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Disclaimer

▪ This material has been prepared solely for the presentation of the author’s research at the EGU2026 SPM64 

meeting and is not associated with the Galileo Programme, the Galileo High Accuracy Service (HAS), or any 

ESA programmes and projects. 

▪ The views and opinions expressed in this material are solely those of the author and not necessarily 

reflect the official views or position of ESA. 
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1. Joint real-time estimation of GNSS corrections 

Product #1

Product #2

Product #N

GNSS data

Product #1

Product #2

Product #N

GNSS data

…

…

Consistency in SSR correction generation is key for high-accuracy positioning.

Multi-step 

approach

Single-step 

approach
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Product #1

Product #2

Product #N

GNSS data

Product #1

Product #2

Product #N

GNSS data

…

…

Consistency in SSR correction generation is key for high-accuracy positioning.

Multi-step 

approach

Single-step 

approach

- Is (co)variance information 

flown down across modules ?

- Same assumptions on the 

underlying models ?

- Is there transparency on the  

analytical definition of the 

determined products ?

- Not needed.

- Yes.

- Yes.

- Can it efficiently serve 

real-time applications ?

- Yes.
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1. Joint real-time estimation of GNSS corrections 

UDUC PPP-RTK framework with common-clocks pivot-receiver S-basis:

Full-rank UDUC measurement + dynamic models

Teunissen et al. (2010), Odijk et al. (2016)
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➢ No code OSBs are estimable 

for the first two (pivot) 

frequencies, neither they are 

needed for user IAR.

➢ S-basis (datum):

1. Joint real-time estimation of GNSS corrections 

UDUC PPP-RTK framework with common-clocks pivot-receiver S-basis:

Full-rank UDUC measurement + dynamic models

LSE at 1st epoch + KF from 2nd epoch onwards 

Products
Satellite clocks:

Satellite phase biases (phase OSBs):

Satellite code biases (code OSBs): (from 3rd freq. onwards)

simultaneous estimation of products

(for every frequency)

Teunissen et al. (2010), Odijk et al. (2016)

multi-GNSS multi-frequency code and phase data
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1. Joint real-time estimation of GNSS corrections 

UDUC PPP-RTK framework with common-clocks pivot-receiver S-basis:

Full-rank UDUC measurement + dynamic models

LSE at 1st epoch + KF from 2nd epoch onwards 

Products
Satellite clocks:

Satellite phase biases (phase OSBs):

Satellite code biases (code OSBs): (from 3rd freq. onwards)

(for every frequency)

Teunissen et al. (2010), Odijk et al. (2016) No ionosphere modeling is needed for code OSB generation

multi-GNSS multi-frequency code and phase data

simultaneous estimation of products
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1. Joint real-time estimation of GNSS corrections 

UDUC PPP-RTK framework with common-clocks pivot-receiver S-basis:

Full-rank UDUC measurement + dynamic models

LSE at 1st epoch + KF from 2nd epoch onwards 

Products
Satellite clocks:

Satellite phase biases (phase OSBs):

Satellite code biases (code OSBs): (from 3rd freq. onwards)

(for every frequency)

Teunissen et al. (2010), Odijk et al. (2016) No a priori code OSBs are required for phase OSB generation

multi-GNSS multi-frequency code and phase data

simultaneous estimation of products
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1. Joint real-time estimation of GNSS corrections 

Application of corrections for arbitrary-frequency PPP-AR

Phase combined corrections:

Code combined corrections:

➢ No code OSBs are estimable 

for the first two (pivot) 

frequencies, neither they are 

needed for the users.

➢ S-basis (datum):
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Full-rank UDUC user model

1. Joint real-time estimation of GNSS corrections 

Application of corrections for arbitrary-frequency PPP-AR

Phase combined corrections:

Code combined corrections:

➢ No code OSBs are estimable 

for the first two (pivot) 

frequencies, neither they are 

needed for the users.

➢ S-basis (datum):
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Full-rank UDUC user model

1. Joint real-time estimation of GNSS corrections 

Application of corrections for arbitrary-frequency PPP-AR

Phase combined corrections:

Code combined corrections:

User integer-estimable ambiguities 

(always) in DD form

➢ The user-estimable ionospheric delays ‘absorb’ the (scaled) sat. DCBs

➢ In case of PPP-RTK, the (scaled) DCBs or code OSBs at pivot 

frequencies need to be consistent with the precise iono corrections.

➢ No code OSBs are estimable 

for the first two (pivot) 

frequencies, neither they are 

needed for the users.

➢ S-basis (datum):
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1. Joint real-time estimation of GNSS corrections 

Processing setup:

▪ Regional network in Europe

▪ GPS L1/L2, Galileo E1/E5a/E6, BeiDou-3 B1I/B3I/B2a code and phase data

▪ Uncombined and undifferenced observation model

▪ 10/04/2025 (30s sampling period)

▪ Integrated network data processing using the Generalized Kalman filter

▪ Receiver clocks: unlinked in time

▪ Satellite clocks: unlinked in time

▪ Receiver/satellite biases: constant-state random process

▪ Ion. slant delays: constant-state random process

▪ Phase ambiguities: time-constant

▪ Integer ambiguity resolution: LAMBDA-based ILS

▪ PPP-AR processing using zero-latency products (post-processing)
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1. Joint real-time estimation of GNSS corrections 

SPB L1 SPB E1 SPB B1I

SCB E6 SCB B2a
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1. Joint real-time estimation of GNSS corrections 

E1/E5a E1/E5a/E6

E1/E6 E5a/E6

Arbitrary-frequency PPP-AR

with Galileo data

Float

Fixed
→ No E1/E5a code OSBs needed → No E1/E5a code OSBs needed

→ No E1 code OSB needed → No E5a code OSB needed

The impact of frequency spacing on IAR has 

been studied in:

Psychas, Teunissen, & Verhagen (2021) 

https://doi.org/10.3390/rs13163077

https://doi.org/10.3390/rs13163077
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1. Joint real-time estimation of GNSS corrections 

Float

Fixed

B1I/B3I B1I/B3I/B2a

B1I/B2a B3I/B2a

Arbitrary-frequency PPP-AR

with BeiDou-3 data

More info on the unified user models in:

Hou, Psychas, & Zhang (2025) 

https://doi.org/10.1007/s10291-025-01931-8 

→ No B1I/B3I code OSBs needed → No B1I/B3I code OSBs needed

→ No B1I code OSB needed → No B3I code OSB needed

https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
https://doi.org/10.1007/s10291-025-01931-8
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2. Product quality assessment at combined level

It is the combined corrections’ quality that matters for IAR-enabled positioning users.

Prod #1 

combination & validation

Prod #1 – AC1

Treatment of individual products

Prod #1 – ACn

.

.

.

Prod #x 

combination & validation

Prod #x –  AC1

Prod #x –  ACn

.

.

.

Prod #2 

combination & validation

Prod #2 – AC1

Prod #2 – ACn

.

.

.

Treatment of combined products

Prod #1 #2 … #x

combination & validation

Prod #1 – AC1

Prod #2 – AC1

Prod #x –  AC1

Prod #1 – ACn

Prod #2 – ACn

Prod #x –  ACn

.

.

.

The high correlation between SSR 

products has been analytically shown in:

Khodabandeh & Teunissen (2015)

https://doi.org/10.1007/s00190-015-0838-9 

https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
https://doi.org/10.1007/s00190-015-0838-9
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Formal STDs of individual and combined network-derived products

2. Product quality assessment at combined level

Sat. clock 

offset STD

Sat. phase 

bias STD

Code comb. 

correction STD

Phase comb.

correction STD
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CLK

E1

SPB

E5a

SPB

E6

SPB

E6

SCB

CLK

E1 SPB

E5a SPB

E6 SPB

E6 SCB

Corrections’ correlation matrix for GAL E1/E5a/E6 

2. Product quality assessment at combined level

➢ Significant correlations between 

clocks and phase biases

➢ Significant correlations in 

phase biases among frequencies 

A recent proposal for the assessment of the correction ensemble:

Duan, Hugentobler, & Montenbruck, O. (2024) 

https://doi.org/10.1007/s10291-024-01634-6 

https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
https://doi.org/10.1007/s10291-024-01634-6
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3. Uncertainty of SSR corrections for real-time PPP-AR

TimeProvider

User

Transmission period

t k= ( 1)t k = + ( 2)t k = +

Provision of corrections

User data sampling interval
i t

Real-Time

❑ For considerable latencies, the corrections’ prediction error cannot be ignored !

zero-mean, of random nature, but 

non-negligible for nonzero latency
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3. Uncertainty of SSR corrections for real-time PPP-AR

TimeProvider

User

Transmission period

t k= ( 1)t k = + ( 2)t k = +

Provision of corrections

User data sampling interval
i t

Real-Time

❑ True user’s stochastic model:

can be neglected for long filter-initialization

cumulative system-noise variance

where:

❑ Close-to-optimal user performance can be achieved with the strategy below:
Psychas, Khodabandeh, & Teunissen (2022) 

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
https://doi.org/10.1007/s10291-021-01214-y
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3. Uncertainty of SSR corrections for real-time PPP-AR

▪ Case where the products are provided 

every 90s (latency up to 60s)

Phase measurement noise STD 

can exceed 10 cm

Misspecified user-filter !

if not taken into account

What happens in the presence of nonzero latency
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3. Uncertainty of SSR corrections for real-time PPP-AR

GPS+GAL triple-frequency PPP-AR | Positioning convergence

zero latency | ignoring uncertainty nonzero latency | ignoring uncertainty

95% convergence → 2 min (5 epochs) 95% convergence → 6 min (13 epochs)
impact

95% error

50% error

average error
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3. Uncertainty of SSR corrections for real-time PPP-AR

GPS+GAL triple-frequency PPP-AR | Positioning convergence

nonzero latency | ignoring uncertainty

95% convergence → 6 min (13 epochs)

95% error

50% error

average error

95% convergence → 3.5 min (8 epochs)
proposed strategy

nonzero latency | considering uncertainty



24

3. Uncertainty of SSR corrections for real-time PPP-AR

GPS+GAL triple-frequency PPP-AR | Filter-reported quality
95% confidence interval (formal)

positioning error

Nonzero latency w/ uncertainty | 98.3% boundedness Nonzero latency w/o uncertainty | 77.8% boundedness
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3. Uncertainty of SSR corrections for real-time PPP-AR

GPS+GAL triple-frequency PPP-AR | Filter-reported quality
95% confidence interval (formal)

positioning error

Nonzero latency w/ uncertainty | 98.3% boundedness Zoom-in version
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Thank you for your attention

Dimitrios Psychas, Ph.D.

Geodesist | Navigation Systems Engineer

E-mail: dimitrios.psychas@esa.int

https://twitter.com/esa
https://www.facebook.com/EuropeanSpaceAgency
https://www.instagram.com/europeanspaceagency/
http://www.youtube.com/user/ESA
https://www.linkedin.com/company/european-space-agency/
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