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Introduction
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Background information
Satellite corrections for PPP-AR users
Estimated via a network of ground 
station receivers, tracking different 
signals of multi-GNSS constellations.

Objective
Investigate practical aspects in the
uncertainty of satellite clock+phase
corrections (via regional networks).

Teunissen, P.J.G., Khodabandeh, A., Zhang, B. (2016). Multi-GNSS PPP-RTK: Mixed-Receiver Network and 
User Scenarios. In: Freymueller, J.T., Sánchez, L. (eds) International Symposium on Earth and Environmental 
Sciences for Future Generations. International Association of Geodesy Symposia, vol 147. Springer, Cham. 
https://doi.org/10.1007/1345_2016_232 

https://doi.org/10.1007/1345_2016_232
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Regional network considerations
European example with around 20 stations (7° elev. mask)

Satellite at ‘FFMJ’ zenith
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Methodology & 
assumptions
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Regional network model
Mathematical formulation (undifferenced/uncombined) 
For each network receiver, we consider code and phase observations

E 𝑝!,#$ = 𝜌!$ +𝑚!
$𝜏! + 𝑑𝑡! − 𝑑𝑡$ + 𝜇#𝑖!,%$ + 𝑑!,# − 𝑑,#$

E 𝜙!,#$ = 𝜌!$ +𝑚!
$𝜏! + 𝑑𝑡! − 𝑑𝑡$ − 𝜇#𝑖!,%$ + 𝛿!,# − 𝛿,#$ + 𝜆#𝑁!,#$

with rank deficiencies, e.g. we introduce estimable parameters like 

𝑑𝑡! 	 → 	 3𝑑𝑡! ≝ 𝑑𝑡! + 𝑑!,&'

DEFINITIONS:

𝜇# =
𝑓%(

𝑓#(
→ 𝜉&' =

𝜇(𝜉% − 𝜇%𝜉(
𝜇( − 𝜇%

, 𝜉)' =
𝜉( − 𝜉%
𝜇( − 𝜇%
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Regional network model
Common Clock (pivot) Receiver | 𝒮-system
The estimable regional network parameters are Source: Odijk et al. (2016)

Rx coordinates Δ𝑥! = Δ𝐸! , Δ𝑁! , Δ𝑈! (optional)
Rx tropo ZWD 𝜏̃!" = 𝜏!" − 𝜏#" 1

Rx clock offset ,𝑑𝑡! = 𝑑𝑡! + 𝑑!,%& − ⋯ # 𝑟 ≠ 𝑞

Tx clock offset ,𝑑𝑡" = 𝑑𝑡" + 𝑑,%&" − ⋯ # −𝑚#
"𝜏#" 1

Rx code bias 5𝑑!,' = 𝑑!,' − 𝑑!,%& + 𝜇'𝑑!,(& − ⋯ # 𝑟 ≠ 𝑞 𝑗 > 2

Tx code bias 5𝑑,'" = 𝑑,'" − 𝑑,%&" + 𝜇'𝑑,(&" − ⋯ # 𝑗 > 2

Rx phase bias 5𝛿!,' = 𝛿!,' − 𝑑!,%& − 𝜇'𝑑!,(& − ⋯ # + 𝜆' 𝑁!,'
) − 𝑁#,'

) 𝑟 ≠ 𝑞

Tx phase bias 5𝛿,'
" = 𝛿,'

" − 𝑑,*+" − 𝜇'𝑑,(&" − ⋯ # − 𝜆'𝑁#,'
"

Slant iono delay ̃𝚤!" = 𝑖!" + 𝑑!,(& − 𝑑,(&"

Phase ambiguities >𝑁!,'" = 𝑁!,'" − 𝑁#,'" − 𝑁!,'
) − 𝑁#,'

) ∈ ℤ (i.e. integer estimable!) 𝑟 ≠ 𝑞 𝑠 ≠ 𝑝
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PPP-AR user model
Mathematical formulation (full-rank) 
For the 𝑢ser receiver, we obtain

E 𝑝*,#$ + 𝑐+,#$ 	= 𝜌*$ +𝑚*
$ 𝜏̃* +3𝑑𝑡* + 𝜇# ̃𝚤*,%$ + <𝑑*,#,(

E 𝜙*,#$ + 𝑐-,#$ = 𝜌*$ +𝑚*
$ 𝜏̃* +3𝑑𝑡* − 𝜇# ̃𝚤*,%$ + <𝛿*,# + 𝜆# =𝑁*,#

$.+

where
𝑐!,#$ ≝ #𝑑𝑡$ + '𝑑,#$ = 𝑑𝑡$ + 𝑑,#$ − 𝑑𝑡% + 𝑑%,# + 𝜇#𝑑%,&' − 𝜇#𝑑,&'$

𝑐(,#$ ≝ #𝑑𝑡$ + '𝛿,#$ = 𝑑𝑡$ + 𝛿,#$ − 𝑑𝑡% + 𝛿%,# + 𝜇#𝑑%,&' + 𝜇#𝑑,&'$ − 𝜆#𝑁%,#$

References
Further details in Teunissen et al. (2016) 
https://doi.org/10.1007/1345_2016_232

Uncertainty neglected? (Psychas et al. 2022) 
https://doi.org/10.1007/s10291-021-01214-y

absolute iono amb.receiver

NOTE: ultimately, we look at the accuracy of the combined corrections!

https://doi.org/10.1007/1345_2016_232
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
https://doi.org/10.1007/s10291-021-01214-y
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On real-time 
satellite corrections

(via regional network)
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RT corrections’ raw format
Clk Pb1/Ph2Cb1/Cb2XYZ (CoM)XYZ (APC) XYZ (Vel)

Sampling 5s

GAL 
1B
5Q

GPS 
1C
2P
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RT corrections’ uncertainty
Extremely large amount of data!
At each epoch, e.g. 5 seconds, we would 
have a 3Mx3M variance-covariance (vc-)
matrix to provide to the user in real time.
 e.g. M = 60 satellites

However, in regional networks we might 
not have all satellites in view.
Ø Which format might be convenient?
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Uncertainty for each satellite

Clk+Pb1

Clk+Pb2
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Uncertainty for each satellite

Clk+Pb1

Clk+Pb2
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Correlation between two satellites
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Correlation among all satellites

Video shows correlation among all satellites at 5-minute interval, where green 
color refers to a low correlation generally within −0.2, +0.2 .
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Assessment impact to users
Correction model
Given

𝑦/ = 𝑦/
$! , … , 𝑦/

$" 0
, 𝑦/$ = 𝑃%$, 𝑃($, 𝐿%$ , 𝐿($ 1

0

we consider E𝑦/ = 𝑦/ − 𝐴/𝑐/, where

𝐴/ = blkdiag 𝐴$! , … , 𝐴$" , 𝐴$ =

1
1
1
1

	

0
0
1
0

	

0
0
0
1

while
𝑄23# 23# = 𝑄3#3# + 𝐴/𝑄4#4#𝐴/

0, 𝑄3#3# = diag 𝜎5!$!
( , 𝜎5%$!

( , 𝜎6!$!
( , 𝜎6%$!

( , …

𝑄 ̅4# ̅4#
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Example for GPS L1+L2
"G04(L1)"       0.17291  
"G04(L2)"      0.016399  
"G05(L1)"      0.046261  
"G05(L2)"      0.026218  
"G06(L1)"      0.028647  
"G06(L2)"       0.31998  
"G11(L1)"      0.027484  
"G11(L2)"      0.082931  
"G16(L1)"      0.061238  
"G16(L2)"      0.041581  
"G21(L1)"       0.42551  
"G21(L2)"       0.42616  
"G30(L1)"       0.12186  
"G30(L2)"       0.12866 
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Remarks on future 
LEO-PNT systems
(SIMULATIONS)
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GPS-only estimation error
Subtitle
Text goes here…

LEGEND:
Clk+Pb1 (±3𝜎)



22

GPS+LEO estimation error
Subtitle
Text goes here…

LEGEND:
Clk+Pb1 (±3𝜎)
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GPS+LEO estimation error
Subtitle
Text goes here…

LEGEND:
Clk+Pb1 vs Pb1
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IGS LEO-PNT Pilot Project
Formally approved by IGS Governing Board 73rd meeting.

The primary goal of this Pilot Project is 
Ø to investigate the feasibility of integrating 

LEO-PNT technology in IGS components.

As of April 2026, co-chaired by
- Francesco Gini (ESA)
- Lotfi Massarweh (TUD)

   Website currently under construction: ©
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Conclusions
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Summary
q Accounting for uncertainty of (lumped) satellite corrections 

is extremely important for PPP-AR users.
q However, no IGS format is currently available, and potential 

data limitations exist for making use of this information.
q Some approximations seem necessary and should be further 

investigated → proposal to IGS RTS.
q Uncertainty of clk+phb corrections will surely become even 

more critical in future LEO-PNT system, nonetheless several 
issues are foreseen in their (regional) network estimation.
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Thanks for 
your attention

Questions?

Courtesy of ASI (Agenzia Spaziale Italiana)

Lotfi Massarweh
L.Massarweh@tudelft.nl 

mailto:L.Massarweh@tudelft.nl
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BACKUP SLIDES
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End-to-end simulation platform

Network
Segment

User
Segment

Space 
Segment

NETWORK 
processing

PPP-AR 
estimation

Raw Data 
generation

stations

user(s)

satellite
products

code

phase

satellites

Integer Ambiguity Resolution is performed via LAMBDA 4.0 (Massarweh et al. 2025)


