or code) B, and carrier-phase ¢,
of a user receiver “u” tracking satellite “s” at frequency “j,” the
observation equations

P, =p, +ujl, +dt, - dt; +e, ¢h)

B = py + ujl; +8t, -6t +e; (2)

u.j

Where p°, = I + 7 is the sum of the receiver-satellite
range I’ and the tropospheric delay z, and u r, is the (first-
order) ionospheric delay (an advance for phase and delay
for code), with # denoting the ionospheric delay at the first
frequency and p, = (4/4,)* being the ionospheric coefficient,
with Z . the j-frequency wavelength. The receiver-satellite
range, I', = r* — r , depends on the unknown, to be determined,
user-receiver position r at signal reception time t, = t, + I’ c
(¢ = vacuum speed of light) and on the satellite position r
at the signal emission time t,. The frequency-dependent user-
receiver and satellite clock errors for the code and phase are
given as:

di,, =dr, +d, d, =di’ +d )

8t, =dt, +6, .0t =dt' +5; (€]

Where dt and dt' are the common user-receiver and

satellite clock offsets and d , d*, J ,0° are the frequency-
uj wjy

dependent code and phase hardware delays, respectively.
The additional unknown parameter 2 in the carrier-phase
Eq.(1) is the integer carrier-phase ambiguity. The remaining
code and phase errors are denoted by ¢’ and €, respectively.
They capture the measurement noise and any other remaining
unmodeled effects, such as multipath effects. Henceforth,
they will be omitted unless they are truly needed. As a further
simplification, the observation equations between the satellites
will be used.

u.jo

Denoting the variate difference between satellites t and
s as ()= ()= ()5 the corresponding between-satellite
observation equations follow from Eq. (1) as

P = p o+ ujl —de! (5)

u.j
@, = p, +ujl) =8t + )z, 6

From now the receiver code and phase clock errors,
dt,;and ot , have been eliminated. Inspection of this set of
observation equations shows that information on the satellite
positions and satellite clocks is needed for a single receiver
user to be able to solve for its unknown parameters. Provision
of satellite orbits and clocks dt* allows the user data to be
corrected, thus resulting in the adapted user equations

By e} = )+ @
D, +de} = pll — il + 2jec, ®

In which ¢ =z +(d}-67)/Aj With the satellite
positions known and the absence of the unknown dt‘fJ., &“J,
this modified system in Eq.(8) has now reached the point
where it is possible to find a solution in the event that five
or more satellites are tracked on two or more frequencies.
The use of accurate orbits and clocks to enable precise single-
receiver placement is the fundamental concept behind PPR!

Data Acquisition and Processing

In this study, five measurement points were selected along
a 100-m road in Erbil, Iraq, at a latitude of 36.19°E and a
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longitude of 44.00°N, on the basis of satellite imagery. Before
this selection, a reconnaissance survey was conducted to
ensure that all the points were located in open areas without
nearby buildings or other obstacles, as illustrated in Figure 1.
The selected points were marked on the ground in preparation
for instrument setup and subsequent data collection. The
observations were commenced by using the PPP method static
mode. A Leica GS16 instrument was used to gather the raw
data. The row data were observed with a 5 s sample rate and for
2 h at each point. For the post-processing step, the unprocessed
RTK Library RTKLIB data were utilized. RTKLIB is an open-
source software package created at the University of Tokyo
for calculating positions and analyzing GNSS data.®®! Unlike
web-based tools, users must manually select the parameters
and calculation options. For instance, the software allows the
import of precise orbit and clock files. In addition, the user is
responsible for selecting an ambiguity resolution method and
specifying the desired data output format.

RESULTS AND DISCUSSION

The data presented in the figures (from 2 to 6) provide a
detailed statistical comparison of the performance of the GNSS
under different sampling rates and time intervals. Beginning
with Figures 2-6, the root mean square error (RMSE) values
across various sample rates (5, 15, 30, and 60 s) show
significant reductions in error as the time intervals increase.
For example, in Figure 2, point A shows a RMSE reduction
from approximately 0.35 at the 5-s sampling rate after 15 min
to 0.05 after 120 min. This represents an approximate 85%
improvement in the RMSE over time. Similarly, for the 60-s
sampling rate, the RMSE starts at approximately 0.10 at

15 min and decreases to nearly 0.02 after 120 min, yielding an
approximately 80% reduction. This pattern is consistent across
points B, C, D, and E, with the highest initial errors observed at
shorter intervals and faster sample rates, followed by gradual
reductions as the sampling duration increases.

For the generalized position Figure 7, the RMSE decreases
substantially within the first 30 s, with an overall reduction
of approximately 70% from the initial values. This decline is
especially pronounced at shorter sampling intervals, indicating
that a considerable portion of error correction occurs early on.
Over time, the RMSE stabilizes after around 60 s, suggesting
a rapid improvement phase followed by convergence to lower
error levels. Across all sampling intervals, the accuracy gains
are significant, with the largest improvements occurring within
the first 5-15 min. These initial gains reflect an approximate
60-80% reduction in RMSE from starting values, underscoring
the effectiveness of early sampling for error mitigation.

In the generalized satellite Figure 8, the number of visible
satellites remains relatively stable across all time intervals
and sampling rates, with fluctuations of <5%. This stability
indicates that satellite availability does not significantly impact
RMSE improvements; instead, factors, such as sampling rate
and observation duration are more influential. For instance,
even with a consistent satellite count of around 20, the RMSE
shows a marked decline, reinforcing the idea that accuracy
improvements are driven primarily by the frequency and
duration of observations rather than satellite quantity. This
finding highlights the importance of optimizing sampling
rates for enhanced positioning accuracy without requiring
additional satellite resources.
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Figure 1: Study area
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Figure 2: The root mean square error of point A at different times
and sampling rates
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Figure 3: The root mean square error of point B at different times
and sampling rates

0.3

0.25
m5" m15" m30" m60"

0.2

0.15

i [ FPPPPP

Time (minute)
Sample rate

RMSE

0.

o
a

Figure 4: The root mean square error of point C at different times
and sampling rates
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Figure 5: The root mean square error of point D at different times
and sampling rates

In conclusion, positioning accuracy improves by
approximately 60-85% within the first 30-60 min of
observation. Decreasing the sampling rate from 60 s to 5 s can
achieve an additional 50% reduction in error within the first
15 min. However, the benefit of higher sampling frequencies
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Figure 6: The root mean square error of point E at different times
and sampling rates
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Figure 7: General satellite count over time for all points (A-E)
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Figure 8: General position over time for all points (A-E)

diminishes over extended observation periods, suggesting
that a balanced sampling approach offers the best trade-off
between accuracy and efficiency in convergence.

CONCLUSION

This study highlights the significant influence of GNSS data
sampling rates on the accuracy and convergence time of PPP
Higher sampling rates, such as 5 s, lead to faster convergence
and a significant reduction in RMSE, especially in the first
30-60 min of observation. For instance, the RMSE at point A
decreased by 85% when using a 5-s rate, from 0.35 m at 15 min
to 0.05 m after 120 min. Similarly, a 60-s sampling rate showed
an RMSE reduction of 80% over the same time. This pattern of
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rapid early improvement was consistent across all test points,
indicating that a higher sampling rate effectively shortens
the convergence time and enhances positioning accuracy.
However, after the 1 h, the benefits of higher sampling rates
diminish, suggesting that while they are useful in short-term
observations, their advantage fades over longer periods. The
findings also suggest that optimizing the observation duration
and sampling rate is crucial for maximizing PPP performance.
While high sampling rates yield quick improvements in
accuracy, moderate rates, such as 15 or 30 s may suffice
for long-term applications as extended observation periods
naturally improve accuracy. This balance between sampling
rate and duration helps achieve both precision and efficiency
in GNSS-based applications. Overall, this study offers practical
guidelines for selecting sampling rates based on the specific
needs of real-time and long-term PPP applications, making
it especially relevant for fields, such as surveying, seismic
monitoring, and structural health assessments.
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