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IonSAT 

Outline 

Three on-going applications of the dual-
frequency GNSS measurements available in 
real-time from hundreds of IGS permanent 
receivers will be presented and supported 
with new learning tools and exercises.  
 
The corresponding synergic objectives are in 
the fields of Precise Farming, Space 
Weather and Real-Time Global Ionospheric 
Maps. 



IonSAT 

On-going applications of RT-IGS 

datastreams @ UPC-IonSAT 
A) Space Weather: RT detection and estimation of the solar 
EUV flux rate, during solar flares with SISTED and GSFLAI 
GNSS indices. Maps of ionospheric scintillation (ROTI) and 
Medium Scale Travelling Ionospheric Disturbances (MSTID) 
activity proxies are also produced (started under MONITOR 
ESA project ïsee oral presentation of Alberto García-Rigo in 
ionospheric subsession-). 
 
B) Precise farming: Improvement of precise RT positioning 
with Wide Area RTK technique and open-source software 
user receivers for the agriculture improvement in South 
Europe, where ionospheric modelling challenges, sparse 
GNSS networks and less funding availability for farmers 
coincide (ongoing AUDITOR H2020 EC project). 
 
C) RT-GIMs: opportunities for combined IGS product 



Layout: 
 

1) [Motivation] Precise Agriculture (PA) presentation (EU AUDITOR experiment)  
 

2) [Background]: Brief introduction to main identified points of the presentation: 

 a) GPS fundamentals: pseudoranges and carrier phases (optional)  

 b) Ionospheric electron content 

 c) Wide Area Real-Time Kinematic 

 d) The International GNSS Service (optional) 
 

3) [One efficient operative system] Quick introduction to Linux (optional) 
 

4) [New tools for learning and research] IonSAT Tools (IT), emulating Real-

Time (RT) as much as possible (presented on the PA AUDITOR experiment): 

 a) gim2vtec.v2.scr 

 b) gimrnx2stec.v2.scr 
 

5) [IT application to ECLIPSE, FLARE & GSTORM scenarios] (optional). 
 

6) [Example of RT GPS-ionospheric system]: UPC-IonSAT since 2012. 

 

7) [Monitoring of co-seismic generated ionospheric signals]: Application of 

RT ionospheric sounding for potential Tsunami warnings), with GNSS dense 

(Tohoku and mid earthquakes, EQ) and sparse networks (Chile 2015 EQ). 
 

8)  [Conclusions] 
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Analysis of AUDITOR experiment 
άмтлсмоέ ƛƴ w¢-mode with TOMION 

(@Netherlands, 13th June 2017) 

Manuel Hernández-Pajares, Alberto García-Rigo & 
Victoria Graffigna on behalf of UPC-IonSAT 

Mid-Term Review meeting 
Barcelona, 24/07/2017 



Exp. 170613: Overview 

Presentation content 
VBrief experiment description 
VRelative dual-frequency real-time GPS positioning with 
TOMION 
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Scenario: 
VIn Europe (typically at the South): 

1) The permanent GNSS networks can be sparse (up to 
hundreds of kilometers of distance). 

2) The ionospheric delays can be large. 
3) The economy is not going so well. 

Problem: 
VPrecise farming in South of Europe will, then, require: 

1) Prompt decimeter-error level real-time GNSS positioning 
at more than 100 km from the nearest GNSS reference site 
=> Wide Area RTK 

2) Precise real-time ionospheric modelling from the 
measurements of the GNSS permanent networks => Dual-
layer tomography + Iono. wave modelling (TOMION). 

3) Open source GNSS source receiver, combining flexibility 
for new GNSS algorithms and affordability. 
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Scenario and Problem 



Experiment: 
VPrecise Farming activity: GNSS receiver (TOPCON GP-DX1) 
logging data for several hours while spraying with a tractor, 
which data has been kindly provided by Dirk De Hoog, WUR.  
VPlace: Experimental farm in Wageningen, The Netherlands, 
with reference receiver BORJ at 190 km far. 
VTime: Day 13 June 2017 (doy 164), 06:11:39 to 13:30:59 
GPS time. 

Goal: 
VTo analyze such recent AUDITOR experiment ά170613έ 
performed in actual precise farming conditions, emulating 
Wide Area RTK processing in real-time. 
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Exper. 170613: Goal & Characteristics 



Exp. 170613: Tractor & permanent network 

Tractor (tpsd) 

Ref. Rec. 

Rec. 
Id. 

Distance 
to BORJ  
/ km 

HELG 104 

IJMU 188 

TPSD 190 

VLIS 316 

EIJS 321 

DILL 468 

OSLS 722 

INVR 811 

BRMF 882 
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Wide Area RTK in a nutshell:  
The independent DD phase ambiguities 

of two physical carriers 

How to 

promptly derive 

DDB1, DDB2 

from any pair 

within {DDBw, 

DDBc, DDBi }? 

DDBw (widelane from Melbourne-Wubbenna 

combination, Lw-Pn) 

DDBc (from  

ionospheric-free 

combination Lc - precise 

geometric modelling) 

DDBi (from ionospheric 

combination LI - precise 

ionospheric modelling) 
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Wide Area RTK in a nutshell: How to 
improve the DD phase ambiguity fixing 

WARTK speed 

up DD phase 

ambiguity fixing 

at >100 km far 

Geometry- & Ionospheric- free way 

(Melbourne-Wubbenna combination, Lw-Pn) 

Ionospheric- free way  

(Ionospheric-free 

combination Lc - precise 

geometric modelling) 

Geometry- free way  

(Ionospheric combination 

LI - precise ionospheric 

modelling) 



Wide Area RTK in a nutshell: Basic 
equations on DDamb 

(Extracted from HernándezȤPajares, M., Juan, J. M., Sanz, J., & Colombo, O. L. (2000). Application of 

ionospheric tomography to realȤtime GPS carrierȤphase ambiguities resolution, at scales of 400ï1000 

km and with high geomagnetic activity. Geophysical Research Letters, 27(13), 2009-2012). 



http://www.auditor -project.eu/ 

T5.2 - GNSS network prefit module  

As a consequence of the symbiotic modelling of geometric and 

ionospheric delay dependences of the GPS, Galileo, GLONASS & Beidou 

signals: a better positioning service is obtained (cm-accuracy in real-

time after short convergence time), and better ionospheric sounding 

From models 

 

Combination 
of multifreq. 

GNSS 
observables 

Global 
multifreq. 
Network 

GNSS obs 

(global net.) 

Iono.Comb. 

Electron Content 

Wind-up 

Iono. Phase 
ambiguities & IFBs 

Melbourne-
Wübbena Comb. Widelane Phase 

amb. And IFBs 

Iono.-free Comb. 

Iono.-free Phase 
amb. 

Distance, Sat. 
Clocks, orbitsΧ 
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USERS 

Increasing 

accuracy in 

single frequency 

Reducing 

convergence 

time in multi 

frequency 

Accurate 

positioning 

after the 

best part of 

an hour in 

multi-

frequency 

Hybrid ionospheric-geodetic approach 



http://www.auditor -project.eu/ 

Hybrid ionospheric-geodetic approach 

T5.2 - GNSS network prefit module  

New developm. 



Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 
Tractor (tpsd) 

Ref. Rec. 

Exp. 170613: Relative RT-mode dual-frequency 
positioning of Tractor (tpsd) vs Ref. Rec. (borj) 

with TOMION (1 of 4) 
VConsistency of the most part of positions over the 
paths compatible with 10cm-error level RT positioning. 
V But a cloud of apparently very noisy estimated 
positions appear. Why? Cold start? Other reasons? 



Exp. 170613: Relative RT-mode dual-frequency 
positioning of Tractor (tpsd) vs Ref. Rec. (borj) 

with TOMION (2 of 4) 
06:11:39 to 06:59:59  07:00:00 to 07:59:59  

08:00:00 to 08:59:59  09:00:00 to 09:59:59  

10:00:00 to 10:59:59  11:00:00 to 11:59:59  12:00:00 to 12:59:59  

VThe big positioning 
errors are NOT 
concentrated on the 
initial convergence phase 
of the tractor navigation 
(beginning of time-frame 
#1): they appear when 
the tractor moves 
through one part of the 
path (red arrow) 

 

V Which can be the 
potential explanation? 

#1 #2 

#3 #4 

#5 #6 #7 



Exp. 170613: Relative RT-mode dual-frequency 
positioning of Tractor (tpsd) vs Ref. Rec. (borj) 

with TOMION (3 of 4) 

VThe potential reason of such very large positioning error when moving during the same 
path (marked by the red arrow) is strongly suggested when the 3D representation is 
activated at google-earth: THE CANOPY (trees densely distributed in such part of the path). 
VThe trees, affecting to this part of the path, are likely blocking the signal of many GPS 
satellites generating cycle-slips and the corresponding re-initialization of the carrier phase 
ambiguity estimation. 
VThe convergence phase of the positioning can be clearly seen (within yellow ellipse), 
lasting for about ~25 seconds. 



Exp. 170613: Relative RT-mode dual-frequency 
positioning of Tractor (tpsd) vs Ref. Rec. (borj) 

with TOMION (4 of 4) 

VThe association of the precise positioning outage with the canopy and not with the initial cold start 
of the tractor movement, during the very first minutes (starting on 06:11:39) can be seen in the Way 
Points number labels (equivalent to time in seconds since tractor receiver starting): the erroneous 
positions happen within the range 1637-1658 and beyond (red arrow), while previous epochs are well 
located in previous path (yellow arrow). 



Exp. 170613: Relative RT-mode dual-frequency 
positioning of IJMU vs Ref. Rec. (borj) with 

TOMION (predicted satellite clocks & orbits, IGU)   

VAmong the good fitting with the paths shown by google-earth, a more consistency indication of the 
decimeter error level navigation achieved by the relative dual-frequency carrier-phase based 
positioning on the tractor, has been obtained. 
VWe have processed the permanent receiver IJMU, also @ 1Hz, forming a similar baseline, in distance 
(188 km vs 190 km) and orientation (SW), than the Tractor (TPSD), comparing the IJMU RT-kinematic 
positioning, performed with the strategy than the one previously performed to TPSD, with the precise 
final PPP coordinates of IJMU, computed with postprocessing (rapid IGS) products, which can be taken 
as ground truth at centimeter error level: Errors up to +/- 20 cm, after the cold start (~4000 sec). 

Tractor (tpsd) 

Ref. Rec. 
Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 



VThe result is almost the same when the predicted όάultrarapidέύ IGS products (IGU), available in real-
time, are used (previous slide) and the postprocessing άǊŀǇƛŘέ IGS products (IGR) are used (this slide). 
VThis is the expected result when the relative RT approach is used (see modelling details in first slides). 

Tractor (tpsd) 

Ref. Rec. 
Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 

Exp. 170613: Relative RT-mode dual-frequency 
positioning of IJMU vs Ref. Rec. (borj) with 

TOMION (rapid satellite clocks & orbits, IGR)   



Tractor (tpsd) 

Ref. Rec. 

Exp. 170613: Relative RT-mode dual-frequency 
positioning of Tractor (tpsd) vs Ref. Rec. (borj) 

with TOMION: equivalent under IGU & IGR 

VAs expected, the result is almost the same for the Tractor 
positioning (sub-mm discrepancies), when the predicted 
όάultrarapidέύ IGS products (IGU), available in real-time, are 
used (previous slide) and the postprocessing άǊŀǇƛŘέ IGS 
products (IGR) are used (this slide). 
VThe exceptions happen when a very large error happen 
(mostly on the canopy-affected part of the Tractor path 
studied before), when the precise real-time processing is 
interrupted. 

Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 



Exp. 170613, PPP static processing@15 min.: IGU 
(predicted clocks & orbits) vs IGR (rapid 

postprocessed clocks and orbits)  

 

VThe influence of the degradation of (mainly) the predicted satellite clocks 
errors (IGU, first row) makes the PPP processing significantly worser than with 
postprocessed rapid (IGR) satellite clocks and orbits (second row), as expected.  



VConvergence time of ~7000 sec (No Iono. + floating ambiguities) 

Tractor (tpsd) 

Ref. Rec. 

Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 

Exp. 170613: RT Relative dual-frequency positioning of 
IJMU vs. Ref. Rec. (borj) with TOMION (same time period 

than Tractor): No Iono. + floating ambiguities 



Exp. 170613: Tractor & permanent network 

Tractor (tpsd) 

Ref. Rec. 

Rec. 
Id. 

Distance 
to BORJ  
/ km 

HELG 104 

IJMU 188 

TPSD 190 

VLIS 316 

EIJS 321 

DILL 468 

OSLS 722 

INVR 811 

BRMF 882 



Exp. 170613: RT Relative dual-frequency positioning of 
IJMU vs. Ref. Rec. (borj) with TOMION (same time period 

than Tractor): ambiguities constrained by RT iono. 

Tractor (tpsd) 

Ref. Rec. 

Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 

VConvergence time of ~2000 sec (ambiguities constrained by RT iono) 



Tractor (tpsd) 

Ref. Rec. 

Rec. 
Id. 

Distance to 
BORJ / km 

IJMU 188 

TPSD 190 

Exp. 170613: RT Relative dual-frequency positioning of 
IJMU vs. Ref. Rec. (borj) with TOMION (same time period 
than Tractor): hybrid amb. constrained & fixed by RT-iono 

VConvergence time of ~4000 sec (hybrid amb. constrained & fixed by RT-
iono, working CPF from 00h) 



Exp. 170613, RT-iono performance (PRN12) during 
full cold-start (compared with calibrated STEC in 

postprocess) 



Exp. 170613, Zenith Tropospheric Delay : RT 
relative processing @ 30sec vs postpr. (IGR) PPP 

processing@15 min.  

VAnother test of consistency 
of the same RT relative dual-
frequency GPS processing is 
looking at the associated ZTD 
@ 30 sec., comparing them 
with the results with post-
processed (IGR) PPP @ 15 
min. 

 

VThe results are mostly in 
agreement under 1 cm level, 
with some deviations up to 3 
cm for two given periods and 
for two stations. 

Tractor (tpsd)

Ref. Rec.



Exp. 170613, Zenith Tropospheric Delay : RT 
relative processing @ 30sec vs postpr. (IGR) PPP 

processing@15 min. vs first results of relative 
processing fixing DD ambiguities from filter   

 

VThe first results of the 
relative precise positioning 
after ambiguity fixing are very 
similar to the floated-
ambiguities ones (at cm-level), 
excepting for the period 
[75000,80000] sec (likely due 
to a wrong ambiguity fixing). 

Tractor (tpsd)

Ref. Rec.



Conclusions 
 

VThe GPS data gathered from a tractor working 6 hours in a Netherlands farm, 
has been processed with the in-house UPC-IonSAT software, RT-TOMION. 
VThe analysis has been done emulating RT from dual-frequency carrier phase 
and pseudorange measurements, in relative processing approach, taking the 
reference station (BORJ) at around 190 km NE.  
VThe results show characteristics compatible with decimeter-error level RT-
positioning (from fitting with exiting paths, equivalent analysis of IJMU, and ZTD 
results), excepting for an small sector under canopy. 
VThe satellite-clocks-proof in the quality of the relative processing, vs. 
undifference (PPP) one, has been exemplified as well during this experiment. 
VThe precise analysis of this farming exp. reinforces the need of looking for 
mitigation strategies of GNSS precise positioning under canopy (such as the one 
of Soloviev & Dickman, 2011), which might be considered in the soft. receiver. 
VWhen Wide Area RTK, involving precise ionospheric corrections, is applied, the 
convergence time under full cold start is reduced to less than one third. 

Soloviev, A., & Dickman, J. (2011). Extending GPS carrier phase availability indoors with a 

deeply integrated receiver architecture. IEEE Wireless Communications, 18(2). 

Thank you 



Two slides previously shown contain main terms to 

clarify or summarize if needed:  

  - Global Navigation Satellite Systems (GNSS) 

  - Ionospheric delays 

  - Wide Area Real Time Kinematic (WARTK) 

  - Ionospheric waves 

  - TOMION 

  - Double-difference carrier phase ambiguities 

   



Scenario: 
VIn Europe (typically at the South): 

1) The permanent GNSS networks can be sparse (up to 
hundreds of kilometers of distance). 

2) The ionospheric delays can be large. 
3) The economy is not going so well. 

Problem: 
VPrecise farming in South of Europe will, then, require: 

1) Prompt decimeter-error level real-time GNSS positioning 
at more than 100 km from the nearest GNSS reference site 
=> Wide Area RTK 

2) Precise real-time ionospheric modelling from the 
measurements of the GNSS permanent networks => Dual-
layer tomography + Iono. wave modelling (TOMION). 

3) Open source GNSS source receiver, combining flexibility 
for new GNSS algorithms and affordability. 
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Scenario and Problem 
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Wide Area RTK in a nutshell:  
The independent DD phase ambiguities 

of two physical carriers 

How to 

promptly derive 

DDB1, DDB2 

from any pair 

within {DDBw, 

DDBc, DDBi }? 

DDBw (widelane from Melbourne-Wubbenna 

combination, Lw-Pn) 

DDBc (from  

ionospheric-free 

combination Lc - precise 

geometric modelling) 

DDBi (from ionospheric 

combination LI - precise 

ionospheric modelling) 



Layout: 
 

1) [Motivation] Precise Agriculture (PA) presentation (EU AUDITOR experiment)  
 

2) [Background]: Brief introduction to main identified points of the presentation: 

 a) GPS fundamentals: pseudoranges and carrier phases (optional)  

 b) Ionospheric electron content 

 c) Wide Area Real-Time Kinematic 

 d) The International GNSS Service (optional) 
 

3) [One efficient operative system] Quick introduction to Linux (optional) 
 

4) [New tools for learning and research] IonSAT Tools (IT), emulating Real-

Time (RT) as much as possible (presented on the PA AUDITOR experiment): 

 a) gim2vtec.v2.scr 

 b) gimrnx2stec.v2.scr 
 

5) [IT application to ECLIPSE, FLARE & GSTORM scenarios] (optional). 
 

6) [Example of RT GPS-ionospheric system]: UPC-IonSAT since 2012. 

 

7) [Monitoring of co-seismic generated ionospheric signals]: Application of 

RT ionospheric sounding for potential Tsunami warnings), with GNSS dense 

(Tohoku and mid earthquakes, EQ) and sparse networks (Chile 2015 EQ). 
 

8)  [Conclusions] 



Hernández-Pajares et al. 

 

 IonSAT 
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How GPS Works 

One of the solutions is not 
on the Earth surface. 

(the most madure GNSS) 
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 IonSAT 
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Satellites broadcast 
orbit and clock data  

ČSatellite coordinates      

    and clock offset  

Receiver measures 
traveling time from 
satellite to receiver   
Č Pseudorange (P)  

P 

Thence, the receiver coordinates are found solving a  
geometrical problem : from sat. coordinates and ranges 

How GPS Works 



Hernández-Pajares et al. 

 

 IonSAT 
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Measurements: 
Ranges  

ñPseudoranges ò are 
computed from the 

traveling time sat -rec  

Several error sources 
affect these 

measurements  

 

 

 

 
 

How GPS Works 

 



Hernández-Pajares et al. 

 

 IonSAT 
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Hernández-Pajares et al. 

 

 IonSAT 
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Hernández-Pajares et al. 

 

 IonSAT 
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Ambiguity  

Å The code measurements 
(such as C/A) are accurate 
(psedorange ) but not precise 
(measurement noise and 
multipath >~1 m).  

Å The carrier phase 
measurements are not 
accurate (unknown 
ambiguity = pseudorange  at 
phase lock) but very precise 
(measurement noise and 
multipath < 1cm).  

Å To get real - time precise 
positioning the carrier phase 
ambiguities should be fixed 
in real - time.  

Å The differential approach is 
quite convenient in this task.  

Carrier phase ambiguity fixing: key for precise navigation 

Code measurements 

Phase measurements 
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Dual-frequency GPS 

combinations: The iono.-

free (geometric) ones, Lc, 

Pc, and the iono.- & 

geom.free one, Melbourne-

Wubbena, MW=Lw-Pn 
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 IonSAT 
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 IonSAT 
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Letôs focus on the 

frequency dependent 

term due to the 

ionosphere (an 

opportunity as extra 

condition for precise 

RT positioning, and 

GNSS as geophysical 

RT sounder) 
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More details can be found for instance in: 
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What happen with the up to 0.1% of the ionospheric effect not 

explained in these fundamental GNSS equations?  

It can be corrected from models (now in a Web service!)  
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8)  [Conclusions] 
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Dual-frequency GPS combinations: The 

geometry-free (ionospheric) ones: LI, PI 
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The GNSS ionospheric measurements are an excellent input for estimating 

the ionospheric electron content distribution, for instance performing 

tomography (layout of its implementation in TOMION UPC-IonSAT software). 

Estimating the ionospheric electron 

contenté 
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 IonSAT 
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GPS and the Ionosphere 

 

The UV (and X) Solar radiation ionizes the region 
above 50 -100 km: Ionosphere  (to 1000 km) and 
Protonosphere/Plasmasphere (above 1000 km).  

 

 

The GPS signals are affected by the 
free electrons: carrier phase advance 
and code/pseudorange delays.   

  

 
 

 

 

 
 


