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Correlations in GNSS solutions

Mikoś, M., Kazmierski, K. & Sośnica, K. (2025) 
Multi-GNSS time transfer with different modeling of 
station coordinates and troposphere delays. GPS 
Solut 29, 192. https://doi.org/10.1007/s10291-025-
01950-5

Correlations between
Clc and Up or Clc and 
ZTD are larger than
correlations between
Up and ZTD

https://doi.org/10.1007/s10291-025-01950-5
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Introduction – GNSS Receiver Clock

1) G (GPS), R (GLONASS), E (Galileo), C (BeiDou)
2) ISB (Inter-System Biases)

Modeling

reference
solution (RV) test solution

(SV)
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Stochastic Modeling of the Receiver Common Clock Parameter
(ClcG)

=> random walk (RW) on the receiver common clock parameter by modifying the 
variance-covariance matrix (VCM) within the sequential least squares (LSQ) method (relative time constranits)

𝛔𝐑𝐖𝟐
t – interval between observations, 30s

val. – estimated value Mikoś et al. (2024), the optimal constraint 
parameter for ClcG val. = 0.015 m
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Stochastic Modeling of the Receiver Common Clock Parameter
(ClcG)

Mikoś M., Kazmierski K., Sośnica K. (2023)
Characteristics of the IGS receiver clock performance 
from multi-GNSS PPP solutions
GPS Solutions, Vol. 27 No. 55, 
https://link.springer.com/article/10.1007/s10291-023-01394-
9

Hydrogen masers (HM) allow for 
an efficient clock modeling and 
thus for stabilizing the GNSS PPP 
solutions via clock constraints. 

Stability of Rubidium (Rb), Cesium
(Cs), or Quartz (XO) is typically
insufficient.

https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
https://link.springer.com/article/10.1007/s10291-023-01394-9
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Stability of the Up Component

1. The improvement of 
the solution using RW 
is visible only for IGS 
stations equipped with 
HM clocks.

2. The most favorable RW 
constraints are 15 and
20 mm.

3. Despite utilizing the 
HM clock, the IGS 
station - YEL2 shows 
high instability due to 
significant clock drift. RWG and RV strategies from kinematic solutions 

IQR:
0.024 m

IQR:
0.020 m

IQR:
0.027 m

IQR:
0.030 m

IQR:
0.023 m

IQR:
0.034 m

IQR: 
0.025 m

IQR: 
0.031 m

IQR: 
0.038 m

IQR: 
0.031 m

IQR: 
0.030 m

IQR: 
0.037 m

Reference Value (RV)RW [mm]:
10 - 40

Mikoś, M., et al. (2024) Stochastic modeling of 
the receiver clock parameter in Galileo-only 
and multi-GNSS PPP solutions. GPS Solut 28, 
14. https://doi.org/10.1007/s10291-023-
01556-9

https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
https://doi.org/10.1007/s10291-023-01556-9
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Test for stations with HMs
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Estimated parameters from PPP with and without clock
constraints

RV – reference solution without additional constraints
SV – test solution with additional constraints

Static
positioning

Kinematic
positioning
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Histograms of Epoch-wise Differences – HMs IGS Stations

RV – reference solution without additional constraints
SV – test solution with additional constraints

North coordinate (N), East coordinate (E), Height coordinate component (U), 
Receiver common clock parameter (ClcG) The impact of the SV solution on the 

stability of the solution

The histograms include all the 
analyzed stations.

Impact ratio =
STD 1)!"
STD 1) #"

1) STD (standard deviation)

5.17

5.75
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Static
positioning

Epoch-Wise Differences of Receiver Clock Parameter (ClcG)

Kinematic
positioning

RV – reference solution without additional constraints
SV – test solution with additional constraints

real-tim
e

real-tim
e

post-processing

post-processing
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78% - improvement of the SV solution compared to the RV solution
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Epoch-Wise Differences for the Height Component (U)

Kinematic
positioning

RV – reference solution without additional constraints
SV – test solution with additional constraints

51%

60%

23%

73%

55%

59%

44%

77%

52%

51%

33%

68%

46%

46%

18%

76%

51% - improvement of the SV solution compared to the RV solution

real-tim
e

post-processing

The improvement of solution stability for the Up
component is 63%, 70%, 52%, and 83% for HAS,
IGS, CNES, and CODE, respectively (IQR).
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Formal errors for the Height Component (U) Kinematic
positioning

RV – reference solution without additional constraints
SV – test solution with additional constraints
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The Quality of the Height Coordinate Component (U) 

RV – reference solution without additional constraints SV – test solution with additional constraints

Kinematic
positioning

SV (bright 
color) solutions 
achieve greater 
stability for U

The RV strategy 
provides a more 
stable solution than 
the SV strategy (2 
cases vs. 54)

The improvement in the position precision for
the Up component is 38%, 50%, 18%, and 26%
for HAS, IGS, CNES, and CODE, respectively
(STD).
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Summary and Outlook

1. Stochastic modeling of the clock parameter:
• applying a random walk (RW) constraint limits the clock estimates variations and considers the

time correlations between estimated (epoch-wise) clock parameters,
• provides the best solution by imposing constraints through stochastic modeling for the common 

clock of HMs, using the RW constraint for 15mm (30s sampling)
• is beneficial for IGS stations equipped with HM clocks, but deteriorates solutions for stations

with inferior clocks,
• for the epoch-wise differences for height coordinate component (U), for the interquartile range 

(IQR), the improvement is up to 63%, 70%, 52%, and 83% for HAS, IGS, CNES, and CODE, 
respectively (solution STABILITY / REPEATABILITY ~68% of improvement)

• for the height coordinate component (U), for the standard deviation, the improvement is up to 
38%, 50%, 18%, and 26% for HAS, IGS, CNES, and CODE, respectively (solution PRECISION ~
31% of improvement).

2. Outlook:
• Other clock noise models (not only random walk, adjustable filters, etc.)



Thank you for your attention!
Krzysztof Sośnica: krzysztof.sosnica@upwr.edu.pl
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Mikoś, M., Kazmierski, K., Schön, S. Sośnica, K. (2026).
Improving the stability of real-time PPP solutions by 

receiver clock modeling. GPS Solut 30, 82 . 
https://doi.org/10.1007/s10291-026-02048-2
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Median of Daily Standard Deviations for Coordinates and ZTD
North coordinate (N),
East coordinate (E), 

Height coordinate component (U), 
Zenith Total Delay (ZTD) 

RV – reference solution without additional constraints
SV – test solution with additional constraints

The SV solution 
achieves an 

improvement, 
particularly for the 

U component.



Technical Recommendations (please 
remember to delete this slide after reviewing 
these guidelines)

• If you do not use this presentation template, please set your slide size to Widescreen or 16:9.

• Typography for optimal readability (virtual or in-person):
v Fonts: Arial, Times New Roman, Calibri, Helvetica, Cambria
v Titles: minimum 32 pt
v Content: minimum 20 pt

• Colors: Do not use yellow, orange, or violet. Prefer black, dark gray, and red (the latter for emphasis only).

• Images: Insert high-resolution images. If images appear very small when pasted and need to be enlarged, they may 
become pixelated.

• Charts and Tables: If copying charts or tables from PDF files, set the PDF zoom to 200% and check whether the 
image becomes pixelated. If so, try to obtain a higher-resolution version of the PDF with lower compression.

• Background colors:
Do not use dark background colors on slides. Prefer clean, white backgrounds.


