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MOTIVATION

Why LEO -PNT ?

GNSS works...but

« Weak signals at Earth’s surface.

Limited indoors/urban environments.

A system optimized for performance: GNSS alone cannot provide resilience everywhere.
Designed as a single global layer.

Vulnerable to interference.

LEO-PNT changes the | |
physics of resilience | |

» Faster geometry variation l
Stronger signals e |

New frequencies

Global coverage

GNSS ,_ '9& |

Source:

FrontierSI(2026), State of the Market Report,
LEO PNT -2025 Edition,
available at frontiersi.com.au

01-Apr-2021 15:00:01 VISIBLE SATS

e 0
Galileo

ESA simulation showing Galileo
augmented by a 60-satellite LEO PNT constellation
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MOTIVATION

LEO - PNT Constellations

Examples of existing LEO constellations
Constellation | Satellites/ Altitude [km] Inclination / orbital structure Main application
architecture

loT /M2M 1 AIS

Sl Eeliiss ~620-750 ~47°; multiple orbital planes

0G2 deployed
Global voice and data

- 66 operational g )
Iridium NEXT satellites 780 Near-polar; 6 planes communications

648 first-
OneWeb generation ~1200 87.9°; 18 planes Broadband connectivity
satellites
Multi-shell ~550
Starlink mega- representative 53° representative shell; 72 planes Broadband connectivity
constellation shell
XonaPulsar 258 satellites 1080 12 inclined orbits (53°) + 6 polar orbits (97°) Dedicated PNT

T costotaton | s | e
ORBCCMM

European LEO-PNT technology

Celeste (ESA) liReleh S BT f s demonstration / Galileo complement

Operational LEO constellations
demonstrate dense and rapidly
moving satellite networks.

O

OneWeb

Source: Inside GNSS, 2023
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SIMULATED LEO-PNT CONSTELLATION

Simulated according to examples of

LEO-PNT concept in the literature.
(In collaboration with ESA)

Orbital height | 700-1200 km
Speed | 7-8 km/s

Orbital period

1.5-2hours

ff'#i Circular orbit

Marth

Latitude

Keplerian Orbital Model

LEO-PNT
with 2 inclination
89 degrees 8 15 1h 49 min ang les.
Total number of
_ satellites:
55 degrees T 13 Th 49 min ]
263 satellites.
. Grc:undtrack of L001 over 1 day ' Grourjdtrack of'L121 over‘1 day
75°N |
S L R
| s} SELEELELLLRKLEL
75°S ! ANFAHCTIWC A
|;g°£°m':m | X Lees ’.__‘__‘x::‘ ANTARCTICA .
I 180“’W [ }&oluw A A 0° !EUE}\BA = \01,;;”5“‘ 1ao.°w 120"’W solcw ) o 6(;“E 12617‘0 ng"e
Longitude ongitude

(a) Polar orbit groundtrack (89-)

(b) Inclined orbit groundtrack (55¢)

Groundtracks for polar and inclined LEO satellites over one aday.
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PROCESSING FRAMEWORK & ESTIMATION MODEL

ENGINE ARCHITECTURE & WORKFLOW

GNSS + LEO Hybrid EKF Engine Architecture

GNSS MODULE CONVERGENCE TOOL LEO MODULE

(lono-free & Uncombined Processings) (Inside EKF Module) (Fully independent)

e * Convergence-Time Analysis (Graphs & Statistics) e LEO constellation simulation
* Ephemerides from goGPS * Orbit/ephemerides generation
* Codes & phases * Synthetic code & phase observations
* RINEX observation input * RINEX-like files
* lono-free & Uncombined Observations * lono-free & Uncombined Observations
. ) HYBRID EKF MODULE (GNSS + LEO) 4
v Corrections applied inside EKF LEO
' N
solid Earth tide Structures
QOGPS Shapiro delay
(Structure Builder Only) Receiver PCO/PCV
* Observation set Satellite PCO/PCV Yy
* Satellite/receiver info Phase Wind-Up b
* Providing Input files (CLK, BIA, SP3) tGN:Js LEO
* Time, Az/El. structures State estimation Structures
L y Hybrid GNSS + LEO
lono-free Processing
Uncombined Processing
ANALYSIS TOOL ESTIMATED STATES CONVERGENCE RESULTS
Independent Module
(Indep L } Jono-Iee precsesing Uncombined processing »| ¢ Convergence metrics
* General graphs & Statistics related to model (coordinates, clocks, ZWD, N) (coordinates, clocks, ZWD, I, N} * Time to convergence
accuracy * Performance evaluation
» oS graphs, Satellite groundtracks etc.

Key principle: goGPS is used only for GNSS structure building; LEO is fully independent: all EKF corrections are applied inside the EKF module
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Adopted lono - Free observation equations

GNSS and LEO-PNT Pseudoranges

—— lono-Free GNSS Pseudoranges:
For satellite sat epocht:

PENSS!S('&} _ P;?(t, i — TE’} - T&(t} L (d‘f‘.R(t} -4 d;?%(t)) + D_?p(f} + Vlg(t}

—— lono-Free LEO-PNT Pseudoranges (Synthetic):

PEEO(#) = p5(t,t — 75) + TE(t) He- (dt;?_ (Z) + (iIf'?F(}(t]) + lerrors

Approximated to the receiver clock  Modelled
offset estimated from GNSS data

pa : Geometric range from satellite s to user UE
TR : Signal propagation delay
dtp (t) : Receiver clock offset

dLREo (t) : LEO satellite clock offset — Incase errorsareadded:| €r7Tors =¢; | where gis:

dGR p (t): GNSS code tracking bias (G stands for constellation)

LEO
orb

€ : Orbit error «-sinusoidal error

Dy (t) : Deterministic GNSS code corrections

LEO

clock - Clockresidual error « - Gaussian with std 12cm

v(t): observation noise &

T : Tropospheric delay : T, = ZTD(#) - M () £code - Observation error «-Gaussian error with std ¢ = 30 cm

ZTD(t) : Zenith Tropospheric Delay as provided by GNSS processing
M’F;S (t) : Tropospheric mapping function
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Adopted lono - Free observation equations

GNSS and LEO-PNT Carrier-Phase Observations

—— |ono-Free GNSS Carrier-Phase Observations:

For satellite sat epoch t:

BT (t) = ph(t t — h) + Th(t) + ¢ (dtr(t) + di5 () + Ka(t) + Di(t) + v4(t)

—— lono-Free LEO-PNT Carrier-Phase Observations (Simulated):

BHEO(E) = pu(t) +T(0) + o (dtn(e) + dHEO(0) + L5+ HES + (o) + L

obs

K% : Hardware bias of the lono-Free combination + The so-called ambiguity (not integer),

where: .
s = M H DS
S T Jrls
canstant {("dﬁg?:}-,l:ﬂ bedty o — edt p )
f?D:-:.‘
eLEO . Orbit error - -sinusoidal error
eLEO. : Clock residual error « - Gaussian with std 12 cm

s’;;,‘f” ~N (0, 6?) : Phase observation error - -Gaussian noise with std ¢ = 0.003 m (3 mm)

Dj(t): Deterministic GNSS phase corrections
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Adopted lono - Free observation equations

Possible sinusoidal error model in LEO simulated observations

Sinusoidal Error Model in LEO Observations

In LEO pseudorange and carrier-phase observations, we introduce a satellite-dependent sinusoidal
error that takes into account for errors in ephemerides and clock offsets.

Mathematical Model :

For each LEO satellite s, the sinusoidal error added to the observations at time t is modelled as:

2t .
where: ¢, = A -sin (% + fI?.u,-)
« A:Amplitude of the error in meters.
« T:Period (LEO orbit period = 109.3 min) of oscillation in seconds (T = 6556 s).
- ¢ :Randomphase offset for satellites: ¢y =2n~5 ., x, U0, 1).
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ESTIMATION MODEL

Weighted LS initialization + sequential EKF

Nonlinear observation model:

Vi = ]11.[3{1.] 4 ;. where: VM~ N (0, Cobs. k)

* ¥k : vector of observations available at epoch k
* X : vector of unknown parameters

* by (%} ): nonlinear observation model

* V. :Mmeasurement-noise covariance matrix

*  Cypsy (t): Observation - noise covariance matrix

_1 Error covariance matrix coming from LS

cf = (N9)

(This covariance initializes the EKF)

. Ngﬂ: normal matrix
. 5}(2!]: incremental state correction
» X[ :converged first-epoch state estimate

» C7: covariance of the initialized state

[ Processing Logic }

Weighted Least
{ Whenk =1 } > Square / Gauss-
Newton
State iterate becomes: ng'+1) = Xf) + (5X§i) l
:1:: C;:r

After convergence: }’Ef :Xg”rl)

l

Extended Kalman
Filter

{ Whenk > 1 J —_—

ff,f C f : Initial state and covariance passed to the EKF filter.
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EKF: PREDICTION & MEASUREMENT UPDATE

Prediction step

- . .ﬂ-_i_

C, =FiCy [ Fi + Qx
F : State transition matrix F=1.

i";:_l: updated state at epoch k — 1
X, : predicted state at epoch k
C;:_l: posterior state covariance
C,. : predicted state covariance

F .. state-transition matrix

Q: process-noise covariance matrix

Although Fj, = I, non-zero process noise allows the corresponding state to evolve
between epochs; therefore F;, = I alone does not imply a strictly fixed state.

Innovation covariance:

Kalman Gain:

State Update:

A;c o (}hk

X |~_
X

Si — ALCL AT | Copen
G. = C_ ATS,!

Covariance update - Joseph form: C;” — (I — G, A)C. (I

GrA,)T

Measurement linearization : The Jacobian matrix of the observation function:

I GCobs G



POLITECNICO DI MILANO

EKF: STATE VECTORS

lono-Free GNSS & GNSS+ LEQ State vectors

IF GNSS - only state vector

T
Xnss = | X Y Z dig, -+ dig,, ZWD K} -+ K}

IF GNSS + LEO state vector
XGNSS+LEO = [X Y Z dig, --- dig,, dty ZWD Kg -+ K¢t K

* XR>,YR:ZR:3DReceiver position
* dtg : Receiver clock offset relative to GNSS system time (1 clock offset per GNSS constellation)

 dt :Receiver clock offsetrelative to LEO-PNT systemtime.

T : Tropospheric delay modeled as a zenithal error in the wet component.

« K: Ambiguities for GNSS carrier-phase and LEO carrier-phase (K¢, Ky, )

K

Ty,
f}
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EKF: STOCHASTIC MODEL

Process-noise and observation-noise covariance

Stochastic conditions on the dynamic model :

where ¢ is a vector of standard deviations corresponding to each state component:

Q. — diag (ag) Aty

oxyz = (e, ¢, ¢) : Receiver position assumed constant (quasi - kinematic).
Oclk, GNSS | CNSS clock, defined per GNSS constellation (GPS, GALILEO).
Gtropo : 1rOpPOspheric delay noise (Residual wet).

O¢lk Lro | LEO clock.

Camb,cnss = € - Ambiguity noise for GNSS carrier-phase observations.

Samb,Lz0 =~ £° Ambiguity noise for LEO carrier-phase observations.

For: ﬂf.k = ) s

XYZ
GNSS clock
LEO clock
ZWD
GNSS ambiguities Konss
LEO ambiguities K| ep

*Unitsareinm /+/sec

1
1000
1000

L4x107*

0

0

[ Current hybrid IF ]
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Satellite visibility at 5° cutoff

LoS Visibility GNSS and LEO over 24 hours / Station: Delft DLF1/ DOY: 50 /19 Feb 2026

GNSS

Satellite Visibility - Delft - DOY 050
T T T T T LEO

” | *\ in JM I‘HMMJ' .

20
wn
3
£
£ |
P
» The LEO constellation provides persistent extra geometry
15 during the whole 24-hour interval.
min mean max
GNSS 14 19 23
LEO-PNT 16 18 21

00:00  02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00
Time (UTC) Feb 19, 2026

*Only for this experiment GNSS: GPS + Galileo
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ENU errors and 3o confidence
24 hour processing from Delft station /DOY: 50 /Feb 19, 2026 | 3 Emor = = =1-hour
GNSS Only GNSS + LEO codes
1 ' H .
oz Inside 3: 100.0% 0.2 . Ineide 3o 100 0%
— 1 Filter »: 1.24 em T 1 .
E ' = 1
oy 0
E g | 1
w ] w 1
02 1 0.2 1
1 | | 1 ] 1 | | | |
00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Feb 19, 2026 Feb 19, 2028
' Inside 3o: 100.0% Inside 34: 100.0%
02 ! Filter o: 1.68 cm Filter o: 1.68 cm
E 01 1 T
£ 0 =
=] =]
=z 0.1 ! = -
1
02 .
03 1 | ! L j I | ! J
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00
Feb 19, 2026 Feb 19, 2026
0.2 ! Inside 3a: 100.0% 02 : Inside 3o 100.0%
’ : Filter &»: 3.43 cm ’ 1 Filter o: 3.43 cm
0.1
1 = :
1 =z U '
=2
0.1
. 02
03 1 | | 1 J 03 ' I | L I
00:00 08:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Time (UTC) Feb 19, 2026 Time (UTC) Feb 19, 2026

GNSS
GNSS +LEO (P)

o East

o North

1.24

1.68

3.43

1.23

1.66

3.43




North [m]

Up[m]

East [m]
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ENU errors and 3¢ confidence

1.24
0.9

1.68
1.21

GNSS
GNSS +LEO(P+ @)

3.43
2.71

24 hour processing from Delft station /DOY: 50 /Feb 19, 2026 | 3o Emor = = = 1{-hour
GNSS Only GNSS + LEO (P +®)
1
0.2 1 Inside 3: 100.0% 0.2 ! Inside 3: 100.0%
1 Filter o#: 124 cm —_ |; : Filter &: 0.90 cm
1 E
0 ® 0 -
1 ] .
w 1
0.2 1 02- 1
1 | 1 | | 1 | | | |
00:00 06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Feb 19, 2026 Feb 19, 2026
' Inside 3: 100.0% ! R
0.2 . Inside 3o: 100.0%
: Filter o: 1.68 cm 0.2 : Filter #: 1.21 cm
0.1 T 0.1 '
g 1 z 0 A v . , s . = pa
0.1 ! £ !
1 Z 01 1
-0.2 1 0.2 — :
0.3 - ! ' ' : 03 ; | | ! |
00:00 06:00 12:00 18:00 00:00 b0:00 06:00 12:00 18:00 00:00
Feb 19, 2026 Feb 19, 2026
02 : Ins_ide 30.: 100.0% Inside 34: 100.0%
o : Filter &: 3.43 em Filter o: 2.71 em
) 1
oF ATt eyt s I S ol o et MR
0.1 i . it o
0.2
0.3 1 | | | | | | | |
00:00 06:00 12:00 18:00 00:00 05:00 1200 18:00 00:00
Time (UTC) Feb 19, 2026 Time (UTC) Feb 19, 2026
* | o
Units : cm o East o North o Up

All three solutions remain inside the 3o region; the LEO carrier+phase case shows the smallest
reported filter standard deviations.
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ENU error comparison - zoomed to 1° Hour

24 hour processing from Delft station /DOY: 50 /Feb 19, 2026 / GNSS / GNSS + LEO codes / GNSS + LEO codes + phases

GNSS only
GNSS5 + LEQO code
GNSS + LEO code + phase

Zero error
0.2 I I
E Metric [cm] GNSS GNSS + LEO GNSS +LEO
E 01| (P) (P+®)
2 Bias E +0.07 +0.06 +0.11
i Bias N -0.21 -0.20 -0.13
. n Bias U -0.06 -0.05 +0.01
00:30 s StdE 0.82 0.81 0.45
| | StdN 0.66 0.65 0.53
- i Std U 2.39 2.38 151
501 i P50 3D 1.90 1.90 1.31
5 P95 3D 4.92 4.83 3.01
E 0 P99 3D 6.69 6.66 3.84
Dl A A S N NP A
| | * Metrics are calculated after the first hour.

Up error [m]
=)
I

S
N
I

00:30 01:00

* Biases remain very small for all three solutions: |Bias E,N,U| < 0.25 cm

» LEO codes alone have negligible impact on the 24-hour solution.

» LEO carrier phase reduces the vertical scatter from 2.39 cm to 1.51

cmand P95 3D error from 4.92 cmto 3.01cm.
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Moving - window convergence test

Sensitivity test to select the parameters of the convergence detector

Purpose: Identify when the PPP position solution becomes stable over time.
For each moving time window W;, the mean ENU position is computed:

E; 5 min 2.5 min 10 min
pi = [V . . .
i 2 5 min 2.5min 2cm 10 min
i

3 10 min 2.5min 2cm 15 min

Three consecutive windows are considered:
Wy, W, Wy 4 10 min 5min 2cm 20 min
The 3D distance between the mean positions of every pair of windows is Table: Moving-Window Convergence Test with the tested configurations

val : . . . . .
evaluated Three consecutive moving windows are required to confirm convergence.

dij = ||Bi — Bjll, = \/(E’@ - E;)? + (Ni — N;)? + (U; - U;)?

T window: length of each averaging window.
Therefore, dy,,dq3,d,3 are computed and the stability condition is:

Tide: time shift between two consecutive windows.

max(dys, di3,do3) < T e T maximum allowed 3D separation between the window-mean positions.

Tipan: total time interval covered by the three windows used to confirm convergence.
where T is the selected 3D stability threshold.

The total time interval covered by the three confirming windows is: [ bR Sl el e e, et ele s accuracy]

Tspau = Twindow + 2Tglide
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Moving - window convergence test

Sensitivity test to select the parameters of the convergence detector

N Grss I GHNSS « LED codes I GNSS + LED codes + phases

Detection Time

Accuracy at Detection

100 :
i

90 | b
80

70

o @
= =

Convergence time (min)
o
=1

30

20

10

512511 5125/2 10/25/2 10/5/2
Window / slide / threshold

3D error at convergence (cm)

14 T
12r / bl

512511 512.5/2 10/25/2 10/5/2
Window / slide / threshold

The convergence conditionis: dyax < T

0.87/0.82/ 11.52/9.38/ 47.0/47.0/

ez 1.09 1.44 14.5

Table: Moving-Window Convergence Tests with results

G: GNSS,
C: GNSS + LEO codes,
P: GNSS + LEO codes & phases

Selected configuration: 5/2.5/2

Selected as the best compromise between stability and positioning accuracy.

5-min window: sufficient averaging of short-term position variations.
2.5-min slide: 50% overlap between consecutive windows, providing good temporal
resolution.

2-cm threshold: allows centimetric fluctuations while still requiring the solution to
remain stable.

10-min confirmation span: convergence is confirmed not from a single short interval.
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Convergence test on 2-hours sessions

Verifying the accuracy of the solution when convergence is declared

20

Purpose: Evaluate whether the convergence improvement is

repeatable for different session start times and satellite

geometries, rather than being specific to one processing interval.

Test setup:

 Thedatasetisdivided into 22 separate 2-hour sessions.

« Eachsession is processed independently, starting with a new
first-epoch LS initialization, followed by the EKF.

+ The same elevation cutoff and stochastic model are used for all
sessions.

+ Convergence s detected using the selected moving-window
criterion:

Selected configuration:

5/725/2
- 5 min window
- 2.5 min slide
-2cm 3D threshold

Quantities evaluated for each session
For every 2-hours session, two quantities are extracted:

- teonw - CONvergence time: epoch at which the moving-window
stability criterionis first satisfied.

- 3D (teony) - OP POSItiON error at convergence: positioning
accuracy at the detected convergence epoch.

_ 2 2 2
Eﬂﬂ(tmm-) — \/Eﬁ. + En + €y
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Convergence test on 2-hours sessions

Verifying the accuracy of the solution when convergence is declared

—0— GNSS —o— GNS5 + LEQ codes —d—GNSS + LED codes + phases

50

45 - -

The 22-session analysis verifies that the faster

“r | convergence obtained with LEO carrier phases is

repeatable across different session start times and

w
[
f
|

satellite geometries, rather than being aresult of a
single favourable interval.

GNSS mean convergence : 35.30 min

Convergence time (min)
(7]
(=]
T
|

[y
3]
f

|

GNSS + LEO (code +phase) convergence : 13.82 min
Mean convergence improvement : 21.48 min

15 - .

10 | | | | | | |
1 3 5 7 9 " 13 15 17 19 21

2-hour session
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Convergence test on 2-hours sessions

Verifying the accuracy of the solution when convergence is declared

22

50

PPP Convergence Time - 22 Independent Sessions

45 —

40 —

w
o
f

w
=]
f

Convergence time (min)
¥
w
I

]
=
f

15 —

10 —

< Mean | Boxline = Median

Mean 13.8 min
-60.8% vs GNSS

—_—

Q

GNSS

GNSS + LEO codes

GNSS + LEO codes + phases

LEO codes alone provide only a limited
reduction in convergence time:

35.3min = 33.48 min
Introducing LEO carrier-phase
observations produces alarge and
consistent improvement:

35.30min —13.82 min

correspondingto 60.8 %.

GNSS 35.30 -
GNSS +LEO 33.48 5.2%
GNSS +LEO (P+®) 13.82 60.8 %
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Final accuracy of the 2-hours sessions

Post - Convergence Positioning Performance

* 22 :2-hours sessions — statistics evaluated after the first hour

StdN P30 of 3D P50 of 3D P95 of 3D
Processing (cm) error error error
(cm) (cm) (cm)
GNSS 0.55 0.40 1.05 3.06 2.38 2.83 4.49
GNSS + LEO (P) 0.52 0.40 1.04 2.98 2.32 2.77 4.37
GNSS + LEO (P+®) 0.29 0.39 0.95 1.57 1.03 1.34 2.58

Table: Mean statistics over the 22: 2-hours sessions

_ , rocessing o o o
LEO codes alone provide less changes in the (%) (%) (%)

post-convergence ENU metrics, while adding GNSS + LEO (P+d) 56.7 527 LD 5

LEQO carrier phases strongly improves them.
Table: The percentage reduction of percentiles when adding LEO codes

and carrier - phase observations, using GNSS only as reference.

23
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Other possible analysis

Possible correlations between the satellite availability and the PDOP

24

LEO Availability per 2-hour Session
|

1877 | T T | | T T
w 185 — S —
(o] —  EEEE
o L
- 183 —
% 7777777777777777 i E R R R Mean 18.15
2 101 i T 1 !
-
Q
E ., | | | | | | | | | H
175 | | | | | | | | | | | | | | | | | | |
1 2 3 4 5 [} 7 8 9 10 " 12 13 14 15 16 17 18 19 20 21 22
I cNsS I GNSS + LEO codes + phases
PPP Convergence Time
50
\ T \ \ T T \
T 45 —
E 40 |
— GMSS mean 35.3 min
L o e I - D T e - _———
£
=30 -
82 _
c
g 20 -
FRE= i S MRS D L SO o B = - o T En B S Bl ARSIl | e gt i
g1
=]
U s
0
1 2 3 4 5 [} 7 8 9 10 " 12 13 14 15 16 17 18 19 20 21 22

2-hour session

Iﬁl\ng ﬂ Sensors

“mprovements in PPP by Integrating GNSS with LEO Satellites: A
Geometric Simulation ” Marianna Alghisi, Nikolina Zallemi, Ludovico Biagi

[ Satellite Count or Geometry ?! ]

.
\\ 1/
. L

SESSION DURATION

CUTOFF 10 MIN§ 5MIN | 2MIN
5o 99.3% 99.6% 99.6%
30° 93.4% 98.9% 99.5%
50° 94.4% 821% 1.8%

AN ume

o oame

N / camma

""" ™, A ammm
H- ™ 4 w——
mEEE

)

Study results

Percentage improvement in
PDOP values when integrating
LEO satellites with GNSS, for
different session durations and
cutoff angles.
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Conclusions
& Future Work

25

General conclusions on 15t preliminary test
+ Theresults confirm that future LEO-PNT signals can act as a complementary layer to GNSS, improving PPP
performance especially during the convergence phase.

Benefits of LEO integration

+ LEO carrier-phase integration reduced PPP convergence time by about 61%, showing a substantial
acceleration of solution stabilization.

+ Steady-state 3D positioning performance improved by about 39% in terms of Pyserror, indicating a clear
reduction of the upper-tail positioning error.

+ Theimprovement is repeatable across different session start times and is not explained only by the number of
visible LEO satellites; the rapidly changing LEO geometry is a key factor.

Future work ( at TU Delft)

+ Extend the framework toward GNSS + LEO-PNT atmospheric remote sensing.

+ Investigate the use of LEO geometry for ionospheric parameter estimation and spatial reconstruction.
+ Move from positioning-only analysis toward integrated PPP + atmospheric sensing applications.

The next question is therefore no longer only how LEO-PNT can improve positioning, but how this new observational
geometry can also be exploited to observe the atmosphere.

Acknowledgements: Thanking Lofti Massarweh &
Gabriele Portelli for their guidance in model tunning.



£# % POLITECNICO
]g@%@y MILANO 1863

SEPT 2026, GENOVA
NIKOLINA ZALLEMI

THANK YOU FOR
YOUR ATTENTION !

N

nikolina.zallemi@polimi.it




	Diapositiva 1
	Diapositiva 2
	Diapositiva 3: MOTIVATION
	Diapositiva 4: MOTIVATION
	Diapositiva 5: SIMULATED LEO-PNT CONSTELLATION
	Diapositiva 6: ENGINE ARCHITECTURE & WORKFLOW
	Diapositiva 7: Adopted Iono - Free observation equations
	Diapositiva 8: Adopted Iono - Free observation equations
	Diapositiva 9: Adopted Iono - Free observation equations
	Diapositiva 10: ESTIMATION MODEL
	Diapositiva 11: EKF: PREDICTION & MEASUREMENT UPDATE
	Diapositiva 12: EKF: STATE VECTORS
	Diapositiva 13: EKF: S TOCHASTIC MODEL
	Diapositiva 14: Satellite visibility at 5° cutoff
	Diapositiva 15: ENU errors and 3σ confidence 
	Diapositiva 16: ENU errors and 3σ confidence 
	Diapositiva 17: ENU error comparison  - zoomed to 1° Hour  
	Diapositiva 18: Moving – window convergence test
	Diapositiva 19: Moving – window convergence test
	Diapositiva 20: Convergence test on 2-hours sessions
	Diapositiva 21: Convergence test on 2-hours sessions
	Diapositiva 22
	Diapositiva 23: Final accuracy of the 2-hours sessions
	Diapositiva 24: Other possible analysis
	Diapositiva 25: Conclusions & Future Work
	Diapositiva 26


   8  T H


   ρ R s


   τ R s  


    dt R 


   d R  𝑳 𝑬 𝑶  


   d  R,P 𝑮  


   T R 𝒔  


   M R  f s  


   ε  𝒐 𝒓 𝒃  𝑳 𝑬 𝑶


   ε  𝒄 𝒍 𝒐 𝒄 𝒌  𝑳 𝑬 𝑶  


   ε  𝒐 𝒃 𝒔  𝒄 𝒐 𝒅 𝒆  


   𝜀 j


   K 𝑹 𝒔


   ε  𝒐 𝒓 𝒃  𝑳 𝑬 𝑶


   ε  𝒄 𝒍 𝒐 𝒄 𝒌  𝑳 𝑬 𝑶


   ε  𝒐 𝒃 𝒔  𝒑 𝒉 𝒂 𝒔 𝒆  


   σ  2


   ϕ 𝒔 


   ϕ 𝒔 


   x 𝒔 


   x  𝒔                   


   y k 


   x k 


   h k  (  x k  )


   ν k 


   C  obs , 𝒌 


   𝑭 k = 𝑰


   𝑭 k = 𝑰  


   x R


   y R


   z R


    dt G


    dt L


   K G


   K L


   σ  xyz


   σ  clk, GNSS  


   σ  tropo  


   σ  clk , 𝑳 𝑬 𝑶  


   σ  amb, 𝑮 𝑵 𝑺 𝑺  


   σ  amb, 𝑳 𝑬 𝑶  


   10  − 4


   K  GNSS


   K  LEO


   s e c


   W i


   W 1 ,    W 2 ,    W 3


   d 12 ,    d 13 ,    d 23


  T  


   T  w i n d o w


   T  s l i d e


   T  s p a n


   T  w i n d o w /  T  s l i d e


   t  c o n v


   e  3 D   (  t  c o n v )


  →


   P 95

