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Aim of this course

This Practical Course is partially based in the Master Courses we are
teaching in different universities.

The original package available in http://www.gage.upc.edu has been
updated and compiled in several sessions aimed to provide a basic
background on GNSS positioning techniques and algorithms.

)

GNSS Data Processing

Theory

http://www.gage.edu

)

GNSS Data Processing

Laboratory

http://www.gage.edu

The Learning material
is composed by a
collection of slides for
Theory & Laboratory
exercises.

A book on GNSS Data
Processing is given as
complementary
material.

The design and contents are
focused on the instrumental
use of the concepts and
techniques involved in GNSS

Only a basic background on GNSS
is needed. But some mathematics
and physics are required.

Concepts introduced in the
theory will be analysed in the
laboratory sessions.

www.gage.upc.edu
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http://www.gage.upc.edu/

Theory

Fundamentals course

Lecture 1. Introduction to GNSS (1h)

Lecture 2. GNSS Architecture (1h)

Lecture 3. Overview of GNSS Positioning Techniques (3h)

Lecture 4. GNSS Time Reference Systems and Frames (3h)
Lecture 5. GNSS Measurements and Data Pre-processing (4h)
Lecture 6. Satellite Orbits and Clocks (3h)

Lecture 7. Code Pseudorange Modelling (4h)

Lecture 8. Solving Navigation Equations (4h)

Advanced course

Lecture 9. Precise Point Positioning (PPP) (3h)
Lecture 10. Augmentation Systems (3h)

Lecture 11. Differential Positioning with Code (4h)

Lecture 12. Differential Positioning with Carrier (4h)

Lecture 13. Ambiguity Resolution Techniques (4h)

www.gage.upc.edu @ J. Sanz & J.M. Juan



Laboratory

Fundamentals course
Tutorial 0. Introduction to gLAB tool suite (2h)

Tutorial 1. UNIX environment tools and skills (2h)

Tutorial 2. Measurements analysis and error budget (3h)
Tutorial 3. Model components analysis (3h)
Tutorial 4. Detailed code measurements modelling (3h)

Tutorial 5. Solving navigation equations (3h)

Advanced course

Tutorial 6. Kinematic orbit estimation of a LEO satellite (4h)
Tutorial 7. Differential positioning with code (4h)
Tutorial 8. Carrier ambiguity fixing (4h)

Tutorial 9. Differential positioning with carrier (4h)

www.gage.upc.edu @ J. Sanz & J.M. Juan



Theory

Fundamentals course

Lecture 1. Introduction to GNSS (1h)

Lecture 2. GNSS Architecture (1h)

Lecture 3. Overview of GNSS Positioning Techniques (3h)

Lecture 4. GNSS Time Reference Systems and Frames (3h)
Lecture 5. GNSS Measurements and Data Pre-processing (4h)
Lecture 6. Satellite Orbits and Clocks (3h)

Lecture 7. Code Pseudorange Modelling (4h)

Lecture 8. Solving Navigation Equations (4h)

Advanced course

Lecture 9. Precise Point Positioning (PPP) (3h)
Lecture 10. Augmentation Systems (3h)

Lecture 11. Differential Positioning with Code (4h)
Lecture 12. Differential Positioning with Carrier (4h)
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Lecture 13. Ambiguity Resolution Techniques (4h)
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Lecture 1. Introduction to GNSS

@ With a single lighthouse, v With two lighthouses
possible solutions lie on * the possible solutions = =
a circle of radius O are reduced to two Satellites broadcast orbit

and clock data F )
=> Satellite coordinates
and clock offset }

v

Lighthouses
coordinates

The ranges are measured by
traveling time of the acoustic
signal from the lighthouses to
the ship.

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

Synchronism errors in

clocks (lighthouses and
ship) affect accuracy,

v

‘ Lighthouses-ship ranges ‘

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

Introduction to the DGNSS (1h)

 An Intuitive Approach to GNSS Positioning.

» A Deeper Analysis of 2D Pseudorange-
Based Positioning.

 Translation to 3D GNSS Positioning.

www.gage.upc.edu @ J. Sanz & J.M. Juan



Lecture 2. GNSS Architecture

—h~ Space
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I A 7{
— Galileo Networks P

GNSS Architecture (1h)

» GNSS concept: Historical review.
GNSS segments.

GNSS signals

Similarities and differences between
GNSS.

The more satellites the better?

))) User Segment

b

'''''' ) 8 -y ETRAD MHa
! -
’. . ol
- F s
a0 L

T CALOHASS

Foun an
248 AT . S M
fllllll-h LT T S . ;!.ﬂ L it
@ & - 2] xE - |I| |
Frmpmsar 2w Liocy
llllll (1 0o [Cr e s
Al b
s T TR T ;
A, s o i s
v [T ! = |
[
=

www.gage.upc.edu

@ J. Sanz & J.M. Juan



@ Lecture 3. Overview of GNSS positioning techniques

Standalone (code) Code based Differential positioning (DGNSS) Carrier based Differential positioning
positioning <€——— Improved Accuracy —m> <—— High Accuracy —>

Precise Point

Standard Point Broadcast SV é {ﬁ Actual SV Relative ape =
Positioning (SPP) Position éﬁ ..... Polsjltlon POSitioning (RTK) POSItlonlng (PPP)
P W W
‘g& ‘@‘ Calculated , P ‘ Measured e P, ‘@‘ ‘:“a ‘@‘ ‘ ‘d 60 «
‘d Range p,Efll ref Pseudoranges ., ‘d ‘@ Q&% 6:"0@ 3
L 7 ‘ : of"« 2:: ©
/ Differential Message Broadcast b @
" ; PRC, RRC /I\ Y &-‘
eference station
= 2 (known Location) User <% (x,y,2)

Few meters.

World wid Few centimetres. cm—dm level.
si °r| wi ‘;' Local Area (few km). World wide.
ingle epoch. Few seconds. Best part of one hour.

Overview of GNSS positioning techniques (3h)

« Standalone positioning.

» Code based Differential positioning (DGNSS, GBAS, SBAS).
« Carrier based Differential positioning (RTK, NRTK, PPP).

« Commercial Services.

www.gage.upc.edu @ J. Sanz & J.M. Juan



@ Lecture 4. GNSS Time and Reference Systems & Frames

Pole movement

v

Precession CEP
- + Nutation - + Earth rotation

Conventional » Z
Terrestrial T_ IRS
Pole (CTP) T_»

A
Mean J2000.0
.| equator plane

Ycrs

Mean J2000.0
vernal equinox

P
Xcrs

Source: GRACE mission (NASA)

Vertical deviation less than 1-arc-minute

-[Ter

Review of Coordinate and time references (3h)

Difference between “time-scale” and TAI (s)

Earth’srotationis not uniform and TAland UT1
accumulate drift over time.

1/ UT1-TAI

TAl

=

=
T
]

g
L

10s drift occurring between Late 50's

UTC-TAI

Leap second

_ ¥ and the introduction of leap seconds

UTCis an
atomictime

/ “adjusted” to
solartime UT1

07/55
Begin
of the
Atom
Time

01/01/72
UT1-TAI=10s
Systems with
Leap seconds

introduced

01/01/58
UT1=TAI

« Fundamentals of Coordinate systems and Frames. Transformations:
- Geodetic coordinates. Geoid, Datum Coordinate conversions

- GNSS Reference Frames
« Fundamentals of Time References:

- Earth’s rotation times. Sidereal time. Atomic Times. GNSS times.

% J.M. Juan
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Lecture 5. GNSS measurements and Data Pre-processing

P2-P1 o
14 L o Li-L2 +
o

Pémbiguity

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)

P =pXl+c-(dt,, —dt™)+ D6

rec

lonospheric combination (meters, PRNO1)

&
&

L[ Geometric range H Clock offsets \

rec

T
l Ionospheric delay noise
’ Troposphericdelay | | Instrumental delays

GNSS measurements and Data Pre-processing (4h)

Z S fTrop | +|lon’s HK,, + K™ +E:|

» Review of GNSS measurements.

Linear combination of measurements.
Carrier cycle-slips detection.

Carrier smoothing of code pseudorange.
Code multipath.

www.gage.upc.edu @ J. Sanz & J.M. Juan
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Lecture 6. Satellite orbits and clocks

Sun
Frame (30s) 4o #2.6550e4 _Session 3.1, Ex6a: SemiMajorAxis o Session 3.1, Ex6a: Eccentricity
= 3 H .=
Subframe 1 | Subframe2 | Subframe 3 Semi-major axis |- - sroeem Eccentricity - BRD elem
! ; Subframe 4 ||| Subframe 5 35 o ~ A - FromsP3 " 2|+ - Fromsp3
i i HE3 FR it HE) 0.00520
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TLM How N R i L
Tpof it 000526 |ttt R
i i ] —— N .. N R
i Information / control 1sbod : . L AP
IIIIIIII!FEIIIIIIIIIIIIIIIIIII rob RSN F I VooV
bit (0,02's) : 00051247
osfi f i i L v
V Y ¥ v
0 20000 40000 60000 80000 100000 20000 40000 60000 80000 100¢
Z Time (s) Time (s)
o orbit x uuuuu 45.5015e1 Session 3.1, Ex6a: Inclination o7 +1.1243¢2 Session 3.1, Ex6a: Arg. of Ascending Node
ESe ~
A = -+« BRDelem -
: onss| INClination | Ascending node
fal HEE
Satellite 00030 n 3 i
D 0.0025
v ay g
Perigee £ 00020
y &
N 0.0015
s g
_ i L
/9/\ /,7-" Equator 000053 {
/ \z2l--" ¥
'y -T- —/ T - Ascendlng uuuuu 20000 40000 60000 80000 100000 20000 40000 60000 80000 100¢
node Time (s) Time (s)

Satellite Orbits and clocks (3h)

« Elliptic orbit: Keplerian elements.

* Perturbed Keplerian elements. Osculating orbit.

« GNSS satellite coordinates and clock computation and accuracy.
- From broadcast navigation message.
- From precise products.

www.gage.upc.edu @ J. Sanz & J.M. Juan
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Lecture 7. Code pseudorange modelling

Emission ~300m -
-------------- Reception
/Satelllte clock offset /

Lup to hundreds of km

...............

Pseudorange

Geometric range: ] ~2000ka

2 30m
/Tropospherlc delay | 2 30m

Receiver clock offset ,_?_?:QQ_E(_[T_W__, g |

rec

C1y..[modelled] = p) | —c¢ (d_ '+ Arel™ ) +Trop: + lon, + TGD*™

Code pseudorange modelling (3h)

 Linear model and Prefit-Residuals.
« Code measurements modelling.
« Example of computation of modelled pseudorange.

www.gage.upc.edu @ J. Sanz & J.M. Juan
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For each satellite in view

| Iono+Tropo+TGD... |

@ Lecture 8. Solving navigation equations

/

CL =(pih+c-(dt,,, —dr™ ) +

Z5k+8

% Ao re(di, -d™)+ Y6,

Prefit-residuals (Prefit)

sat sat sat
_| sat + xO,rec -X + yO,rec 4 ZO,
=P 0,rec sat rec sat rec sat rec
0,rec p 0,rec 0,rec
where:

Ax rec =xrec - xO,rec ’ Ay rec =y rec y 0,rec ’ AZrec =

Linearising p around an ‘a priori’ receiver position (X;,.cs Yo rec> Zo0.rec)

Prediction ;

Kalman filter (see kalman.f)

Measurements
""""" X (n) y(n)
P P

X (n) y(n)

Estimation 1 l

R (n)=Dk(n-1)
P, =@, @ +Q P, = [G’ P

y(n)

T

(0
P

%(0)

—Z
rec 0,rec Initialization

.

K(n) =Py, .[G’ P y(n)+ P (")f{(n):|

-1
-1
G +Pﬂn)}

!

x(n)

Pi(n)

sat
X —-X
sat sat sat | | 70,rec
Clrec B pO,rec +edt _z5k 1 1
pO,rec

sat

t

sa
| yO,rec - y I ZO,rec —Z
q sat
pO,rec pO,rec

v

measurement | computed

unknown

Solving navigation equations (4h)

Kalman filter.

Linear Model: navigation equations.
Least Squares solution.
Weighted Least Squares and Minimum Variance Estimator.

- Examples for static and kinematic positioning.

www.gage.upc.edu
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Theory

Fundamentals course

Lecture 1. Introduction to GNSS (1h)

Lecture 2. GNSS Architecture (1h)

Lecture 3. Overview of GNSS Positioning Techniques (3h)

Lecture 4. GNSS Time Reference Systems and Frames (3h)
Lecture 5. GNSS Measurements and Data Pre-processing (4h)
Lecture 6. Satellite Orbits and Clocks (3h)

Lecture 7. Code Pseudorange Modelling (4h)

Lecture 8. Solving Navigation Equations (4h)

Advanced course

Lecture 9. Precise Point Positioning (PPP) (3h)
Lecture 10. Augmentation Systems (3h)

Lecture 11. Differential Positioning with Code (4h)
Lecture 12. Differential Positioning with Carrier (4h)

Lecture 13. Ambiguity Resolution Techniques (4h)

www.gage.upc.edu
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Lecture 9. Precise Point Positioning

L2 APC (0.1159 m)

e eremseresseresseresssrrssssresssrresssrrnsssrenssrrnnnsn, _ 7 : 7 I L1 APC(0.0854 m)
1 1 1 i
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........ = ATr, .,
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_Preﬁt(Lc) i pO,rec pO,rec pO,rec : : 020 ! ! ! ! ! ‘ J— INorth elrror
: : : ! | SEe
xa,rec —-X yo,rec - y Za,rec —Zz n H na ' [ — -
" " " 1 Mwet 0 .. | L : BC ] : :
L pO,rec pO,rec pO,rec | /' ------ 0.10
0.05
: ki_ k k k k S 000
.Preﬁt(PC) i=F." —p, +cdt" —Trop, :
1005 e
ki_ k k k k k
Prefit(L.)"i= L. — p, +cdt” —Trop, — A, @ 010

DS et B B ........... ..........

0 10000 20000 30000 40000 50000 60000 70000 80000 90000

time (5}

-0.20

Precise Point Positioning (3h)

 Additional model terms for PPP

 Linear observation model for PPP.

« Parameter estimation: Floating ambiguities

« Accelerating filter convergence with precise ionospheric corrections (Fast-PPP)

www.gage.upc.edu @ J. Sanz & J.M. Juan
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@ Lecture 10. Augmentation systems
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Augmentation systems (3h)

 Introduction to augmentation systems:
- What augmentation is? Why augmentation systems?
» Ground-Based Augmentation Systems (GBAS).
» Satellite-Based Augmentation Systems (SBAS).
« Aircraft-Based Augmentation Systems (ABAS): RAIM and ARAIM.

www.gage.upc.edu @ J. Sanz & J.M. Juan

17



@ Lecture 11. Differential positioning with code
Broadcast SV 5@:@5 g@jg Actual SV

Position

~~~~~ Position
’ .,'l .........
1 S T
Calculated | p Measured ™.
Range O, 719 Pseudoranges
1.

% Differential Message Broadcast
PRC, RRC

Reference station
(known Location)

Single-Difference of measurements
(corrected by geometric range!!)

DCL1-Rho>: PLAN-GARR: 15kn baseline: 2613 052 D(P1-Rho>: PLAN-GARR: 15kn baseline: 201:

DU1-RRG): PRNOG.
DU1-Rho>: PRN3B

PLAN-GARR: 15km

NG
Differential positioning with code (4h) ;- N\"W/%;
“/ )

« Single differences of measurements.

. PR AL -y = - ] é.;.;so A(é‘—p)ELIiﬁ’—P;?E‘

* Linear Model for DGNSS.

« Geographic decorrelation of the errors

- Error mitigation and ‘short’ baseline At =L —pl qean (Tl ol AN, b

conce pt AR =P)=Fy =0 Dif. Instrumenta_ll
- Differential Code based positioning. TRLEEECTED e iy e
for all satellites Small variations constant

www.gage.upc.edu @ J. Sanz & J.M. Juan
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Differential Positioning with DD
of Carriers (4h)

» Double differences (DD) of
measurements.

* Linear Model for carrier based
positioning in DD.

* Relative Positioning

» The role of geometric diversity.

Lecture 12. Differential positioning with carrier

W
v R

Reference
Station

Relative Positioning

k i (Aak _Aj Ak /
pru_pm __(pu_pu).rru__pu 'rru it N Jd-d-a

As commented before, for short baselines (e.g.
less than 10km), we can assume that ephemeris
and propagation errors cancel, thence:

@00

jk _ jk Jk Jk Jk
Pm = Pru +Tru +1m +vPru

Jk _ Sk J Jk Jk Jk Jk Jk Jk Jk
LY =pl+T) -1} + A} + AN +v U Lm/le +v

P ~ ik i Note that these equations allows
B, ==p, 1,/ +V 5, a direct estimation of the

N ~ N .k baseline, without needing an
L, =, ¥, AN} +v accurate knowledge of the

reference station coordinates.

www.gage.upc.edu
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Lecture 13. Ambiguity Resolution Techniques

cycles of Lu

- L H L L L H L L
2000 4000 6000 go0a 16808 12000 14606 16000 16008 20000
tine (s}

1 1] 10
Z2= Zl:|: j|
0 1| -2 1

1
0 95 i oY u ) A
2 i YA : H--H
. [ LA T T ! T T
-5 St S EEEH
-5 0 5 W -5 0 5 5 0 s A
[53.4 38.4] (46 104 46 1.2]
P = P, = =
384 28.0] Y104 280 o122 48]

Ambiguity Resolution Techniques (4h)

» Resolving ambiguities one at a time

-Single- Dual- and There-frequency measurements.

« Resolving ambiguities as a set
- Search techniques, LAMBDA method.

£ 11 1%
- /
1w
P ] T
12 f
g 11
] 1
i
a X
A2 ) 1
-
4 ji1]
14 13
Ly
A
-
17 /'5 la
1 B

LAMBDA software package

Matlab implementation, Version 3.0

Sandra Verhagen and Bofeng Li

fU Delft =

Mathematical Geodesy and Positioning, Delft University of Technology

H Curtin University

www.gage.upc.edu
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A Av Laboratory Sessions

Please remember that you will need your
laptop for the laboratory session with
permissions to install software

@) qLaB V510

Templates  Configuration  Preferences  Help

Mode

gAGE/UPC
Www.gage.es

@ Pseudorange + Carrier phase

Measurement Configuration and Noise

o — S ;o Lo i~ e
Input Preprocess | Modeling Fiter Output
Measurements Available Frequencies
Selaction Smoothing (©) single-frequency
_ (@ Dual-frequency
©) pseudorange Pseudorange Smoothing 10 ©  (samples) smooth with:

Troposphere

Estmate wet
7
tropesphere residual

I

Ionosphere

Session 5b, Ex7a: GRACE-A

) FixedStdDev | @ ElevatonStiDev 013 @ 053 @ 1 0 m Use Sigma Tonosphere
i ) Fixed StdDev | @ Elevation StdDev  0.13 Q os3 Q ® O m Receiver Kinematics
© static
® Kinematic
Parameters
ohi 2 - Other Options
Coordinates 0 0 s Q my 1e8 Q my [T Backward Fitering
i Receiver Clock 0 QO 0 O @) w0 O @ Max. GDOP {m)
Tropasphere 1 Q 4 Q mh o0 Q m) ;;Eb':l( gl:ﬂ\er
Phase Ambiguities 1 0 o O Wy A Q m ‘Threshold (m)
2.0
< i
|
Developed by gAGE: Research group of Astronomy & Geomatics Current Template: PPP
= — 15F

lonospheric delay

Session 5b, Ex7a: GRACE-A Broadcast positioning [C1]

__\Nq_

STEC (meters of L1 delay)

o

55000
time (5)

25000 50000

50000

5000
45000

65000

60000

50000 55000
)

time (s

Precise positioning [PPP]

« «Radial
- Along Track
- Cross Track

000 50000

55000

60000 65000

time (s)
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Software tools

@_ﬁ

This tutorial has been designed to be executed under UNIX (Linux) Operative
System (OS), which is a very powerful and robust environment.

Nevertheless, the necessary tools are provided for Windows or Macintosh
users to install this software and to emulate a UNIX command line shell over

Windows.

®00o __ USB DISK "
(<> ] = mm|(@s| ()2 am] (@
FAVORITOS

! Todos... i

@ AirDrop —— —_——

Windows

Macintosh

f} Linux users
can install the
native version
of the software

2% Windows users can install

the windows version of gLAB and
the Cygwin emulator of a Linux
command shell.

o .

% Macintosh users can
install the software with the
“.dmg” file.

www.gage.upc.edu
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Laboratory

Fundamentals course
Tutorial 0. Introduction to gLAB tool suite (2h)
Tutorial 1. UNIX environment tools and skills (2h)

Tutorial 2. Measurements analysis and error budget (3h)
Tutorial 3. Model components analysis (3h)
Tutorial 4. Detailed code measurements modelling (3h)

Tutorial 5. Solving navigation equations (3h)

Advanced course

Tutorial 6. Kinematic orbit estimation of a LEO satellite (4h)

Tutorial 7. Differential positioning with code (4h)
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Tutorial 8. Carrier ambiguity fixing (4h)

Tutorial 9. Differential positioning with carrier (4h)
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Laboratory 0. Introduction to gLAB tool suite

gAGE/UPC

WWw.gage.es

€) glh8 510 =R l'lj
Mode Templates Configuration Preferences Help

Input Preprocess Modeling | Eiter | Qutput |

= © g8 510 [E=EE
Mode Templates Configuration _Preferences Help
B gAGE/UPC
S e — = . . T ) www.gage.es
Input Preprocass Modeling | Fiter | Output l
L

Station Data Satellite Options
Data Decimaton 300 [<JNc) Elevation Mask s @ (degrees)
Check for jumps in code measurements (] SNR Mask
Cyde-slip Detection ‘Align carrier phase measurement with code
Dats Gap 40 0 © [ biscard Satelites Under Ecipse Condition
i [ Loss of Lock indicator (LLT) Discard Unhealthy Satelites (Broadcast orly) I
b emmmiEenTs Q¢ GNSS Satallite Selection

7] L1-C1 difference (Sngle-freauency) © @S Galleo  GLONASS | BeDou | GEO
e s

Geometry-free (Dual-frequency)
Geometry-free Cydle-slip Detection Parameters
Maximum Jump Threshold 1 o m

| Maximum Threshold 0.08 o m

Time Constant © [-2NC)

Developed by gAGE : Research group of Astronomy & GEomatics, ™~ : o S I
Technical University of Catalonia (UPC)

Developed by gAGE: Research group of Astronomy & Geomatics Current Template: SPP Run gLAB Show Qutp

= Developed by gAGE: Research group of Astronomy & Geomatics. Current Tempiate: PP RunglAB | |Show Output,
@ guesio ==

| Mode Templotes Confgurstion _Breferences _Help

| out Preprocess | Mgdeing Bar | Qutout

Introduction to gLAB tool suite (2h)
The ESA/UPC GNSS LABoratory tool suit (gLAB) will = e ',

7 Consder Saali Movemant Ouring Sgpl Flght T
i Cansder Earh Raeaton Surmg Sl Pt Tme

be introduced. || qmtmre ™ ;::m%*:m..- }
Some examples of gLAB capabilities and usage will e =

be shown to get an additional training for the next

laboratory sessions.
Users will install the gLAB software.

7 Receiver detemaRelererce Pt Garection
7 Rt Chock Comecson (oot eccriicty) Gods: O Qarenesay  ® Hectowy

Tonasgher Corection

7 epssrenccarecon ananns =) ttvugprg 7]

P1-P2Cameston
FPL-CiComectn  [Flske *
2 Vi up Cormecton e phase k)
7 sold s Carrciin

7 RelinisscPath Range Carrecton

e —
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Laboratory 1. UNIX environment tools and skills

m
E Jaume@Jaume-PC:/cygdrive/c/gLAB/win/GNSS_TUTBOOK_MASTER e

UNIX environment tools and skills (2h)

To introduce a small set of UNIX instructions
in order to manage les and directories, as well
as some basic elements of awk/gawk
programming and the graphical plotting
environment graph.py.

The aim is to provide some basic tools
needed to develop the practical sessions.

.out > dat

- omEm

(]

» Tutorial 1

UNIX enviroment, Tools and Skills.
GNSS Standard File Formats

November 19, 2017

error (m)

MATA: Standard Point Positioning

~— North error

;| = East error
i | = UPerror

i i i H L H i i
10000 20000 30000 40000 50000 60000 70000 80000 9000
time (s)

www.gage.upc.edu
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16

- o
SN A

[}

lonospheric combination (meters)

PRN13, C1 100s smoothing and divergence of ionosphere 10

P2-P1 o
Li-l2 +

Code P2-P1 (unambiguous but noisier)

\‘ Carrier Phase L1-L2 (ambiguous but precise)
| | | ]

10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)

Melbourne-Wubbena multipath: galb: PRNO3 IONO: Halloween storm 2003/10/30: amc2

@ Laboratory 2. Measurement analysis & error budget

01TECUE21 ZUL:FEB%BUE. L40r)

500

400

300

200

100

Zenith Tropospheric Delay Estimation

+~— C1 SF smoothed
~— C1 DFree smoothed 0.8

06 e
n ///
H 4
i

meters of L1-L2 delay

60000

Measurement analysis and error budget (3h)

75000

~— gLAB with PPP
— IGS

The troposphere is
|| estimated as a Random
t-Walk process in the Kalman
Filter. A process noise of

| 2cm/sart(h) has been taken.

L |
%8000 48000 50000 52000 54000 56000 58000 60000 62000
time (s)

10000 20000 30000 40000 50000 60000 70000 80000 90
time (s)

Exercises on measurements handling and analysis using gLAB based on
different case studies:

Ionospheric delay (hallowing storm), troposphere, Multipath, carrier
smoothed code...

www.gage.upc.edu
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F@ gLAB v5.1.0

Preferences

Help

Mode Templates Configuration

Input Preprocess

gAGE/UPC
www.gage.es

Madeling

Modelling Options

Sateliite Clock Offset Correction

[] Check Broadcast Transmission Time

Consider Satellite Movement During Signal Flight Time

Consider Earth Reotation During Signal Flight Time

Satellite Mass Centre to Antenna Phase Centre Offset Correction
Satellite Antenna Phase Centre Variation

Receiver Antenna Phase Centre Correction

Receiver Antenna Reference Point Correction

Relativistic Clock Correction (orbit eccentricity)

D ITonospheric Correction

[7] Tropospheric Correction [S\mp{e Nominal 'l [Nie\l Mapping T

D P1-P2 Correction

P1 - C1 Correction

Wind up Correction (carrier phase only)
Solid Tides Correction
Relativistic Path Range Correction

E\I-ter | .

Output |
Precise Products Data Interpolation
Interpolation Option Orbits Clocks
Interpolation Degree: 10 O 0 0
Max Consecutive Gaps Between Samples: 8 Q 2 Q
Total Gaps Allowed: 16 o 4 0

Show Concatenated SP3/CLK options
If sample at Oh Om is present in both days, select which one to use:
Orbits:  (7) CurrentDay (@) MextDay

Clocks: (7 CurrentDay (@ MextDay

Receiver Antenna Phase Centre Correction

() specify Offset @ Read Offset from ANTEX

Receiver Antenna Phase Centre Variation

["] Stop processing if Antenna's Radome is not found in ANTEX

Receiver Antenna Reference Point Correction
(7) Specify @ Read from RINEX

@ Laboratory 3. Model components analysis

© open -

\/u [10 <05 » glaB » win »

Organize ¥ New folder

% Dropbox “ Name

il Recent Places
mpl-data

tel
4 Libraries

[ Documents
o Music
=] Pictures

B videos

i

™ Computer
& os@

=4 E;I @
Date modified Type

06/10/20171834  File folde
06/10/20171834  File folde

.

File name: |

Developed by gAGE: Research group of Astronomy & Geormatics

Current Template: PPP

Show Output

Model components analysis (3h)

Practical lecture on data processing and analysis using gLAB.

Up error (m)

Vertical positioning error [SPP]

Horizontal positioning error [SPP]

gLABl.out

: A

gLAB.out

— Full model
— No lono. corr.

o gLABl.out  [.: i

oo

.| gLAB.out

North error (m)

Time ()

Model: lono. corrections [SPP]

gLAB.out

X

. N
R Code delay
Plot only

3

T0000 20000 30000 40000 50000 63000 70000 80000 50000
time (5)

T T estanm

lonospheric correction
(broadcast Klobuchar )

lonospheric delays are larger
at noon due to the higher
insulation.

Large positioning errors
(mainly in vertical) appear
when neglecting iono. corr.

« Analysis of the model components for Standard and Precise Point Positioning (SPP,PPP)
« To experiment with the concepts seen in the theory.

www.gage.upc.edu
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Laboratory 4. Detailed code measurements modelling

ode [Templates | Configuration Preferences  Hel

B)atre 510 L] B
M

gAGE/UPC
— o | _—:-—._,‘?m__ | Uutput.g = ‘ Ionospheric Correction [Klobuchar {GPS) "']
:;":D(:S'::mn% Co\gLABINEWY_TUTTTUTTWORKIJRC11490.050 o . | i-t:;::oe iverP:ftz::"m [¥] Tropospheric Correction [UNE—S Mominal v] [Simple Mapping T
. B s By e S P1-P2 Carrection RINEX Nav File ~
e RINEX observation file: UPC11490.050 gl] P1-C1Correction Fleible ~
Z;v:::::;r; :I:ns::(\lgf:\;\;\:::::uzmme:oRK\uPc11490.05N Q Z] D Wind LL Correction {Emer DhESE OI"IHI']
[ solid Tides Correction
e RINEX Navigation file: UPC11490.05N ) Relathstic Path Range Correction
[7] Reference Station (DGPS)
T oneher s Prefit residual:
1 Auniary Fles Is the difference between measured and modeled pseudorange
Developed by gAGE: Research group of Astronomy & Geomatics Current Template: sPP Pref::? =] Cli:é _Cl[mod]i;lé = prec _pga:ec +Cdt +K1rec +g
Detailed code measurements In the previous ex!mple (PRNZS at t= 300 S) l
modelling (3h) Pref=[22857303.996 - 22857311.347 |=[-7.35154 m
“Hand modelling” of pseudorange From measurement file Previously calculated
code measurements.
Cross-checking results with gLAB
grep PREFIT gLAB.out | grep -v INFO |
gawk '{if ($6==25) print $4,$6,$8}' |head -1

www.gage.upc.edu @ J. Sanz & J.M. Juan

28



@ Laboratory 5. Solving navigation equations

Receiver solution message. This message provides the estimated receiver
0 guB510 rF_ 3 =)

position. It is shown in each filter execution

« Field 1: 'OUTPUT' —
* Field 2: Year
« Field 3: Doy gAGE/UPC
* Field 4: Seconds of day WWww.gage.es
® Field 5: 3D Formal Error: (a7 + o7 + 0797 E m—
Input * Field 6: Receiver X position [m] Jter I
* Field 7: Receiver Y position [m] |
‘Output Destination * Field 8: Receiver Z position [m]
* Field 9: Receir -y - S
Output File: C:\gLABWNEW_TUTYTUT7\WORK\Y * Field 10 Rece P°S|t|° n 1 ng Q |
* Field 11: Rece =
o e -rewiziee €FFOF, regarding

* Field 13: Rece

w0 haa1a e the reference

¢ Fidd 15 Rec Filter solution message. This message provides direct information on the

3 Fle: e COO rd i nates. filter estimates. It is shown in each filter execution

Mode Templates Configuration  Preferenced

Output

FILTER messages

. = Field 17; Rece,
Common Navigation Messages * Field 18: Receiver North difference in relation to nominal a priori « Field 1: FILTER'
position [m] * Field 2: Year
[ Al J dtone: * Field 19: Receiver East difference in relation to nominal a priori * Field 3: Do
osition [m] # Field 4: Seconds of day
FrintNFe LR « Fold 20: Receiver U iHifferenee ntishan ie nermioell znen * Field 5-: Filter estimates. The order is: 3D estimated position, clock,
Print CS (Cyde-siip) Print POSTFIT position [m] tropesphere and ambiguities. The number of fields is variable in this
W 1 message. With a full filter (troposphere and ambiguities estimation],
g posp g
Print INPUT Print SATSEL M e s ) e R e et A
' - ® Field 22: Receiver formal error in East direction [m] = Fi:;;;:{;:“:;xpnmn ]
Print MEAS | print FLTER * Field 23: Receiver formal error in Up direction [m] © Fcld 6. Recetver Y posttion [m]
Print MODEL ] Print OUTPUT « Field 24: Geometric Dilution of Precision (GDOP) et
) « Field 25: Position Dilution of Precision (PDOP)
RTEErEeT 4 ® Field 26: Time Dilution of Precision (TDOP) Delay [m]

* Field 27: Horizontal Dilution of Precision (HDOP)

* Field 28: Vertical Dilution of Precision (VDOP) ‘smpeamR2en RECEIVEr
® Field 29: Zenith Tropospheric Delay (including naminal value) [m] 41140129184 -7 4867 2.

* Field 30: Zenith Tropospheric Delay (excluding nominal value) [m] 0.0897 0.0001 03845 0.2 C|0Ck offset
M

* Field 31: Zenith Tropospheric Delay formal errer [m]

* Field 32: Number of satellites used in the navigation solution

* Field 33: Processing mode indicator

* Sample: OUTPUT 2006 200 300.00 2.6219 43492031236 -360328.5229
4114913.9535 0.7633 0.4145 0.7580 1.9353 06998 1.6246 40429162956
-4.249653155 830.480629026 0.0993 0.4704 1.0522 1.1365 0.6772
2.2637 5.0394 5.5472 6.3482 2.4261 2.2142 2.1982 0.0097 0.49956 0

Developed by GAGE: Research group of Astron| Providing @ neminal a pricri position is optional of the processing, butif it is
given, fields 9, 10, 11, 18, 19 and 20 will be given in relation to this a priori

" - P " - L=
pesition:Sesthe cpion /A pricrReceiver Postion nth nputsectn fr Ka I m a h fl Ite r | ]
Measurements
% () y(n)

Solving navigation equations(3h) Pe Py

prediction Estimation Y

. Prac_tlcs_l |mplemt¢ntat|on of GNSS ()= D3] 20 =P, [ G P v+ P ()
navigation eC|l:|a IO.nS. Pi’</1):q)P’?<"*‘>q)t+Q P, =G Py_<1n>G+Ps;1(n) )
» Parameter estimation by LS and
Kalman filter. %(0)

P. X(n)

X(0)
Pi(n)

Initialization

www.gage.upc.edu @ J. Sanz & J.M. Juan

29



Laboratory

Fundamentals course
Tutorial 0. Introduction to gLAB tool suite (2h)

Tutorial 1. UNIX environment tools and skills (2h)

Tutorial 2. Measurements analysis and error budget (3h)
Tutorial 3. Model components analysis (3h)
Tutorial 4. Detailed code measurements modelling (3h)

Tutorial 5. Solving navigation equations (3h)

Advanced course

Tutorial 6. Kinematic orbit estimation of a LEO satellite (4h)

Tutorial 7. Differential positioning with code (4h)

=
®
Q
0p)
e
O
L
|
©
c
o
@
O
—
[
m

Tutorial 8. Carrier ambiguity fixing (4h)
Tutorial 9. Differential positioning with carrier (4h)
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Laboratory 6. Kinematic orbit estimation of a LEO

0 gLAB - Version 2.0.0 [B]=)

7—— — -
Cesa gulﬁ_é\_g """@gﬂm

htw:/ /www.gage.es

Preferences About

\
Positioning | Analysis

l Input I Preprocess I Modelling l Filter I Output I

Measurements- Troposhere
Selection ¥ Estimate Troposphere
Pseudorange Pseudorange Smoothing [epochs]

@ Pseudorange + Carrier phase aiatie Frosversies

single Frequency

Measurement configuration and noise & Dual Frequency
pC ~ | @ Fixed StdDev [m][1 Elevation StdDev [m] | | J
Receiver Kinematics:
lc | v| @ fixed stdDev [m][0.01 Elevation StdDev [m) | | J static
® Kinematic|
PR Phi Q Po Other options:
Coordinates : [ o] 1e8 |[m?] 1e8 |[m?] Backward filtering
Receiver Clock HE 9e10 [m7] 9e10 [m?)
Troposphere [ ] [(es Jimm 025 jima
Phase Ambiguities: | 1 | 0 jiml 400_fim2] Session 5b, Ex7a: GRACE-A Broadcast positioning [C1]
20 r ;
- Radial
Save Config 'SPP Template | PPP Template Run gLAB 15 + + Along Track
+ + Cross Track
10

& B s R
o 4o = 6 o .
e + ORI
3 W -
s SOOI SRR o
10+
-15 Session 5b, Ex7a: GRACE-A Precise positioning [PPP]
: 2.0 T T T T
20 : - - Radial
157' |+ + Along Track
el - - Cross Track
10}

meters

Kinematic orbit estimation of a LEO (4h)

To perform/investigate the kinematic positioning of a
Low Earth Orbit (LEO) satellite, with gLAB, practising

2.0

concepts learned in the theory.

www.gage.upc.edu @ J. Sanz & J.M. Juan

31



Laboratory 7. Differential positioning with code

MATA: Standard Point Positioning
T T : T T ;

T
«— North error

-..g-i-| = Easterror [

—— UP error

error (m)

-.Google

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

cat EBRE.obs | gawk 'BEGIN{g2r=atan2(1,1)/45}{e=$12*g2r;a=$13*g2r;

printf "%8.2f %8.4f 2 % % %1i \n",
$4, |$14],l-cos(e)*sin(a),-cos(e)*cos(a),-sin(e),1 b‘> EBRE .mod

 DPref! _(ﬁ e )T .
DPref| || -(p2.) 1 i
| DPref” - (f)::‘reu )T 1

Differential positioning with code (4h)

Basic exercises on differential positioning with code.
Mitigation of orbit errors and signal propagation effects
on the atmosphere will be analysed with real data.

www.gage.upc.edu @ J. Sanz & J.M. Juan

32



Laboratory 8. Carrier ambiguity fixing

2. Applying the LAMBDA method to FIX the ambiguities.
The following procedure can be applied (justify the computations done)
Compare the different results found.

Decorrelation and integer LS search solution
octave [Qz,Zt,Lz,Dz,az,iZ] = decorrel (Q,a);
c=299792458; [azfixed,sqnorm] = lsearch (az,Lz,Dz,2);
f0=10.23e+6; afixed=iZ*azfixed;
f1=154*f0; sqnorm(2)/sqnorm(1)
lambdal=c/f1 ans = 2.47022808203678
a=x(4:12)/lambdal; afixed(:,1)’
Q=P(4:12,4:12); -19333 130765338 -1759080 -1498083 130765319
? 2 130765324 130765334 122888028 138765333

Rounding the floated solution directly Rounding the decorrelated floated solution

round(a)' -19334 130765336 -1759081 afix=iZ*round(az)
-1498083 130765320 130765323  -19333 130765338 -1759080 -1498083 130765319
130765334 122888029 130765334 130765324 130765334 122888028 130765333

010 IND2-IND3: 18.38m: L1 ambiguities fixed
. T T T

«— North error
—— East error
— UP error

Carrier ambiguity fixing (4h)
The “one at a time” method and LAMBDA

method are tested. O IS A S S
Centimetre level of accuracy will be achieved | ‘ |
after fiXing ambiQUitieSl _0'}2500 15(;00 }5;00 16(;00 16500
www.gage.upc.edu @ J. Sanz & J.M. Juan

33



Laboratory 9. Differential Positioning with carrier

[DDLl- DDRhO-Kl DDNl]:[LOS_k-LOS_06]*[dr'] ‘O‘ '@' 3 ___DDN21 ambiguity: PRNO7
PRNO6 (ref) PRN

i (a3 a6\l ] 1
DDL* — DDp®® — 2, DDN, (R )T sopo A SO
DDL?’W _DDp6,O7 —ADDN, _ _(67 _ﬁ6) dr \ E M sf T YT,

f\\ /,1/ ¢

DDL* ~DDp*" = ADDN, | | (an  sg\T \

L (P P ) i J e 1

ﬂ\ A =Tpe =T eeo

p’ = [cos(El,)sin(Az,), cos(El,) cos(Az,), sin(EL) |

8000 18500 19000 19500 20000
time (s)

[Los_k - Los_@6]*[baseline]

DDL1- A,DDN1

cat DD}Cl_UPcz_%_ALL.fixLlLZ | gawk 'BEGIN{g2r=atan2(1,1)/45}
{e1=$14*g2r;al1=$15*%g2r;e2=$16*g2r;a2=$17*g2r;

printf "%s %14.4f %8.4f %8.4f %8.4f \n",
$8-$18| | -cos(e2)*sin(a2)+cos(el)*sin(al),
2 -cos(e2)*cos(a2)+cos(el)*cos(al), -sin(e2)+sin(el)|}' >|M.dat

N (a3 6\
DDI*® — 3, DDN®" —(P -p ) [DDL1- A,DDN1] [ Los_k - Los_06]
6,07 _ 6,07 (a1 AN ] | T pP——— —— oo mmmmmm e
DL ~ADDN:| | =(p"~p°) | <« |[3.3762 0.3398 -0.1028 0.0714
-7.1131 0.1725 ©0.5972 0.0691
DDL** — 2, DDN,** —(ﬁ“—ﬁﬁ)r 4.3881 -0.6374 0.0227 0.2725

Differential positioning with carrier (4h)

Basic exercises on differential positioning with carrier.
The concepts introduced in the theory on differential
carrier positioning are experimented in the laboratory. @J. Sanz & JM. Juan
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»

NAGE
YNNG

Personnel
Permanent Staff
Researchers

Former Researches

Publications
PR Papers on GNSS
PR Papers on Astronomy

Proceedings on GNSS

Research Group or Astronomy anad Geomatics

J Home

Professional Training

About us

GAGE is a research group of the

This website provides you information about the Professional Training of the UPC -Barcelona Tech. s | Technical University of Catalonia

The e-Knot professional training program is an ambitious program aimed at providing GNSS training
to employees of industry, research centres and institutions. It is based on the provision of twelve 3-day |g
free-of charge tutorials over 3 years (2 in 2015, 5in 2016 and 5 in 2017). N .-

The instructors of the e-kKnoT professional training program are GNSS experts from the Ecole Nationale de I'Aviation
Civile (France), Politecnico di Torino (Italy), Universitat Politécnica de Catalunya (Spain), Astri Polska (Poland)

The e-KnoT Professional Training Leaflet 2016 can be downloaded from the following link: e-Knot_Leaflet.pdf

Proceedings on Astronomy

PhD Dissertations
Culture & Society

gAGE Products
Fast-PPP Products

Global Monitoring System
for EGNOS (GMS)

Professional Training

Warsaw2015

Barcelona2016

Prague2016 User: gnss

Madrid2016
Warsawz017 Pass: course

Barcelona2017

(UPC). UPC is a public
university located in
Barcelona, Spain.
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Shortcuts
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GNSS Course and
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GNSS Webinars
gLAB Tool Suite
Useful GNSS links
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(0] GNSS BOOK/ 20.Mar-2017 1946 - ition and understanding Of.E.I problem, the need f?r ad\.'fce, the. gAGE upload file facility
Patents (CJ SLIDES/ 31.0c2017 1424 - a new concept. Such specific needs can be blocking points while an
(£ SOFTWARE/ 31-0c62017 14-06 - reduced time. This is particularly true for small entities with reduced i
Fast-PPP Schedule BCN17 v0.1pdf 31.0ct-2017 14-24 T0K such expertise to companies in need that can be seen as “advice’, User |°g|n
1. - - z
WARTK Username:
Iono. Model = —— 4 o
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&

GNSS Data Processing

Theory

http://www.gage.edu

@. Sanz Subirana & J.M. Juan Zornoza

&

The Learning material
is composed by a

GNSS Data Processing collection of slides for

Theory & Laboratory
Laboratory exercises.

A book on GNSS Data
http: //waw. gage . edu Processing is given as
complementary material.

@J. Sanz Subirana & J.M. Juan Zornoza

Lecture 1
GNSS measurements
and their combinations

E

Developed by gAGE : Rese
Technical Uni

Tutorial 1 + GNSS DATA PROCESSING
GNSS Data Processing Lab Exercises S et M

@ pece

—
€) gaGeEwPC

www.gage.upc.edu
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http://www.gage.es/sites/default/files/TEACHING_MATERIAL/GNSS_Book/TM-23_Vol_II_Contents.pdf
http://www.gage.es/sites/default/files/TEACHING_MATERIAL/GPS_BOOK/PDGPS_English.tgz

@ Additional References

[RD-1] J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares, GNSS
Data processing. Volume 1: Fundamentals and Algorithms. ESA TM-
23/1. ESA Communications, 2013.

[RD-2] J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares, GNSS
Data processing. Volume 2: Laboratory Exercises. ESA TM-23/2. ESA
Communications, 2013.

[RD-3] Pratap Misra, Per Enge. Global Positioning System. Signals,
Measurements, and Performance. Ganga-Jamuna Press, 2004.

[RD-4] B. Hofmann-Wellenhof et al. GPS, Theory and Practice. Springer-
Verlag. Wien, New York, 1994.

[RD-5] Gang Xie, Optimal on-airport monitoring of the integrity of GPS-based
landing systems, PhD Dissertation, 2004.

[RD-6] Sandra Verhagen and Bofeng L., LAMBDA software package. MATLAB

implementation, Version 3.0. Mathematical Geodesy and Positioning,
Delft University of Technology.

[RD-7] ESA/IRC International Summer School on GNSS 2015. Presentations
Booklet. Barcelona, Spain. August 31st to September 10t 2015.
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We hope you enjoy with this learning
material, as we enjoyed compiling it
for our GNSS community!!!

Please, do not hesitate in giving us
your comments, suggestions and
anything you feel useful to help
improving this material.

We appreciate!!!

www.gage.upc.edu @ J. Sanz & J.M. Juan 13



@ J. Sanz & J.M. Juan

Thank you!

www.gage.upc.edu
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