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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.
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Regional network considerations

European example with around 20 stations (7° elev. mask)
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Regional network model

Mathematical formulation (undifferenced/uncombined)

For each network receiver, we consider code and phase observations
Elp; i} = pi + mit, + (dt, — dt®) + pjiz, + (dyj — d%)
E{p; i} = pi + mit, + (dt, — dt®) — pjiz, + (65 — 65) + N5

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

dt, — dt, @ dt, +d,p

DEFINITIONS:

] ﬂ_zi . =ﬂ251—ﬂ152 ¢ 252—51
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On the estimability of parameters in

Re gio n a_l n e tWO rk m O d e 1 undifferenced, uncombined GNSS

network and PPP-RTK user models by

means of S-system theory
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Common Clock (pivot) Receiver | S-system ke 20,154, 010G
Source: Odijk et al. (2016)

The estimable regional network parameters are

Rx coordinates = [AE,, AN,, AU, ] (optional)
Rx tropo ZWD fﬁ =17 —15(1)
Rx clock offset dt, = (dt +d, IF) r+gq
Eﬁgﬁﬁ Tx clock offset dts = (dts +d F) — (---)q —mgt5(1)
Rx code bias drj=(dr;— [drir + widrce]) = ¢+)gq r+£q j>2
EBEEE Tx code bias d5 = (d5 — [di + 1jdge]) — ¢)q j>2
Rx phase bias 6rj = (8r; = [drir — mjdrgr]) = C-)g + 4 o=
&iﬁq Tx phase bias 65 = (85— [dir — wd%r]) — ¢ g — 4N
Slant iono delay =107 +drgr — dgr

T Phase ambiguities (N S —N> ]) — € Z (i.e. integer estimable!) r¥q S¥*p
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Mathematical formulation (full-rank)
For the user receiver, we obtain
E{p i +c5} =ps +mit, +dt, +pls, +dy o
E{gs; +c3) = pi + mit, +dt, — pjiS, + 6, + 4N, "
where
cy; 2 dts +d5 = (dt* +d5) — (dty + dg; + 1jdger) — (1;d%r)
Ch; < dtS + 63 =|(dt5 + 55) (dt + 6, + 1 qGF) + (u, GF)I_ (4N )

absolute receiver 10n0 amb.

TUDelft NOTE: ultimately, we look at the accuracy of the combined corrections! 9
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RT corrections’ raw format
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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.

» Which format might be convenient?

]
TUDelft
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Uncertainty for

each satellite
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N

Uncertainty for each satellite
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Correlation between two satellites
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Correlation among all satellites

Correlation heatmaps at epoch k = 60 (08-Feb-2026 00:05:00)

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
T
i =yt oy v = (P PE LY L)
we consider y;,, = vy, — A Cy, where

1 0 0
: 1 00
= S1 Sm S —
A; = blkdiag(A4®t, ..., Am), A 110
1 01
while
Q)‘lkj_/k = kayk + AchkaAT; kayk = diag (0'}3151; 0';251; 0'5511; 0'5521;

\ J
I

%
TUDelft Qé.cp

)
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Example for GPS L1+L2

Q_c(k) in user phase domain | G | phasel2
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Example for GPS L1+L2

Corr(Q_c(k)) in user phase domain | G | phasel2
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Remarks on future
LEO-PNT systems
(SIMULATIONS)
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, . LEGEND:
GPS-only estimation error  ciepbi (+30)

GO1 G02 GO03 G04 GO05 GO06
. \ . l
[

/
I
{

0024681012 024681012 024681012 02 4681012 02 4 6 81012
G12

2 4 6 81012

G13 G14 G15 G16 G17 G18
0.2 0.2 .02 -. . ; . .
0.1 fo— 0.1 V0.1
0 = 0 0 M
-0.14" -0.1 (' ; -0.1 i -0.
-0.2 0.2 L.0.2 ' -0.
0246 81012 02 46 81012 02 4 6 81012
G19 G21
0.2 - 0.2 ;
0.1 L 0.1 \
0 e 0
-0.1 -0 -
-0.2 ' -0.2 -0.
0246 81012 0 2 10 12
. 027, i 0.2 -l 0.2 -,
fO00) 0.1 N 0.1
t 0 B 0 r——‘-_i:':: 0 ,
;=01 t -0.11, -0.1 fr
L2 * 0.2 i -0.2
02 4 6 81012

21



. . LEGEND:
GPS+LEOQO estimation error ci+pbi (+3q)

GO1 G02 GO03 G04 GO05 GO06

0.2 0.2 ; -‘ 0.2 ,
0.1 0.1 L 0.1 o
0 0 s 0 >
0.1 -0.1 1 ; -0.1 r
0.2 0.2 - ' L2 L 02! 0.2
0246 81012 024681012 02 4681012 02 4 6 81012 02 4 6 81012 02 4 6 81012
G07 Go08 G09 G10 Gl11 G12
0.2 -. 02, . . 20
0.1 L 0.1t
0 [~ 0 | gprmmmemiss
0.1 Y 0.1}
0.2 ! 0.2 - -
0246 81012 02 46 81012 2 4 6 81012
G13 Gl4 G15 G16 G17 G18
0.2 0. o0, - . -l . .
0.1 0 V0
0 emens
0.1t -0. ;0.
02" -0. L.
0246 81012 2 4 6 81012
G19 G20 G21 G22 G23 G24
0.2 : 0.2 : 02 02 4 0.2 L 02 1
0.1 h_ 0.1 L 0.1 0.1 ‘_ 0.1 0.1
0 = 0 'iro—-—-_:j:::: O  ypwe—— 0 0 0 E
0.1 V0.1 4 0.1} i 0.1} 0.1 {‘" -0.1 I
0.2 : 0.2 ' 020 0.2 0.2 L 0.2 !
0246 81012 024681012 02 4681012 02 4 6 81012 02 4 6 81012 02 4 6 81012
G25 G26 G27 G28 G29 G30
2 : 0.2 0.2 C02) i 02, 1 0.2 :
1 0.1 0.1 ’ 011\ L 00 0.1 N
0 e 0 0 0 = 0 e 0 -
1 p 0.1 0.1 ;0.1 : 0.1} e -0.1 r“'
0.2 ! 0.2 0.2 L2 ! 02" ' 0.2 :
02 46 81012 0 2 4 6 81012 0 2 4 6 81012 0 2 4 6 81012 0 2 4 6 81012 0 2 4 6 81012

22



LEGEND:

GPS+LEO estimation error

vs Pbl
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IGS LEO-PNT Pilot Project

Formally approved by IGS Governing Board 73 meeting.

The primary goal of this Pilot Project is e | e A -

» to investigate the feasibility of integrating | | IGS LEO-PNT Pilot Project ;
LEO-PNT technology in IGS components.

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

TUDelft Website currently under construction:
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Conclusions
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Summary

] Accounting for uncertainty of (lumped) satellite corrections
1s extremely important for PPP-AR users.

1 However, no IGS format is currently available, and potential
data limitations exist for making use of this information.

] Some approximations seem necessary and should be further
investigated — proposal to IGS RTS.

J Uncertainty of clk+phb corrections will surely become even
more critical in future LEO-PNT system, nonetheless several
1ssues are foreseen in their (regional) network estimation.

]
TUDelft
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Questions?

T hanksf for
- your attention

.Courtesy of ASI (Agenizia Spaziale Italiana) 5 »
Lotfi Massarweh

%
TUDelft L.Massarweh@tudelft.nl
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End-to-end simulation platform
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Integer Ambiguity Resolution is performed via LAMBDA 4.0 (Massarweh et al. 2025)
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