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. Correlations in GNSS solutions
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Clock Correction

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

596cr(z) = 5P6tr(0) = C " O,

Station Height

5pyp(2) = —cos(z)  6py,(0)

Zenith Troposphere Delay

épr(2) =

COS(Z) ' 6pT(O)

Mikos, M., Kazmierski, K. & Sosnica, 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-
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= S sinz)*dz
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Table 1 Correlation coefficients between Up. ZTD. and Clc param-
eter estimates assuming uniform satellite distribution between zenith

angles z_.

andz .

Station at the equator

min L] Zmax [0]  corr.(Up. ZTD) corr.(Up. Clc) corr.(ZTD. Clc)

z
0 70
0 75
0 80
0 83
0 85
0 86
0 87
0 88
0 89
Station at the pole
45 70
45 75
45 80
45 83
45 85
45 86
45 87
45 88
45 89

—-0.964
-00943
—-0.907
—0.869
—-0.830
—-0.802
—-0.764
—0.709
-0.614

—0.983
-0.967
-0.937
-0.904
—0.868
—0.841
—0.805
-0.752
—0.656

0.990
0.985
0.975
0.966
0.956
0.949
0.940
0928
0.909

0.996
0.992
0.984
0.976
0.967
0.961
0.953
0.941
0.922

—-0.990
—-0.983
—0.968
-0.949
—-0.926
—-0.907
—-0.880
—-0.836
—0.746

—0.995
—0.990
—0.980
—0.965
—0.946
-0.930
—-0.906
—0.866
—0.782

The bold values correspond to the elevation cut-off angle of 3° as

used 1n this study
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m Introduction — GNSS Receiver Clock
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GNSS
Receiver

Clock J oA\,
| -
Clock / Eelimated | iy
Oscillator Parameter
"—] '_] Modeling
Internal External Parameterization Constraining

Crystal Rubidium Cesium Hydrogen Individual Master White Random
Oscillator (Rb) (Cs) Maser Clocks Clock for Noise Walk
(XO) (HM) (G, R, E,C)Y G + 1SB? - P

reference
solution (RV)

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

test solution
(SV)
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m Stochastic Modeling of the Receiver Common Clock Parameter
1GS - (ClcG)
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Stochastic Modeling => 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)

2
2 _ val. val. — estimated value , Mikos et al. (2024), the optimal constraint
Orw = \ﬁ . . parameter for ClcG val.=0.015 m
t -—interval between observations, 30s
0.01- Assuming:
E , | e 1) Time correlations for
@ 00017 T R L ILL L i LSETEY the receiver clock
O — Without modeling 2) Clock variability as the
0017 __with modeling random walk proces
5 5 7 = 50 e with a pre-defined

[hour] variation
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a2 20-= (ClcG)
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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.

Mikos M., Kazmierski K., Sosnica 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
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"\ Stochastic Modeling of the Receiver Common Clock Parameter

~G R —E

Y

AREG (Rb) BRUX (HM) MAS1 (Cs) ZIM2 (XO)
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Mikos, M., et al. (2024) Stochastic modeling of

the receiver clock parameter in Galileo-only
\\. H and multi-GNSS PPP solutions. GPS Solut 28,
~ Stability of the Up Component
IGS 01556-9
WORKSHOP
v X v vV V¥V X v X X
: AMC4 | |AREG | BRUX MGUE | PTBB || |RE YEL? [ZIM2
1. The improvement of 031" Hm) RE) | | (HM) (HM) | (HM) (Cs) aM) ||[[/(K0)
the solution using RW 05 il
is visible only for IGS “ 1 I1QR: IQR:  |IQR: IQR: IQR: | IQR:
stations equipped with E g 0.031\mA 0.025\m‘ o.ossl 0.03111A o.oso\mA 0.0371 ‘ | |
HM clocks. g i “
% 0.0 LlMMM i J%.UHHHL“HL ,,,,,,,, [ Lililllli ,,,,,,, HH({} HHHHH
2. The most favorable RW & TTTTTTTT HITTTTT ' TTTTTTTTT U_ﬂj Il
constraints are 15 and ~ 8-0.1 1 | \ 7 \ Vs ERE S
S ,
20 mm. IQR: IQR: IQR: IQR: IQR { IQR: i _
. o -0.2 1 0.024m 710.020 m {0.027 m | 0.030 m | 0.023 m{] 0.034m | L 1
3. Despite utilzing the Sy s spusinessnessnesiNessnsbNssiNEEoNss
HM clock, the IGS cREZaBEZaRRTIRETIoRETaREZaRE2oRETaRETZagZ
station - YEL2 shows — RW [N
high instability due to | e
significant clock drift. \ RW; and RV strategies from kinematic solutions
R .
RandWlk = w — RW [mm]: Reference Value (RV)
Vt 10 - 40
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" Test for stations with HMs

Post-processing CODE
Ral-time o - o
HAS IGS CNES
Strategy PPp GP_S +
Galileo

Static Positioning
(Week of Data)

Kinematic Positioning
(Week of Data)
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80°N T ~
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OU'N "< ooy h | HERS Cef 100
EK S LAY
40°N e CEBRe i fiit2
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% .
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GNSS-WARP
(Wroclaw Algorithms
for Real-time
Positioning)
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m Estimated parameters from PPP with and without clock
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© o
o N
S

N [m] ClcG [m]

E [m]

ZTD [m] U [m]
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RV -reference solution without additional constraints
SV -test solution with additional constraints
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\ Histograms of Epoch-wise Differences — HMs IGS Stations

IGS 2026 North coordinate (N), East coordinate (E), Height coordinate component (U),

WORKSHOP Receiver common clock parameter (ClcG) The impact of the SV solution on the

stability of the solution

HAS es RVESV onEs CODE . STD 1)ry
Impact ratio = W
— 100 100 1 100 - 150 ; SV
- 100 1
Z ] ]
50 50 50 50 | ‘
0 0- 0 0 -
(2]
Q i
2.—100 100 100 - 150 - |
Sw 100 1
ol _ J _
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2 200 |
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: : ] ; 5.75
-0.02 0.00 0.02 -0.02 0.00 0.02 [mio'02 0.00 0.02 -0.02 0.00 0.02 The histograms include all the
RV - reference solution without additional constraints analyzed stations.
SV -test solution with additional constraints 1) STD (standard deviation)
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m Epoch-Wise Differences of Receiver Clock Parameter (ClcG)
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Static (1) -RV [- HAS(1) -I1GS(1) - CNES(1) - CODE(1) Kinematic
positioning (2)-SV | HAS(2) -1GS(2) - CNES(2) CODE(2) positioning
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78% - improvement of the SV solution compared to the RV solution
RV -reference solution without additional constraints
SV -test solution with additional constraints
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m Epoch-Wise Differences for the Height Component (U)
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Kinematic

The improve.ment of solution stability for the Up positioning (1) -RV [ - HAS(1) -1GS(1) - CNES(1) - CODE(1)
component Is 63%, 70%, 52%, and 83% for HAS, (2) -SV HAS(2) -IGS(2) - CNES(2) CODE(2)

IGS, CNES, and CODE, respectively (IQR).
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September 2024 [day] a

51% - improvement of the SV solution compared to the RV solution
RV -reference solution without additional constraints
SV -test solution with additional constraints
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Formal errors for the Height Component (U) Kinematic

‘ '| e
,, positioning
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(1) -Rv [~ HAS(1) +1GS(1) - CNES(1) - CODE(1)
(2) -SV | HAS(2) -1GS(2) - CNES(2) CODE(2)
BRUX _ CEBR | __ROAG | . WaB2

40 |

20 H-
0 = =N NN NN MM NN = = N N f\) N N N NN NN N 222D NN NDNDDN
©® © O =~ N W H» 00 ® © © = w -b O'lm CO ©O = N W H 01 ® © O =~ N W & O

September 2024 [day]

RV -reference solution without additional constraints
SV —test solution with additional constraints
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m The Quality of the Height Coordinate Component (U)
IGS

N uscmans | Kinematic (1) - RV [- HAS(1) -1GS(1) - CNES(1) - CODE(1)
The improvement in the position precision for positioning (2) -SV | HAS(2) -IGS(2) - CNES(2) CODE(2)
the Up component is 38%, 50%, 18%, and 26%
for HAS, IGS, CNES, and CODE, respectively
{)Sél'd))BOR1 BRUX CEBR CRO1 HERS IENG NRC1 OP71 PTBB ROAG SPT0 USN8 WAB2 WSRT
1 1 1 R R T T
0.10 [+ttt - T WU m
» . | ! ! - | gl SV (bright
0.05 ’ | ] ] ’ color) solutions
— 0.00 | } | I ‘ | | achieve greater
E “ { | }’ | } H H’ HH [ | | stability for U
= -0.05 i - ' ' l _ iy
-0.10 [*} : __ J
_ | i * i | 2 The RV strategy
SO T T 1 | (1 [ 3 3 1 s x provides a more
stable solution than
=0.20 i IR IR IR IR IR R (R I R RN (R I (e e the SV strategy (2
cases vs. 54)
-0.25

RV - reference solution without additional constraints SV — test solution with additional constraints
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Summary and Outlook
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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,

 forthe 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:
 Otherclock noise models (not only random walk, adjustable filters, etc.)
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Mikos, M., Kazmierski, K., Schén, S. Sosnica, 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 l. olutions
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Thank you for your attention!

Krzysztof Sosnica: krzysztof.sosnica@upwr.edu.pl

Marcin Mikos: marcin.mikos@upwr.edu.pl
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North coordinate (N),
East coordinate (E),
Height coordinate component (U), N

Zenith Total Delay (ZTD) E

e mmmmmmmm— U

: ZTD

|

! N

| E

—————————— U

The SV solution 71D
achieves an
improvement,

particularly for the
U component.

RV -reference solution without additional constraints
SV —test solution with additional constraints
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Technical Recommendations (please

IGs 2026 remember to delete this slide after reviewing
these guidelines)

* Ifyou do not use this presentation template, please set your slide size to Widescreen or 16:9.

* Typography for optimal readability (virtual or in-person):
+* Fonts: Arial, Times New Roman, Calibri, Helvetica, Cambria
s Titles: minimum 32 pt

s 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.
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