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* lonospheric monitoringis a
challenge task, as the number of
instruments dedicated to
ionospheric observations in Brazil
remains limited
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* lonlndex program - estimate the . ®0808"%%9 ¢ @
ROTI index from multifrequency s o0 09 gno. I
- : R 9% 9
and multiconstellation (MFMC) : ﬁw‘,
GNSS data, leveraging the existing XY
infrastructure of active networks J 8%3 P
such as the RBMC and the INCT Sl MR "
GNSS-NavAer network Snr’
* Correlate post-processed results and
the S4 index L, A
* Evaluate the accuracy of coordinates, N
with and without mitigation of o
irregularities ~ e
* Provide a mechanism (map) that may Acostoma A =
establishes early warning for the emcoesy) g e
occurrence of serious irregularities T
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TonIndex

. Combina-
System Carriers .
tions

C1C,L1C, C1L, L1L, C1X, L1X, ©Comb1_2
L1,L2,L5  C2L, L2L, C2W,L2W,C2X, Comb1 5
L2X, C5Q, L5Q, C5X, L5X

C1C, L1C, C1P, L1P, C2C, L2C,
C2P, L2P, C3Q, L3Q, C3X, L3X
C1C, L1C, C1X, L1X C5Q, L5Q,
E1, E6, ESb, C5X, L5X, C6B, L6B, C6C,
ES5, ESa L6C, C7Q, L7Q, C7X, L7X,
C8Q, L8Q, C8X, L8X
B1c,B1,B3, C1P,L1P, C2I, L2I, C5P, L5P,
B2, B2a Cel, Lel, C7D, L7D, C7I, L7I

lonindex-PP lonindex-RT

lonindex-PP-1Hz lonindex-RT-ISMIT G1,G2,G3

lonIndex-PP-ISMIT lonindex-RT-Map

ROTI-MF proposed

C language

6 modules (3 PP, 3 RT)

MF (L1, L2, L5, G1 ..., B2a)
MC (GPS, GLO, GAL, BDS)
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ROTI-MF

* Because multiple ROTI
combinations can be
derived for the same
satellite within a given
constellation, a new index,
termed ROTI-MF (ROTI MF),
IS proposed

IGS
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* ROTI-MF is defined as the
mean of all available ROTI
combinations for a given
satellite at a specific epoch
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RBMC

10

* lonlhdex-PP (15s sampling)
* 12 RBMC stations

e 215/month (sazonal
variaton) from 2020 to 2025
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November/2025

TOPL (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20° CUIB (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20° BOAV (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

CEEU (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

MGIN (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

MGMT (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

POAL (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

POAL

UFPR (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

v el
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BRAZ (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

BAIC (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°
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STHA (155) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°

ROSA (15s) | GPS+GLO+GAL+BDS | 21/11/2025 | elev > 20°
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m ROTI-MF POST-PROCESSED (PP)

IGS IPP | GPS+GLO+GAL+BDS | 21/11/2025 | 00h < UTC < 24h | elev > 20°
WORKSHOP

* Fountain effect (Equatorial
lonization Anomaly)

* Nearthe Geomagnetic
Equator and in mid-
latitudes - smoothly
values

* Region of the southern
and northern crest of
the EIA = high
lonospheric
irregularities

Latitude
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 ROTI-MF:
* |onlndex-PP

20° mask

* S4:

* ISMR Query Tool
e 12 INCT nearest stations
e 21t/ month -2020 to 2025

e 20° mask
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12 RBMC stations
21Y/month — 2020 to 2025

RBMC
BOAV
CEEU
TOPL
BAIC
CUIB
BRAZ
MGMT
MGIN
ROSA
STHA
UFPR
POAL

INCT
STBV
FRTZ
PALM
STSB
STCB
SBTZ
STMC
INCO
ROSA
STSH
STCT
POAL

Distance [km]

1.3
36.7
3.8
212.3
0.1
20.5
0.1
0.1
0.1
0.2
1.1
0.1
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= |onindex-PP-ISMIT / RTKLib QOR = e T | Y ’ ,
“,' DM " X ‘ ¢ ' o 4 I. '
= Date: Sy Ny
o Nov. 11, 2024 > high ionospheric irregularity f i o
= Timeinterval: '
o 21h-24hUTC o
" & &
= PBaseline:
o Short-> Base: CTAS Rover: MOR3 (~0,7 km) : A
' Estacoes de referéncia
o Long-> Base: CTAS Rover:STAV (~9,9 km) o v
= |onosphere mode:
o Baseline Short > BRDC . Carriers: = Mitigation (weighting by ROTI-MF):
o Baseline Long > DUAL-FREQ arriers: o No
o . o L1+L2
= Ambiguity solution: . o Yes (maxvar=0,10 e quarepochs = 1)
: = (Constellations:
o continuous = Mask:

o GPS+GAL +BDS
o 10°
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= = Nov. 11, 2024 (high ionospheric irregularity)
\. o Short baseline (CTAS x MORS3)

PPK | No Mitigation | Base: CTAS x Rover: MOR3 (0.7 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10° PPK | No Mitigation | Base: CTAS x Rover: MOR3 (0.7 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev> 10°
15 T T T T T T T T T 15 1 T T T 96
Fix: 5244 epochs (48.78) | Float: 5507 epochs (51.22) * ﬂofg: Fix: 5244 epochs (48.78) | Float: 5507 epochs (51.22) ° gc
125 | - 125 . fix_ gg
float
nsat
1+ . 1 - 80
0.75 |- - 0.75 - 72
05 |- B 05
1]
025 |- . 0.25 . :
2
y
0.25 - 1 0.25 {40
-0.5 - o -0.5 - 32
0.75 0.75 24
Ak . -1 16
-1.25 -1.25 - 8
RMSE: de=0.036m; dn=0.073m dh=0.081m | STD: de=0.031m; dn=0.071m dh=0.068m RMSE: dh=0.081m; dv=0.079m | STD: dh=0.068m; dv=0.074m
15 Il Il 1 Il Il 1 Il Il 1 1.5 L | 1 1 L 0
-1.5 -1.26 -1 -0.75 -0.5 -0.25 0 0.256 05 0.75 1 1.25 1.5 21 215 22 225 23 235 24
de uTc
PPK | ROTI Mitigation | maxvar: 0.10 quarepochs: 1 | Base: CTAS x Rover: MOR3 (0.7 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10° PPK | ROTI Mitigation | maxvar: 0.10 quarepochs: 1 | Base: CTAS x Rover: MOR3 (0.7 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10°
1.5 T T T T T T T T T 15 T T T T T ah 96
Fix: 9316 epochs (86.65) | Float: 1435 epochs (13.35) . ﬂog): Fix: 9316 epochs (86.65) | Float: 1435 epochs (13.35) . iy
1.25 1.25 . fix_ 88
float
nsat
1L 1 1 R . > e e 80
0.75 0.75 - 72
0.5 - - 05 _ 64
0.25 - - 0.25 - 56
: _ Siaskee 2o amoabe L e -
s 0 o £ 0 e e —— ? n.. SRR S T g
-0.25 - o -0.25 - 40
0.5 |- - -0.5 - 32
-0.75 | - -0.75 - 24
-1 - . -1 - 16
0, o o, [ |
.25 | 1 -1.25 80,25/) 79,756 80,88/) 78,38%) S8
RMSE: de=0.009m; dn=0.013m dh=0.016m | STD: de=0.009m; dn=0.013m dh=0.013m RMSE: dh=0.016m; dv=0.016m | STD: dh=0.013m; dv=0.016m
15 L L I I 1 1 I L I 15 L L L 1 I 0
-1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 1.25 1.5 21 215 22 225 23 235 24

de uTC




— = Nov. 11, 2024 (high ionospheric irregularity)
K N o Long baseline (CTAS x STAV)

\
\
\

PPK | No Mitigation | Base: CTAS x Rover: STAV (9.9 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10° PPK | No Mitigation | Base: CTAS x Rover: STAV (9.9 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10°
15 T T T T T T T T 15 T T T
Fix: 0 epochs (0.00) | Float: 10796 epochs (100.00) ° ﬂof; Fix: 0 epochs (0.00) | Float: 10796 epochs (100.00)
1.25 - 1.25
1+ - 1
0.75 | - 0.75
05 - - 05
0.25 | - 0.25
s ol " i € 0 PBEISSS O e e ——— P 30 T RV 48 ‘:;u)
[=]
-0.25 | - -0.25 - 40
-0.5 - - -0.5 - 32
-0.75 | - -0.75 - 24
ENs - El = 16
-1.25 | - -1.25 - 8
RMSE: de=0.104m; dn=0.267m dh=0.286m | STD: de=0.099m; dn=0.241m dh=0.248m RMSE: dh=0.286m; dv=0.104m | STD: dh=0.248m; dv=0.093m
15 1 1 1 1 1 I I 1 1 15 I I I I 0
-1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 1.25 15 21 215 22 225 23 235 24
de uTC
PPK | ROTI Mitigation | maxvar: 0.10 quarepochs: 1 | Base: CTAS x Rover: STAV (9.9 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10° PPK | ROTI Mitigation | maxvar: 0.10 quarepochs: 1 | Base: CTAS x Rover: STAV (9.9 km) | GPS+GAL+BDS | L1+L2 | 11/11/2024 | elev > 10°
15 T T T T T T T T 15 T T T T 96
Fix: 0 epochs (0.00) | Float: 10796 epochs (100.00) ° ﬂofg: Fix: 0 epochs (0.00) | Float: 10796 epochs (100.00) ° gc
1.25 1.25 .. fix | g8
float
nsat
1+ - 1 - 80
0.75 - s 0.75 - 72
05 - - 0.5 - 64
025 - s 025 i+ . - 56
N t w1
s : hda otk
5 0 a e £ 0 oo e e T L T T <o ISR — R R o o 48 3
o
-0.25 | - -0.25 - 40
0.5 - s -0.5 - 32
075 | - 0.75 _ o4
A+ 4 Rl - 16
o/ 1 0, 0, ()
86,71% V3,08% 90,73% 76,34%
-1.25 - -1.25 - 8
RMSE: de=0.029m; dn=0.024m dh=0.038m | STD: de=0.021m; dn=0.023m dh=0.023m RMSE: dh=0.038m; dv=0.028m | STD: dh=0.023m; dv=0.022m
15 I I I 1 I I I I L 15 L L L L 0
-1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 1.25 15 21 215 22 225 23 235 24

de uTC
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22022 REAL TIME ROTI-MF MAPS

* lonindex-RT-Map
e 14 RBMC-IP stations in Minas Gerais State
e BNC Caster IBGE connection

-16 -

 Realtime ROTI-MF estimation and plotting on IPP +
interpolation sl -

« Generating 1s maps \/”"\/:

MGUB MGGV

MGRP

20 W—v

_22 -

-48 -40
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c322= CONCLUSIONS
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* The program ionindex enables the monitoring of the ionospheric layer for any region that has a GNSS
station, both post-processed and in real time

* The use of MFMC data ensures greater reliability in ROTI estimates

* Mitigating ionospheric effects on PPK, through weighting by ROTI-MF, has shown that it is possible to
improve accuracy in positioning under anomalous ionospheric conditions.

* Next steps:

* Generate ionospheric bulletins for specific locations
* Make lonIindex available to end users
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