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> Introduction
1.The gLAB tool suite

2.Examples of GNSS Data Processing using gLAB
3. Laboratory session organization

LABORATORY Session

« Starting up your laptop

« Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs
 Medium: Laboratory Work Projects: LWP1, LWP2

« Advanced: Homework
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Introduction

« This practical lecture is devoted to analysing and assessing different issues
associated with GNSS signal propagation effects in the atmosphere.

« The laboratory exercises will be developed with actual GPS measurements, and
processed with the ESA/UPC GNSS-Lab Tool suite (gLAB), which is an interactive
software package for GNSS data processing and analysis.

« All software tools (including gLAB) and associated files for the laboratory session
are included in the USB stick delivered to those who attend the lecture.

 The laboratory session will consist of a set of exercises organized in three
different levels of difficulty (Basic, Medium and Advanced). A set of introductory
examples range from a first glance assessment of the ionosphere effects on single
frequency positioning, and Zenith Tropospheric Delays estimate to showing
different perturbation effects in the ionosphere (Solar Flair, Halloween storm,
TIDs). Electron density profiles (Ne) retrieval, bending effects analysis (phase
excess rate depicture) are analysed in detail in two Laboratory Work Projects.
Finally the code-carrier ionosphere divergence on single-frequency smoothed codes
is proposed as homework.

 The target is to provide the participants with a wide range of selected exercises to
choose from, according their interests and their level of knowledge of these topics.
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1. Introduction
> The gLAB tool suite

2.Examples of GNSS Data Processing using gLAB
3.Laboratory session organization

LABORATORY Session

« Starting up your laptop

 Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs
 Medium: Laboratory Work Projects: LWP1, LWP2

« Advanced: Homework

Propagation effects, channel models and related error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 5

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



The gLAB Tool suite

A The GNSS-Lab Tool suite (gLAB) is an interactive
multipurpose educational and professional package for
GNSS Data Processing and Analysis.

A gLAB has been developed under the ESA Education
Office contract N. P1081434. —

A Main features:
e High Accuracy Positioning
capability.

e Fully configurable. e e
e Easy to use. — =
e Access to internal
computations. s SElsES
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The gLAB Tool suite

1. Students/Newcomers:
a. Easy to use: Intuitive GUI.
b. Explanations: Tooltips over the different options.

c. Guidelines: Several error and warning messages.
Templates for pre-configured processing.

2. Professionals/Experts: e
a. Powerful tool with High Accuracy Positioning capablllty

b. Fast to configure and use: Templates and carefully chosen
defaults.

c. Can be executed in command-line and included in batch
processing.

Fle Edit View Terminal Help

g4:~/workspace/edunav> ./gLAB linux -input:obs test/madr2000.06c -input:sp3 test/igs13843.sp|~l
3 -1nput:ant testfigsDS.at):D
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The gLAB Tool suite

1. In order to widen the tool availability, gLAB
Software has been designed to work in both

Windows and Linux environments.
E— My {\

2. The package contains:

Windows binaries (with an installable file).
Linux .tgz file.

Source code (to compile it in both Linux and Windows
OS) under an Apache 2.0 license.

Example data files.
Software User Manual.
HTML files describing the standard formats.

Propagation effects, channel models and related error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 8

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



The gLAB Tool suite

A Read files capability:

RINEX observation v2.11 & v3.00
RINEX navigation message.

fSIP3 precise satellite clocks and orbits
iles

ANTEX Antenna information files.
Constellation status.

DCB:s files.

GPS_Receiver_Type files.

SINEX position files.

A Pre-processing module:

Carrier-phase pre-alignment.

Carrier-phase / pseudo-range
consistency check.

Cycle-slip detection (customizable
parameters)

- Melbourne-Wibbena.
- Geometry-free CP combination.

- L1-C1 difference (single
frequency).

Pseudo-range smoothing.
Decimation capability.

On demand satellite enable/disable.
Elevation mask.

Frequency selection.

Discard eclipsed satellites.

A Modelling module:

Fully configurable model.
Satellite positions.
Satellite clock error correction.

Satellite movement during signal
flight time.

Earth rotation during signal flight
time.

Satellite phase center correction.

Receiver phase center correction.
(frequency dependent).

Relativistic clock correction.
Relativistic path range correction.

Ionospheric correction
(Klobuchar).

Tropospheric correction

- Simple and Niell mappings.

- Simple and UNB-3 nominals.
Differential Code Bias corrections.
Wind up correction.

Solid tides correction (up to 2nd
degree).
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The gLAB Tool suite

A Filtering module: A
e Able to chose different
measurements to process (1 or
more), with different weights. "

This design could be useful in
future Galileo Erocessing, where
processing with different
measurements may be desired.

Fixed or elevation-dependent
weights per observation.

Troposphere estimation on/off.

Carrier-Phase or Pseudo-range
positioning.

Static/Kinematic positioning (full

Output module:
Cartesian / NEU coordinates.
Configurable message output.

Other functionalities:

Computation of satellite
coordinates and clocks from RINEX
and SP3 files.

Satellite coordinates comparison
mode. For instance RINEX
navigation vs. SP3, or SP3 vs. SP3
(along-track, cross-track and radial
orbit errors, clock errors, SISRE).

Show input mode. No processing,
](c)_?ly parsing RINEX observation
lHeS.

Q/Phi/P0O customization).

Able to do a forward/backward
processing.

Able to compute trajectories (no
need for a priori position).

« Current version allows full GPS data
processing, and partial handling of
Galileo and GLONASS data.

e Future updates may include full
GNSS data processing.
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GNSS learning material package

Includes three different parts, allowing participants to
follow either a guided or a self-learning GNSS course:

1. GNSS Book: Complete book with theory, practical P8 Det Prfpssiy: o adiniel
examples, and with a Laboratory course on GNSS
Data Processing & Analysis [R-1].

2. gLAB tool suite: Source code and binary software
files, plus configuration files, allowing processing
GNSS data from standard formats. The options
are fully configurable through a GUI.

3. gAGE-GLUE: Bootable USB stick with a full
environment ready to use; based on LINUX
(Ubuntu) OS.
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1.Introduction

2. The gLAB tool suite
> Examples of GNSS processing using gLAB
4. Laboratory session organization

LABORATORY Session

Starting up your laptop

Basic: Introductory lab exercises: Iono & Posit, SF,
storm,TIDs

Medium: Laboratory Work Projects: LWP1, LWP2
Advanced: Homework
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Examples of GNSS Data Processing

using gLAB

Example 1: Ionospheric effects on single
frequency positioning.

a. This exercise is devoted to analysing the
effect of the ionospheric error in single
frequency positioning. This is done both in
the Signal-In-Space (SIS) and User Domains.

b. A receiver will be positioned in Standard Point
Positioning (SPP) mode: a) with full

modelling, b) neglecting the ionospheric
correction.
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Example 1:

Iono effects on single freq. Positioning

Data set: 24h data collected by the IGS permanent
receiver “ramo” (Lon,Lat ) on May 4th 2000.

May 4, 2000

(Source: NOAA)
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LAB works after the correlator: The input

ata are code and carrier measurements and
Satelllte OrbItS and CIOCkS- |[RINEX Measurements File

2 OBSERVATION DATA G (GPS) RINEX VERSION / TYPE
RGRINEXO V2.4.1 UX  AUSLIG 10-JAN-97 10:19  PGM / RUN BY / DATE
Australian Regional GPS Network (ARGN) - COCOS ISLAND COMMENT
BIT 2 OF LLT (+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION COMMENT
=0.,000000000103 HARDWARE CALTBRATION (S) COMMENT
000000000000000000000, =0,000000054663 CLOCK OFFSET (S) COMMENT
° ° €aco MARKER NAME
° ° Mllms 1i DBSERVER / AGENCY
) ausli;
* | RINEXFILES o 126 g 93.05.25 / 2.8.33.2 REC # / / VERS
o ° 327 ANT # /
° 9 ~741950.3241 61909619624 -1337769.9813 APPROX POSITION XYZ
o Pseudoranges (C/A, P1, P2), o 0.0040 0.0000 0.0000 ANTENNA: DELTA B/E/N
o Phase tracking (L1, L2) ° 1 1 WAVELENGTH FACT L1/2
) igation d D ° 5 € 11 12 P2 Pl # / TYPES OF OBSERV
One or o Navigation data (D(1)) : SIR. i napped to signal strength [0,1,4-9]
multiple ° SNR: >sog >10g >53 >1g >5 >0 bad n./g
°
antennas ° " 5oos
[} 9 0 7
° : 9 23 89
I |DLL Tragkin
Low-noise —»{ RCV § _— _—— ° 97 1 9 0 7 30.0000000 [0] 125 9 652317 6
- Demodulator o ° 22127685.106  -14268715.890 § -11118481.28445 22127685.4014 1
Amplifiers Navigation o 22672158.746  -11510817.892 7 -8969469.30045 22672158.5184 2
v data 20594902.367  -12949753.825 7 -10090708.53945 225949037394 9
2 ° : Kalman ° 22731128.796  -11621184.951 7 -9055464.16945 22731130.0094 5
— —( PLOCESSINE L : ° 24610020.702  -924108.174 6  -T20085.67045 24610920.0404 23
o filter o> 20718775.074  -18605935.474 9 -14498133.97346 20718775.6074 17
Low-noise RFEI1E 4 s 20842713.610  -19083282.892 9 -14870090.55546 20842713.4814 6
-] ° position | €.
Amplifiers & & P o | DISPLAY —
= - ° -==1 estnnation Emission ~300m
SAMPLING | . ° ___ o fel Reception
o Pseudorange °
- — - - =1 corecti °
correction
° o Man-Machine ) fel
° o lmecisce Satellite clock offset < 300Km
N ° : Relativistic correction < 13 m
_-.. °
(] Pseudorange Sat. instrumental delays (TGD) ~ m
A P1,P2,C/A
> f P
° Aiding orintegrated ceceiver : : Geometric distance:  p0 ~20 000Km
r-&-mmeny e
'ExESNRI0'0 00 000000000000 00

I I o o s ——— a
I SENSORS |

lonospheric delay [2 - 50 m]
Tropospheric delay [2 - 10 m]

Receiver clock offset <300Km

/ Receiver instrumental delays ~m
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Example 1:

Iono effects on single freq. Positioning

1.Compute SPP using files: ramo1250.000,brdc1250.00n

gLAB - Version 2.0.0

gAGE/UP

http://www.gag_c;._es

Eesa

| Freferences | | About |
Pocitinning | Analueic
) & & ¢
I Input | Preprocess Modelling Output

A priori receiver position
") Calculate @ Use RINEX Position

RINEX Observation File : [.‘hcmer’gLABL’ramolz.EU.UUc

4
(] Show ANTEX Z

O specify ) Use SINEX File
Orbit and Clock Scurce
@ Broadcast (| Precise (1file) () Pracise (2 files) XIml
RINEX Navigation File : |fhome/gLAB/brdc1250.c0n VI e
Z[m] :
lonosphere Source (if activated) SINEX File :

& show @ Broadcast (same as navigation) () Broadcast (specify)

m
=
[

Auxiliary Files
P1 - C1 Correction P1 - P2 Correction
[[] show 1 [ sShow 3
Save Config Show Config

SPP Template J@PPF Template how Output

‘gLAB

; http:/ /www.gage.es
‘ Preferences | Ahoit

@esa

.—PGSitiDni“g ‘ T ‘ Horizontal positioning error [SPP]
G . 15
.
o . L © Akl
NEU positioning error Horizontal positioning error o "
B R 29 e, -
. g - i, %
§
N b
2 5
‘ Prefit residuaﬂ ] [ Pcstﬁtl
T =10
Global Graphic Parameters h
Title : [NEU positioning error el ;Itime (s) ] Y-lab) R R S U R
East ormor (m)
Automatic Limits ~ X-min : ¥Y-min : Y-max

Individual Plot(s) Configuration

Qe 1 Q Plot Nr. o NEU positioning error [SPP]: Full model
source File : ~— North error
o ~— East error
e = UP error
Condition

error (m)
3
"
=

gﬁAB.out

Equivalent commind line sentence:

gLAB linux -input:cfg gLAB_pl Full.cfg
-input:obs ramol250.000
-input:nav brdc1250.00n

I S S S N SR S S S
10000 20000 30000 40000 50000 60000 70000 8000D 90000
time (s)
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Example 1:

Iono effects on single freq. Positioning

L FULL SPP model
@esa g 0 . NEU positioning error [SPP]: Full model

mﬁﬁu plot template configuration | [T e
sonng| 40k gLAB .Out -—-:UP err:or ]

A&«W oAGEPC.

http://www.gage.es

Horizontal positioning error | | Zenith Tropospheric Delay

lonospheric combinations ‘

Diluti®n Of Pre§ysion

Moiel ccmponeng
Global Gr\lhic Parameters--\

Title = [N’U positioning error \l X-label :[time (N l Y-label :lerrer (m) ] [ Clear ]

Autofhatic Limits ~ X-min : |

Carrier phase ambiguities

I Measur. Multipath/Noise

Prefit residuals

Satellite skyplot l
l Orbit and Clock comparison

[ Postfit residuals l

error (m)

Y-min : | Y-max:

O Plot Nr. 3

gtls) Configuratigm

O Plot Nr. 2
gLAB.out A

A‘Scurce File :
Condition : [outeur | v v [s1=="0uTPUT' | [pue [+

: i i i i i i i
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
X Column :  |opc v|a J ¥ Column :lDSTAN E\I 18 ] Label :

O Plot Nr. 4

l [ Examine }

=20

time (s)

Equivalent command line sentence:

graph.py -f gLAB.out -x4 -yl18 -s.- -c '($1=="OUTPUT")' -1 "North error"
-f gLAB.out -x4 -y19 -s.- -c '($1=="OUTPUT")' -1 "East error"
NO rth Ea St U -f gLAB.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "UP error*
F) --yn -20 --yx 50 --x1 "time (s)" --yl "error (m)"
-t "NEU positioning error [SPP]: Full model"
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Example 1. gLAB Modeling panel

= The different model terms
e Can be analyzed with gLAB:

[ Preferenc.es.:._ I—. o } [ About l . .USing the preViOUS data
Positioning | Analysis file, the impact Of
neglecting the ionospheric

Er—— correction is evaluated in
Satellite clock offset correction the Range and POSltion

Consider satellite movement during signal flight time 0 -
Consider Earth rotation during signal flight time Th e m O d e | I n g d O m a I n S N

[] satellite mass center to antenna phase center correction

[ Receiver antenna phase center correction Options Set in this .This iS a baseline example
[] Receiver antenna reference point correction panel are applled Of thIS anaIYSIS procedure.

Relativistic clock correction (orbit excentricity)

« lonospheric correction by defaL”t to the The .sa me SCheme mUSt be
Tropospheric correction [UNB-B Nominal [ Simple Mapping S P P I t . a p pI |ed fo rFra I I m Od eI te rms
e Een =Oittion. (troposphere, relativistic

[ wind upc:(:rr:clt(::n (Carrief:hai:e only) CO rre Cti O n e ) " A fu | |

7 Soli tides correcton analysis of the different

[ Relativistic path range cor.rectlcn | mOdeI Com ponents Ca n be
@ Show Config SPP Template “ PPP Template : Show Output | fo u n d i n [ R_ 2] . )
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Example 1. Model component analysis: Ionosphere

The procedure
explained here is §
— applicable for all model rr—
R e e terms: iono, tropo... i i _
o afa |t = === Disable |
e JONOSPheric

tenna phase center correction

=== configuration 1. In Modeling panel,
CIITIES wfor SPP disable the model

= E— component to analyze.
(in this example: disable

Ionospheric correction)

ferenc

eeeee

2. Save as gLABl1.out the
associated output file.

EEEEEEE

OW — Notice that the gLAB.out file 5 v .
e . In the Default contains the processing mesen Set output file
B i o (o results with the FULL v as

conriguration the model, as was set in the e —
e OUtpuUL file was _ default configuration. D . gLAB1.out 3

¥ Print FILTER Messages g LAB . O u -t / % Print OUTPUT Messages

¥ Print OUTPUT Messages

save Config SPP Template | PPP Template. Bun gLAB
Save Config SPP Template = PPP Template Run gLAB o = —— - = I -

Propagation effects, channel models and related error sources on GN Equiva|ent command line sentence:
gLAB_linux -input:cfg gLAB_pl_NoIono.cfg
-input:obs ramol1250.000 -input:nav brdc1250.00n




Example 1. NEU Position Error plot from

‘ NEU positioning error

Diluti®n Of Pref§ysion

Moiel ccmponeng prefit residuals l [ Postfit residuals l Orbit and Clock comparison
-Global Grgphic Parameters—
Title : | NJJU positioning error X-label : |time (s Y-label :Ierrer (m) ] [ Clear ]

¥ Autofhatic Limits ~ X-min :

Horizontal positioning error | | Zenith Tropospheric Delay lonospheric combinations ‘

Satellite skyplot

Carrier phase ambiguities I Measur. Multipath/Noise

X-max : Y-min : | Y-max:

O Plot Nr. 3

IndivicW®l Plot(s) Configuratige

AScurce Fle - g aB.out A l [ Examine \
Condition : IouTPUT IZ" E| [($1::"0UTPUT" I [BIue B

X Column : SEC v | 4 J Y Column : | DSTAN ~ ‘l 18 ] Label : |North error

No Iono. correction

NEU error [SPP]: No lono. corr.: 4th May 2000
T T T T T T T T

~— North error

b gLABl.OUt : Eiszti;rror

error (m)

=20

‘ ‘ i i i i i i
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
time (s)

Equivalent command line sentence:

graph.py -f gLABl.out -x4 -yl8 -s.- -c '($1=="OUTPUT")' -1 "North error"
-f gLABl.out -x4 -y19 -s.- -c '($1=="OUTPUT")' -1 "East error"

North | |East| |Up|| ot e g G e

--yl "error (m)"
-t "NEU positioning error [SPP]: No Iono. Corr."
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Example 1. VPE plot from gLAB.out,

I Preferences l

Positioning | Analysis ‘

Templates-

l NEU positioning error Horizontal positioning error

Zenith Troposphel

l Dilution Of Precision Satellite skyplot

Carrier phase aml

l Model components Prefit residuals l l Postfit residy

Global Graphic Parameters

Title : [Vertical positioning errorl Xlabel : [time (s)

[J Automatic Limits ~ X-min :[:] X-max :

Individual Plot(s) Configuration

erl

O Plot Nr. 2 O Plot Nr. 3

Source File :

2

gLAB1.out

[OUTPUT v [ [($1=="0UTPUT“)

CnlumrI DSTAU 20

<[+ |

Vertical positioning error [SPP]

~— Full model
~— Nolona. corr.

Click Clear to

1- restart plots
Preferenc T

Up emer (m)

Aboy o

Positioning | Analysis ‘

Templates-

0000 20000 30000 20000 0000 60000 70000 80000 DOX
Time (s)

[\:spheric combinations

N

l MekMultipath{Noise

A

Orbit and (N comparison

00

|

Y-min, Y-max

g |
N\

NEU positioning error

Horizontd

Sat

l Dilution Of Precision

l Model components l Prefit residuals

Global Graphic Parameters
Title : [Vertical positioning error l X-label : Itime (s)

[J Automatic Limits  X-min ::] X-max ::]

Individual Plot(s) Configuration

'gLABl1.out

O Plot Nr. 1 O Plot Nr. 3 O Plot Nr. 4
3 ile : | ] [ Examinel
Vi [OUTPUT [ [($1=="0UTPUT") ] IBIue
N

gLAB.out

W

Vertical |

Time (sec)

Plot
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Example 1. HPE plot: gLAB.out,

Harizontal positioning errar [SPP]

e Nolon
5 <o ilmodel !

Cesa Ll '*-" | Click Clear to [-TSig
| cesa 1 restart plots N\

Positioning | Analysis ‘ Preferences J o

Templates Positioning ‘ Analysis ‘

North error

| Preferences

> ewtomit

[ MNEU positioning error ‘ ‘ Horizontal positioning error ‘ Zenith Tropospher ~ ‘Templates-

‘ e ‘ ‘ satellite skyplot ‘ ‘ . h ¢ NEU positionin . . y ’\onnspherlc combinations
ilution recision atellite skyplo arrier phase am X_ m Y_ m Y_ m \
| Dilution Of Pre{ I n ’ I n ’ aX 7 l MN Multipath/Moise
I Model components ‘ \ Prefit residuals ‘ l Postfit residu T T ’ e
A ¥

Preﬁ%als Orbit andN( comparison

[

Model components l l Postfit residuals l

-Global Graphic Parameters l

Global Graphic Parameters
Title :

@ Plot Nr. 1] © Plot Nr. 2 O Plot Nr. 3 Individual Plot(s) Configuration

Source File : §| 4 AB1.out O Plot Nr. 1 O Plot Nr. 3 O Plot Nr. 4
2 il [OUTPUT E" E‘ [($1=="OUTPUT") 3 * Nl gLAB.out l [ Examinel -

iz psTAE | 3E8 Column : | DSTAN v |18 |outeuT . |(s1=="0uTPUT") | [pue

T L 4 X Colul DSTAE 19 Column : Label : |Full Model

t East: 19 /' @ |

North: 18
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Example 1. Klobuchar iono. corr. plot: gLAB.out

htm://w.gu_gﬁgl -

[ Preferences I [

About ]

Positioning | Analysis |

Templates-

‘ NEU positioning error \ Horizontal positioning error

Zenith Tropospheric Delay ‘

lonospheric combinations

l Dilution Of Precision ‘ ‘ Satellite skyplot

Carrier phase ambiguities ‘

‘ Measur. Multipath/Noise

l Prefit residuals l {

| Model components ‘

Postfit residuals ‘

Orbit and Clock comparison

Global Graphic Parameters

Title : [Model components

Model: lono. corrections [SPP]
T T T T

20 bR

ot

meters
o

~ Carrier
‘advance
-40

L L 1 1 L L L L
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
time (s)

l X-label :[time (s) l Y-label :[model (m) l [ Clear l
Automatic Limits X-min X-max Y-min ::. i Y-max
| Andividual Plot(s) Configuration § - . . §
@ Plot Nr. 1 O Plot Nr. 2 O Plot Nr. 3 O Plot Nr. 4
I Source File : IgLAB,out i l [ Examine l Dots v

Condition : I MODEL M[

v [s1=="moDEL")

Ionosphere delays code and
advances carrier measurements.

l IBIue

)

X Column : SEC

Plot

~ |gLAB.out

Select IONO

Note: Use the gLAB.out file.
In gLAB1.out file this model
component was switched off.
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Example 1. Measur. (P2-P1) v.s. Model (Klobuchar)

20 lonospheric combinations
gLAB - Version 2.0.0 i | | e e All PRN: PI=(P2-P1)
35k ' o ...|® ® PRN 13 : PI=(P2-P1) ||
Cesa S R R T ~
E
| Preferences | About | 5 8
B : o
Pasitioning | Analysis °
_\‘ 20 4
Templates a
s
NEU positioning error Herizontal pesitioning error | | Zenith Tropcspheric Delay lonospheric combinations v 9g |
a
]
Dilution Of Precision Satellite skyplot Carrier phase ambiguities Measur. Multipath/Noise E 10 |
) - g
Model components Prefit residuals Postfit residuals Orbit and Clock comparison ~ ‘ 3 3 3 3 3
Global Graphic Parameters P2 P 1 - STEC + Krec+ Ksat
Title : lonospheric combinations| Xdabel : [time (s) YHabel : |neters of L1-L2 delay (m) Clear Oo 10600 20600 30600 40600 50600 50600 70600 godoo go(')oo
time (s)
[[] Automnatic Limits ~ X-min : Y-max :

Individual Plot(s) Configuraticn lonospheric combinations
T T T

40 T T T T T
@ Flot Nr. 1 7 Plot Nr. 2 ~ Plot Nr. 3 " Plot Nr. 4 : : 5 ‘ ‘| @ @ Klobuchar: STEC
35l i....i....® __.____.|e e AlIPRN: PI=(P2-P1) |
Is::urce File = g1 AB.out I Examine Circles v : : : ,
L 30
Condition = |jypyt - v | [is1=="INPUT") Y min e Blue v
X Celumn @ gpc v |[a Y Column : PI=(P2-P1) 3

Y-max=40
gLAB.out e

meters of L1-L2 delay (m)
(=} ()
w o

Propagation effects, channe

i i i i i i i i
0010000 20000 30000 40000 50000 60000 70000 80000 80000
time (s)




Example 1. Summary: Kilobuchar model perform.

Vertlcal p05|t|on|ng error [SPP]
I

gLABl out — Fullmodel

~— No lono. corr.

50

Horlzontal posmonlng error [SPP]

gLAB1 out

20

© |® @ Nolono. corr.

401 _...|® o Full model

0F

Up error (m)

North error (m)

gLAB Out : . TS S S S APTRE R
gLAB.out
10000 20000 30000 40000 50000 60000 70000 80000 90000 : : : :
Time (s) 20 I I I I I I I
=20 -15 -10 -5 0 5 10 15 20
East error (m)

Model Iono correctlons [SPP]

BV gLAB out Ionospheric correction
% (broadcast Klobuchar )

35

Ionospheric delays are larger at noon
due to the higher illumination.

meters

Large positioning errors (mainly in
e Vs vertical) appear when neglecting
S B s v ionospheric corrections.

0 10()00 20000 30000 40000 50000 60000 70000 80000 90000

time (s)
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Example 1. 2-frequency Ionosphere-free solution

From previous configuration set following options

gLAB - Version 2.0.0

gLA&wﬂm;

| About |

¢esa

| Preferences

Positioning | Analysis

Input Preprocess Modellmg Filter Output

Modelling Options
& satellite clock offset correction

[ Consider satellite movement during signal flight time

Consider Earth rotation during signal flight time

[ ] satellite mass center to antenna phase center correction

] Receiver antenna phase center correction

Disable
Iono correct.
and
(P1-P2)TGDs

| Receiver antenna reference point correction

& Relativistic clock correction (orbit excentricity)

["] lenespheric correction <

[ Tropospheric correction | UNB-3 Nominal

[ 1|P1 - P2 correction <

P1 - C1 correction Flexible ¥

~ | simple mMapping | +

] wind up correction (Carrier phase only)
['] solid tides correction

| Relativistic path range correction

Save Config | Show Config SPP Template | PPP Template Run gLAB Show Output

gLAB - Version 2.0.0

¢esa

Positioning | Analysis

Measurements
Selection

@® Pseudorange [ | Pseudorange Smoothing [epochs]

gLAB

| Preferences |

gLAB2.out

| About |

T

Troposhere

(] Estimate Troposphere

_) Pseudorange + Carrier phasd

anfiguration and

2-frequencies

Available Frequencies

@® Dual Frequency

~>

ked StdDev [m]TT Elevation stdDev [m]

Receiver Kinematics

Iono-free (PC)

2

*) Static
@® Kinematic

Parameters .
Phi Q Po Other options
Coordinates : 0 1e8 |[m2] 1e8 |[m2] | Backward filtering
Receiver Clock : 0 9el0 |[m2] 9el0 |[m2]
Save Config Show Config SPP Template | PPP Template Run gLAB Ehow Output

After running gLAB, plot results as in previous cases

Equivalent command line sentence:
Propagation effects, channel models and related error sources on G gLAB_linux -input:c-Fg gLAB_pc_IFree.c-Fg
-input:obs ramo1250.000 -input:nav brdc1250.00n
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Example 1. Single-frequency vs. Dual-frequency

NEU posmonlng error [SPP] FuII model

Horizontal positioning error [SPP]
T T T T T

— North error
Wl 1 'Fr‘eq [SPS] — Easterror ||
~— UP error
A w1th Klobuchar [
E
: |
c oot
E £
s 1 5
Z -5t
1 -10 1
SET] SR R H N - b -15 gLAB Out ]
gLAB.out
i i i i i i i i -20 ‘
=200 10000 Z0000 30000 40000 50000 60000 70000 80000 9000 W w s Eastefmr(m) 5 015w
time (s)
50 NEU p05|t|on|ng error [2 freg. lono- free] ‘ » Horizontal positioning error [2-freq. lono-free]
T T T T T T T
: - | = North error : : : : : : :
a0l 2 -Fr\eq' . P .|~ Easterror || 5l |
: : | = UPerror
, Iono-free | | |
—_ 5, 4
m 20 bl 1 £
g 5
§ ;L; oF 4
L T R - i 1 £
o
Z -5b 4
'I ‘ ) o : T 0 SOt SO SN SIS SO 4
B ‘gLAB2.out - gLABZ out ]
~20p10000 20000 30000 40000 50000 60000 70000 80600 9000( B T a—T _‘5 0 5‘, 1‘0 1‘5 20

time (s)

Propagation effects, channel models and related

East error (m)

gLAB - Version 2.0.0

Cesa

Positioningy| Analysis

gLﬁ&

Zenith Tropospheric Delay

‘ Preferences - Abur |

lenospheric combinations

Dilution Of Precision Satellite skyplot Carrier phase ambiguities Measur. Multipath/Noise

o o e Plot glLAB2.out

Title : | NEU positioning error Xl r

results as in

Model components arison

& Automatic Limits ~ X-min :

Individual Plot(s) Configuration

.
e o previous cases
Source File : gLAB.out tedLin v
Condition :[oyrpur - - | [is1=="0uTPUT") Blue -
ey SEC v a ¥ Column : | DSTAN - |18 Label : |North error

Plot
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Ionospheric delay

The ionosphere extends from about 60 km over the Earth’s
surface until more than 2000 km, with a sharp electron
density maximum at around 350 km. The ionospheric
refraction depends, among other things, on the location,
local time and solar cycle (/1 years).

Example 1:

Iono effects on single freq. Positioning

First order (~99.9%) ionospheric delay /1 depends

on the inverse of squared frequency: I1= 40. 3

where STEC is the number of electrons per area unit :
along ray path (STEC: Slant Total Electron Content). STEC = jN ds &

Two-frequency receivers can remove this error source
(up to 99.9%) using ionosphere-free combination £2Pl-f£2P2

of pseudo-ranges (PC) or carriers (LC). pe= =f

Single-frequency users can remove about a 50-70% of the
ionospheric delay using the Klobuchar model, whose
parameters are broadcast in the GPS navigation message.

i SO ), T
1996 1998 2000 2002 2004
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Example 1:

Iono effects on single freq. Positioning

Annex:
gLAB processing in command line
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Example 1: gLAB processing in command line

NEU positioning error [SPP]: Full model

~— North error
+~— East error
~— UP error

Execute in a single line: (gnuplot can also be used )| :", Mn“‘

graph.py -f gLAB.out -x4 -y18 -s.- -c '($1=="OUTPUT")' -1 "North error" X
-f gLAB.out -x4 -y19 -s.- -c '($1=="OUTPUT")' -1 "East error"
-f gLAB.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "UP error"
--yn -20 --yx 50 --x1 "time (s)" --yl "error (m)"
-t "NEU positioning error [SPP]: Full model”

graph.py -f gLAB.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "Full model"
-f gLABl.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "No Iono."™ --cl r
--yn -20 --yx 50 --x1 "Time (s)" --yl "Up error (m)"
-t "Vertical positioning error [SPP]"

graph.py -f gLABl.out -x19 -y18 -so -c '($1=="OUTPUT")' -1 "No Iono." --cl r i !-'&._
-f gLAB.out -x19 -y18 -so -c '($1=="OUTPUT")' -1 "Full mod" --cl b e’
--x1 "East error (m)" --yl "North error (m)" %f d

--Xn -20 --xX 20 --yn -20 --yx 20
-t "Horizontal pos. error [SPP]"

graph.py -f gLAB.out -x4 -y25 -s. -c '($1=="MODEL")' -1 "Klobuchar:STEC" tonospheric combinations
-f gLAB.out -x4 -y'($10-$9)' -s. -c '($1=="INPUT")' --cl r -1 "ALL PI" |
--x1 "time (s)" --yl "meters"
--yn -0 --yx 40 -t "Ionospheric Combination"

s
8

e o Klobuchar: STEC
sile All PRN: PI=(P2-P1)

W
ol

w
8

20pe

of L1-L2 delay (m)
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Example 1: gLAB processing in command line

@cesa

gLAB - Version 2.0.0

‘ Preferences

http:/ /vwww.gage.es T

| About

Positioning | Analysis

Output Destination

Output File : | gLAB.out

Messages
Print INFO Messages

[ Print CS (Cycle-Slip) M

ges

[ Print MEAS Message

Print MODEL Messages

[J Print EPOCHSAT Messages
[ Print PREFIT Messages

[ Print POSTFIT Messages
[l Print FILTER Messages

¥ Print OUTPUT Messages

Save Config

sléﬁﬂ!éﬁm”ﬂasméﬁm@;

Propagation ef

INPUT messages

Input data message. It is shewn after an epoch is read (and
decimated). It contains the measurements for each satellite for this
epoch

+ Field 1:'INPUT'

+ Field 2: Year

+ Field 3: Doy

+ Field 4: Seconds of day

+ Field 5: GNSS System (GPS, GAL, GLO or GEQ)

+ Field 6: PRN satellite identifier

+ Field 7: Arc length (number of undecimated epochs after the
last cycle-slip)

+ For GP5:
+ Field 8: C1[C1C]
* Field 9: P1[C1P]
« Field 10: P2 [C2P]
¢ Field 11: L1 [L1P] (prealigned, in meters)
¢ Field 12: L2 [L2P] (prealigned, in meters)
+ For Galileo (GAL):
+ Field 8: C1A
+ Field 9: C1B
+ Field 10: C1C
+ Field 11: C7Q
+ Field 12: CBQ
* Field 13: L1A
+ Field 14: L1B
+ Field 15: L1C
« Field 16: L7Q
¢ Field 17: L8Q (prealigned, in meters
+ For GLONASS (GLO):
+ Field 8: C1[C1C]
+ Field 9: C2[C2C]
¢ Field 10: L1 [L1P] (prealigned, in meters)
e Field 11: L2 [L2P] (prealigned, in meters)
+ For GEO:
 Field 8: C1[C1C]

+ Sample: INPUT 2006 200 0.00 GPS 19 1 23119003.9020
23119002,6110 23119004.0750 23119002.7507
23119004.0925

prealigned, in meters
prealigned, in meters

)
)
prealigned, in meters)
prealigned, in meters)

)

- Output

Run gLAB || Show Output ‘ ‘

The different messages provided
by gLAB and its content can be
found in the [OUTPUT] section.

By placing the mouse on a
given message name, a tooltip
appears describing the different
fields.

7 71

206 g=be9d 1y console mode: execute

File Edit Termir

To run a command as administrator (user "root"), use "sudo <command=".
See "man sudo root" for details.

glab@gage:~$ ||

gLAB linux -messages

g gLAB - Version 2.0.0 ] glab@gage: ~
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Example 1: gLAB processing in command line

43 Applications Places - —
EEX
File Edit View Insert Format Help

P =N DEE S # % B@
Computer A \\ t d n

# 1 Z 3 4 5 g T 589 10 11 12 13 14 15 16 17 18 no epa

#[MEALS YT Doy sec GAL PEN el iz N. list C1B L1E C1C L1C C7Q L7Q C35Q L&Q] ‘ A 'ith th e

# ii) Plot results: d

s comman

fgraph.py -f gien327Pezlel.dat  -%1 -y3 --1 "PCZ-LCZ[178]" -f gien327Pcilez.dat -x1 -y2 --1 "PC-LC[17]" --cl r --¥n - I I n e Se nten Ce

gawk '{if [§5=="GAL" && §6==16] {print §4,$11-1.42%($15-511)-(§12+1.42%(§12-§16)),6.93%(§11-512)-78.32% (§15-§16]4+72.35% 1—
# 1) Generate MEAS file: p B
LAgLAE linux -input:efg weas.cfg -input:obs 15dtl260.090 -input:nav 15dr1260.09n -pre:dec 0| grep GPS > 15dtl126.09.meas to faCI | Itate
# Note: RINEX file UPCS53620.080 does not provides P1 code.
g o= -
Newvertheless, this is not a problem, because gLLE works in t [ ] t
. writing: jus
I 2 T QYT U For Help, press F1 \ 144 d \\
To run & command as administrator {[user "root"), uses "sudc <command>". CO py a n
See "man sudo root" for details. t V74 f
Joond s paste 1rom

the working
University of Catalonia (UPC) termina l .

Console to execute
“command |ine” search group of Astronomy & GEomatics

sentences

™™ @ gLAE Versicn 2.0.0 £ glab@gage: -
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Example 2: Ionospheric delay analysis

Example 2: Depict the ionospheric delays for the
different satellites in view from station amc2

 This is a simple exercise aimed to illustrate how to use
gLAB to easily analyze GNSS measurements and their

combinations.

« gLAB will be used to read the RINEX measurements file and

to generate a "“text” with the measurements provided in a
columnar format (more suitable to make plots).

 From “text” file, compute
and plot the Ionospheric
delay for a given satellite,
by using code and carrier
measurements at f1, f2:

P=P-P=I+K,
L =L —L, =1+ Ambiguity

P —L =201+ ambiguityl
P, —L, =2a&,1+ambiguity?2
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lonospheric combination (meters)

N B~ o

o

Example 2: Ionospheric delay analysis

&

Code P2-P1

(unambiguous but noisier)

The target is to generate
this plot to depict the
ionospheric delay from
code & carrier data

F=F-R=1+K,

1

L, =L —L, =1+ Ambiguity

P —L =2¢,1+ambiguityl

P —L, =20, 1+ ambiguity?

Carrier Phase L1-L2 (ambiguous but precise)

L _1546; a,=1+4

o, =

| | F |

0 10000 20000 30000 40000 50000 60000 70000 80000 90000

UT (seconds, 1997 January 9th)

721 -1 -
Vo =(fi 1 f,) =(154/120)
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Example 2: GPS measurements content

Code measurements

:p+0~4(1+K21)+81
B =p+a, (1+K21)+82

Carrier measurements

- =1
L|:,0—0~4]+B1+§1 d’l=71_1=1°546
IJZZIO_CZZI—FBz_'_g2 7/21:(f1/f2)2

P Refers to all non dispersive terms: geometric range, clocks, tropo. delay... (see [R-1]).

lonospheric delay

mqf -1

1 2

10°STEC ;

STEC=["N.dl, (STEC isin TECUs)

(IisinmofL =L, delay) 17y =10 / m? =0.10m of L1- L2 delay

Interfrequency bias

K, =K, —K<"

21,rec

As the satellite clocks are referred to the ionosphere-free combination
of codes (P.), the K} cancels in such combination. 2P 2P

Note:

TGD=—0 K/

is broadcast in GPS nav. Message. cTT a2
=5

Carrier ambiguities

B =AN,+h

N, is an integer number. b, is a real number (fractional part of ambiguity)
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Example 2: Ionospheric delay analysis

1.- Read RINEX file with gLAB and generate a "measurements file” in a
columnar format (the easiest to manipulate and plot content):

- Using the configuration file meas.cfg, READ the RINEX and generate the MEAS file

gLAB_linux -input:cfg|meas.cfg|-input:obs |c0c00090.970| -input:nav |brdc8090.97n| >| coco.meas

gLAB configuration file T T
RINEX RINEX
-pre:dec 1 Measurement Navigation
-print:none file file
-print:meas
--model:satphasecenter
--model:recphasecenter
--model:satclocks OUTPUT: measurement file in columnar format ¢
--pre:cs:1i
_-pre:cs:bw [Id YY Doy sec GPS PRN el Az N. list C1C L1C C1P L1P C2P L2P]

1 2 3 4 5 6 7 8 9 10 11 xx xx 14 15 16 ]
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Example 1: gLAB processing in command line

SLAB - Version 20.0

@:esa

Freferences

htp:/ /wvew.gage.es

gLAB.- @ saceus

- ——

About

Preprocess

1

Modelling Filter Output

RINEX Observation File : |cocn0090.970

lonosphere Source (if activated)
@ show @ Broadeast (same as navigation}

S~

A prior receiver position

Examine Calculate @ Use RINEX Position

~brdc0090.97n

Breadeast (specify)

B R ey \ Input Files: --pr-e:cs::)l
RINEX Navigation Flle : | brdcods0.9/m --pre:cs:pw
N C0C00090.970

gLAB - Version 2.0.0

@esa

gLAB-~e

http:/ /www.gage.

GAGE/UP;
)

GNsS Satellite Selection

Station Data
& Data Decimation [s] [1

salellite Options
Elevation Mask [Degrees] (5

[ Discard satellites under eclipse condition
& Discard unhealthy satellites (Broadcast onl

Set data decimation to 1s
-pre: dec 1

gLAB_linux -input:cfg|meas.cfg

-pre:dec 1
-print:none
-print:meas

--model :satphasecenter
--model :recphasecenter
--model :satclocks

-input:obs

c0Cc00090.970

-input:nav |brdc0090.97n| >| coco.meas

A

ﬂ\

RINEX

file

Measurement

RINEX
Navigation
file

Preferences

csitioning | Analysis

Input Freprocess

Relarivistic clack camrer

lonuspheric correction

gLAB - Version 2.0.0

*PC) Comection PL - P2 Correction DS Uled 20
Show Show
Set default
o — - SPP Config_ cc esa Preferences

Output Destination
Qutput File : | gLAB.out

[ %
[& Print MEAS Message

[} Print EPOCHSAT Messages

[] Print PREFIT Messages

MEAS messages

It provides the MEASurement values. It is shown after an epoch is read (and decimated). It contains

— » - M i i 5
( S e [ [Satallite dlock offset correction _essfages the measurements for each satellite for this epoch.
e — (] Print INFO Messages o Field 1:'MEAS'
Positioning | Analysis
A pri - Field 2: Y
[ Print CS (Cycle-Slip) Messages ° R car

MEAS
file

« Field 4: seconds of day

o Field 5: GNSS System (GPS, GAL, GLO or GEO)
« Field 6: PRN satellite identifier

» Field 7: Elevation of the satellite [degrees]

« Field 8: Azimuth of the satellite [degrees]

« Field 9: Number of Measurement(s)

« Field 10: Measurement identifier (as string)

FRN 3 PRN 11 PRN 19 PRN 27 [ Print POSTFIT Messages « Field 11: Measurement(s) value [m]
EEEE DEERR: = - « sample: MEAS 2010 081 300.00 GPS 30 30.00 240.00 6 C1C:L1C:C1P:L1P:C2P:L2P 20228715.3270
() Geometric-free CP Combination [F1-F2] fi FRN 4 PRN 12 ERNI20) BRNEZS) & . (] Print FILTER Messages
= Me(ll:e Tic: ;Ieebb DT] I:: ion nﬁqure s a1 AN 2 o 29 ] D Isable . - 0.0000 0.0000 20228715.2722 20228714.8230 20228714.7005
lclboumnc Wiibbena [ 1 nfigure N . ] |Print OUTPUT Messages
] L1-C1 difference [F1] nfigure BRNIS) BRNLY BRNI22 BRNI30) 7=
— s | eiss | pnzs | e = --model:satphasecenter\
FRN 8 PRN 16 PRN 24 PRN 32 0O Save Config Show Config SPP Template | PPP Template Run gLAB bhow OL
.4 --model:recphasecenter
=
— - : o --model:satclocks —
Disable cycle-slip detectors: Sa ke fun.gi8 Outpu

--pre:cs:li
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Example 2: Ionospheric delay analysis

2.- Manipulate the file with the easy and powerful awk (or gawk)
programming language (to compute the combinations of measurements):

P1 L1 P2 L2 ]
- From coco.meas file:| [Id YY Doy sec GPS PRN el Az N. list C1C L1C C1P L1P C2P L2P]
1 2 3 4 5 6 7 89 10 11 xx xx 14 15 16

Compute different ionospheric combination of codes and carriers, and generate
the obs.txt file containing the fields:| [PRN,sec, P2-P1, (P2-L2)/5.09, (P1-L1)/3.09, L1-L2, Elev/10]

gawk '{print $6,%4,$15-$11,($15-$16)/5.09,($11-$14)/3.09,$14-$16,$7/10}"' coco.meas > obs.txt

T r 1 () 4 + A
_ (P2-P1) (L1-L2)
PRN
. #14 -- #1
46 #15 -- #11 6
P2-L2)/5.09 -
Sec ( ) (RESLD)/3.09 Elev/10
#4 #15 -- #16 #11-- #14 #7
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Example 2: Ionospheric delay analysis

3.-Plot results with “graph.py” (you can use the gnuplot as well)

—->From |obs.txt|file: | [PRN, sec, P2-P1, (P2-L2)/5.09, (P1-L1)/3.09, L1-L2, Elev/10]
1 2 3 4 5 6 7

Show in the same plot the following ionopheric delays for satellite PRNO1.:
P2-P1, (P2-L2)/5.09, (P1-L1)/3.09, L1-L2, Elev./10

5 ‘Ionosp:heric R‘efractilon: coc‘ie and Farrierlphasel

Condition: Fields to plot: L [em
e #2 (x-axis) J o ma

(from 1-st field) Versus Label: R

#3 (y-axis) P2-P1 sk - L Een

File to plot l
graph.py -f obs.txtl c'($1==01)'|-x2 -y3|+1 "p2-P1"
obs.txt -c ==

-f -x2 -y& -1 "(P2-L2)/5.09"
-f obs.txt -c'($1==01)' -x2 -y5 -1 "(P1-L1)/3.09"
-f obs.txt -c'($1==01)"' -x2 -y6 -1 "L1-L2" 10 S S S S S S

-'F ObS,tXt -C' ($1==61) M -x2 _y7 _1 "EleV/le" 0 10000 20000 30000 40032]95((51)000 60000 70000 80000 90000
--yn -10 --yx 15 --x1 "time (s)" --yl "meters of L1-L2 delay"

meters of L1-L2 delay

B -.ﬁ“
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Example 2: Ionospheric delay analysis

lonospheric Refraction: code and carrier phase
I I I I

15 T

.« « P2-P1
(P2-12)/5.09 P

1+« (P1-L1)/3.09
__________ DO S T LI

Il
l\:U

—R=I1+K,
L —L, =1+ Ambiguity

-

+ o+ L1-L2 1
. ; | |+ + Elev/10
% 15- Zo?m: Ibn}ospher}ic Refr?ction:!code ﬁnd carlrier ph?se P1 _LI - 2%1+amblg'u”)/1
v B . B B B s« P2-P1
™ ¢ m | o (P2-L2)/5.09
- : : : ~
! : ; : : |+ « (P1-L1)/3.09 — o / /
. ZOO Y| B B, =L, =201 +ambiguity2
S R 3 N R A R R
0 s 1
g g a, = =1.546; @, =1+4,
- . ¥, —1
5 2 2
g Vo =(fi/ 1) =(154/120)
=5 F
12000 14000 16000 18000 20000 22000 24000 26000 28000 3000
: : . time (s)
— | | | T T T T T T
100 10000 20000 30000 40000 50000 60000 70000 80000 90000

time (s)
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1.0

plot:

alrt: 2009/11/02

Example 2: Sky plots

Sesion 1, Ex5b4: Sky plot: madr: 2009/11/02

Sesion 1, Ex5a4: Sky

0.8

gLAB - Version 2.0.0

{esa

g&ééi_.%“ 5 @mffi;
J

| Preferences | Aboul |

Positioning | Analysis
Templates

Zenith Tropaspheric Delay Ionospheric combinations

Horizontal positioning error

NEU positioning error

Dilution Of Precision Measur. Multipath/Noise

Satellite skyplot ICarrier phase ambiguities

-
w Medcl compencnts Prefit residuals Postfit residuals Orbit and Clock comparison
Global Graphic Parameters
Title : lonospheric combinations| X-label : |time (s) Y-label : neters of L1-L2 delay (m) Clear
(7] Automatic Limits ~ X-min : X-max : Y-min : |0 Y-max : |40
Individual Plot(s) Configuration
@ Plot Nr. 1 Plot Nr. 2 Plot Nr. 3 Plot Nr. 4
: : Source file < g1 AB.out Examine Circles v
1 (ﬁ 1 1 1
1.0 05 0.0 05 1.0 condition : = | (P -
South INPUT (s ) Blue
X Column : SEC - |4 Y Column : - [[($10-¢9) Label : |PRN : PI=(P2-P1)
Satellite skyplot
10 1 T
|o e All PRN Plot
i e e PRN3
05 b
o 0.0 ~ =
’ different latitudes
-0.5} 4
f f 1 - 1 1 i
_]_({ . : : 1'91.0 -0.5 0.5 10
-1.0 -0.5 0.0 0.5 1.0 P 0 1
South
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Example 3: Zenith Troposphere Delay estimation

PPP Template: static positioning with dual freq. code & carrier
(iono-free combination PC,LC) + post-processed precise orbits & clocks.

3 L - sewee, | 1. Select the PPP Template
Cesa | gﬂ% nmimmmse== 1 2. Upload data files:

[ Preferences ] [ About l

postionig (anaysis| -Measurement : roap1810.090
S—r— - ANTEX: igs@5_1525.atx

Input Files A priori receiver position

RINEX Observation File : Iihome,’gLAB,'roaplSlOA()Qo | Examine || O Calculatges Samigion - O rb | ts & CI OC ks '
Show ANTEX  File : l.rhome,'gLAB,'igsos 1525.atx Selbesig 2 .
: Ezm | igs15382.5p3

() Broadcast ® Precise (1 file) O Precise (2 files)

-Orbit and Clock Source x[m] :| |
SP3 File : |Ihome/gLaB/igs15382.5p3 ?l ] - S | N EX lgS@9P1538 . SNX

. ]:\_ |

llunnsphere Source (if activated)  SINEX File : 3 " U N g L B

O show Jhome/gLAB/igs09P1538.5nx | _

xamine
-Auxiliary Files
P1 - C1 Correction P1 - P2 Correction

. 3 Default output file:
e gLAB.out
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Example 3: Zenith Troposphere Delay estimation

PIOtti ng Results NEU positioning error [Static PPP]

0.20 ! ! ! ! ! ! ' '
: ' : ' ' :| — North error
:| — East error

‘| —— UP error

e Coordinates are taken as o
constants in nav. filter.

e Dual frequency Code and
Carrier measurements. 0.05

e Precise orbits and clocks. 0.00{-{'-

e Measurements modelling 0.05
at the 2 T — "
centimetre o= 9LABSTROsTS & Lel levelaccura

level = _ . sl  Over24hdataisachieved

B e e ~ InPPP static mode

0.10

error (m)

: —— ) i i i i i i i i
= o VIR e T 0'200 10000 20000 30000 40000 50000 60000 70000 80000 90000
i K time (s)
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Example 3: Zenith Troposphere Delay estimation

gLAB - Version 2.0.0

& Zenith Tropospheric Delay Estimation
LA&r - @ gAEE’/U 2C ! ! ! p P! ! Y Es . |
http://www.gage.es : : : . :

254 F i~ JLAB with PPP |

| Preferences About | — |GS

@cesa

Positioning | Analysis

Templates
NEU positioning error Horizontal positioning error Zenith Tropospheric Delay lonospheric combinations L : :
Dilution Of Precision Satellite skyplo Carrier phase ambiguities Measur. Multipath/Noise 4 : : :
Model components Prefit gfiduals Postfit residuals Orbit and Clock comparison I 2.48
g 2.48]
el
Global Graphic Parameters g

Title : “enith Tropospheric Delay “label : time (s) Y-label : |troposphere (m) Clear

A The troposphere is estimated = ¥
Al T 244-as-a-Random-Walk process in- ]
Source file | home/jaume/edunav/LECTURES/TUTORIALZTUT2/roap_igs.trp Examine Lines v the Kalman Fl|tel‘ A proceSS .
Condition - - - —— 242 noise of 1cm/sart(h) has 1
2 Gl ¢ YCDIumn: Label : [1G5 540 been ta ken é 5 5 é é
1 2/ 0 10000 20000 30000 40032“35{(5);)00 60000 ?0000 80000 90000

Plot

ftp://cddis.gsfc.nasa.gov/pub/gps/products/troposphere/new/2009/181/roap1810.09zpd.gz

The ZTD in this file is given in mm of delay. Thus, it is converted to m to compare with gLAB results
grep ROAP roapl810.09zpd|gawk -F\: '{print $3}'| gawk '{print $1,$2/1000}' > roap_igs.trp
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Example 3: Zenith Troposphere Delay estimation

Tropospheric delay

The troposphere is the atmospheric layer situated between the Earth’s surface and an altitude
of about 60 km.

The effect of the troposphere on GNSS signals appears as an extra delay in the measurement
of the signal travelling from satellite to receiver.

The tropospheric delay does not depend on frequency and affects both the pseudo-range
(code) and carrier phases in the same way. It can be modeled by:

« A hydrostatic component, composed of dry gases (mainly nitrogen and oxygen) in
hydrostatic equilibrium. This component can be treated as an ideal gas. Its effects vary with
the temperature and atmospheric pressure in a reasonably predictable manner, and it is
responsible for about 90% of the delay.

« A wet component caused by the water vapor condensed in the form of clouds. It depends on
the weather conditions and varies faster than the hydrostatic component and in a totally
random way. For high accuracy positioning, this component must be estimated together with
the coordinates and other parameters in the navigation filter.
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1.Introduction

2.The gLAB tool suite
3.Examples of GNSS processing using gLAB

> Laboratory session organization

LABORATORY Session

e Starting up your laptop

e Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs

e Medium: Laboratory Work Projects: LWP1, LWP2
e Advanced: Homework
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Laboratory session organization

« The laboratory session is organized as an assisted activity
where a set of exercises must be developed individually or in
groups of two.

« As they are conceived as self-learning work, a detailed guide is
provided in the slides (pdf file) to carry out the exercises.

A notepad file with the command line instructions is also provided
to help the sentence writing (doing copy & paste).

« A set of questions is presented, and the answers are also included
in the slides.

« Teachers will attend individual (or collective) questions that could
arise during exercise resolution.
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Laboratory session organization

The exercises are organized at three different levels of difficulty. The

student can choose the level of exercises to do, although at least one
introductory exercise is recommended to learn basic gLAB usage.

1. Basic: Introductory exercises.

They consist of simple exercises to: 1) Study the Ionosphere effects
on single frequency positioning. 2) To depict the STEC on a Radio
occultation 3) Solar Flare effect on TEC, 4,5) TEC evolution during
the Halloween Storm, 6) To depict a TID propagaction

IONO: 1 Storm 2003/10/30: amc2 0ATECU(Y

80 i £\ + + PRN28: ELEV
H ® ® PRN28: P2-P1
« + PRN29: ELEV
e o PRN29: P2-P1

PRN13: ELEV

PG Ceneenst

® & PRN13: P2-P1

.....
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Laboratory session organization

2. Medium: Laboratory Work Projects (LWP).

Two different LWP are proposed (to choose from):

« LWP1: To show a simple numerical method to estimate
electron density profiles (Ne(h)) from RO data.

« LWP2: To analyse the phase excess rate from GPS to Actual measurementsfromr'

LEO due to atmospheric (iono .& tropo.) bending. | FORMOSAT-S/COSMIC

COSMIC #4 Antenna #1, PRNO2
6800 T T T T T T

+ DDdL1-DDdRho

s700 LM . ... ... .._.....]|+ « DDdL2-DDdRho |l

6600 F &N

6500 -
L

6400 |

6300

0.0 0.5 10 15 2.0 25 3.0 35 4.0

A minimum knowledge of UNIX
(e.g., awk) would be desirable
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Laboratory session organization

3 . Advanced: Labeled as "Homework exercise”.

The study ofcode-carrier ionosphere divergence effect on single-frequency
carrier smoothed code is proposed as a complementary "Homework Exercise”

These exercises are beyond the scope of this 2h laboratory session, but can be
selected, as well, instead of the Laboratory Work Projects (LWP1 or LWP2).

H a tC h fi Ite r €} single Frequency and Divergence Free smoething: 100 seconds
- IONO: Halloween Storm: 280ct-02Nov: garl (Lat:40,Lon:-119) — C1 Raw
A 1 n _1 ] ] ! ! s AL PPl - C1 5F smoothed
P(k) =— P(k) + (P(k - 1) + L(k) - L(k - 1)) 60 - + PRNO4: ELEV |J ¢ 1= C1 DFree smoothed
n n e o PRNO4: P2-P1

where [n=k if k< N], and [n=N if k> N].
The algorithm is initialised with: f’(l) = P(1). »

meters

meteg

A minimum knowledge of UNIX
(e.g., awk) is desirable for . : _ :
these homework exercises. B S S TR S RS R e G i

Hours from (2003 Oct 28th Oh GPS time)

gawk 'BEGIN{g=(77/60)"2}{print $6, $4, (g*($13-$14)-($15-%$16))/(g-1)}"' meas.txt > PC.txt
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1. Introduction

2.The gLAB tool suite

3. Examples of GNSS processing using gLAB
4. Laboratory session organization

LABORATORY Session
> Starting up your laptop

e Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs
e Medium: Laboratory Work Projects: LWP1, LWP2
e Advanced: Homework
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Starting up your laptop

1. Plug the stick into an USB port and boot your
laptop from the stick.

2. Access the Boot Device Menu when starting up
the laptop.

Note: The way to do it depends on your computer:
Hg.ggl:lly, you should press [ESC] or [F4], [F10],
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Starting up your laptop

3. The following screen will appear after about 2
minutes:

The US keyboard is
set by default.
Click on this icon to You can change it by

Open a Console CliCking on the upper
right corner.
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Starting up your laptop

I.': Applications Flaces System =} 3 Tuejun 21, 8:48 AM Quclab (b Esp § = ®

Ty | Preferences | About |
glab's Home . ] X _
[N Fositioning = analysis O W , t e

= system

AB. 0 saceuee,

http:/ /www.gage. es

g TaY

Terminal

9 q 1PLAB is ready

saa e to start

File Edil View Terminal Help
To run o command @5 admin ator (user "root"), usc "sudo <command=".

zib;:?r:iairout“ for detzails. WO rkl n g !
Consoleto execute

Command Ilne isearch group of Astronomy & GEomatics
sentences University of Catalonia (UPC)

™8 9 gLAE - Version2.0.0 [ dlab@gage: ~
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Starting up your laptop

43 Applicztions P

File Edit Yiew Insert Format Help

D2 & # & =@ B

# 1 2 3 4 5 [} T 89 10 11 12 13 14 15 1a 17 18
H#[MEALS YY Doy sec GAL PRN =1 Az N. list C1E L1E C1C L1C C7Q L7Q C8Q L&Q]

# ii) Plot results: CO py a n d

: .

gawvk '{if (§5=="GAL" && §6==16) {print §4,§11-1.42*%(§15-§11)-(§12+1.42*%(§12-§16)),6.03%(§11-§12)-78.32%(§15-916)+72.35%1— aste the

fgraph.py -f gien327Pe2leZ.dat  -x1 -y3 —--1 "PC2Z-LC2[178]" -f gien327PciZlef.dat -x1 -y2Z --1 "PC-LC[17]" --cl r —-yn - p

# i) Generate MEAS file: Se nte n Ces

#....

.fgLAE linux -input:cfg meas.cfg -input:ocbs 15dt 090 -input:nsv 15dtl1260.09n -pre:dec 0| grep G - 15dt o (=L} fro m

# Note: RINEX file UPCS3620.080 does not provides P1 code.

# Nevertheless, this is not a problem, because gLAE works in n Ote a d
5O O® glab@gagd k3 |

Filz Edit View Termin) [RfxzEN=ETYS

To run a command as administrator (user "roct"), use “sudo <command=". to CO n SO I e

See "man sudo_root" for details.

7lab@g I

Console to execute
“commandline” search group of Astronomy & GEomatics

University of Catalonia (UPC)
sentences

n2.0.0 =] glab@gage: ~
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1. Introduction

2.The gLAB tool suite

3. Examples of GNSS processing using gLAB
4. Laboratory session organization

LABORATORY Session

e Starting up your laptop
> Basic: Introductory lab exercises: Iono & Posit, SF, storm,TIDs

e Medium: Laboratory Work Projects: LWP1, LWP2
e Advanced: Homework
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EX. 1 Halloween storm: October 2003

A severe ionospheric storm was experienced on October 29-31,
2003 producing and increase of the electron density which led
to large ionospheric refraction values on the GPS signals.
Such conditions were beyond the capability of the GPS
Klobuchar model broadcast for single frequency users,
producing large errors in the SPS (see details in [R-3]).

Vertical positioning error [SPP]

Dual frequency users, navigating with S —— = e ]
the ionospheric-free combination of
GPS signals were not affected by
such ionospheric errors, as the
ionospheric refraction can be
removed up to 99:9% using dual-
frequency signals.

Up error (m)

o I I I I I I I L
400 10000 20000 30000 40000 50000 60000 70000 80000 90000
Time (s)
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Ex. 1: Assessing Iono effects on single freq. pos.

Exercise: Repeat the previous study of Example 1 to
analyze the single frequency solution, but for the
Halloween storm.

The following steps are recommended:

1. Using files amc23020.030,brdc3030.03n compute with
gLAB the following solutions:

a) Solution with full SPS modeling. Name output file as: gLAB.out
b) Solution with the ionospheric corrections disabled = gLAB1l.out
c) Solution with the 2-freq. Ionosphere-free code (PC) = gLAB2.out

2. Plot results

Note: The gLAB GUI or the command line sentences can also be used.

A "notepad” with the command line sentence is provided to facilitate the
sentence writing: just “copy” and “paste” from notepad to the working terminal.
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Ex. 1a: Full processing = gLAB.out

1. Compute SPP using files: amc23020.030,brdc3030.03n

gLAB - Version 2.0.0

&
@-esa | _,
| Preferences

Dacitianing | Am~leis

) O O ¢
Input Preprocess

U s

RINEX Observation File “amc23030.030

Examine

Examine

[} Show ANTEX

Orbit anc Clock Source
@® Eroadcast () Precise (1 file) () Precise (2 files)
RINEX Navigation File : ' brdc3030.03n

lonosphere Source (if activated)
Show Broadcast (same as navigation) () Broadcast (specify)

Auxiliary Files
P1 - C1 Correction P1 - F2 Correction
] Show [] Show
Save Config Show Config SPP Template PP Template

http:[/www.gag_o;.;_al

About |

A priori receiver position
() Calculate @ Use RINEX Position
Specify () Use SINEX File

X[m] :
Y [m]
Z[m] :

SINEX File :

Run gLAB how Output

gLAB - Version 2.0.0

g‘fé/(l -

hﬂp://www.naﬂ_c:el

@esa

| Preferences About |

Positioning | Analysis

Output I

Output Des|
Output File gLAB“aut

Messages
[& Print INFO Messages

& Print CS (Cycle-Slip) Messag&

& Print INPUT Messages

] Examine

[] Print MEAS Message

By default, the output
file name is gLAB.out

& Print MODEL Messages

[& Print EPOCHSAT Messages

[ Print PREFIT Messages
& Print POSTFIT Messages
[& Print FILTER Messages
& Print OUTPUT Messages
Save Config Show Config SPP Template | PPP Template

Run gLAB Show Output

Equivalent command line sentence:

gLAB_linux -input:cfg gLAB_pl_ Full.cfg
-input:obs amc3030.030
-input:nav brdc3030.03n
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Ex. 1b: Iono disabled= gLAB1l.out

2. Reprocess the same files, with the iono. corrections disabled

gLAB - Version 2.0.0

gLAB - Version 2.0.0

= GAGEIUP

’ http:/,o'www.un_u_g.pl _ | : o http:/ /www.gage.es

gesa

| Preferences

LA&* GAGE/UP

About | | Preferences | | About |

Positioning | Analysis Positioning | Analysis

Modelling Options Output Des
& satellite clock offset correction Output File [gLABl|.OLt l B
[& consider satellite movement during signal flight time
[& Consider Earth rotation during signal flight time Mess‘?ges
Print INFO Messages
[] satellite mass center tc antenna phase center correction
Print CS (Cycle-Slip) Messages

- -
[_] Receiver antenna reference point correction D I Sa b I e I o n OS p h e r I C Print INPUT Messages

/ corrections Change output file
& Print MODEL Messages name to gLABl.out

[} Receiver antenna phase center correction

NB-3Nominal | v ||Simple Mapping | + [ Print EPOCHSAT Messages
¥ P1 - P2 correction RINEXNavFile |+ & Print PREFIT Messages
& P1 - C1 correction Flexible v [ Print POSTFIT Messages
[} Wind up correcticn (Carrier phase only) [ Print FILTER Messages
[] 5olid tides correction [ Print OUTPUT Messages
("] Relativistic path range correction
Save Config Show Config SPP Template | PPP Template Run gLAB Show Output Save Config show Config SPP Template | PPP Template low Output

Equivalent command line sentence:
gLAB_linux -input:cfg gLAB_pl NolIono.cfg
-j_nput :obs amc3030.030 C, Madrid, Spain | 15-17 Oct. 2012 | Slide 60
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Ex. 1c: 2 Freq processing = gLAB2.out

3. Reprocess the same files, but with 2-freq. Iono.-free (PC)

r

gLAB - Version 2.0.0

gLAB:~® siceue

{esa

| Preferences | | About |

Positioning | Analysis

Modelling Options
Satellitz clock offset correction

Consider satellite movement during signal flight time

Consider Earth rotation during signal flight time

| satellite mass center to antenna phase center cprrectioT

Disable Ionospheric
corrections and P1-
P2 corrections
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gLAB - Version 2.0.0
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Equivalent command line sentence:

gLAB_linux -input:cfg gLAB_pl_IFree.cfg
-input:obs amc3030.030
-input:nav brdc3030.03n

(] Print MEAS Message

@ Print MODEL Messages

@ Print EPOCHSAT Messages
[ Print PREFIT Messages
CI Mad rld , Spa | n | 1 5_ 1 [ Print POSTFIT Messages
[ Print FILTER Messages
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Change output
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Run gLAB | Siflllv Output




Ex. 1: Assessing Iono. effects on single freq. pos.

NEU positionin: g error [SPP]: Full model

Execute in a single line: (or use the glLAB GUI)

error (m)

graph.py -f gLAB.out -x4 -yl18 -s.- -c '($1=="OUTPUT")' -1 "North error"
-f gLAB.out -x4 -y19 -s.- -c '($1=="OUTPUT")' -1 "East error"
-f gLAB.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "UP error"
--yn -40 --yx 70 --x1 "time (s)" --yl "error (m)"
-t "NEU positioning error [SPP]: Full model"

graph.py -f gLAB.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "Full model"
-f gLABl.out -x4 -y20 -s.- -c '($1=="OUTPUT")' -1 "No Iono." --cl r
--yn -40 --yx 90 --x1 "Time (s)" --yl "Up error (m)"
-t "Vertical positioning error [SPP]"

graph.py -f gLABl.out -x19 -y18 -so -c '($1=="OUTPUT")' -1 "No Iono." --cl r
-f gLAB.out -x19 -y18 -so -c '($1=="OUTPUT")' -1 "Full mod" --cl b
--x1 "East error (m)" --yl "North error (m)"
--Xn -40 --xx 40 --yn -40 --yx 40
-t "Horizontal pos. error [SPP]"

=40 -3 -0 -0 0 FT) 0 a
 (m)

P2-P1 shifted +4 m

-s. -c '($1=="INPUT")"

y . B1=="MODEL")"' --cl r
--x1 "time (s)" --yl "meters" 6
--yn @ --yx 80 -t "Ionospheric Combination" d
J. Sanz Subirana, J.

graph.py -f gLAB.out -x4
-f gLAB.out -x4




1: Assessing Iono. effects on single freq. pos.

Vertical positioning error [SPP]
T T T T T

T T Horizontal positioning error [SPP]
| = Full model ! ! ! ! !

80 | ® @ Nolono. corr.

«~—— No lono. corr.

i 30gLAB1.0ut: ° ‘FuII mo@el
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o Z -10f e
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' Code & s  lonospheric delays are larger at noon due to
“F 4 1ay  ..oEds | the higher insulation.

Klobuchar model is unable to mitigate the
cloe g large ionospheric errors during the storm.
m /,_a_;_;,_:m Position domain errors reach up to 40 meters

el ; with Klobuchar corrections used.
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i i i i i i i i
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Propagauon erects, cnanner moaeis ana reiated error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 63

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



error (m)

60

Ex. 1: Assessing Iono. effects on single freq. pos.

NEU positioning error [SPP]: Full model
T T T T T T

Horizontal positioning error [SPP]
T T T T T

'1-freq.[SPS]:

T
;| = North error
| — Easterror ||
i | = UPerror

North error (m)

j j j j j i i j
10000 20000 30000 40000 50000 60000 70000 80000 9000

I I I I L L L
-30 =20 -10 0 10 20 30

40
time (s) East error (m)
NEU positioning error [2-freq. lono-free]
T T T T T T ! T Horizontal positioning error [2-freq. lono-free]
: i| == North error 40 T ; T 1 T T !
60 : S S S i |
2-freq. .| — Easterror
1 1 : | = UPerror 301
Iono-free L
A0 o 201 i
u s : LI : :
C < : : : :
£
]
Z 10 e |
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-30
~40 o000 20(;00 30(;00 40(;00 50(;00 60(;00 70(300 SU(;OO 90000 -40 ; ; ) ) . : "
= -30 -20 -10 0 10 20 30 40

time (s)

East error (m)

Ionospheric correction
(broadcast Klobuchar )

« The ionosphere-free
combination (PC) of P1 and P2
codes is immune to the
ionospheric storm.

« Although PC is three-times
noisier than P1 or P2, it
provides positioning accurate at
the level of a few meters
during the storm. b ’P- 2P,

c— f12_f22

ex
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Ex. 2: STEC in a Radio Occultation (RO)

Radio Occultation (RO) commonly
refers to a sounding technique in
which a radio signal from a
transmitting satellite (e.g., GPS)
passes through a planetary
atmosphere before arriving at a
receiver on board a Low Earth
Orbiter (LEO) satellite.

Along the ray path, the phase of the This is a simple exercise where the STEC
radio signal is perturbed in a variation along a radio occultation will be
manner related to the refractivity. depicted using GPS L1, L2 measurements
RO measurements can reveal the gggMaIéefoer']\;i;Ig;iggard a LEO of
refractivity, from which one can then '
derive atmospheric quantities such In the LWP1, Electron Density Profiles will
partial pressure of water vapor; and 2!90rithm equivalent to the Abel

: Transform.
electron density, among others.
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FORMOSAT-3/COSMIC mission

Constellation Observing System for Meteorology Ionosphere and Climate:
6 microsatellites; orbit altitude ~ 800km

* Three instruments:
GPS receiver. 4 antennas: 2 for POD, 2 for RO.
TIP, Tri-band beacon
« Weather + Space Weather data.
* Global observations of:
Pressure, Temperature, Humidity
Refractivity
lonospheric Electron Density
lonospheric Scintillation
- Demonstrate quasi-operational GPS limb
sounding with global coverage in near-real time
 Climate Monitoring

Information available at www.cosmic.ucar.edu
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Ex. 2: STEC in a Radio Occultation (RO)

Exercise: The file "RO.obs” contains the following fields [*]:

| €------ LEO ------ >|<------- GPS ------- >|
YY DoY HH.HH CODE PRN elev r_LEO AR_LEO DEC_LEO r_GPS AR_GPS DEC_GPS L1 L2 L1-L2 arc

(deg) (km) (Deg) (Deg)  (km) (Deg) (Deg) (cycles) (m)
1.2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

Plot the L1-L2 measurement in function of time to depict the variation of STEC along
the occultation:
= Select for instance: PRN=02 and "CODE=1241", that corresponds to LEO=4 and Antenna 1

RO: L1-L2: COSMIC #4 Antenna #1
T T T T

- Selecting: CODE=1241 and PRN=02 o - 1 L N\

grep 1241 RO.obs|gawk '{if ($5==02) print $3,$15}'> ro.dat s

- Ploting L1-L2
graph.py -f ro.dat --x1 "time (h)"
--yl "meters of L1-L2" -t"RO: L1-L2: COSMIC #4 Antenna #1"

_ i i i i
%1 42 43 4.4 45 4.6
time (h)

[ *] This file has been generated from files (http://cosmic-io.cosmic.ucar.edu/cdaac):
podObs_2006.253.004.01.01 rnx, leoOrb 2006.253.004.01 2009.2650 sp3, igs13920.sp3
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Ex. 2: STEC in a Radio Occultation (RO)

The previous plot shows only the ’ RO Ll‘mos;wc e £ PRN;°2
variation of the Integrated B [N F NN SR N A S
Electron Content along the ray | | | |
path (STEC). Al

More information can be retrieved from 22
occultation measurements. For £ of
instance: ;

« Electron Density Profile of the HE
Ionosphere (LWP1). =

« Phase excess rate, which is related to |
the bending of ray (LWP2). KE a2 D as a6
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Given that session time is limited
to 2h, participants who feel
comfortable using gLAB, can skip
part of the next basic exercises
(Ex3..., Ex6) and jump to the
Laboratory Work Projects (LWP).

There, if you prefer, you can
jump to slide #86 and choose
one from the two LWPs
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Ex. 3: Solar Flare October 28, 2003

On October 28, 2003, an intense solar eruption (a Solar Flare)
was detected around 11h UT in an active region which had
grown one of the largest sunspots ever seen by the SOlar
Helioscopic Observatory (SOHO). It appeared as a bright
spike in the SOHO ultraviolet images.

This sudden enhancement of the solar
radiation in the X-ray and extreme
ultra-violet band produced a sudden
increase in the ionospheric electron
density on the daylight hemisphere,
(see [R-3]).
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Ex. 3: Solar Flare October 28, 2003

Exercise: Analyze the effect of the Solar Flare on the Slant Total
Electron Content (STEC) measurements of four permanent
IGS receivers ankr, ascl, kour and gaql, covering a wide
range of longitude and latitude. u@ % e

Data sets:
ankr3010.030, ascl13010.030,
kour3010.030, qaql3010.030

South

Atlantic
Ocean
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Ex. 3: Solar Flare October 28, 2003

[Id YY Doy sec GPS PRN el Az N. list C1C L1C C1P L1P C2P L2P]
1 2 3 5 6 7 8 9 10 11 xx 13 14 15 16 ]

Execute:

gLAB linux -input:cfg meas.cfg -input:obs ankr3010.030 > ankr3010.03.meas
gLAB linux -input:cfg meas.cfg -input:obs asc13010.030 > ascl3010.03.meas
gLAB linux -input:cfg meas.cfg -input:obs kour3010.030 > kour3010.03.meas
gLAB linux -input:cfg meas.cfg -input:obs qaql3010.030 > qaql3010.03.meas

graph.py -f ankr3010.03.meas -x4 -y'($14-$16)' -1 "ankr" % .,
-f asc13010.03.meas -x4 -y'($14-$16)' -1 "asc1" | ¥ T
-f kour3010.03.meas -x4 -y'($14-$16)' -1 "kour" | W
-f qaq13010.03.meas -x4 -y'($14-$16)' -1 "qaql" | = o -
--x1 "time (s)" --yl "meters of L1-L2" I e
--xn 38500 --xx 40500 --yn -20 --yx 20 i T
-t "28 Oct 2003 Solar flare" i o
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Ex. 3: Solar Flare October 28,

20 28 Oct 2003 Solar flare
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Ex. 4: Halloween storm: P2-P1 analysis

Associated with the Solar Flare analysed in the previous exercise, a Coronal
Mass Ejection occurred, which sent a large particle cloud impacting the
Earth's magnetosphere about 19 hours later, on October 29.

Subsequent impacts were still occurring several hours later. This material
interacted with the Earth's magnetosphere and a Storm Enhancement
Density (SED) appeared in North America and affected later the northern

U.1TEGU(21EDL_I'E%%EDE.LJ4[M1

latitudes in Europe. Extra large gradients of
TEC associated with this phenomenon were
also produced, degrading the GPS
positioning performance.

500
400

300

The TEC evolution in October 30, 2003 (i.e.,
Day 303 of year 2003) can be seen in the
movie TEC_2003o0ct30_anim.gif.

200

-100
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Ex. 4: Halloween storm: P2-P1 analysis

The measurement files gar13010.030, garl3020.030,
garl3030.030, garl3040.030, garl3050.030, garl3060.030 were
collected by the permanent receiver garl in Empire, Nevada,

USA (0= 40.42 deg, A =-119.36 deg) from October 28 to
November 2, 2003.

Using these files, plot the STEC for all satellites in view and
discuss the range of such variations. Analyse, in particular, the
satellite PRN 04 and calculate the maximum rate of STEC
variation in mm/s of L1 delay. Add the elevation of satellite PRN
04 in the plot.

The associated broadcast navigation les are brdc3010.03n,
brdc3020.03n, brdc3030.03n, brdc3040.03n, brdc3050.03n,
brdc3060.03n.
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Ex. 4: Halloween storm: P2-P1 analysis

Exercise: Depict the ionospheric delays for the
different satellites in view from station amc?2.

« This is a simple exercise aimed to illustrate how to use

gLAB to easily analyze GNSS measurements and their
combinations.

« gLAB will be used to read the RINEX measurements file
and to generate a “text” with the measurements

pI‘ovi)ded in @ columnar format (more suitable to make
plots).

« Using such “text” file, the STEC pattern for the
different satellites in view during the storm is depicted
from the geometry-free combination of codes P2-P1.

Note: P —-P=I1+K,
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Ex. 4: Halloween storm: P2-P1 analysis

The next commands read a RINEX file and generate a text file (in columnar
format) that allows to easily plot the measurements and their
combinations:

1. Using the configuration file meas.cfg, READ the RINEX and generate the MEAS message

with data format: 114 vy poy sec GPS PRN el Az N. list CIC L1C CIP L1P C2P L2P]
Execute: 1 2 3 4 5 6 7 8 9 10 11 xx 13 14 15 16 ]

gLAB_linux -input:cfg meas.cfg -input:obs amc23030.030 -input:nav brdc3030.03n > amc23030.03.meas

2. From meas.txt file,

Compute the ionospheric combination of codes: PI=P2-P1.
Generate the file PI.txt with the following content: [PRN, hour, PI, elevation]

gawk '{print $6, $4/3600, $15-$13, $7}' amc23030.03.meas > PI.txt

3. From PI.txt file,

Plot the PI=P2-P1 for time interval [15 to 24].hours. Show in the same graph: 1) ALL
satellites, 2) PRN 13, 28 and 29, and 3) The elevation of each satellite.(13, 28 and 29)

graph.py -f PI.txt -x2 -y3 -1 "ALL"
-f PI.txt -c'($1==28)' -x2 -y3 -so -1 "28:P2-P1" -f PI.txt -c'($1==28)' -x2 -y4 -1 "29:ELEV"
-f PI.txt -c'($1==29)' -x2 -y3 -so -1 "29:P2-P1" -f PI.txt -c'($1==29)' -x2 -y4 -1 "13:ELEV"
-f PI.txt -c'($1==13)' -x2 -y3 -so -1 "13:P2-P1" -f PI.txt -c'($1==13)' -x2 -y4 -1 "13:ELEV"
--xn 15 --xx 25 --yn @ --yx 85 --x1 "time (h)" --yl "meters of L1-L2 delay"”
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Ex. 4: Halloween storm: P2-P1 analysis

IONQO: Halloween storm 2003/10/30: amc?2
T T I

sob s __________________ ______________________ .« ALL ]

j : : | e e 28:P2-P1
yo] T ...................... .................. ..................... « « 29:-ELEV
5 | § ‘Ae o 29:p2-P1
6oL - . Y e 8 /1. . 29:ELEV

: g |o o 13:p2-P1
50 e ..................... ...................... A _' ..... 13-ELEV

40 . .................. ..........

metres of L1-L2 delay

ol Y A S

1 SRR LTS S SN, CR Y\ O\ o

16 18 20 2 24
time (h)
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Ex. 5: Halloween storm evolution

Exercise: Analyze the ionospheric delays for 6
consecutive days including the Halloween storm

« This is a simple exercise aimed to illustrate the
ionospheric delays variation during the Halloween
storm. A period of 6 consecutive days (from October 28
to November 2, 2003) are analyzed using
measurements collected in the “garl” station in North

America.

« The STEC variations are depicted from the geometry-
free combination of codes P2-P1.

Note: P—P=1+K,,
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Ex. 5: Halloween storm evolution

[Id YY Doy sec GPS PRN el Az N. list C1C L1C C1P L1P C2P L2P]

1.- Read RINEX file: | 1 2 3 5 6 7 8 9 10 11 xx 13 14 15 16 ]
gLAB_linux -input:cfg meas.cfg -input:obs garl3010.030 -input:nav brdc3010.03n > garl3010.03.meas
gLAB_linux -input:cfg meas.cfg -input:obs garl3020.030 -input:nav brdc3020.03n > garl3020.03.meas
gLAB_linux -input:cfg meas.cfg -input:obs garl3030.030 -input:nav brdc3030.03n > garl3030.03.meas
gLAB_linux -input:cfg meas.cfg -input:obs garl3040.030 -input:nav brdc3040.03n > garl3040.03.meas
gLAB_linux -input:cfg meas.cfg -input:obs garl3050.030 -input:nav brdc3050.03n > garl3050.03.meas
gLAB_linux -input:cfg meas.cfg -input:obs garl3060.030 -input:nav brdc3060.03n > garl3060.03.meas

2.- Merge files and refer all the data to Oh of October 28th: Doy0301.

cat garl30?0.03.meas |gawk '{d=($3-301)*86400;%$4=$4+d; print $6, $4/3600, $11-$13, $7}' >PI.txt

3.- Plot results:.

20 IONO: Halloween Storm: 280ct-02Nov: garl (Lat:40,Lon:-119)
T T T T T T T

graph.py -f PI.txt -x2 -y3 -1 "ALL P2-P1" ‘ ; . -« ALL:P2-P1

-f PI.txt -c'($1==04)' -x2 -y3 -so -1 "PRNO4: P2-P1"
--Xn O --xx 144

 Canada

meters of L1-L2 delay

e North
Atlantic
Ocean

Propagation effects, channel Spd

Mexico

R , g
40 60 80 100
Hours from (2003 Oct 28th Oh GPS time)




Ex. 5: Halloween storm evolution

graph.py -f PI.txt -x2 -y3 -1 "ALL P2-P1"
-f PI.txt -c'($1==04)"' -x2 -y4 -1 "@4: EL"
-f PI.txt -c'($1==04)"' -x2 -y3 -so -1 "e4"
--Xnh 0 --xx 144

Zoom at time interval: 70to 78 h

graph.py -f PI.txt -x2 -y3 -1 "ALL P2-P1"
-f PI.txt -c'($1==04)"' -x2 -y4 -1 "@4: EL"
-f PI.txt -c'($1==04)"' -x2 -y3 -so -1 "@4"
--Xn 70 --xx 78

0 IONO: Halloween Storm: 280ct-02Nov: garl (Lat:40,Lon:-119)
T T T T T T T

« ALL: P2-P1
IS + + PRNO4: ELEV |{
e o PRNO4: P2-P1

“

60

50

off J H OB

30

meters of L1-L2 delay

20.. .

i * | L i i
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IONO: Halloween Storm: 280ct-02Nov: garl (Lat:40,Lon:-119)
T T T T T T T

70 ; ‘ .
e : : « « ALL: P2-P1
6ol ' : |+ + PRNO4: ELEV |.
e e PRNO4: P2-P1
50t . ‘ :

meters of L1-1L2 delay
w
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_ i ‘ i ‘ 'i ‘ i
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Ex. 6: Travelling Ionospheric Disturb.

Travelling Ionospheric Disturbances (TIDs) are understood as plasma
density fluctuations that propagate through the ionosphere at an
open range of velocities and frequencies. The trend of such
fluctuations can be seen from the geometry free combination of GPS
carrier measurements L =L —L, .

Some authors distinguish between Large-Scale TIDs (LSTIDs) with a
period greater than 1 hour and moving faster than 0,3 km/s, and
Medium- Scale TIDs (MSTIDs) with shorter periods (from 10 minutes
to 1 hour) and moving slower (0.05-0.3 km/s). The LSTIDs seem to
be related to geomagnetic disturbances (i.e., aurora, ionospheric
storms, etc.). The origin of MSTIDs seems to be more related to
meteorological phenomena such as neutral winds, eclipses, or solar
terminator that produces Atmospheric Gravity Waves (AGW) being
manifested as TIDs at ionospheric heights, due to the collision
between neutral and ionised molecules.
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Ex. 6: Travelling Ionospheric Disturb.

In [R4, 2006] a simple method to detect MSTIDs is proposed. It
consists of detrending the geometry free combination of GPS
carrier measurements from the diurnal variation and elevation
angle dependences, applying the following equation:

SL,(0)=L,(O)~(L,(t+ D)~ L,(t-7)) /2

where a value of 300sec is suitable to keep enough variation of LI
(i.e., STEC).

Using the previous equation, the detrending is done simply by
subtracting from each value an average value of the previous and
posterior measurements (i.e., the curvature of the LI temporal
dependency). It must be pointed out that that this detrending
procedure can be used in real time with a single receiver, so it is
suitable for identifying these ionospheric perturbations in navigation
applications.
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Ex. 6: Travelling Ionospheric Disturb.

An example of MSTID
propagation can be depicted
as follows using the
measurements of three
stations SODB, MHCB and
MONB, which are separated
by a few tens of kilometres.

The target is to reproduce
the figure 10 of the above
mentioned paper [R4, 2006].

[R4, 2006] Hernandez-Pajares, M; Juan, M.; Sanz, J., 2006].

Propagation effects, channel models and related error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 84

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



Ex. 6: Travelling Ionospheric Disturb.

Exercise: Execute in a single line:

# a)

gLAB_linux -input:cfg meas.cfg -input:obs mhcb2910.010 > mhcb.meas
gLAB_linux -input:cfg meas.cfg -input:obs monb2910.010 > monb.meas
gLAB_linux -input:cfg meas.cfg -input:obs sodb2910.010 > sodb.meas

# b)
gawk
gawk
gawk

# c)

gawk

gawk

gawk

Reading RINEX files:

Selecting satellite PRN14:

"{if ($6==14) print $0}' mhcb.meas > mhcb_14.meas
"{if ($6==14) print $0}' monb.meas > monb_14.meas
"{if ($6==14) print $0}' sodb.meas > sodb_14.meas

Detrending on the geometry-free combination L1-L2:

"{for (i=0;i<21;i++) {t[i]=t[i+1];1[i]=1[i+1]};t[21]=$4;1[21]=$14-$16;
if (NR>21){tt=t[@]*t[10]*t[20];if (tt!=0) print t[10],(1[10]-(1[@]+1[20]1)/2)}}" mhcb_14.meas > mhcb_dLi.meas

"{for (i=@;i<21;i++) {t[i]=t[i+1];1[i]=1[i+1]};t[21]=%$4;1[21]=$14-%16;
if (NR>21){tt=t[@]*t[1@]*t[20];if (tt!=@) print t[10],(1[10]-(1[@]+1[20])/2)}}' monb_14.meas > monb_dLi.meas

"{for (i=0;i<21;i++) {t[i]=t[i+1];1[i]=1[i+1]};t[21]=$4;1[21]=$14-$16;
if (NR>21){tt=t[@]*t[10]*t[20];if (tt!=0) print t[10],(1[10]-(1[@]+1[20]1)/2)}}" sodb_14.meas > sodb_dLi.meas
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Ex. 6: Travelling Ionospheric Disturb.

Plotting results: Execute in a single line:

graph.py -f sodb_dLi.meas -s.- -1 "sodb: PRN14"
-f mhcb_dLi.meas -s.- -1 "mhcb: PRN14"
-f monb_dLi.meas -s.- -1 "monb: PRN14"
--Xn 55500 --xx 57000 --yn -0.05 --yx 0.07
--x1 "time (s)" --yl "Detrended STEC (meters of L1-L2 delay)"
-t "MS Travelling Ionospheric Disturbance (MSTID) propagation"

ianalz
Area

MS Travelling lonospheric Disturbance (MSTID) propagation
T I T T T T T

~— s5o0db: PRN14
0.06 |- .

~— mhch: PRN14

— monb: PRN14
0.04 : :

0.02

0.00

-0.02

Detrended STEC (meters of L1-L2 delay)

-0.04

55600 55800 56000 56200 56400 56600 56800 57000
time (s)



1. Introduction

2.The gLAB tool suite

3. Examples of GNSS processing using gLAB
4. Laboratory session organization

LABORATORY Session
e Starting up your laptop

e Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs
> Medium: Laboratory Work Projects: LWP1, LWP2

e Advanced: Homework
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LWP1:

Electron Density Profile from RO

In the previous Exercise
#2 the variation of the
Integrated Electron
Content along the ray
path (STEC) has been
shown. From these ' —
integrated measurements |LWP1: Target

during an occultation itis |In this LWP we will retrieve

i T
- PO W N
-y "i\!g' T g -
b o P g

possible to retrieve the the Ne(h) using a simple
electron density profile numerical algorithm which
(i.e., Ne(h)) of the is equivalent to the Abel
ionosphere. transform (see [R-6]).

Propagation effects, channel models and related error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 88

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



LWP1:

Electron Density Profile from RO

« The basic observable of this
technique is the additional delay,
due to the refractivity index, of a
radio signal when passing through
the atmosphere.

« This additional delay is

proportional to the integrated

refractivity, in such a way that we
can obtain an estimation of the

vertical refractivity profiles using As it is know, STEC and Ne are related by:
observations at different elevation LEO

angles by solving an inverse STEC(p)=| N, dI
problem.

An equivalent expression, assuming spherical

« Traditionally, the solution of this symmetry
STEC(p,)=2>"" N.(p)l,

inverse problem is obtained by
using the Abel inversion algorithm
assuming a refractivity index that
only depends on the altitude [R-5].

where p stands for the impact parameter (the closest
point to the Earth centre along the optical ray path).
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LWP1:

Electron Density Profile from RO

Thence, starting from the outer
ray (p;=r;go), for a given ray i,
where i=1,..., with impact
parameter p,, its STEC can be
written in a discrete
representation as:

Jj=i-1

STEC(pi) =2Ne(pi) li,i + Z Ne(pj) li,j
j=1

where [; is the fraction of ith ray within
the spherical layer ith (see [R-6]).

The previous equation defines a
triangular linear equations system
that can be solved recursively for
the electron density Ne(p).

to LEO from GPS

where p stands for the impact parameter (the closest
point to the Earth centre along the optical ray path).

As measurements we use L1-L2 carrier
phases that are related with the STEC by:

L—L =aSTEC+b

where the bias term b is eliminated making
differences to a reference in the arch data.
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LWP1:

Electron Density Profile from RO

The program “abel.perl” implements the previous algorithm to estimate the
Ne(p) profile from GPS L1-L2 carrier measurements.

* The input data is [p(n),L1-L2(n)], with pin km and L7-L2 in meters (of L1-L2 delay)

where the impact parameter must be sorted from larger to lower value.
= Only measurements with negative elevation must be given (i.e., occultation).

* The output data is: [n,p(n),L1-L2(n),Ne(n)],
where Ne is given in e/m3.

& Tangent point
Note: the Impact parameters can be rpo ) elev<0  (mpact parameter)
computed from the LEO elevation R ] to GPS
(elev) and its distance to Earth’s i . B

centre (r o) by (see figure):

P =1z, cos(elev)

(reocenter )
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LWP1:

Electron Density Profile from RO

Exercise:

The file “RO.obs” contains the following fields (see Ex.5):

| €------ LEO ------ >|<------- GPS ------- >|
YY DoY HH.HH CODE PRN elev r_LEO AR_LEO DEC_LEO r_GPS AR_GPS DEC_GPS L1 L2 L1-L2 arc

(deg) (km) (Deg) (Peg)  (km) (Deg) (Deg) (cycles) (m)
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

1.- Using the file RO.obs, select the measurements with negative elevations for GPS
satellite PRNO2, the LEO #4 and antenna #1, and generate the input file
[p(n),L1-L2(n)] for program “abel.perl”

- Selecting: CODE=1241 and PRN=02 and negative elevations (ocult)
grep 1241 RO.obs|gawk '{if ($5==02 && $6<0) print $0}'> ro.tmp

- Generating the input file
gawk '{printf "%9.5f %7.5f \n",$7*cos($6*3.14/180),%$15}"' ro.tmp > abl.tmp

- Sort the file by impact parameter:
sort -nr -k+1 abl.tmp > abl.dat
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LWP1:

Electron Density Profile from RO

2.- Run the program “abel.perl” over the generated file “abl.dat” to
compute the electron density profile Ne(p):

- Sort the file by impact parameter:
cat abl.dat | abel.perl > Ne.dat

3.- The output file "abl.dat” contains
the fields [n,p(n),L1-L2(n),Ne(n)].
Plot the electron density profile Ne
as a function the impact parameter

p and as a function of height above
Earth.

- Plotl: As a function of “p”
graph.py -f Ne.dat -x4 -y2
--x1 "Ne(e-/m3)" --yl "p (km)"
- Plot2: As a function of “height”
graph.py -f Ne.dat -x4 -y '($2-6370)'
--x1 "Ne(e-/m3)" --yl "h (km)"
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LWP1:

Electron Density Profile from RO

Questions

1. Taking into account the relationship between the electron density
(N) and the critical frequency (f,), i.e., minimum frequency for a

signal not being reflected, [R-1]: ¢ =8.98\/ﬁ (N, ine /n?’, £, in Hz)
P e e >Jp

Compute the minimum frequency of a signal to cross through the
ionosphere.

Answer:
From previous plot, the N, of the maximum is 3.7E+11 e /m>.

Thence:
S f =8.983.7-10" = 5.46MH:

2. Calculate the height where a signal with frequency f=4 MHz will be
reflected, according to the previous plot of N, profile.

Answer: N, =(f/8.98)"=(4-10°/8.98)* =1.98-10"" = ~150km
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LWP2:

Atmospheric Bending in RO

LWP2: Target

This LWP is focused in
depicting and analysing
the effect of the
atmospheric bending in
Radio Occultation
measurements.

A simple procedure will be given to depict the phase excess rate

due to the troposphere and ionosphere over L1, L2 and LC
measurements.

Note: LC is the Ionosphere Free combination of ) )
carriers L1 and L2 is given by: LC:fl L1-f,L2

2 2
h=h
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LWP2:

Atmospheric Bending in RO

Let L, be the carrier measurement at frequency f;.

A procedure to depict the L1 bending is given next: No bending

L=p +cdtiy+B); p =p+T-&l

being p the Euclidean distance between GPS and LEO
and B a constant bias along continuous phase arc

« The bias B cancels, taking time differences of L1.
Thence, from previous equation, it follows

Ap (AL Acdt Reference satellites (GPS, LEO) are taken
At - At - At in NON-OCULTATION .

Ap :ccut Ap occult AL / A

L pp—L—pp=L 20
At At At At

Note: LEO and GPS orbits are known at the

level of few cm (~5cm), thus the Euclidean

range can be calculated accurately and, thus,
the range rate Ap/ At

« And clocks cancel taking Double-Differences
between pairs of LEO and GPS satellites:

pp2P__ pp2L
At At
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LWP2:

Atmospheric Bending in RO

Next expressions generalize previous

results for L1, L2 and Lc measurements:

— N sat . s 5 Tle 1 —
L=p +cdt, . +B;| p =p+T-al}; j=1,2

L.=p°+cdt™ +B.)| p°=p+T

rec

The differences in time to depict the bending

* AL sat AL
ap 8% Addh, _ ppBP _pptu
At At

A AN N

(O] sat ©)
AP° AL, Acdiy  A0° AL
AN N N At

And the clock term cancels taking Double
Differences between LEO and GPS satellites

A :ccult A occult AL
Pew P _ pp2%i _ppP oo j=12
At At At At
Ap Scult Ap :ccult AL Ap Carrier
- = DD=C—-DD=E %0
A A Ar Ar Excess Rate

No bending

Bending

Reference satellites (GPS, LEO) are
taken in NON-OCULTATION .

Bending is assumed only for the GPS-
LEO ray in occultation.

DD =[ ()5 =@ =[Ok~ |

&
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LWP2:

Atmospheric Bending in RO

Another possibility to remove the clock term, could be to subtract the LC
combination from L1 (or L2). The result will provide the “discrepancy
between L1 (or L2) and LC excess ray path.

That is:
AP AL, Acdt™ )
= - - > J :192 * ©}
NN N | APu BPu AL AL =12
A0S, AL, Acdt™ A N N AT
AN N )

Notice that the Euclidian range rate is not needed to subtract as in the previous case,

because it is cancelled when taking the difference between L1 (or L2) and Lc. Other
delays can also be cancelled...

In the following exercises, we will plot the previous combinations and
discuss the different contribution of the ionosphere and troposphere to
the phase excess rate.
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LWP2:

Atmospheric Bending in RO

Exercise:

The program “R0O.perl” uses the “"R0O.obs” as input data and computes the following
combinations of RO measurements:

The output file: 1 2 3 4 5 6 7 8 9 10 11 12 13 14
sec CODE PRN p dRho dL1 dL2 dLc d(L1l-Lc) d(L2-Lc) DDdRho DDdL1 DDdL2 DDLc
(units m/s)
where

« Rho is the Euclidean Distance between GPS and LEO
« d: means differences in time

« DD: means Double Differences between GPS and LEOs satellites.

Note: the GPS PRN13 and LEO “I252" are used as reference
satellites.

(the rays between these satellites are not in occultation)

The results are computed for the RO between GPS PRNO02
and LEO “1241" (the same occultation as in previous cases)

The aim of this exercise is to analyse the phase

excess rate in the different combinations due to
the bending of the ray.

S R
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LWP2:

Atmospheric Bending in RO

1.- Run the program “R0O.perl” over the file “R0O.0obs” and generate the
combinations of measurements indicated in the previous table.

Note: the results are provided for the occultation associate to
PRN=02 and "CODE=1241" that corresponds to LEO=4 and

Antenna 1.

This is hard code in the program, but can be changed, as well.

- Execute (the file RO.obs, must be available in the directory)

RO.perl > bending.dat

2.- Discuss next plots:
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LWP2:

Atmospheric Bending in RO

P1.- Plot the impact parameter p as a function of "DDdL1-DDdRho”
and DDdL2-DDdRho. Discuss the results found.

graph.py -f bending.dat -x'($12-$11)' -y4 -1 "DDdL1-DDdRho"
-f bending.dat -x'($13-$11)' -y4 -1 "DDdL2-DDdRho" --xn -0.4 --xx 4

6500 COSMIC #4 Antenna #1, PRNO2 Q1: Justify the discrepancy
l l l l [ I [
5 | | [~ - DDAL1-DDdRho between the two plots.
Y | ER— T SR e S + + DDdL2-DDdRho |/
eroer | | | | ; ; ; Answer 1:
: | | | | : : | « The curves in the plot show
= 6600 |- ............ ............ ............ ............. ............. ............. ............. ........... 4 phase excess rate due the effect
£ f | | | | of both ionosphere and
ST o) D, , Y I S e ] A ] S l troposphere.
: : : : : : : : « As the bending in the ionosphere
6200l Weeww o S R S U SO S | Is a frequency dependent effect,
: Soew e - . L. the contribution is different for
: | | | | | : each signal (L1 and L2).
0300 005 10 15 20 25 30 35 40
m/s
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LWP2:

Atmospheric Bending in RO

P2.- Plot the impact parameter p as a function of DDdLc-DDdRho.
Discuss the results found.

graph.py -f bending.dat -x'($14-$11)' -y4 --xn -0.1 --xx 0.3 --x1 "m_Lc/s"
--yl "p (km)" -t"DDdLc-DDdRho: COSMIC #4 Antenna #1, PRNO2"

DDdLc-DDdRho: COSMIC #4 Antenna #1, PRN02 Q2: Why there is no excess
Y | | | | g ray path for p>6420 km?

6700k S S S o S |

6800

Answer 2:
| | | | | : « The ionospheric bending effect on
6600 - e Meo SO S S AOSSUUUSE NS _ L1 and L2 is proportional to the

i i i i i : inverse of squared frequencies
6500 | NG ei..i...] (firstorder)and cancels in the

5 ’ : f f : ionosphere-free combination of

carriers Lc.

« There is only bending effect in Lc
| due to the troposphere, which

6300 ' i i | i produces the path at the bottom
~0.10 -0.05 0.00 005 010 015 020 025 of the figure
m/s .

p (km)

6400 | - ........... '- ......... .......... o ........... . ............ |
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LWP2:

Atmospheric Bending in RO

P3.- Plot the impact parameter p as a function of “dL1-dLc” and DDdL1-
DDdRho. Discuss the results found.

graph.py -f bending.dat -x9 -y4 -1 "dL1-dLc"
-f bending.dat -x'($12-$11)' -y4 -1 "DDdL1-DDdRho"
--x1 "m_L1/s" --yl "p (km)" --xn -0.4 --xx 4 -y4

6300 . _ COSMIC #4 Antenna #1, PRNO2_ Q3: Justify the discrepancy
| | | | | .+ dll-dLc between the two plots.
6700 L., ____________ ____________ ____________ _____________ _________ - DDIdLl-DDIdRho 1 Answer 3:
| | | | | : : ; « DDdL1-DDdRho accounts for the
_.6600F X o Lo b R o s s | contribution of ionosphere and
§ | | § | | troposphere. The troposphere
e | I, W S S e I ] e S | produces the large drift at the
. . . . . . . . bottom.
| | | | | : : | « dL1-dLc cancels common effects in
ea00 AR A . s e | both signals, like troposphere and
. | | | j ionosphere. But, as there is no
6300 —G5 05 10 15 20 25 30 35 4o D2ending effect due to the iono. on

m/s Lc (see previous plot P2) , thence,

the curves match for p> 6420 km.
Propagation effects, channel models and related error sources on GNSS | ESAC, Madrid, Spain | 15-17 Oct. 2012 | Slide 103

Tutorial associated to the GNSS Data Processing book
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares



p (km)

LWP2:

Atmospheric Bending in RO

P4.- Plot the impact parameter p as a function of “"dL2-dLc” and DDdL2-

6800

6700

6600

6500

6400

6300

DDdRho. Discuss the results found.

graph.py -f bending.dat -x10 -y4 -1 "dL2-dLc"

-f bending.dat -x'($13-$11)' -y4 -1 "DDdL1-DDdRho"
--x1 "m_L2/s" --yl "p (km)" --xn -0.4 --xx 4 -y4

COSMIC #4 Antenna #1, PRNO2

| g + « dL2-dLc
o S AR S - + DDdL1-DDdRho |
&b dS fD fS Zb 25 3b 15
m/s

4.0

Q4: Justify the discrepancy
between the two plots.

Answer 4:
« The same answer as in previous
plot.
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LWP2:

Atmospheric Bending in RO

P5.- Plot impact parameter p as a function of "dL1-dRho” and dL1-dLc.
Discuss the results found.

graph.py -f bending.dat -x'($6-$5)' -y4 -1 "dL1-dRho"

-f bending.dat -x9 -y4 -1 "dL1-dLc"
--x1 "m_L1/s" --yl "p (km)" -t"COSMIC #4 Antenna #1, PRNO2"

COSMIC #4 Antenna #1, PRNOZ

6800 . . . .
-4- e [ . dll-drho||  Q5: Justify the discrepancy
6700 L} S oy ~ |- - dildic | between the two plots.
__6600F M ............ .......... ............ ____________ ........... i Answer 5:
£ § § § | § | |  The large drift in dL1-dRho curve
Sesool o 1 S _ o | is due to the satellites (GPS and
- ' ' ' ' : : LEO) clock drift.
_ : : _ : _ | « These large clock variations do
SACU NN e e \%.f‘.';'.';';';'_'i """""" B S l not allow to see the atmospheric
Tteeeenl L, bending effect.
6300 i | ; ; | ; i i

-10 0 10 20 30 40 50 60 70 80
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LWP2:

Atmospheric Bending in RO

P6.- Plot “"dL2-dRho” and dL2-dLc as a function of time.
Discuss the results found.

graph.py -f bending.dat -x'($7-$5)' -y4 -1 "dL2-dRho"
-f bending.dat -x10 -y4 -1 "dL2-dLc"
--x1 "m_L2/s" --yl "p (km)" -t"COSMIC #4 Antenna #1, PRNO2"

6800 COSMIC #4 Antenna #1, PRNO2
! e | i i _ _
| | | s |+ - dl2dRho|| Q6: Justify the discrepancy
G700k B ............ .......... ............. ...... * :' dLZ'ch _ between the tWO plotS.
00 o] Answer 6 | |
£ | | 5 | : | | « The same answer as in previous
= | | : | : | | lot.
& 6500k 4o ............ ........... i e N P
aoo| | SR N SO S O S N
S TR 10 20 30 40 50 60 70 80
m/s
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LWP2:

Atmospheric Bending in RO

Bending Angle (a) Derivation of bending angle ¢/(a) from
. Excess Phase Rate (or Atmospheric

*e TELLLA

M lll-ll"'f.--
u

: Doppler Shift AAf):
K1EO ..~ o Ap..,
o =(Veps = Vo) T
Ap:ccult
A = Veps " Keps = Vieo ‘Kigo
ADrii MNP AL,
AN = s — i = DD—J—DDE
At At At At

— T g
AN =V pg '(kGPS _T) —Viro '(kLEo _T)

g — 3 — y P i ola i
Aips Vops ST Olps + Opg) =1y 5 ¥ SN +6,5) =@ The B.endlng Angle. (a) can be derived
iteratively from this equations system, see [R-6]
O = Ups + Uy

—
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LWP2:

Atmospheric Bending in RO

Comments:

From phase excess rate measurements the bending angle can be
estimated.

From the bending angle, the variations of the refractivity can be
computed, and from these one can then derive atmospheric
quantities such as Pressure, Temperature and the partial pressure of
water vapor, and electron density, among others.

GPS Signal EA

GPS Satellite

FORMOSAT-3
ICOSMIC {
Satellite

lonosphere | Fic. I. Schematic diagram illustrating |
radio occultation of GPS signals. [Figure
| courtesy of NSPO.]
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1. Introduction

2.The gLAB tool suite

3. Examples of GNSS processing using gLAB
4. Laboratory session organization

LABORATORY Session
e Starting up your laptop
e Basic: Introductory lab exercises: 1ono & Posit, SF, storm,TIDs

e Medium: Laboratory Work Projects: LWP1, LWP2
» Advanced: Homework
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HW: Iono. Divergence on Smoothing

The target of this HW is to
analyze the error induced by
the divergence of the
ionosphere (between code
and carrier) into the Single-

Frequency (SF) carrier
smoothed code.

The Divergence Free (Dfree) and the
Ionosphere Free (IFree) smoothed

codes will be compared with the SF
one.

PRN13, C1 100s smoothing and divergence of ionosphere
T T T T

Al — ClRaw |
: : +~— C1 SF smoothed
~— C1 DFree smoothed

1 1 L 1
60000 65000 70000 75000
time (s)

This effect will be analyzed
analytically and tested with
single and double frequency
GPS measurements under
large ionospheric gradients.
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HW: Iono. Divergence on Smoothing

The noisy code can be smoothed with the precise (but ambiguous)
carrier measurements. This carrier smoothing can be done in real-
time applying the Hatch filter.

The smoothing depends on the time smoothing constant or filter
length. The more the filter length is used, the more smoothed the
code is, but (with single frequency measurements) a higher code-
carrier divergence error is induced by the ionosphere.

This is because the ionospheric refraction has opposite sign on code
and carrier, being its effect twice on the difference of code and
carrier. This double ionospheric refraction is propagated forward
through the filter, producing a bias.

The error induced by the code-carrier divergence of the ionosphere
on the single frequency smoothed codes is assessed in this exercise
for different filter lengths.
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HW: Iono. Divergence on Smoothing

The noisy code P can be smoothed with the precise (but ambiguous)
carrier L measurements. This carrier smoothing can be done in real-
time applying the Hatch filter.

16 T T
P2-P1 o
A 1 n—l A 14 - © L1-L2 + T
P(k) == P(k)+—(P(k=1)+ L(k) - L(k - 1)) .
n n 12 - i

Code P (unambiguous but noisier) | -

o
T
E

where [n =k if k< N], and [n =N if k > N].
The algorithm is initialised with: f’(l) = P(1).

The previous algorithm can be interpreted
as real-time alignment of carrier with code:

lonospheric combination (meters)

\ Carrier Phase L (ambiguous but precise)

P(k)——P(k) (P(k D)+L(k) - L(k-1))
n

_4 '. L | | 1 1 1 1 & | |
— L(k) _|_ _ 0 10000 20000 30000 40000 50000 60000 70000 80000 90000
- (k) o UT (seconds, 1997 January 9th)

where =i i -
<P—L>(k) n(P(k) L(k)) - —(P- L>(k_l)=;Z(P(k)—L(k))
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HW: Iono. Divergence on Smoothing

Time varying ionosphere induces a bias in the single frequency
smoothed code when it is averaged in the smoothing filter.
This effect is analysed as follows:

Let: Where P includes all non dispersive terms (geometric range, clock
R =,0+1l +& offsets, troposphere) and [ represents the frequency dependent
terms (ionosphere and DCBs) . B1 is the carrier ambiguity, which is
L1 =:0_11 +B1 +¢ constant along continuous carrier phase arcs and &, G, account for
code and carrier multipath and thermal noise.

thence,

7 — _ . _ J 0 Note: the carrier noise < is
E L‘ — 211 B+81 =21 1° Code-carrier dlvergence neglected against code noise &,.

Substituting P—L, in previous equation:

P(k)=L(k)+(P-L)

= p(k)+1,(k)— B, +(2I,+ B,)

(k)
= p(k)+ 1K) +2((1,) = 1,(h))

bivs, where Yy is the noise term
after smoothing

(k) A
= P =p+1 +bias, +1,

where, being the ambiguity term B, a constant bias,
thence (Bl> =B,, and cancels in the previous expression.
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HW: Iono. Divergence on Smoothing

Raw assessment of the induced bias on P: smoothed code by ionosphere:

« Let assume a simple model where the STEC vary linearly with time:

L(O)=1, +I-t = |bias,=2((L), ~1,(k)|=-2zI]

where 7T is the Hatch filter smoothing time constant (i.e., 7= /N in previous eq.).

Exercise:
Proof the previous statement.

Solution:
Let be f(t)=1(t) and y(¢) E([ > « The averaging in the Hatch filter can be implemented as:

T—AT AT t+AT)—y(t) 1 1 1 1

s+ an ="+ 2 reran) = 2EEDZO L2622 e Ar)— Ay == 10)
T T AT @ T T T

Thence:

LO=1+1t = (L), =L@O)-th(1=e"")=| bias, =2({L,), ~1,(t) —=—>-2c/
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HW: Iono. Divergence on Smoothing

- Divergence Free smoothing (DFree):

With 2-frequency measurements, the ionosphere can be removed from a

combination of two carriers:

=L -20(L ~L)=B,+¢| = f? =p+1+y,

BIZ

ff

a=—"2—

n=r

=-B, —2a(B, - B,)

= DFree smoothed code is not affected by iono. temporal gradients,
being the ionospheric delay the same as in the original code R

- Ionosphere Free smoothing (IFree):

Using both, code and carrier 2-frequency measurements, it is possible to remove

P.=p+¢ ~
c=PTE = | P.=p+u,
Lo=p+B.+¢.

= IFree smoothed code is not affected by either spatial or temporal

gradients, but is 3-times noisier than the DFree, or the Single Freq.
smoothed code.

the frequency dependent effects using the ionosphere-free combination £, L

- fffz —fszz
Jr—1

LC — jflzl‘é _ﬁzLZ
N =5
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HW: Iono. Divergence on Smoothing

1.- Multipath and measurement noise assessment on

raw code measurements:

The C1 code multipath and receiver noise can be depicted using the following
combination (that removes all frequency dependent and not dependent terms):

=5 vl

=C—-L-20(L —-L,) o= 1 s 7/=(%j

) [Id YY Doy sec GPS PRN
a) Generate the “meas” file for PRNO3: | 1 2 3 4 5 &

el Az N. list C1C L1C C1P L1P C2P L2P]
7 89 10 11 12 13 14 15 16]

gLAB_linux -input:cfg meas.cfg -input:obs UPC33510.080|gawk '{if($6==03)print $0}'>upc3.meas

b) Using previous expression, compute the C1 multipath and code noise: :

PRNO3, C1 Raw unsmoothed measurement noise and multipath

gawk '{print $4,$11-$14-3.09*%($14-$16)-21.3}"' upc3.meas>upc3.

[*] results are Shifted by “-21.3" to remove the carrier ambiguity

c) Plot the raw (unsmoothed) measurements for PRNOS:

graph.py -f upc3.Cl1 -s- -1 "C1l Raw" --xn 35000 --xx 40000
--yn -5 --yx 5 --x1 "time (s)" --yl "meters"
-t "PRNO3, C1l Raw measurement noise and multipath"

C1

L L L L
35000 36000 37000 38000 39000 40000

B T T T N R T T od 2o L T T U time (s)
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HW: Iono. Divergence on Smoothing

2.- Apply the Hatch filter to smooth the code using a filter length of N =100
samples (as the measurements are at 1Hz,this means 100 seconds
smoothing). Then, as in the previous case, depict the multipath and noise
of the smoothed code.

a) Smoothing code (T=100sec):

gawk 'BEGIN{Ts=100}{if (NR>Ts){n=Ts}else{n=NR};
C1s=%$11/n+(n-1)/n*(C1ls+($14-L1p));L1p=%14;
print $4,C1s-$14-3.09*%($14-$16)-21.3}" upc3.meas>upc3.C1s100

PRNO3: C1 100s smoothing and divergence of ionosphere
T T T T

— ClRaw
A e ‘ ~— C1 SF smoothed (100s) [|

b) Plot results and compare with the raw C1.

graph.py -f upc3.C1 -s- -1 "C1 Raw"
-f upc3.C1s100 -s.- --cl r -1 "C1 SF smoothed" £o
--Xn 35000 --xx 40000 --yn -5 --yx 5
--x1 "time (s)" --yl "meters" R ‘ }|m
-t "PRN@3: C1 100s smoothing and iono div." I ,
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HW: Iono. Divergence on Smoothing

3.- Remove the ionospheric refraction of C1 code and L1 carrier measurements
using the following expressions to compute the Divergence Free smoothed

code:
ClDFree = q _a,(lﬂ _Lz) 3 f22 1 ' _(77j
O=—"—5= =1.545 ; y=|—
l‘lDFree = Ll +a(L1 _Lz) fl _ﬁ y—1 60

a) Apply the Hatch filter to compute the DFree smoothed code
gawk 'BEGIN{Ts=100}{if (NR>Ts){n=Ts}else{n=NR};
C1f=$11-1.55%($14-$16);L1f=$14+1.55%($14-$16);

C]_-Fs:C]_'F/n+(n-1)/n* (Cl‘FS+( Ll'F' Llp) )_; L1p=L1'F; PRNO3: Cl‘ 100s smothing and di\ﬂergence ofiPnosphere
print $4,C1fs-L1f-21.3}' upc3.meas > upc3.C1DFs100 : S G ot emoathed 100
«— C1 DFree smoothed (100s)
b) Plot results and compare with the raw C1 code: NIV " m 'J I
é o MG | |“‘|\‘1 Lh “"1 L‘ “l ‘.'“\
graph.py -f upc3.Cl1 -s- -1 "C1 Raw" ikl ’}"J'”‘H’W,.
-f upc3.C1s100 -s.- --cl r -1 "C1 SF smoothed (100s)" - ! =
-f upc3.C1DFs100 -s.- --cl g -1 "C1 DFree smooth(100s)"
--xn 35000 --xx 40000 --yn -5 --yx 5 ” - "
——Xl "time (S)“ ——yl "meter‘S" 35000 36000 37000time(s)38000 39000 40000
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HW: Iono. Divergence on Smoothing

4.- Generate the ionosphere-free combinations of code and carrier measurements

to compute the lonosphere Free (IFree) smoothed code:
C _P _ yR_f; . L ELC — yLl _LZ (ﬂjz

IFree —4C — > '[Free 7/_1 =

gawk 'BEGIN{g=(77/60)**2}{pc=(g*$13-$15)/(g-1); lc=(g*$14-%$16)/(g-1);
print $4,pc-1c-3.5}' upc3.meas > upc3.PC

60

a) Apply the Hatch filter to compute the IFree smoothed code

gaWk ' BEGIN{g=(77/66) **2}{pc= (g*$13-$15)/ (g-l) ; Ionosphere-Freecom‘bination sm?othing: loo‘seconds

| = IFree smth (100s) ]|

lc=(g*$14-$16)/(g-1); if (NR>100){n=100}else{n=NR}; T IR =

ps=1/n*pc+((n-1)/n*(ps+lc-1cp)); lcp=1c;
print $4,ps-1c-3.5}' upc3.meas > upc3.PCs100

b) Plot results and compare with the unsmoothed PC: | © it

graph.py -f upc3.PC -s- -1 "IFree raw"” --cl yellow : ‘ ‘
-f upc3.PCs100 -s.- --cl black -1 "I-Fpee(lees)" ol L UL LA UL L L
--Xxn 35000 --xx 40000 --yn -5 --yx 5 o000t 0 oy o
--x1 "time (s)" --yl "meters"
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meters

meters

~10}

HW: Iono. Divergence on Smoothing

5.- Repeat previous plots but using: N=360, N=3600 and compare results. Plot also
the ionospheric delay (from L1-L2) (see more details in [R-1]):

o

=2F

4k

3

T=100s

PRNO03: C1 100s smoothing and divergence of ionosphere
T T T T

— C1Raw
| =— C1 SF smoothed (100s)
~—— C1 DFree smoothed (100s)

_ o HMM,,,M |
ol il ‘ “ IW’ |m’ “

C1

lonosphere-Free combination smoothing: 100 seconds
T T T T

-PC

IFree raw
~—— |Free smth (100s)

|
39000 400C

i i
37000 38000
time (s)

I
00 36000

-2+

4k

T=360s

PRNO03: C1 360s smoothing and divergence of ionosphere
T T T T

| l'“ i 'wy

— ClRaw
"] = C1 SF smoothed (360)
~— C1 DFree smoothed (360)

fc1;

hllil ) )

1

I H ]

lonosphere-Free combination smoothing: 360 seconds

T T
IFree raw
~—— |Free smth (360s)

PC

33000

| I |
37000 38000 39000

time (s)

|
36000 40i

C

eters

T=3600s

PRNO03: C1 3600s smoothing and divergence of ionosphere
T T T T

STEC PRNO3 (shifted)
T T

— C1 Raw
~— C1 SF smoothed (3600)
~—— C1 DFree smoothed (3600)

C1

s lonosphere-Free combination smoothing: 3600 seconds
T

meters of L1 delay

Y

T
— 1.546%(L1-L2)

STEC

00 36000 37000 38000 39000 4000(¢

r\,-,—

—10}

: :
IFree raw
PC — IFree smth (3600s)

1B

00

L L L
37000 38000 39000

time (s)

L
36000 40000

that the
y-range in
bottom row

plots is 3 times

larger than in
top plots
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HW: Iono. Divergence on Smoothing

Repeat the previous exercise using the RINEX file amc23030.030 1Hz
collected for the station amc2 during the Halloween storm. Take
N=100 (i.e., filter smoothing time constant 7=100 sec).

PRN13, C1 100s smoothing and divergence of ionosphere STEC PRN13 (shifted)
T T T T I T

120 . ‘ |
Al — C1Raw | é i Pl e— 1.546%(L1-L2)
~—— (1 SF smoothed : : : ‘
~—— C1 DFree smoothed 100}
2 L . .

.. 80}
&
Q
T
o °

@

45; “5 60
£ o
g
1]

E a0l

20}

-8 i i i i 0 ; . i ‘
60000 65000 70000 75000 60000 65000 70000 75000
time (s) time (s)
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