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This course is based on the book edited by
gAGE:

GPS data processing: code and phase.
Algorithms, techniques and recipes.

(available at http://www.gage.es)

These slides show some exercises and examples
whose data files (with actual GPS data) and
corresponding software (with source code) are
provided in the book.
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Summary

e Introduction.

e GPS measurements and their combinations.
e Satellite coordinates.

e The model.
 Navigation equations.

e Code and phase differential positioning.

® Floating versus fixing ambiguities.
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B Specific Objectives:
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To learn about GPS observables (code and phase), their
characteristics, properties, combinations and applications.

To learn how to calculate satellites orbits and clocks from
navigation message. To know the achievable precision.

To learn how to model pseudodistance for code and phase
measurements. This includes calculation of: 1) Coordinates at
emission epoch, 2) Ionospheric delay (Klobuchar model), 3)
Tropospheric delay, 4) relativistic correction, 5) clocks offsets and
satellite instrumental delays, 6) phase wind-up, etc.

To learn how to set and solve the navigation equation system
using least-squares or Kalman filter (algorithm level).

To know how to use phase differential positioning: Floating and
fixing ambiguities.

To get tools and skills to process and analyze GPS data.

; To implement algorithms for satellite navigation.
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Introduction
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A ship determines its location from a
send an acoustic signal at a known time.

et on lighthouses that

Knowing the emission time
“t0” in the lighthouse and

the reception time “t1” in

the ship, the traveling time
“t1-t0”, and the geometric
range “p=v(t1-t0)"” may be
computed.

With only one lighthouse
there is a whole circumference
of possible locations
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A ship determines its location from a
send an acoustic signal at a known time.

With two lighthouses there
are two possible solutions.

But, one of them is not on
the sea!

et on lighthouses that
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A ship determines its location from a
send an acoustic signal at a known time.

With three lighthouses a
single solution is found

et on lighthouses that
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‘ Errors in the clocks (lighthouses and ship) synchronism affects the accuracy

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

Thence, the synchronism errors between
the lighthouses and ship clocks will degrade
the positioning accuracy.

True range or
Geometric range

>

Pseudorange or

apparent distance
due to the error clocks




———————————

q

SUMMARY: The positioning system is based on:
e To know the coordinates of the lighthouses
e To know the ranges from the ship to the lighthouses

e To solve a geometric problem.

NOTE: the ranges are measured by means
the traveling time of the acoustic signal
from the lighthouses to the ship.

Thence, the synchronism errors between
the lighthouses and ship clocks will degrade
the positioning accuracy.

True range or
Geometric range

>

Pseudorange or

apparent distance
due to the error clock.
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How GPS Works

Satellites broadcast .
orbit and clock data ?_

= Satellite coordinates

and clock offset t

Lighthouses
coordinates

Receiver measures
traveling time from
satellite to receiver

e = Pseudorange (P) $

Lighthouses-ship
ranges.

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




B How GPS Works
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Three measurements puts us
at one of two points

20.000km

Twas measuramants puts . .
us somawhaere on this circle One of the solutions is not

on the Earth surface.

g
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How GPS Works
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How GPS Works
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Lesson 3:

GPS measurements
and its combinations

Measuremeftts:
Ranges

“Pseudoranges” are
computed from the
traveling time sat-rec

Several error sources
affect these
measurements

Receiver
location

travel time x speed of light
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B How GPS Works
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Satellite coordinates

and clock offsets are Lesson 4:

computed from the .

navigation message: GPS Orbits and \/,e/= 300 BITS, 6 SECONDS —
bit.f

(orbit.n) clocks /\//5\.-' CLOCK CORRECTION DATA T

TLM | HOW | 5SY EPHEMERIS DATA (1)

TLM | HOW | 5¥ EPHEMERIS DATA (1)

25 PAGES OF SUBFRAME 4 AND 5 = 12.5 MINUTES

1500 BITS,
30 SECONDS
TLM | HOW | ALMANAC DATA FOR ALL S5YS :.lc

TLM | HOW | OTHER DATA {IONO, UTC, ETC)

— ONE WORD = 30 BITS, 24 DATA, 6 PARITY —3
8-BIT PREAMBLE DATA PARITY

TLM
TELEMETRY WORD

HOW
HANDOVER WORD

GPS NAVIGATION DATA FORMAT

17-BIT TIME OF WEEK DATA PARITY

Receiver
IOcat|On P HDOARNA 1032

g
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125° 120"

=T == 1 0UT.upci00178
@80

il

Receiver
location

g

aPS Works

Atmospheric propag.,
relativistic effects,
clocks and instrum.
delays are modeled
and removed.

And the navigation
equations are built
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How GPS Works
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=
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geometric

"\.

The

g

W JEAGAL, 2004-2005

problem is linearized,
and Weighted Least
Mean Squares or
Kalman filter are
used to compute the
solution.

b

Atmospheric propag.,
relativistic effects,
clocks and instrum.
delays are modeled
and removed.

And the navigation
equations are built
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>

How GPS Works

Lesson 7:

Code and phase
differential positioning.
Floating/fixing ambiguities

1

AV J .

Long-Baseline (hundreds Km) OTF Ambiguity Resolution -

GPS ~
- -

. - o ,
P L g 2
B - e
2 RS(2) = 1‘
g B U S :
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Lesson 3

GPS measurements and their
combinations: The RINEX files

g
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2 GPS SIGNAL STRUCTURE
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Two carriers in L-band:
e L1=154 fo=1575.42 Mhz
e | 2=120 fo=1227.60 Mhz
where fo=10.23 Mhz

C/A-code for civilian users /()]

P-code only for military and
authorized users /P(t)]

e Navigation message with satellite

L1 CARRIER 1575.42 MHz

GPS SATELLITE SIGNALS

WAV A X L1 SIGNAL
C/A CODE 1.023MHz
Jnrearnanrrre ® Micer
NAV/SYSTEM DATA 50 Hz

@ hodula 2 Surm
P-CODE 10.23 MHz
ML A+)

1.2 CARRIER 1227.6 MHz ‘P
AAAAAAMMMA AW X L2 SIGNAL

P H DANA 455

ephemeris and clock corrections

[D(D)]

P(Y) ‘ P(Y)
A A A

1227.6 MHz 1575.42 MHz
L2 L1

g
i

L (¢) = a, P()D(¢)sin( £1) + a,C(¢)D(¢) cos( f)
L,(t) = a,P() D(1)sin( /1)
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GPS Pseudorange Measurements

L, (1) = alP() D@ sin(fi1) + a,C (1) D(t) cos( ;1)

L,(t) = a,PQ)D(t)sin( /1) binary code P
& 0 L %

At

C1,P1, P2

Pl= ¢ At= ¢ [t (Tg)-t2(TS)]

From hereafter we will call:

e C1 pseudorange computed from C binary code (on frequency 1)
e P1 pseudorange computed from P binary code (on frequency 1)
e P2 pseudorange computed from P binary code (on frequency 2)
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GPS Phase Measuremer :
- Af = fi=fo=-= 1

OOPERIIONOFGE Ll(t) = alP(t)D(t) Sln(flf) + CIIC(t)D(f) COS(_flt

L, () =|aP()D (1) sin( f,) p=[p=-c ﬁ*@D
- CW

» 1
at®
a®
an®
at®
at®
““““
an®
a®
a®
a®
n®
a®

unknown bias) can bealso el 1,P1, P2
measured from the carrier phases
L,(t), L(t) (Iintegrated Doppler)

From hereafter we will call:

e L1 phase measur. computed from the carrier phase on frequency 1
e L2 phase measur. computed from the carrier phase on frequency 2

e C1 pseudorange computed from C binary code (on frequency 1)
e P1 pseudorange computed from P binary code (on frequency 1)
. | e P2 pseudorange computed from P binary code (on frequency 2)
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Phase and Code pseudorange meas

i \‘./Pl P1= ¢ At= ¢ [t (Tp)-t"(T9)]

Se+07 T T T T T

Pl = p+clock offset _
~ 20.000Km

1.5e+07 |

P1 is basically the geometric range (p)
between satellite and receiver, plus |
the relative clock offset.

The range varies in time due to the |
satellite motion relative to the
receiver.

1e+07

He+0B

{

0 10000 20000 30000 40000 50000 B0000 F0000 BO000
Time (GP S seconds)

-Se+0B

P1 is an absolute measurement (unambiguous)



= Phase and Code pseudorange megar =1 - 1 = P f.

EUROPEAID C

— 3e+07 : . . ! , : A
L~[p=-c ITf/@r

25e+07 | \ "' - -
2e+07 =

g Relative measurement
% roer T (shifted by the unknown ambiguity|["AN7)||
: |

Each time that the receiver loose the
phase lock, the unknown ambiguity
changes by an integer number of “\"

Y

-Fe+06 . '
0 10000 20000

A%&ALI ~ p+ clock offset HAN

40000 50000 80000 70000 80000
e (GP S seconds)
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B Code and phase measurements
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P2-P1 ©
= ‘ L1-L2 + -
S o
m B ]
T 12 @
% 10 00 Code (unambiguous but noisier) | -
-'C_IJ' SN . <->®0
é 8 I~ GQ%?‘%@ @Z‘i&) ]
- ' S
0
o 6 .
=
£ 1 |
O
O
Q 2 |
@
L
& 0 i
o
—
I -2
\i Carrier Phase (ambiguous but precise )

_4 | | l l | | G|
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)

g
1]
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B GPS measurements: Code and Phase pseudoranges
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L (t) = a,P(1)D(t) sin( fit) + a,C(¢)D(t) cos( f,1)
L,(t)=a,P(t)D(¢)sin( f,t) &7 o 1

Antispoofing (A/S):
The code P is encrypted to Y. Wavelength O hoise Main

=>» Only the code C at (chip-length) (1% of A) [*] characteristics
frequency L1 is available.

Code measurements

F‘-!H 300 m 3m

] Unambiguous
P1 (Y1): encrypted 30 m 30 cm but noisier
|_P2 (Y2): encrypted | [EORS 30 cm

Phase measurements
L1 19.05 cm 2 mm Precise

L2 24.45cm 2 mm but ambiguous

[*] the codes can be smoothed with the phases in order to reduce noise
(i.e, C1 smoothed with L1 = 50 cm noise) - 28
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RINEX measurement file
—

-741950.3241 6190961.9624 -1337769.9813

SNR is mapped to signal stremgth [0,1,4-9]

3 SBSERVATION DATA s RINEX VERSION 7 TIPE
RGRINEXD 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 LLI {(+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION COMMENT

~0. 000000000103 HARDWARE CALIBRATION () COMMENT

~0. 000000054663 CLOCK OFFSET (S) COMMENT
COCo MARKER. NAME
AU18 MARKER. NUMBER
mh | HEADER |siig OBSERVER / AGENCY
126 93.05.25 / 2.8.33.2 REC # / / VERS
327 ANT # /

APPROX POSITION XYZ

0.0040 0.0000 0.0000 ANTENNA: DELTA H/E/N
1 1 WAVELENGTH FACT L1/2
5 C1 L1 L2 P2 P1 # / TYPES OF OBSERV

COMMENT

SNR: >500 >100 >80 >10 >5 >0 bad n/fa COMMENT
sig: 9 8 7 6 5 4 1 0 COMMENT
30 INTERVAL

190 7 1 f/ " -.f f-f-f-.’-f-f-f- TIME "F FIR! -C'_ .’,“C
190 7 1 ;-. E-L'; -.f f-f-f;.’-f-f-f- '—HIL "F 'CT .’.“C
7 30.0000000 [0l [7] 125 9 52317 6

221 1118481.28445 22127685.4014 === 1
226?1 MEASU REMENTS 8969469.30045 22672158.5184 <==—== 25
22594 —10020708.53%45 22594903.7394 (=== 9
22731128. T'QG —11621184.95-1 7 —9&55464.16945 22731130.0094 (=== §
24610920.702 -924108.174 6 -720085.67045 24610920.0404 === 33
20718775.074  -18605835.474 O -14498133.97346 20718775.6074 <==—= 17
20842713.610  -19083282.892 9 -14870090.55546 20842713.4814 <==——= ¢
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g@}i’“

2
RGRINEXO V2.4.

11
5 Ot

SNR: >500
sig: S

RINEX measurement file

OBSERVATION DATA G (GPS)
10-JAN-97 10:19

1 UX AUSLIG

+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION COMMENT

000103 HARDWARE CALIBRATTION (S) COMMENT

054663 CLOCK OFFSET (S) COMMENT
MARKER NAME

L1 L2 P

>100 >50 >10
g 7 (3]

Australian Regional GPS Network (ARGN)
BIT 2 OF LLI
—0. 000000
—0. 000000
COCO

2

7

P1

SNR is mapped to signal stremgth [0,1,4-9]

— COCOS ISLAND

>5 >) bad nfa

5 4 1
30.0000000

0

RINEX VERSION / TYPE
PGM / RUN BY / DATE
COMMENT

HA?ELEHGTH FACT L1f2
# / TYPES OF OBSERV
COMMENT

97 1 9 0 7 30.0000000 125 9 523 17 6

22127685.105  -14268715.899 8 -11118481.28445 22127685.4014 «==——= 1
22672158.746  -11510817.892 7 -8969469.30045 22672158.5184 == 2§
22594902.367 -12949753.825 7 -10090708.53945 22594903.7394 <==—== ¢
22731128.796  -11621184.951 7 -90656464.16945 22731130.0004 <= §
24610920.702 -924108.174 6 -T20085.67045 24610920.0404 === 23
20718775.074  -186056935.474 O -14498133.97346 20718775.6074 <==——— 17
20842713.610  -19083282.892 9 -14870090.55546 20842713.4814 L==——= ¢
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RGRINEXD V2.4.1 UX AUSLIG

=0, 000000000103
=0. 000000054663
COCaO
A8
mrh

L Tind

{ Measurement time
(receive time tags) jooo
L1

auslig

L2

2 OBSERVATION DATA

Australian Regional GPS Network (ARGN)
BIT 2 OF LLI (+4) FLAGS DATA COLLECTED UNDER "AS"™ CONDITION
HARDWARE CALIBRATION (S)

CLOCK OFFSET (S)

P2

G (GPS)

10-JAN-97 10:19
— COCOS ISLAND

93.05.25 f 2.8.33.2
624 —-1337769.9813

0.0000
P1

5T Pa T T W LN W, T oY
=L O BNl Al \\]

i S A B
o Talra s aTaaTaTa
A0 OO0

RINEX measurement file

RINEX VERSION / TYPE
PGM / RUN BY / DATE
COMMENT

COMMENT

COMMENT

COMMENT

MARKER NAME

MARKER NUMBER
OBSERVER / AGENCY
REC # / /S VERS
ANT # /

APPROX POSITION XYZ
ANTENNA: DELTA H/E/N
WAVELENGTH FACT L1/2
# / TYPES OF OBSERV
COMMENT

COMMENT

COMMENT

INTERVAL

TIME OF FIRST OBS
TIME OF LAST 0BS

END OF HEADER
125 9 52317 6
5D - LU -11118481.28445 22127685.4014 <==——== 1
22672158.746 -8960469.30045 22672158.5184 === 0§
22594902.367  -12949753.825 7 -10090708.53945 22504903.7394 === ¢
22731128.796  -116184.951 7 -9065464,.16945 22731130.0094 === §
24610920.702 §24108.174 6 -T7T20085. 7"~ ~sAeAAsAAaRa = 03
20718 9 -14498133. = 17
20847 Epoch flag 0: OK |9 -14870090 .booro  covmerrommvime ~——= &
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RINEX measurement file

2 OBSERVATION DATA G (GPS) RINEX VERSION / TYPE
EE{H.IHEIU V2.4.1 UX AUSLIG 10-JAN-97 10:19 PGM / RUN BY / DATE
i "--lu- GF Fs i HE = il AN OMME T
EIT 2 I'JF LLI (+4) FLAGS DATA CCILLECTED UNDER "AS" CONDITION COMMENT
=0, 00000000010 HARDWARE CALIBRATRON ONME]
0. 000000054663 CLOCK OFFSET (S) COMMENT
COCO MARKER NAME
AU18 MARKER NUMBER
mrh auslig OBSERVER / AGENCY
126 93.05.25 /\2.8.33.2 REC # _f [/ VERS
327 Sr——
-741950.3241 6190961.9624 -1337769.9813 SITION XYZ
0.0040 0.0000 0.0 Synthetlc Pz I}IELT% HfE_;H
'H FACT L1/2
P p1 (A/S=on) OF OBSERV
0,1,4—9] COTTIEIT I
>) bad n/a COMMENT
5 4 1 0 COMMENT
INTERVAL
"Il.- '|f f-f-f-.’-f- -_ '—HIL |IF FI C'— IFI_L'C
o) -.r f-f-f;.’-f-f-f- TIME OF L! 'CT 0OBRS
END OF HEADER
SE-11118481.2 22127685 .40 === 1
3] 3. (46 0817.392 |T[ - - - {m= D5
22594902.367 -12949753.825 |7 |-10090708.5 22594903.7 (=== 9
22731128.796  -11621184.951 7| -9055464.16 22731130. (=== 5
24610920.702 —924108.174 6| -T20085.67 24610920. === )73
20718775.074  -18605835.474 [9]-14498133.97. 20718775. Cmm 17
20842713.610 -19083282.892 [9]-14870090.55 20842713.48 Cmmmm §
JEAGAL. 2004-2005 S/N indicaton Loss of lock indicator |, gonp. 53




Eﬁ:ﬂ;ﬂ‘gg ’ | | | Satellite clock offset < 300Km
Relativistic correction < 13 m
= /L] [ L] Peeudornge -

Sat. instrumental delays (TGD) ~ m
‘ P1,P2, C/A

Emission ~300
- fef " Reception

At eeoves Geometric distance:  p0 ~20 000Km
o* - . - Tonospheric delay [2 - 50 m]
P= ¢ A= G [t TR)-(T)] & epnitig
*e, e P LA .. // Receiver instrumental delays ~m
Psat _ sat (d d Sat) 5
rec prec T C trec 4 T z

Geometric range Clock offsets

> 6 —‘relfe‘f +‘Tr0pm\+‘[0n HK + K‘“”|+

| Relativistic effects Ionospherlc delay
A&N Tropospheric delay Instrumental delays
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g@i*\’

GPS receive}f‘\ VL

1%, ¥, )

Pseudorange

PL,P2,C/A

Emission ~300m
DOD Reception

ol

Satellite clock offset < 300Km

Relativistic correction < 13 m

Sat. instrumental delays (TGD) ~ m

Geometric distance: p0 ~20 000Km

lonospheric delay [2 - 50 m]
Tropospheric delay [2 - 10 m]
Receiver clock offset <300Km
’// Receiver instrumental delays ~m
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Eﬁ:ﬁ;ﬂ‘g& Emission ~300m
Niell Reception

fel

Satellite clock offset < 300Km

Relativistic correction < 13 m

Pseudorange

P1, P2, C/A

Sat. instrumental delays (TGD) ~ m

Geometric distance: p0 ~20 000Km

lonospheric delay [2 - 50 m]

Tropospheric delay [2 - 10 m]
Receiver clock offset <300Km

/1/ Receiver instrumental delays ~m

g
a
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Exercise 1:

a) Using the file 95o0ct18casa__ r0.rnx, generate the “txt” file

950ct18casa.a (with data ordered in columns).

b) Plot code and phase measurements for satellite PRN28 and
discuss the results.

Resolution:

a)

b)

cat 95oct18casa___ r0.rnx| rnx2txt > 95oct18casa.a

See next plots:

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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B An example of program to read the RINEX: rnx2txt

EUROPEAID
CO-OPERATION OFFICE
A A
u u
] n
" n
n | |
™ n
" n
" n
n | |
™ n
Ficheros RINEX: observables
2 OBSERVATION DATA G (GPS) RINEJ} VERSIUij TYPE sta D0y sec PRN L1 L2 C1/ P1 P2
RGRINEXO V2.4.1 UX AUSLIG 10-JAN-97 10:19 PGM / RUN BY / DATE — ya 355 080 S99 0T 153 ST
Australian Regional CPS Network (ARGN) - CDCOS ISLAND COMMENT L 00 1o e et 1oy e e
BIT 2 OF LLI (+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION COMMENT 50 o ' Jeerz3.ars -1d340, 23b2obUa. 123 2302260E . A2
casa 291 0.99 18 -I51LE0.525  -190430. 2LESBSE/. 151 246bESEE. 163 0
-0. 000000000103 HARDWARE CALTBRATION (S) COMMENT 2 B -5l [19.43 SR CrAAE E 3
-0, 000000054663 CLOCK OFFSET cs) COMMENT casa 791 0.aa 27 -24440%4 551 -"?44_1:1.99'\ -085 374 PPRORE 1{1‘.41. 0
cnco MARKER. NAME casa 791 0.90 75 -p49R17. %3 7349000 667 7775993.7%5 279509 0
AUi8 MARKER NUMEER, cacza 201 0.99 20 -1670£73. -1570472.388  22400175.£77 23408113.535 0
mrh auslig OBSERVER / AGENCY casa 201 30.90 14 -3840286.845 -334028L.776 207573531.286 2975736C.162 0
126 93.05.25 / 2.8.33.2 REC # f / VERS casa 201 30,30 15 -1014283.545 -1914282.230 23E4£075.112 23044078 0
327 ANT # caca 291  30.39 18 29.153 ] 2/610685.351 2164 E60E 0
—741950.3241 6190961.9624 —-1337769.9813 APPROX POSITION XYZ caca 291 30,39 22 -2 787 22;19/9'_2_@;5 2191913 0
0-0040 0.0000 0.0000 ANTENNA: DELTA H/E/N caca 291 39,30 25  2935650.600 56 3121.015 22273121.208 ©
é ci L 12 P py P‘}%Gmmo?hggsﬁ{? casa 291 30.20 29 16E1115.534 “112.03 39B473.834 22396474354 0
T [0.1,4-0] L casa 291 6090 1L -384/65b.893 3,821 20/500.4. 29456018, 388 ©
18 mapp gna ength (0.1, casa 291  60.30 15 -1855770.97% 23262583, 23062591.323 0
SNE: >B0O0 >100  >50 >10 >5 >0 bad nfa COMMENT : . il - S2F7e 797 gy
S 3 3 - 2 = 4 ] o COMMENT casa 791 6039 18 -273719.90% PLEDLTGT.015 74624007770 0
casa P91 60.90 27 -P471730.391 -?47 747.715  P2481387. 27481385.934 0
casa 201 60.99 25 -2071610_A93 -292°007.083 22287301 681 2I237301.347 0
casa 201 60.30 20 -16C1735.10% -1507733.640 22387854, 22387854429 0
END OF HEADER casa 201 00,30 1 -38340£0.5°3 -3554808.440 20742745, 29742748,307 0
125 9 52317 & caca 291  90.30 15 -1877216.337 -1877215.051 23881143 2308117 )
29127685.106  -14268715.899 § -11118481.28445 22197686.4014 <=—— 1 casa 291  90.39 18  -239057.495  -239397.188 2/£089. 216089 0
20672158.746  -11510817.892 7 -8960469.30005 206721568.5184 <=—— U5 caza 291  00.30 22 2485100.565  2485196.877 22487033317 22467935 0
29594902.367 -12949753.826 7 -10090T08.53945 22594903.7394 <=—— caca 291 0089 2> 29672/2. 2 22391535, 243 0
22731128.796 -11621184.951 7 -9055464.16945 22731130.0004 <==—= casa 291 QUL EE P9 S 1JEZEED AR -] 02930, /2 D3N 2N 0
24610920.702 —024108.174 6  -T20085.67045 24610920.0404 === 23 casa 291 120.90 14 -3062377.674 *\@;'3”0 PA733566.939 0
23;13;73-273 ‘13%935-334 g ‘lgﬁrgégg-WMg zggls;rg.gm  — 12 cnsa 261 120,50 15 GOS0 995 PIR9ATA.L78 2I0A57LT 420 O
20842713.610  —19083282.892 9 -1 -55546 20842713.4814 <= casa 201 120.90 18 -254366.052 24303053725 24503052 168 0
: The RINEX file is convert to a “"columnar format” to easily plot its
a

contents and to analyze the measurements (the public domain free
tool “gnuplot” is used in the book to make the plots).



El ‘Code measurements‘ The geometry “p” is

EUROPEAID

o the dominant term in
- .. | the plot. The pattern
260407 . - - — in the figures is due to
2 55407 | the variation of “p”
2.5e+07
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£l ‘ Code measurements ‘ Similar plot for code

EUROPEAID

— measurements at f2.
Notice that
T p2 | Ionosphere (Ton) and
penor | o Instrumental delays (K)
et | depend on frequency.
%, 2.35e+07 |
E 2.25e+07
220407 |-
2150407 |
B T ooon 000 o000 40000 50000 60000 70000 80000

Time (GP S seconds)

g

sat sat sat sat sat sat sat
P Hp.,. +c-(dt, —dt™ )rel, +Trop,, +]0@a +]@a +I€2) +&




Ionosphere delays code and
advances phase measurements

- se measurements
EUROPEAID

Code measurements: C1,\{1,P2

C sat. sat __sat sat t S‘i ¢!
b | P = pl e, i) el + Trop: oS + Ky + K e

sat — sat sat sa at 6
P =i et~ s etz Nrori| e A+ Ko
L

Frequency dependent

Phase measurements: L1,L2

L = o +c-(dt,, —dt™) + rel’s +Trop) ey +E). HE)" e
LY =p +c-(dt,, —dt*™ ) +rel’ +Trop.s —Jmﬁ-l— 2 -I—h HAN, fw]+é&

2sta
Mo satel hite rotation: Satellite rotation: 20408 . plut
no phass ermr Phase misunderstanding,
II| :l \ phase emor tes - mg
D{}(]) | (Db | phase Ambiguities
= i [ g T . -
7 L) ! \ N1, N2 are inte¢

Carrier-phase L1 (meters)

Wind Up

o406 ‘ s s ‘ w w L nos-Bosch P. 41
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EE ‘ Phase measurements ‘ The geometry “p" is

EUROPEAID

— the dominant term in
L.« | the plot. The pattern
2e+06 ' ' ' — in the figures is due to
the variation of “p”.

The curves are broken
when the receiver loss
the lock (cycle-slip).

1e+06 |

]
T

1e+06 |

arrier-phase L1 (meters)

Ll

When a cycle-slip happens,
the phase measurement "L”
changes by un unknown
integer number of cycles (V) 0 0

Time (GPS seconds)

g
i

L o +c-(dt, —dt* rel’s +Trop: —Ion’" +k

sta sta sta sta 1sta

sat
+ AN, Fw +e




El ‘ Phase measurements ‘ The geometry “p” is

EUROPEAID

— the dominant term in
the plot. The pattern

L2 plot

2e+08 ' ' ' — in the figures is due to
the variation of “p”.

The curves are broken
, _ when the receiver loss
the lock (cycle-slip).

1e+06

-1e+06

ier-phase L2 (meters)

When a cycle-slip happens,
the phase measurement "L”
changes by un unknown
mteger number of cycles (V)

(]NIw]¥] 20000 30U HUUUT 500D
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60000 70000 80000

g
u
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Combination of measurements:

e Ionospheric combination
e Ionosphere-Free combination
 Wide-lane and Narrow-lane combinations

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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B 1. IONOSPHEf =

EUROPEAID

12 r

PI= P2-P1=Iono+ctt

LI= L1-L2= Iono+ctt+Ambig

Code measurements: C1,P1,P2

P2-P1 o
Li-L2 -

lonospheric combination (meters, PRNO1)

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

sta

P = pim t,. —dt*)+rel’ + Trop

+ K \He

\

sat | _sat sat t sat at ”
})ZSW _pSfa +C.(dtsta_dt mm Hlo St + g T /a + &

Phase measurements: L1,L2

sat sat sat sat
Llsta :Mdt )+ relsta +

spt at al
Trop], 11 ) "‘@a + O

i

LY =|p™ +c-(dt, —dtsww o, +
2t t t Y hl h\

\

JEAGAL, 2004-2005

Hernandez-Pajares M., Juan M., Sanz J, S

phase Ambiguities




£ 1. IONOSPHERIC COMBINATION

EUROPEAID

LI= L1-L2= Iono+ctt+Ambig

lonospheric combination (meters, PRNO

e The pattern corresponds to
the ionospheric refraction
(Ion), because the other
terms (K) are constant.

e Notice that code
measurements are noisier.

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

g
i}
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| 1. IONOSPHERIC COMBINATION

smmz | The ionospheric delay (Zon) is proportional
to the electron density integrated along the A
ray path (STEC).
lon=——S8TEC
7[GPSreceiver ] . .
- The iono refraction
STEC = .[Ne(’”at)d’” depends on:
FIGPStransmitter ] —_ « Geographic location
A e Time of day
e Time with respect to
Cycle 23 Sunspot Number Prediction (April 2001)

1996 1998 2000 2002 2004




| 1. IONOSPHERIC COMBINATION
s | The ionospheric delay (Zon) is proportional 4

to the electron density integrated along the
ray path (STEC).

40.3

lon=——S8TEC
7[GPSreceiver ] . .
: _ The iono refraction depends on:
STEC = N (r,t)dr : :
€ e Geographic location
7[ GPStransmitter ? « Time of day “
: A » Time with respect to solar |
cycle (11y).
16 \ \ m
— .o P2-P1 - - ! 'w :.-"-_ - g . .
S 14 - . Li-L2 + E - BT B -
o 12 ) ' g 20 )
o | ¥ A Ry ] : |
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Eil 2. IONOSPHERE-FREE COMBINATION (Pc,Lc)

EUROPEAID
CO-OPERATION OFRCE

The ionospheric refraction depends on 40. 3

the inverse of the squared frequency |lon =
and can be removed up to 99.9% combining 71
and 72 signals:

Pe = f12P1_ f22P2 Lc = f12L1_ fzzL

f12_f22 B flz_fzz

sat sat sat sat sat
Pc,, =p,, tc-(dt, —dt")+rel, +Trop, +K. , +&

Sta Sta

Leit = pit +c-(dt, —dt™ ) +rel +TropS: +k,, +k™ +ARc+w, +¢

cSsta

e The ionospheric refraction has been removed in Lcand Pc
e\ = 10.7cm

The Rc ambiguities are NOT integers!!
| ° gerst [ 2o ey

A )
A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 49




EUROPEAID
CO-OPERATION OFFICE

Comments:

Two-frequency receivers are needed to apply the
jonosphere-free combination.

If a one-frequency receiver is used, a ionospheric
model must be applied to remove the ionospheric
refraction. The GPS navigation message provides the
parameters of the Klobuchar model which accounts
for more than 60% of the ionospheric delay.

g
i
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B Narrow-lane (Pw) and Wide-lane Combination Lw

EUROPEAID
CO-OPERATION OFRCE

The wide-lane combination Lw provides a signal with a large wave-
length (A\=86.2cm~4%*).1). This makes it very useful for detecting
cycle-slips through the Melbourne-Wuibbena combination: Lw-Pw

Pw = fl Pl"'fzpz Iw = f1 Ll_f2L2
f1+f2 fl_fz

ﬁ The same sign

Pwiy = p - (dt, —dt* ) +rel; +Trop)f +1pon " + K, +K ™ +¢&

sta a
sat
+k+A +g

Lwy = oo +c-(dt,, —dt™) +rel +Tropf +1pn™ +k,

sta St ta

The ambiguities Nw are INTEGERS!

g
i

No wind-up
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EE Detecting cycle-slips

EUROPEAID
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This cycle-slip
PRN 28, L1Phase - inVOIVeS mi”ions
/

/ - of cycles = it is
- \ . \ // ! easy to detect!!

With Cycle-slip

Pseudorange L1 (me

2e+06

Ee+06 |

-Be+06 |

0 10000 20000 30000
Tim

L1 (cycles)

There is a cycle-
slip of only one
cycle (~20cm) =
How to detect it?

-1.4e+07 |

L 1 Il 1 -
3000 4000 5000 6000 7000 8000

Time (GPS seconds) _
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eorean - [EXercise 2:
a) Using the file 950ct18casa__ r0.rnx, generate the “txt” file
950ct18casa.a (with data ordered in columns).

b) Insert a cycle-slip of “one wavelength” (19cm) in L1
measurement at t=5000 s (and no cycle-slip in L2).

c) Plot the measurements “L1, L1-P1, LC-PC, Lw-Pw and LI"” and
discuss which combination/s should be used to detect the
cycle-slip.

Resolution:

a) cat 95oct18casa___ r0.rnx| rnx2txt > 95oct18casa.a

b) | cat 95oct18casa.a | gawk ‘{if ($4==18)
print $3,$5,$6,$7,$8}" > s18.org
cat s18.org | gawk ¥if ($1>=5000) $2=$2+0.19;
printf “%s %f %f %f %f \n", $1,$2,$3,$4,$5} > s18.cl

Cc) See next plots:

y JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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B | The geometry “p” is the dominant term in the plot. The variation

EUROPEAID

troreAn 1 of “p” in 1 sec may be hundreds of meters, many times greater than
the cycle-slip (19 ¢m) = the variation of p shadows the cycle-slip!

-4e+06 T T I LI
With cﬁ?ﬁgﬁj :
Bov08 | N L1 (without the cycle-slip)
™ L1 (with the cycle-slip)
Be+06 | i
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- The geometry and clock offsets have been removed.

rcio | The trend is due to the Ionosphere. The PI code noise
shadows the cycle-slip, and without the reference (in blue), the
time where the cycle-slip happens could not be identified.

L1-P1 (with the cycle- sllp)
35 | 5 S S
o0 o o0&
oy
p‘:" ">O\"D<\\§§»
% 0%
e N “o A jump of 1=19 cm (one cycle in L1)
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n 00 o°
b 0o ® Fof
c og L & & <-< i
= i
A ﬁ{.‘{_‘? CRamme st eeg
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EUROPEAID

The geometry and clock offsets have been removed.
The trend is due to the Ionosphere. The PI1 code noise

CO-OPERATION OFFICE
shadows the cycle-slip, and without the reference (in blue), the
time where the cycle-slip happens could not be identified.
T T T T 1
L1-P1 (without the cycle-slip)
L1-P1 (with the cycle-slip)
35 | N T A
e
k :'-;_wc?@aﬂ%b%& ¢
£ o b 0%, A jump of 1=19 cm (one cycle in L1)
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20 |ty = :
/
sat sat sat sat sat T st
Plsta ] IOSz‘a — dt )+ re a I"OPSm + Ionlsz‘a +,K1Sz‘a + Kl .'..+ & foo
sat | _sat sat t sat sat sat ¢
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- The geometry, clock offsets and iono have been removed.

EUROPEAID

waw: | There is @ constant pattern plus noise. The P code noise also
shadows the cycle-slip, and without the reference (in blue), the
time where the cycle-slip happens could not be identified.

LC-PC (without the cycle-slip)
[ LC-PC (with the cycle-slip)

A jump of 1=19 cm (one cycle in L1) )
has been introduced in LI at £=5000s
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y}\’

The geometry, clock offsets and iono have been removed.

There is a constant pattern plus noise. The PI code noise also

shadows the cycle-slip, and without the reference (in blue), the

time where the cycle-slip happens could not be identified.
—_

LI-PI (without the cycle-slip)
LI-PI (with the cycle-slip)

10 ‘
A jump of =19 cm (one cycle in L1)
has been introduced in L1 at t=5000s
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The geometry, clock offsets and iono have been removed.

-=m | There is a constant pattern plus noise. The Pw code noise is
under one cycle of Lw. Thence, the cycle-slip is clearly detected
4 Session 3b, exercise 2d. Cycle-slip detection with wide-lane, PREN 18
| | I | |
Lw-Pw (without the cycle-slip)
¢ Lw-Pw (with the cycle-slip)
A jump of 1=19 cm (one cycle in L1)
has been introduced in L1 at ¢=5000s i
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- The geometry and clock offsets have been removed.

EUROPEAID

wemon: | The trend is due to the Iono. The LI code noise is few mm, and
the variation of the ionosphere in 1 second is lower than 4, =19 cm
Thence, the cycle-slip is detected.

LI (without the cycle-slip) |
wb o LI (with the cycle-slip)

A jump of 1=19 cm (one cycle in L1)
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[S3YS

Summary

Session 3b, exercise 2b: Cycle-slip detection with L1-P1, PRN 18
T T

de+06 T T T — 40 . :
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%%

The cycle-slips are detected by the lonospheric combination

(LI L1-L2) and the Melbourne Wubbena (W-Lw-Pw)

)

LI (cycles

-60

-0 |

LI (withol tcyl slip
LI (with cycle-slip

) o
) "

)

Ld-Pd (cycles

4

3k

Session 3b, exercise 2d Cyl slip detection with wide-lane, PRN 18
T
Ld-Pd {witho tcyl slip) @
Ld-Pd {with cycle-slip) +
Lw-Pw
@,

ple M, @ @ﬁ %m&b‘%&@@ 390 D8, Bof 0 Do 0.0 © 0 D e S
A 4 M @ ES @

Two independent combinations, LI and Lw, allow to detect
two independent cycle- sllps (in L1 and L2 phase measur.).
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Lesson 4
Satellite coordinates

g
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1
@ GPS MESSAGE FORMAT

BASIC MESSAGE UNIT IS ONE FRAME (1500 BITS LONG)
b 30 sec

1 FRAME = 5 SUBFRAMES 1 2 3

6 sec <
1 SUBFRAME = 10 WORDS | 11234 |5|6[7 1819 [10

0.6 sec
1 WORD = 30 BITS EARENENNENRNNANENANANANARNEN
- [— (.02 sec
ONE[MASTER FRAME |INCLUDES Subframes 4 and 5
AT %5 BASEC OF SUBFRAMES 4 & 5 L._'ha“’ Rl

A296 AW usssace

g
i}
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F;:AID @H GPS MESSAGE FORMAT 7 The G PS naVigation
C-PERATONOFFRE BASIC MESSAGE UNIT 1S ONE FRAME (1500 BITS LONG) message prOVides

30 sec

s’ s e sian pseudo-Keplerian
elements to compute
satellite coordinates

1 WORD = 30 BITS o [ J
0.02 sec

ONE[MASTER FRAME|INCLUDES Subframes 4 4nd 5
o mE EIRS OF GUBERAMES 4 2 5 have 25 PAGES

A2%e Au massace

Focus of i /
the ellip ! i
i
QO
E%uatoria A i
plane ! Node Lin
f Ascepding Node
X Ari poiﬁt

g
i}
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(X, Y, Z, Vx, Vy, Vz) 2 (a, e, i, 0 w0, V)

6 values are needed (x,y,z,vx, vy,vz) to provide the

position and velocity of a body. They can be map into
the six Keplerian elements (a, ¢, /, 2, o, V), which
provides the "natural” representation of the orbit!

Z

4 Satellite

-

Ascending node
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B @Gdiaam

orbit orbit position in
shape| |orientation| the orbit

perigee

focud

-
A
-,

a’ semi major axis

e’ eccentricity

/:inclination

€2: argument of ascending
hode

w. argument of perigee

V: true anomaly

4 Satellite

Ascending node

g
i
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g
i

Fictitious body moving at
velocity n=2r/P=ctt.
= Mean anomaly (M)

satellite’s perigee

T, : time of passage by

[=>

2
P

n

u,a,e

M@©O=n(t-T,) ; n="0=

E(t)=M(t)+esmE(¢)

/1
Vt)=2 arctan{ 1+_e t
—e

)
2

|
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Calculation of osculatrix orbital elements from position
and velocity (rv2ele_orb.f)

(z,y,2,0,,0,,0,) = (a,e,1,Q,w, M)

F=cS = 0= arctan(—c,/c,); 1= arccos(c,/c) = ,1
x rcos(V) cos Qcos(w + V) — sin Osin(w + V) cos i
y | =R| rsin(V) | =r| sinQcos(w+ V) +cosQsin(w+V)cosi | = w+V
2 0 sin(w+ V) sin ¢

p

"TI1T ecos(V)

jr’u.-‘,V

1 —
tan(E/2) = (- ©

?)UZ tan(V/2) : M=F—esnFE — M
e
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Calculation of position and velocity from orbital elements

(ele_orb2rv.f, orb2xyz.f)

(a"J e'J i.:'J 'Qﬂ ':“"’11 T t) :' {:‘F:- y~ ::- ‘T-‘.‘{':- ‘T-‘.::- ‘T-‘.:}
~—~
v
t — M — E — (r, V)
M =n(t—-T) M =F —esinFE = a(l —ecos FE)
tan(V/2) = (i + e)“2 tan(E/2)
T rcos(V) )z na?
y | =R| rsin(V) v, | = —{Q(1 - e*)"?>cos E — Psin F}
2 0 v, d
Where:
R — Rg( Q RJ_ —1 Rg ) p—
cosf) -smnf) 0 cosw -sinw 0
= sinf{) cos Q cosi - sini sinw cosw 0O
0 SIn? Cos1 0 0 1
P, Q. Sz
— P, Q, S, |=[PQS]
P. Q. S,
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Due to the non-spherical nature of gravitational potential, the attraction
aroesn | Of the sun and moon, the solar radiation pressure, etc., the true
satellite path deviates from the elliptic orbit.

At any time an elliptical orbit
tangent to the true path can be
defined. This is the “osculatrix
orbit”, whose Keplerian elements
vary with time “t":

a(t), e(1), (1) (1), o(t), V(1)

True path

Instantaneous
3 _."elliptic tangent
ERRTL (osculatrix) orbit.
d
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B Exercise 3: Orbital elements variation:
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File 1995-10-18.eci contains the precise position and

velocities of GPS satellites every 5 minutes for October
18th, 1995. [from JPL/NASA server:

ftp:/ /sideshow.jpl.nasa.gov/pub/gipsy products]
a) Use program “rv2ele_orb” to compute the

instantaneous orbital elements for each epoch in the
file. Thatis: |(X, Y, Z, Vx, Vy, Vz) > (a, e, i, 32, o, V)

b) Plot the orbital elements in function of time to show
their variation: a(?), e(t), i(t), 2 (1), o(1), V(1)

Solution:

a) cat 1995-10-18.eci|rv2ele_orb> orb.dat
b) See the following plots

d
i
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[S3YS

Distance (km)

Inclination (radians)

JEAGAL, 2004-2005

Session 4a, exercise 3c (1): Variation of a PRN 15
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Session 4a, exercise 3c (2): Variation of eccentricity PRN 15
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Session 4a, exercise 3c (5): Variation of the argument of the perigee PRN 15 Session 4a, exercise 3¢ (6): Variation of the mean anomaly PRN 15
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3
i

Ephemerids in navigation message:

Parameter Explanation
TODFE Series number of ephemerides data
toe Ephemerides reference epoch
Va Square root of semi-major axis
e Eccentricity
M, Mean anomaly at reference epoch
w Argument of perigee
1, Inclination at reference epoch
0 Ascending node’s right ascension
An Mean motion difference
; rate of inclination angle
fg_ Rate of node’s right ascension
Cucy Cus Latitude argument correction
Crecy Crs Orbital radius correction
Cic, Cis Inclination correction

In order to calculate WGS84 satellite coordinates, you should
apply de following algorithm [GPS/SPS-SS, table 2-15] (see in the

book FORTRAN subroutine orbit.f, annex IV)
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B RINEX ephemeris file

EUROPEAID

OOPERIIONOFGE
2 NAVIGATION DATA GPS RINEX VERSION/ TYPE
XPRINT v1.1 gAGE 00/08/17 09:31:37 PGM / RUN BY / DATE
gAGE BROADCAST EPHEMERIS FILE COMMENT
+1.7695E-08 +2.2352E-08 -1.1921E-07 -1.1921E-07 TON ALPHA
+1.1878E+05 +1.4746E+05 -1.3107E+0b -3.2768E+05 I0N BETA
+1.95577T406693E-08+1.598721155460E-14 405504 1064 DELTA_UTC: AO,A1,T,W
13 LEAP SECONDS
END OF HEADER

03 00 5 30 10 0 40.0+7.855705916882E-06+3.524291969370E-12+0.000000000000E+00
+1.010000000000E+02+6. 500000000000E+01+5 . 4566298524109E-09+5.530285585107E-01] Mo
+3.475695848465E-06+1 . 308503560722E-03+2.641230821609E-06+5 . 1563678266525E+03 e, hﬁi|
+2.,088000000000E+05+1 .11 7587089539E-08+7 . 472176136643E-01-1.862645149231E-09 TOE, (2
+9.412719852649E-01+3.163750000000E+02+1 . 125448382894E+00-8.826796182859E-09 io, w

+1.239337382719E-10+1 . 000000000000E+Q0+1 . 064000000000E+03+0 . 000000000000E+00
+4. 000000000000E+00+0 . 00000G0000000E+00-4 . 19095158577 0E-09+6 . 130000000000E+02 TCGD
+2.044980000000E+05+0 . 000000000000E+00+0 . 000000000000EA+00+0 . 000000000000E+00

06 00 5 30 10 0 0.0+1.636799424887E-06+0.000000000000E+00+0 . 000000000000E+00
+6.000000000000E+01+5 . 100000000000E+01+5 . 19807 3527168E-09-5.601816471398E-01
+2.635642886162E-06+6.763593177311E-03+2. 46800482273 1E-06+5.153726325989E+03
+2.088000000000E+05+1 . 862645149231 E-08+7 . 894129138508E-01+8 . 1956386566 16E-08
+9.487675576456E-01+3. 229687500000E+02-2 ., 409256713064E+00-8.73429240044TE-09
+4.714481929846E-11+1 . 000000000000E+00+1 . 064000000000E+03+0 . 000000000000E+00

g
i}
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B Computation of satellite coordinates from navigation
EUROPEAID message (orbit.f)

GO-OPERATION OFFICE

o Computation of ¢, time since ephemerids reference epoch £, (fand ¢,
are given in GPS seconds of week):

[, =1t—-1,

o Computation of mean anomaly M, for £,

M, =MO+[\/; +An}k
Ja*

 Iterative resolution of Kepler’'s equation in order to compute eccentric
anomaly £, :

M, =E —esmnE,
 Calculation of true anomaly v, :

V1 -e® sin Ek]

cosk, —e

v, = arctan{

o Computation of latitude argument v, from perigee argument W, true
anomaly v, and corrections ¢, and ¢,

U, =w+v, +c, cos2(w+v,)+c, sin2(w+v,)

g
1]
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o Computation of radial distance r,, taking into consideration
o corrections c,.and ¢,

r.=a(l—2cosE, )+c, cos2(@+v, )+c, sin2(w+v,)

 Calculation of orbital plane inclination /7, from inclination 7, at
reference epoch £,, and corrections c;.and c;:

i, =iy, +it, +c,cos2(w+v,)+c,sin2(w+v,)

e Computation of ascending node longitude (2, (Greenwich), from
longitude Q, at start of GPS week, corrected from apparent variation
of sidereal time at Greenwich between start of week and and
reference time {,=¢t-t,, and also corrected from change of ascending

node longitude since reference epoch ¢,..
Q, =0, +(Q-w,)t, —o,t,

 Calculation of coordinates in CTS system, applying three rotations

(around u,, i, ) : | X, 7
Vo 1= Ry(=Q)R (= )R, (=, )| 0
| Z; | 0
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EUROPEAID | e @

| t— Orbit.f— (0¥, 2)crs

]

Nav. message
(ephemeris)

Conventional Terrestrial System
(CTS):

Earth-Fixed System =

the reference system rotates
with Earth.

i
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The program orbit.f provides the satellite coordinates in a

e Earth fixed system (CTS)

X = Greenwich
Z = North Pole

Greenwich
Maan
Maridian

Vernal
equinox

d
i

Earth rotation zatellite
axis (from CIO)
7, OO

¥sl,¥=s1,E=s1)

i North pole

—p

Eguato:

)

Earth mass center
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B8 Exercise 4: Orbits and clocks accuracy (S/A=on)

EUROPEAID
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The file “eph.on” contains satellite coordinates (x,y,z) and
clocks, computed from the navigation message of GPS
satellites for March 23th, 1999. (with S/A=0n)

[the coordinates has been computed using the program orbit.f]

The file "sp3.0on" contains precise coordinates and clocks
of GPS satellites for March 23th, 1999

[Provided by the IGS server ftp://igscb.jpl.nasa.gov/igscb/product]

Plot the error of broadcast orbits and clocks and discuss
the results.

Solution:
See the following plots
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(SRS

ERROR in coordinates and clock S/A=o0n

Session 4b, exercise 2b_1: Coordinate x discrepancy between eci and eph (S/A on)

10 T T T T T T T T
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E
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-10 <>° o
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A2 L L I oo I I I I
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Session 4b, exercise 2b_3: Coordinate z discrepancy between eci and eph (S/A on)
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Session 4b, exercise 2b_2: Coordinate y discre
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1
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B8 Exercise 5: Orbits and clocks accuracy (S/A=0off)
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The file “eph.off” contains satellite coordinates (x,y,z) and
clocks, computed from the navigation message of GPS
satellites for May 15th, 2000 (with S/A=o0ff)

[the coordinates has been computed using the program orbit.f]

The file “sp3.off” contains precise coordinates and clocks
of GPS satellites for May 15th, 2000

[Provided by the IGS server ftp://igscb.jpl.nasa.gov/igscb/product]

Plot the error of broadcast orbits and clocks and discuss
the results.

Solution:
See the following plots.
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Discrepancy (m)

Discrepancy (m)

15

-10

ERROR in coordinates S/A=off

Session 4b, exercise 3a_1: Coordinate x discrepancy between eci and eph (S/A off)
T
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80000

0 10000 20000 30000 40000 50000 60000 70000 80000
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Session 4b, exercise 3a_3: Coordinate z discrepancy between eci and eph (S/A off)
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Session 4b, exercise 3a_2: Coordinate y discrepancy between eci and eph (S/A off)
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Session 4b, exercise 3a_4: Clock discrepancy between eci and eph (S/A off)
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Selective Availability (S/A): Intentional degradation of satellite
clocks and broadcast ephemeris. (from 25 March, 1990)

EUROPEAID
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GPS Before and After S/A was switched off

Colorado Springs, Colorado 2 May 2000
160 ¢ ‘ ‘ ‘
140+ — Horizontal Error (meters
120 ¢ — Vertical Error (meters)
100
w 80% 1
L 60 i 1 It
[
5 20 " { i v A ! B
b 0 ' \ . #&a&qﬁ@@%%&*}f v\fjwwd“‘
o -20¢
> : I
8 -40 : j
§ 60+ '
5 -80 ANALYSIS NOTES o
@ 100+ =
= 120+ - Data taken from Overlook PAN Monitor Station, —
140 E equipped with Trimble SVeeSix Receiver |
B E - Single Frequency Civil Receiver
-160 ¢ - Four Satellite Position Solution at Surveyed Benchmark [
-180+ - Data presented is raw, no smoothing or editing -
-200 F [ [ [ [
0 1 2 3 4 5 6 7 8 9 10

Time of Day (Hours UTC)
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Lesson 5

Model

g
a
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e Pseudorange modeling (code)
Satellite 2
[:]E;][:j Satesllites 4
Satellite 1 "1 |:‘/ki1|:|
:l[j\]‘l‘:l !1. Sarellites 3 ,“I‘
1 Do ,.°
Y E 2 : !flr ’
." P c1
P L g
P ; ‘,t
y 4
~ !; ®
. 7o
-~ J Py
2

[
L
_\ 1
~ ] ;
T
‘lﬁaﬁ’
b ZPS—receiver

Earth

The pseudorange modeling is based in the GPS Standard
Positioning Service Signal Specification (GPS/SPS-SS).

CLY =p +c-(dt,, —dt™ ) +rels +Trop +lon e + K

]<lsat —|—8

lrec lrec

g
i
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y}“

Emission ~300m

hiell

Satellite clock offset < 300Km

Relativistic correction < 13 m

Pseudorange

Sat. instrumental delays (TGD) ~
Pl, P2, C/A

Geometric distance: p0 ~20 000Km

Ionospheric delay [2 - 50 m]

Tropospheric delay [2 - 10 m]
Receiver clock offset <300Km

,/]/ Receiver instrumental delays ~m

Reccptia 0

el

=p +c-(dt,, —dt™)+rel . +Trop +lon . + K,

I<lsat+g

JEAGAL, 2004-2005

Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 88



EUROPEAID
CO-OPERATION OFRICE

Geometric range

Sate=sllite 2

e ]

Sate=llite 4

Satellite 1 ' 9:1:'
I:It:l‘l_:l .1. Eate=ellite = "'*
A . 1 o 1 "’
‘\‘ P = =1 /’ ”

T ) .o 2%* sat

" Tl | e e ® p
™. 1.. {1’ ‘,« reC

\\\ 5 I ,’”
~_ L ,‘
]@, SPS —receiwver

Earth

Euclidean distance between satellite coordinates at emission time
and receiver coordinates at reception time.

sat 2 sat 2 sat 2
X o xrec + y o yrec T\z o Zrec

Of course, receiver coordinates are not known (is the target of this
problem). But ....

sat

pI"QC:

c-(dt, —dt*)+rels +Trops +lon™" +K +K™ +&



EUROPEAID sat __ sat 2 + sat 2 n sat 2
CO-OPERITION FFE p}’ oc X X rec y yrec z Zrec

Of course, receiver coordinates (xyZ) are not known (they are
the target of this problem). But. we can always assume that an
“approximate position (x,_.,¥,_ .z, _) is known” (it can be computed
using the Bancroft’s method —see next lesson--):

Thence, as it will be shown in next lesson, the navigation problem wiill
consist on:

1.- To start from an approximate value for receiver position
(xomayomazom) (it can be computed with Bancroft’s method)

2.- With the pseudorange measurements and the navigation
equations, compute the correction (dx,..dy,...dz,,, ) to have a
more precise position of the receiver.

(xrec 7yrec ” Zrec ) = (xorec ’ yorec ’ ZOM ) + (dxrec ” dyrec ’ erec )

g
i}
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Satellite coordinates at emission time (rec2ems.f)

A . Emissio

Reception +~ e eThe GPS signal travels from
o ] . .
satellite coordinates at
007 scc emission time (te™s) to

receiver coordinates at
reception time (t...).

eThe satellite can move
several hundreds of meters

from t&™Ms to t,...

eThe receiver time-tags are
given at reception time and
in the receiver clock time.

An algorithm is needed to compute the satellite
coordinates at emission time "in the GPS system time”

from reception time in the receiver time tags.

=]



Emission time in the GPS system time T[enﬂis]

v

—_—

i
/

" g
.
-

clock dt® can be

L The satellite offset

At

' computed from the

navigation message

Cl= c A=

C [t . (T:)-t(T°)]

As it is known, the pseudorange measurements link the “emission
time (t*m)” in satellite clock (T°) with reception time (t..) in
receiver clock (Tg) (receiver time tags).

Thence, the emission time in the satellite clock is:

tems(TS)= ¢, (T.)-Cl/c

Finally, since dt¢= t¢ =T is the time offset between satellite clock (#)
and GPS system time ('T), thence:

Tlems]= E(T)-dt= L (Tg)(Cl/c+dl)




- Distance: Ar

GO-QPERATION OFFICE

Barcelona, Spain: 2005 & 29: Reception Time instead Emission time

300 T
Distance

150

meters

100

50

0 1 1 l l 1
0 10000 20000 30000 40000 500

Time (GPS seconds of

d
1]
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!p:m Variation in range. Ap= Pemission — preception

GO-QPERATION OFFICE

Barcelona, Spain: 2005 5 29: Reception Time instead Emission time
80 T T T T T

I 1 I
Geometric range variation +

meters

At ~0.07 sec

P reception

'BD | | 1 1 |
0 10000 20000 30000 40000 50000

Time (GPS seconds of day)

d
1]
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- Vertical error comparison

CO-OPERATION OFFICE

Barcelona, Spain: 2005 & 289 Receiver: NovAtel OEM3, Antenna: MovAtell 800 (Pinwheel)
100 T T T |

Sat. Coordinates atiRECEPTION time
Sat. Coordinates at EMISSION time

Vertical Error (meters)

100 | 1 l 1 1 l l 1
0 10000 20000 30000 40000 50000 B0000 70000 80000

Time (GPS seconds of day)

g
i}
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- Horizontal error comparison

GO-QPERATION OFFICE

Barcelona, Spain: 2005 5 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

Sat. Coordinates at RECEPFION tiﬁl
Sat. Coordinates at BMISSION ti

a0 | %, ; N -

20 |

Morth (meters)
=
)

20 F

An

1 [ | 1 [
-40 -20 0 20 40
East (meters)

g
i}
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———— Reception
Emission - A =pe=
Eu

ates computation at emission time

d by the GPS/SPS-SS (orbit.f) supplies satellite
Earth-Fixed reference frame. To compute the

= See rec2ems.f|

the following algorithm can be applied:
-tags, compute emission time in GPS system

Tfems]= t. (T;)-(Cl/c+dt5)
2. Compute satellite coordinates at emission time 7/ems/

T/[ems]= [orbit] > (X5, Y, Z5%) rs/emission:

3. Account for Earth rotation during traveling time from emission to
reception "At" (CT5S reference system at reception time is used to
build the navigation equations).

! (Xsat ,Ysat lzsat)CTS[reception] =R 3( Y3 A t) . (Xsatleatl Zsat)CTS[emiSSion]




- Variation in range: Ap=p" = pemission

GO-QPERATION OFFICE

Barcelona, Spain: 2006 & 28: Without Earth rotation
80 T T T T T

I 1 I
Geometric range variation +

40 + -

meters

Reception
I:I}’DI:I

'BD | | 1 1
0 10000 20000 30000 40000 50000

Time (GPS seconds of day)

d
1]
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- Vertical error comparison

CO-OPERATION OFFICE

Barcelona, Spain: 2005 & 289 Receiver: NovAtel OEM3, Antenna: MovAtell 800 (Pinwheel)
100 T T T |

Gonsildering the IEIAHTH rotatlion= NO
Considering the EARTH rotation= YES

50 -

Vertical Error (meters)
=
T
1

100 | 1 l 1 1 l l 1
0 10000 20000 30000 40000 50000 B0000 70000 80000

Time (GPS seconds of day)

g
i}
A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 99



EUROPEAID
CO-OPERATION OFRCE

g@i*\’

Horizontal error comparison

Barcelona, Spain: 2005 5 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

40 |

20 |

20 F

-40
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=
]
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Considering the EARTH rotation=YES

-40

-20 0 20 40

East (meters)

JEAGAL, 2004-2005
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BBl Exercise 6: Using the GCAT program, compute satellite
tworeAn - coordinates at emission time and at reception time. Plot the module
of the vector difference between both positions (use October 13th,

1998 data files).

GO-QPERATION OFFICE

Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 1)1
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Session &b, exercise 4a_4: Module of the difference vector
| | | I
"Module difference vector" ¢

330 T

320

310 |

300

290

Difference vector (m)

280

270

* @ oo @ ----#.—;;1

e
2B0 - _ o - oupe | I i

38000 38500 39000 39500 40000 40500 41000
Time (seconds GPS)

g
a
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- Satellite and receiver clock offsets

EUROPEAID
CO-OPERATION OFFICE

® They are time-offsets between satellite/receiver time and GPS
system time (provided by the ground control segment):

- The receiver clock offset (dkt,.) is estimated together with receiver
coordinates.

- Satellite clock offset (d##t) may be computed from navigation
message:

drf"=zay + a)(t-1,) + a(t-1,)f

+rels +Trop' +lon, - +K

lrec

+K* +¢&




EUROPEAID
CO-OPERATION OFFICE

y}\’

dri=za, + a,(t-1,) + a(t-1,F

10

YYMM DD HM S

a0 al a2

FPA/

NAVI GATI ON DATA GPS RI NEX VERSI ON §y TYPE
. 18: 35 PGM / RUY BY / DATE

COVI\/ENT

Sr /v1814 95/10/19 0

2444431. 2031 -4428688. 6270 3873750. 1442

C;QS 10 18 00 51 44, Oll 129414886236D- 05I1 136868377216D- 13i0 000000000000D+00

. 730000000000D+02- 5. 175000000000D+01 4. 375182243902D- 09-5. 836427291652D- 01
-2.712011337280D- 06 2. 427505562082D- 03 8. 568167686462D-06 5. 153718931198D+03
2.623040000000D+05 4.470348358154D-08 1.698435481558D+00 1.676380634308D- 08
9.636381916043D- 01 2. 153437500000D+02 3. 056960010495D+00- 8. 030691653399D- 09
-5.178787145843D-11 1. 000000000000D+00 8. 230000000000D+02 0. 000000000000D+00
3.200000000000D+01 0. 000000000000D+00 1.396983861923D-09 1. 730000000000D+02
2.592180000000D+05 0. 000000000000D+00 0. 000000000000D+00 0. 000000000000D+00

JEAGAL, 2004-2005
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Range variation: satellite clocks
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B Vertical error comparison
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Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Firwheel)

100000 T T T 1 T T :  — T
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g
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B Horizontal error comparison
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Barcelona, Spain: 2005 5 28 Receiver: MovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

80000 T T T T
ing sat Illte clocks = ND
sing satellite clocks = YES
BO000 | .
40000 | -
N
20000 .
W \\
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-20000 .
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-60000 .
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EUROPEAD Relativistic correction (re/))

CO-OPERATION OFRGE

e A constant component depending only on nominal value of satellite’s
orbit major semi-axis, being corrected modifying satellite’s clock

oscillator frequency*:
. 2
Jomfo _ 1(3) +AY 0 4464.107

fo 2\ c c?

* A periodic component due to orbit eccentricity (to be corrected by user
receiver):

rel =2-= = esin(E) = Y (meters)
c c

Being 1 =3.986005 10*4 (m?/s?) universal gravity constant, c =299792458
(m/s) light speed in vacuum, g is orbit’s major semi-axis, ¢ is its eccentricity,
E is satellite’s eccentric anomaly, and rand v are satellite’s geocentric
position and speed in an inertial system.

*being f, = 10.23 MHz, we have Af=4.464 101° f,= 4.57 103 Hz
so satellite should use f0=10.22999999543 MHz.

g
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- Range variation: relativistic correction

GO-QPERATION OFFICE

Barcelona, Spain: 2005 & 28

I ]
relativistic correction
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- Vertical error comparison

CO-QPERATION OFFICE

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

30 T T T T T LA T T
Relativistic correction = NO
Relativistic correction = YES
20 | .
10 |

Vertical Error (meters)
=

A0 F

20 F

-20 l l 1 1 l | 1 l
0 10000 20000 30000 40000 50000 60000 70000 80000
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- Horizontal error comparison

CO-QPERATION OFFICE

Barcelona, Spain: 2005 & 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

20 T T T T T L - T
Relativistic correction = NO
Relativistic correction = YES
15 | -
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'ED | | | |
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bete - Tonospheric Delay (xIZJ

As a first approach, ionospheric delay
depends on frequency as given by:

5 _403

ion 2

l

Where 7is number of electrons per area unit
in the direction of observation, or STEC

(Slant Total Electron Content) ] = J‘ N ds
e For two-frequency receivers, it may be cancelled (99.9%) using
lonosphere-free combination Lo L= L

=

e For one-frequency receivers, it may be corrected (about 60%)
using Klobuchar model (defined in GPS/SPS-SS), whose
parameters are sent in navigation message. (See program klob.f)

CLY =p +c-(dt, . —dt™)+rel . +Trop:

S
lrec rec

K _+K"+¢&



Bl Kiobuchar model (klob.f)

E A -
G omsa Vertical delay

/\

It was designed to minimize user IPP ,*
computational complexity.

e Minimum user computer storage

e Minimum number of coefficients
transmitted on satellite-user link

o At least 50% overall RMS ionospheric
error reduction worldwide.

Slant delay

e It is assumed that the electron .s —— Obliquity factor —
content is concentrated in a thin E
layer at 350 Km in height.

e The slant delay is computed
from the vertical delay at the
ionospheric Pierce Point (IPP),
multiplying by the obliquity factor.

ﬁg evation
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- Kilobuchar model
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Klobuchar
coefficients

25 -

20 [~

Amp.litude

Time Delay (ns at 1.6 GHz)
—
Ul
|

v

v I I I I I I
4 8 12 16 18 24

Local Time (hours) Where:

. ¢ = Geomagnetic Latitude

Ton — 1 clev DC= 5ns
SLANT L750 m( ) ®= 14 (ctt. phase offset)

m(elev) =1+16(0.53 —elev/ ) t = Local Time

g
i}
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(time, r ., rs?%,00,a1,02,03,50,51,52,53) =[Klob] = Iono

elev, ¢

2 NAVI GATI ON DATA RI NEX VERSI ON / TYPE
CCRINEXN V1.5.2 UX CDDI'S 24- MAR- 0 00: 23 PGM / RUN BY / DATE
| GS_BROADCAST _FPHENERLS FLLE COMVENT
0.3167D-07 0.4051D-07 -0.2347D-06 0.1732D-06 | ON ALPHA
- 0. 2842D+05 - 0. 2150D+05 - 0. 1096D+06 0. 4301D+06 | ON BETA
-0.121071934700D- 07- 0. 488498130835D- 13 319488 1002 DELTA-UTC: A0, A1, T, W
13 LEAP SECONDS

END OF HEADER
199 323 0 0 0.0 0.783577561379D-04 0. 113686837722D-11 0. 000000000000D+00
. 191000000000D+03- 0. 106250000000D+01 0. 487163149444D- 08-0. 123716752769D+01
. 540167093277D- 07 0.476544268895D- 02 0. 713579356670D- 05 0. 515433833885D+04
. 172800000000D+06- 0. 260770320892D- 07- 0. 850753478531D+00 0. 763684511185D- 07
. 957259887797D+00 0. 241437500000D+03-0. 167990552187D+01- 0. 823998608564D- 08
. 174650132022D- 09 0. 100000000000D+01 0.100200000000D+04 0. 000000000000D+00
. 320000000000D+02 0. 000000000000D+00 0. 465661287308D-09 0.191000000000D+03
. 172800000000D+06 0. 000000000000D+00 0. 000000000000D+00 0. 000000000000D+00

g
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Range variation:

Ionospheric correction

Barcelona, Spain: 2005 & 28

20 . : .
lono correction (STEC)
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) ‘
i
: \
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- Vertical error comparison

GO-QPERATION OFFICE

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)
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- Horizontal error comparison
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Barcelona, Spain: 2005 & 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)
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I ] ]
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Troposphere: slant factor

7 7 1 Tropospheric Delay

ol | end on frequency and affects both the code
ol a3s in the same way

"led (a %) by:
b | 1.001

| e.e.m.,,,wwww sat _ m(elev) =
L S T 4 Opr c (d dry S d et ) . Wl(ele\/)! \/ O (X)zml + Sin2 ( el eV)

. dd,y corresponcls to the vertical delay of the dry
atmosphere (basically oxygen and nitrogen in hydrostatical
equilibrium) = It can be modeled as an ideal gas.

e d, .. corresponds to the vertical delay of the wet
component (water vapor) = difficult to model.

d,, =2.3exp(-0.116- 10°H) meters
d,,=0.1m ;[H :heigh|over the sea level

A simple model is:

A more accurate model for d,,, and d,,, is provided for SBAS receivers in
RTCA-D0229C. This model depends on the latitude and the day-of-year,
being interpolated over a table of several meteorological parameters.

: More sophisticated models uses two different mappings (for wet and dry)

@ |CLt = it e (dl, — ™)+ relyt 4 Trop e Toms + K, + K™ +&



- Range variation: Tropospheric correction

GO-QPERATION OFFICE

Barcelona, Spain: 2005 & 28
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- Vertical error comparison
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Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)
30 T T T T T

Tropospl%eriu: correu:tlion =NO
Tropospheric correction = YES

Vertical Error (meters)

20 F : . -

-20 l l 1 1 l | 1 l
0 10000 20000 30000 40000 50000 60000 70000 80000

Time (GP S seconds of day)

g
i}
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- Horizontal error comparison

CO-OPERATION OFFICE

Barcelona, Spain: 2005 & 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)
20 T T T T

I ] ]
Tropospheric correction = NO
Tropospheric correction = YES

15 | :

Morth (meters)
=
)

'ED | | |
-20 -15 -10 -5 0 5 10 15 20

East (meters)

g
i}
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B Instrumental Delays

EUROPEAID
CO-OPERATION OFFICE

Some sources for these delays are antennas, cables, as well as
several filters used in both satellites and receivers.

They are composed by a delay corresponding to satellite and
other to receiver, depending on frequency:

K1 =K1 —TGD™

2
K2 = K2 — f—lzTGD“”
2

e R1,..may be assumed as zero (including it in receiver clock offset).

o 7GL¥? is transmitted in satellite’s navigation message (7otal Group Delay)

According to ICD GPS-2000, control segment monitors satellite timing, so

TGD cancels out when using free-ionosphere combination. That is why we TGD
have that particular equation for K2 1

sat

at t t sat sat
=00 +c(dt, —dt™ )+rel +Trop,, +lon




EUROPEAID
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y}“

Range variation: Instrumental delays (TGD)

meters

Barcelona, Spain: 2005 5 289

D ] ] | | ] | | I
Total Group Delays
- Qoo T
T s
A B i o e
£ S50 s s s s
B 2 3 = i 5 73 T e B e G e
2 |
F T
i S i
PR e
i £ S A B ez
B i e e e e e
4k -
B e e e i
5 | -
— T TS T
B e R
£ F -
B S e o
iy L L I I L ! I I

0 10000 20000 30000 40000 50000 B0000 70000 80000
Time (GPS seconds of day)
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- Vertical error comparison

CO-QPERATION OFFICE

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

SD | | ] ] | I . ] |
Using TGD = NO
Using TGD = YES
20 -
1|:| N . . -

'Ig__ . | '._ﬁ.‘gﬁl' .. _ . '.--.=.: i

Vertical Error (meters)

20 F : . -

-20 l l 1 1 l | 1 l
0 10000 20000 30000 40000 50000 60000 70000 80000

Time (GP S seconds of day)

g
i}
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- Horizontal error comparison

CO-OPERATION OFFICE

Barcelona, Spain: 2005 & 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

ED | | | | I LIR ]
Using TGD = NO
Using TGD = YES
15 .
10 -
E -]

Morth (meters)
=
)

'ED | | |
-20 -15 -10 -5 0 5 10 15 20

East (meters)

g
i}
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Antispoofing (A/S):
The code P is encrypted to Y. Wavelength O hoise Main

=>» Only the code C at (chip-length) (1% of A) [*] characteristics
frequency L1 is available.

g

Measurement noise (thermal noise)

Code measurements

300 m [3m |
P1 (Y1): encrypted 30 m 30 cm
P2 (Y2): encrypted 30 m 30 cm
Phase measurements
L1 19.05 cm 2 mm Precise

L2 24.45 cm 2 mm but ambiguous

Unambiquous
but noisier

[*] codes may be smoothed with the phases in order to reduce noise
(i.e., C1 smoothed with L1 = 50 cm noise)

CLY =p +c-(dt, —dt™)+rel e +Trop: +lon’" + K,

lrec lrec

sat
+K
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g
i

Multipath

e One or more reflected signals reach the antenna in addition
to the direct signal. Reflective objects can be earth surface
(ground and water), buildings, trees, hills, etc.

o It affects both code and carrier. phase measurements, and it
is more important:at low elevation angles.:

direct signal

antenna
reflected signal
ground

antenna image -

excess path lenght

e Code: up to 1.5 chip-length = up to 450m for C1 [theoretically]
Typically: less than 2-3 m.

e Phase: up to A./4 = up to 5 cm for L1 and L2 [theoretically]
Typically: less than 1 cm
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- Exercise 7:
EUROPEAID

Plot code and phase ionospheric combination for satellite PRN 15 of
r0.rnx and discuss the results.

CO-OPERATION OFFICE
I

file 97jan09coco_

LIPEN 15 +

LI, Pl (meters)

Butterfly shape: . Note: A/S—
High multipath for low elevation ote: A/S=on
rays (when satellite rises and sets)

i}
y}/w JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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- Exercise 8:

- | Files gage2710.98.a, 2720.98.b and gage2730.98.a contain 1-second
measurements collected by a static receiver in three consecutive days.

Plot the combination P1-L1 and identify the multipath (note: shift the
plots 3Mm565= 236 sec each day)
12 T T

I |
doy 271 (t)

r:iu:ﬁ,nr 272 (t+236s) +
doy 273 (t+4725) O |

10 F

The trend is due to
the ionosphere

. B
g .
T 2t /f=or a static receiver:

MY Each sidereal day is
: (24"-3m565), the
- W geometry repeats 2>
the multipath repeats

; 4 = e ma— oo——
A&N oo Lo — P2t ==2Iom,’. ¥ ctt + ambig [ Multipath f+ noise] 1




£l Receiver and multipath noise

EUROPEAID
CO-OPERATION OFRICE

Barcelona, Spain: 2005 5 29 Receiver: MovAtel OEM3, Antenna: NovAtel 600 (Pinwheel)
ED | | | | I ] ]

15 | :

10 F -

-5 0 5 10 15 20
East (meters)

U GPS standalone (C1 code) 12,000 $
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£l Receiver and multipath noise

Barcelona, Spain: 2005 5 289 Receiver: Trimble Lassen SK-Il, Antenna: Compact Magnetic-Mount

20 T T T T 1 T T

.| Same environment! _

10 -
- °r : i}
- S
E oo * -
z <l

I5 ID I5 1lD 1I5 20
East (meters)
: GPS standalone (C1 code) 300 $
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EUROPEAID

== Exercise 9: Computation of modeled pseudorange

Using data of files 130ct98.rnx and 130ct98.eph,
compute “by hand” the modeled pseudorange for
satellite PRN 14 at t=38230 sec (10h37m10s).

PRInod),. = 2, —cdt™ +rel, . +Trop,, +lon,, +K*

Follow these steps:

g
i
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EUROPEAID

CO-QPERATION OFFICE 1
| ]

© N U h

g
i

Select orbital elements closer to 38230
Compute satellite clock offset

Compute satellite-receiver aprox. geometric range

3.1 Compute emission time from receiver (reception) time-tags
and code pseudorange.

3.2 Compute satellite coordinates at emission time
3.3 Compute approximate geometric range.
Compute satellite Instrumental delay (TGD):
Compute relativistic correction

Compute tropospheric delay

Compute ionospheric delay

Compute modeled pseudorange from previous values:

PRimod]™ = g —cdt™ +rel. +Trop'e +lon, . + K

lrec — 1-0,rec

A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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1. Selection of orbital elements: From file 130ct98.eph,

select the last transmitted navigation message block before instant

t=38230 s (10h37m10s).

Transmission time:

979 208818 > 10h Om 18s

/

P§N

14

98 10 13 12 O O +5.

+1
-3
+2
+9

. 28000000000E+02 - 6.
. 31364572048E-06 +1

. 16000000000E+05 - 6.
. 73658001335E- 01

GPS sec of week

10000000
0922

65452501178E;
E+01
3894E- 03
99350738E- 08
. 74031250000E+02
+1. 00000000000E+00

+0. 00000000000E+00
|+2.08818000000E+05 +0. 00000000000E+00

+9. 09494791773E- 13 +0.
+4. 38125402624E- 09 +8.
+5. 67547976971E- 06 +5.

GPS week °2E*00 -3

23E+00 8

+9, 79000000000E+02 _§0.
-2.32830643654E- 09 +1.
+0. 00000000000E+00 +0.

000000000000E+00
198042513605E- 01
153795101166E+03
725290298462E- 09
. 081050495434E- 09
000000000000E+00
280000000000E+02
000000000000E+00

g@i*\’

JEAGAL, 2004-2005
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woen | 2. Satellite clock offset computation: From file

— 130ct98.eph, compute satellite clock offset at time t=3830 s
for PRN14:

PRN fo adop a; a,

14498 10 13 12 0 O L5.65452501178E-06 +9. 09494701773E-13 +0. 000000000000E+00
+1. 28000000000E+02 -6.10000000000E+01 +4. 38125402624E- 09 +8. 198042513605E- 01
- 3. 31364572048E- 06 +1.09227513894E-03 +5. 67547976971E- 06 +5.153795101166E+03
+2. 16000000000E+05 - 6. 33299350738E-08 +1. 00409621952E+00 - 3. 725290298462E- 09
+9. 73658001335E- 01 +2. 74031250000E+02 +2.66122811383E+00 - 8. 081050495434E- 09
-1.45720352451E-10 +1. 00000000000E+00 +9. 79000000000E+02 +0. 000000000000E+00
+3. 20000000000E+01 +0. 0O0O0OO0000000E+00 - 2. 32830643654E-09 +1. 280000000000E+02
+2. 08818000000E+05 +0. 00000000000E+00 +0. 00000000000E+00 +0. 000000000000E+00

t = 38230 sec
t,= 12h Om Os= 43200 s

aret= a,+a,(t-1,) + a(t-1,f = 5.65 10°¢s

W oo PRImod]* pgrec +re “+Trop +lon> + K| .




B 3. Satellite-receiver geometric range computation:

EUROPEAID
CO-OPERATION OFRCE

Use the following values (4789031, 176612, 4195008) as
approximate coordinates.

3.1: Emission time computation from receiver time-tag and code
pseudorange:

T/ems]= t . (T.)-(Cl/c + dt)

Measurement KN Pseudorange (I at receiver time-tag
file 130ct98.a t=38230: C1=23585247.703 m

Ephemeris file > Satellite clock offset at t=38230 sec
130ct98.eph dtsa'= 5.65 10° sec (see previous

results)

Thence, the emission time in GPS satellite clock is:

T[ems J= 38230 — (23585247.703/c + 5.65 10°) =
| = 38229.9213224  (where c=299792458)
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! 3.2: Satellite coordinates at emission time pseudorange:

GO-OPERATION OFFICE

X= 11453479.346

T/emission]= - Y= 122468524.004
38229.921 sec 9 Ofblt.feh 8245076.145

A CTS [emission]

Use the selected
ephemeris for PRN14
(from file 130ct98.eph)

The previous coordinates are given in an Earth-fixed
reference frame (CTS) at t=7/emission]= 38229.921 s.

This reference frame rotates by un amount "o At” during
traveling time At=7/reception]-T/emission].

(XsatleatlZsat)CTS[reception] — Rj’( Wg At) : (XsatleatlZsat)CTS[emission]

g
i}
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EUROPEAID
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(XsatleatlZsat)CTS[reception] — R.S’( Dr At) ’ (XsatleatlZsat)CTS[emission]

8245076.145 )1 | 0 0

CTS|[reception]

(11453350377 \| ( cos(w,At) sin(w,Af) 0)( 11453479.346
122468589.797 (| —sin(w,At) cos(w,At) 0 || 122468524.004

1) 8245076.145)

CTS|[emission |

sat

At =—Pree — 0,079 sec
C

w At =-5.74-10"°rad. (where @, =7.2921151467-10"rad /sec)

(X, ,2),,00, ~ (4789031, 176612, 4195008) < |

Prec = \/(xs"’ —x.) (7 -y ) +(z * 023616673.3m
(x,y,2) " ~ (11453479, 22468524, 8245076)«—

An approximate value
is enough to compute
At.

c

Note: Both satellite and receiver coordinates must be given in the

same reference system!

=>the CTS[reception] will be used to build navigation equations.




R 3 2 Geometric range computation

CO-OPERATION OFFICE

The geometric range between satellite coordinates at
emission time and the “approximate position of the
receiver” at reception time (both coordinates given in

the same reference system [for instance the CTS
system at reception time/) is computed by:

satellite

(O \/(xsm — X0, rec )2 + (ysm — Vo.rec )2 + (Zsat ~ 20, rec )2 =23616699.124m

(x,,2)" " = (11453350.2771, 22468589.7975, 8245076.1448) <t comion)
(X0> Y05 Z0) recemer [= (4789031, 176612, 4195008)CTS[reception]
X
\ “Approximate” receiver coordinates
at reception time.

g
i
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PRN

4. Satellite Instrumental delay (TGD): From file
130ct98.eph, compute the Total Group Delay for PRN14:

TGD (in sec)

14

+1.
- 3.
+2.
+9.
-1.
+3.
+2.

98 10 13 12 0 O
28000000000E+02
31364572048E- 06
16000000000E+05
73658001335E- 01
45720352451E- 10
20000000000E+01
08818000000E+05

. 65452501178E- 06
. 10000000000E+01
. 09227513894E- 03
. 33299350738E- 08
. 74031250000E+02
. 00000000000E+00
. 00000000000E+00
. 00000000000E+00

. 09494
. 38125402624E- 09
. 67547
. 00409
. 66122

01773E-13

7/6971E- 06
21952E+00
11383E+00

. 32830643654E- 09
. 00000000000E+00

. 000000000000E+00
. 198042513605E- 01
. 153795101166E+03
. 125290298462E- 09
. 081050495434E- 09
. 000000000000E+00
. 280000000000E+02
. 000000000000E+00

g&g\’

JEAGAL, 2

TGD=

-2.32830643654E-09 * c= -0.69801 m

PRimod] ™

lrec

= O —Cdt’™ +rel +Trop. +lon,

142




woeean . . R@lQtivistic correction:
PRN e sqrt(a)

14§98 10 13 12 0 O +5.65452501178E-06 +9.09494901773E-13 +0. 0000000PO000OE+00
+1. 28000000000E+02 -6.10000000000E+01
- 3. 31364572048E- 06 +1.09227513894E- 03 . 67547976971E- 06 .

+2. 16000000000E+05 - 6. 33299350738E-08 +1. 00409621952E+00 - 3. 725290298462E- 09
+9. 73658001335E- 01 +2. 74031250000E+02 +2.66122811383E+00 - 8. 081050495434E- 09
-1.45720352451E-10 +1. 00000000000E+00 +9. 79000000000E+02 +0. 000000000000E+00
+3. 20000000000E+01 +0. 0O0O0O00000000E+00 - 2. 32830643654E-09 +1.280000000000E+02
+2. 08818000000E+05 +0. 00000000000E+00 +0. 00000000000E+00 +0. 000000000000E+00

T[emission] =
38229.921 s

> omitf || E=0.095rad

(eccentric anomaly)

satellite WL _ 1=3.986005-10" mr's™
rel .~ =2-—esm(E)=0.07m |
C c=299792458 ms

5%&)\( soron o PRIMOA]> = o —cdt™ Trop’s +lon, . + K" %3




croreAD | O Tropospheric correction

CO-OPERATION OFFICE

Trop’” =(d o T ) mielev) = 6.76m|

dd}y —23 6—0.116-10‘3[{ —93m
J 0.1m See klob.f
wer — V.
m(e[ev) — 1.001 elev :20.571—;:0 =0.359%ad
\0.002001+sin*(elev) | (7= 160m |heigh over e ellipsoid)

(X,Y,2), =[car2geo] = (Lon, Lat,‘H)Eta I
PRimod]; = g, —cdt™ +rel, Ionls‘” + K™ %4

g
i
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BB 7. Ionospheric correction

EUROPEAID

CO-OPERATION OFFGE
(time, r, r?ta0,a1,02,03,50,51,52,83) = [Klob] & Iono=10.26m
2 NAVIGATION DATA GPS RINEX VERSION/ TYPE
XPRINT v1.1 gAGE 00/06/04 17:36:23 PGM / RUN BY / DATE
gAGE BROADCAST EPHEMERIS FILE COMMENT
+1.9558E-08 +0.0000E+00 -1.1921E-07 +0.0000E+00 ION ALPHA
+1.2288E+05 -1.6384E+04 -2.6214E+05 +1.9661E+05 ION BETA
-8. -09-1. -14 405504 979 DELTA UTC: AO0,Al,T,W
12 LEAP SECONDS

END OF HEADER

t =38230sec
(x,y,2)"" = (11453350.2771, 22468589.7975, 8245076.1448) 151 cceprion]
(X0> Yo Zo) recemer = (4789031, 176612, 4195008) (1 comiion]

Approximate values for
receiver or satellite
coordinates are enough

g&i}\, — PRImod];" = o — cdtS“t+VeS“’+Tr0p“’ Kf“’

JEAGAL, 26 P, 145



oo | 7. COMpute the modeled pseudorange.

CO-OPERATION OFFICE

sat . sat sat sat sat sat sat
PRmod],,. =0, —cDt™ +rel,,. +Trop,,, +lon,, +K|

P =23616699.124m

cdt™ =5.6510° ¢ =1693.828m
rel =0.071m > | PRimod]* :23615021.689m‘
Trop': =6.760m
Ton" =10.260m
K =—0.698m

g
i
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E Prefit residual:

Is the difference between measured and modeled pseudorange

Pref,; 5 Cl, —PR[mod}; =

In the previous elample (PRN14 at t = 38230 S):
Pref=123585247.703 - 23615021.689|=]-29773.986 m
A

|

Previously calculated

From measurement file

g
i
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Lesson 6
Navigation Equations

g
i}
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B Solving navigation equations

EUROPEAID
CO-OPERATION OFFICE

DOD Satellite

[¥=s,¥s, Z28)

OGO mfelm

GPS receive}f\ [

(¥, ¥, 2)

Input:
- Pseudoranges (receiver-satellite j): 7
- Navigation message. In particular:
e satellite position when transmitting signal: 7 = (&, y, Z)
» offsets of satellite clocks: dt
(3 =1,2,...n) (n>=4)

Unknowns:
- receiver position: r = (x, y, z)
- receiver c/ock offset: DT

g
a
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- For each satellite in view

EUROPEAID

oINS reI + Iono+Tropo+TGD
Jo— (i , Y
C1/ =(p/ # c-(D1, Dr)+25 e
o _ J |
S P L S J/afy+ o= tre(Dy—-Dr' )+ 35,
Jo P, p,
where:
dx,=x,—x, ; dy;=y,—y, ; dz;=z,—z,

Prefit-residuals (Prefit)

J | j_ _[% =% yio_y._ ZiO_Z--
Cli F e X Zé\k/« P {’ ,0,-{, dyi " pz'j; )"+

.| measurement | | computed unknown
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y}“

For all sat.

in view

n n n
pio pio pio ‘

Observations
(measured/computed)

,G‘eometry of rays

2> n

Po.;
Pio

JEAGAL, 2004-2005

aE

DOD Batellite
mom O

[¥s3,¥s,E3)

o
GPE receiver.
- -~ s

%, v,0) L Py

9

a4 | Pio | | Line of sight vector
from receiver to
satellite

Earth

151



- Yo =X Vi =) Zi — % 1 - -
1 1 1
dx,
e - COMMENTS: Prefit Pl ol o :

CO-QPERATION OFFICE

the target of this problem). But we can always assume that a
“approximate position (x,_,¥,_Zz,_) is known”:

That is:
The navigation problem will consist on:
1.- To start from an approximate value for receiver pggition

2.- With the pseudorange measurements and the nfvigation
equations, to compute the correction ((dx,,,,dy,,.,dz,,. )| to have a
more precise position of receiver.

(xrec > Vrec s Zrec ) - (xorec > V0,0 220, ) + (dxr ec? dy rec? erec )

g
i}
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B Note:
EUROPEAID

=== An (approximate) initial receiver position (x, y,2,)
is assumed to be known in former equations!!

The method of Bancroft (see next lesson) allows to
compute approximate receiver coordinates from
pseudorange measurements and satellite coordinates.

7= t;: Compute an approximate initial position using
“Bancroft” algorithm = ry(t, )= (X5 Vs z,)

7=t take as an approximate position ry(t, )= r(t,_,),
the coordinates computed in the previous epoch.

i to initialize Linearized model: fromt, , tot,

G|t () =r(tr) > 1(6)




EUROPEAID
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Solving the equations

g
a
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- For all sat.

EUROPEAID -

ammmoc | [ V]@W ) )

(measured/computed)

Observations Geometry of rays

Unknowns

Thence, the basic linearized GPS measurement

equation can be written as:

Y = AX|

n>4 \equations which we can

This is a linear system with, in general,
solve using LMS, WMS, Kalman filter,...
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Session 3a, exercise 5b: lonospheric Combinations {(Code and Phase) for PRN 15
T T T T

12

- Let be the basic linearized: | =

‘Y = AX |

e | east Squares solution:

)

LI, Pl (meters

\___/\

N

X = (AtA)_lAfY “

8
B
4
2
0
2
4
B
8

- 1 ] 1 1 1 1 ]
10000 15000 20000 25000 30000 35000 40000 45000 50000
Time (Seconds GP3)

The same error is assumed in all measurements

« Weighted Least Squares solution

_Wyl 0 W
If the measurements have different errors,
the equations can be weighted by matrix W : W= :

i 0 wynj
And the weighted least squares solution is: | Uncorrelated errors are assumed

X=(AW A) AW Y gl

Y = AX

g
a
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- Assuming that measurements ¥ have ‘1 /52 0 .

erorean | FAandom errors with zero mean and O-yl

"™ variance o2, and assuming that error sources
for each satellite are uncorrelated with W=
error sources for any other satellite, the 0 1/ O_z
following weighted matrix may be used: %

W, = 9011\ —> Wl.\L

greater error > less weight

e Minimum Variance Solution:

\\ \\

Let be /), the error covariance matrix for measurements Y.

If the weighting matrix is taken as |’V = P, ' | thence the
Minimum Variance Solution is found:

N

X =(A'P"A) A'PRY

And the error covariance matrix

t -1
for the estimation X is: P. = (A PY A)

g
i}
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EUROPEAID

L Exercise 10:

With program GCAT and data files 130ct98.a, 130ct98.eph, and taking
(Xo YV 2,)=[4789031 176612 4195008 ]:

a) Generate data file "130ct98.a.dmx” with the prefit-residuals (Y)
and the design matrix (A) for ¢ = 38230 s.
b) Use these values to compute the navigation solution at that instant
X = inv(A*W*A)*A>*Y [note X=(adx,dy,dz)]
c) Compute receiver position:

(X V,2)= (Xp Vo Zs)+ (Ax,ay,dz)

w JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 158
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y}“

Resolution: a)

---------- 13oct98.a.dnX ----------------------------
X_sat -x0 y sat-yO0 z sat-z0

rec secC PRN

gAGE 38230. 000 27
gAGE 38230. 000 14 (
gACE 38230. 000 16 (
gAGE 38230. 000 19 (

Prefit-res | --------  -c-cc-ces cooeoo--

-29790. 69344 - 0. 825386165 . 083009922 0. 558432656
-29773. 88679 -0. 282186738 -0.943907431 -0.171491711
-29692. 55363 - 0. 524933459 -0. 498000630 -0.690246504
-29730. 62314 - 0. 958194420 -0. 270768810 0.092453794

t =38230

Y=[ - 29790. 69346]
[-29773. 88675]
[ - 29692. 55363]
[ - 29730. 62312]

A=[-0.825386165 0.083009922 0.558432656 1]
[-0.282186738 -0.943907431 -0.171491711 1]
[-0.524933459 -0.498000630 -0.690246504 1]
[ -0.958194420 -0.270768810 0.092453794 1]

Py=[1 0 0 O]
[0 10 0]

[0 0 1 0]
[0 0 0 1]

JEAGAL, 2004-2005
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B Resolution: b)

EUROPEAID

wommoe | Y=[ - 29790. 69346] A=[-0. 825386165 0.083009922 0.558432656 1]
[ -
[ -
[ -

[-29773. 88675] 0. 282186738 -0.943907431 -0.171491711 1]
[ -29692. 55363] 0. 524933459 -0.498000630 -0.690246504 1]
[-29730. 62312] 0. 958194420 -0.270768810 0.092453794 1]

Py=[1 0 0 0]
[0 10 0] Note data set collected
(001 0]
(000 1] under S/A=o0n

[ -99.09] < dx

X=i NV(A *WA) *A *W Y= | 6.02] € dy

wher e Wei nv( Py) [ - 105. 24] €« dz
[-29814. 21] <€ cl ock

Resolution: ¢)

X=X, + dx =[4789031] + [ -99.09] =[ 4788931.91]
y Yy=Yo+dy =[ 176612] + [ 6.02] =[ 176618.02]
S&N JEAGAL. 2004.2005 z=12,+dz =[4195008] + [-105.24] = [ 4194902.76 ]




EUROPEAID
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The program Gnav.f
(source code provided with the book)

The software code of Gnav. f emulates
a GPS receiver.

It computes the navigation solution from
RINEX measurement and ephemeris files.

It applies the Bancroft method “for cold
start” and the linearized equations for
navigating.

g
i
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B Kalman filtering:

EUROPEAID

GO-QPERATION OFFICE

It is based on computing the weighted average between:

e the measurement(i.e., at t=1t)

e the prediction of the state from previous estimation

1. Weighted average:

X(n-1

(

|X () = X (n)

Let" that
Y(n)=A(n)X (n) p?eii?t?iﬁvvvvifh

S = thence, it can be used

el on additional set of

equations to the measurement

AVEe The
O Aadc

‘ equation Y=A4 X

0

YA(”I) [ jX(n) W - By (ny

0 P.

X (n)

aja

6




B - = -
awse || Y (1) :[A(n)j)((n) IE:(PW) 0 ]

/ 0O P

X " (n)

And the following solution of the prevjous equation system can be
found with some elemental algebraic fnanipulations:

(AP [A]) " Al |y

-
P, =(A'P"A)

!

X(n)=P, [ AP Y(n)+ P X (n)]

Y(n)

P

: X(”)

[ 4" ()P 4(n)+ P! T

Y (n) X (n)
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CO-QPERATION OFFICE

Scalar case:;

N

Let's X, | be the state at £ = n with variance O f

n—1

The simplest prediction mode/ is to assume that the prediction
at £ = n is proportional to the state at £ = n-1. That is:

£ =¢ %

n-1

Thence, existing a linear relation between X,_; and X, , the
variance of the prediction will be: | _» 2 2

An additional term is added to

account for modeling error!

g
i
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: Generalization to the vector case: I

x, — X(n)

- @(n) ®(n): transition matrix
Gi > Py QO(n): process noise matrix
- > 0(n)

X (n)=®(n-1)-X(n-1
P =CD(n—1)-P)2(n_1)-CDt(n—l)+Q(n—1)

X~ (n)

g
i}
A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 169



B Kalman filter (see kalman.f)

EUROPEAID
CO-OPERATION OFRICE

Prediction
X ()= X(n-1)
P, =®P, @ +0Q

X" (n) X(n-1)

X (0)
P

X (0) R

Initialization

g
i

PY
o**
.
.
.

Measurements
.................... ) Y ()
X~ (n) P Y(n)
Estimation 4 l

4
.....
LY .
......
llllllllll

)A((n) = Pf((n) : [AtPY_(i) Y(n)+ P;(n)f(_ (n)]

1
| 4 pet 1
P, = [A Pl A+P ]

X (n)

W JEAGAL, 2004-2005
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5] Kalman filter (classical version)

EUROPEAID

COGPERATON OFFCE Measurements
I O I
Py B )
Estimation 44 ‘
PAredlctlon A j((n) —X (n)+K(n)- [Y(n) —A(n)- X (n)}
X (n)=®-X(n-1) 1
B K(n)= S 'At (71)- [A(n) 1 At (n)— Y(n)}
P,{f(n) =07 X(n1) +Q
Py = =[I- K(n) A(n)|- P, .
X (0) -
.“’ ’.,0 X
P)2 (0) o..... “"‘0 (n )
Initialization ...."u., .o“"" P)? ()

g
i
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Bl some simple examples to define matrices ®and Q

EUROPEAID
CO-OPERATION OFFICE

X (n)=0(n-1)-X(n-1
P =CI)(n—1)~PX(n_1)-CDt(n—1)+Q(n—1)

X (n)

a) Static positioning:

State vector to be determined is X = (X.., V,ocr Zoc, dt,..) Where

coordinates (..., V..., Z..) are considered constant (because receiver is
fixed) and clock offset 47, is treated as white noise with zero mean and

ec

variance o?,, . In these conditions, matrices have the form:

1 0

@ (n) = Q(n) =

2
0 Opr

Being o ,, process noise associated to clock offset (in some way, the

uncertainty in clock value). /\\
¥

- o
y}/w JEAGAL, 2004-2005 Hernandez-Pajares M., Jua G = 300Km= 1msec




- Constant

EUROPEAID d
CO-OPERATION OFFICE

The coordinates are always the same!

®=1 €= x(n)=x(n-1)
=1 | Q=0 (no prediction error) |

—q4 1 1 1 1
0 200 4 (18l g Loy

We can assure that, the next x(n) will
be the same as x(n-1).
X (n)=®m-1)-X(n-1)

= - : : ! - - Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
P, ,y=@Mm-1)-P, @' (-1)+Q(n-1) j 2 J, Salazar D., Ramos-Bosch P. {73




EUROPEAID q
CO-OPERATION OFRICE

White Noise process N(0,1)

& &

From a given epoch is not possible
3r  to predict the following one T

T T T
||a|| Es

&

®=0 €= x(n)=0 (zero mean) .
Q=2 (prediction error noise)

- 1
0 20

X (n)=®m-1)-X(n-1)

P

X~ (n)

=®(n-1)-P;  -®'(n-1)+Q(n-1)

i) Bl G NRelNle)

We only can assume that, the next x(n)
can be x(n)=0 with a confidence c.
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- Static positioning: constant coordinates and white noise clock

EUROPEAID Seaession Ba, exercise 5c_1: Deviations of the estimations referring to the nominal (random wallk, Q=0)

20 T T T T T
CO-OPERATION OFFICE

-B0

-80

Deviations referring to the nominal (m)

100

-120 -

140 1 1 1 1 1
BIE000 28500 9000 29500 40000 40500 41000
Time (seconds GPS)
Session Ba. exercise db: CGlock estimations (inematic)
200000 T T T T T

Clock —=—--

150000

100000

S0000

-50000

Clock estimation (m)

-100000

-150000

S/A=on

-200000 1 L 1 1 L
22000 28500 29000 29500 A0000 40500

[S3YS

Time (seconds GPS)
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b) Kinematic positioning

1) In case of a fast moving vehicle, coordinates will be modeled as white

noise with zero mean, and the same rationale applies for clock offset:

D(n)=

0

Q(n) =

dx
2
(o2 oy

2
Gdz

2
GDT

2) In case of a slow moving vehicle, coordinates may be modeled as

do?

random walk, process’ spectral density 4 = — and the clock as a

white noise:

D(n)=

Q(n) =

quAt

g
1]
W JEAGAL, 2004-2005
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Random Walk process: it varies slowly

EUROPEAID
CO-OPERATION OFFGE e T T . T T T T T T
The uncertainty increases with time
2 A
002 d O At
dt
-2.03
.-J_l I
% -0.0d
= .r ;;
Ll 2 J
—0.05 | L ‘ i |
/|
Iy
X (n)=®m-1)-X(n-1) |
—_— . . t - -
P, =®m-1)-P; -®'(m-1)+Q(n-1)
_0.0? I 1 1 1 1 1 1 1 ' 1
0 L0 2L FC000 a0 S0 B0 TG0 SO0

time C(zeconds of daul

®=1 €= x(n)=x(n-1) (the same value is assumed)
Q=(do2/dt)*At (but, with prediction error noise increasing with time)

g
1]
W JEAGAL, 20
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- Pure Kinematic positioning: white noise coordinates and clock

EUROPEAID Session Ba, exercise da: Deviations of the estimations referring to the nominal (kinemat c)

200 T T T T T
GO-OPERATION OFFICE i

D —
] -

150 ' Dz ¢ a
o5
] ' 5 g

100

50

-50

Deviations referring to the nominal (m)
o

=100

-150

200 1 1 1 1 1
BIE000 8500 9000 29500 40000 40500 41000
Time (seconds GPS)
Session Ba. exercise db: CGlock estimations (inematic)
200000 T T T T T

Clock —=—--

150000

100000

S0000

-50000

Clock estimation (m)

-100000

-150000

S/A=on

-200000 1 L 1 1 L
22000 28500 29000 29500 A0000 40500

[S3YS

Time (seconds GPS)
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- Kinematic positioning: random walk noise coordinates and white noise clock

EUROPEAID Session Ba, exercise Sa: Dewviations of the estimations refering to the nominal (random wallk)
: 200 1 T 1 1 I
D= —
[} —— -
150 - D=z =3 ]

100

50

-50

Deviations referring to the nominal (m)
o

100

M50 -

200 1 1 1 1
BIE000 28500 o000 9500 40000 40500 41000
Time (seconds GPS)
Session Ba. exercise db: CGlock estimations (inematic)
200000 T T T T T

Clock —=—--

150000

100000

S0000

-50000

Clock estimation (m)

-100000

-150000

. . . | _ |S/A=0n

22000 28500 29000 29500 A0000 40500

[S3YS

Time (seconds GPS)
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- Positioning: Random walk coordinates with Q=0 and white noise clock

EUROPEAID Seaession Ba, exercise 5c_1: Deviations of the estimations referring to the nominal (random wallk, Q=0)

20 T T T T T
CO-OPERATION OFFICE

-B0

-80

Deviations referring to the nominal (m)

100

-120 -

140 1 1 1 1 1
BIE000 28500 9000 29500 40000 40500 41000
Time (seconds GPS)
Session Ba. exercise db: CGlock estimations (inematic)
200000 T T T T T

Clock —=—--

150000

100000

S0000

-50000

Clock estimation (m)

-100000

-150000

S/A=on

-200000 1 L 1 1 L
22000 28500 29000 29500 A0000 40500

[S3YS

Time (seconds GPS)
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- Annex
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Bancroft method for direct estimation
of receiver position and clock offset

Bancroft method allows to get a direct solution of
receiver coordinates and clock offset (x,y,z D7),
without any “a priori” knowledge. So, this method
may be used to obtain the initial value (x, y, z,)
for navigation equations (cold start)

g
i
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=MB" (A1+a)

n
| L - P/)

Satellite Measured
coordinates | | Pseudorange

g
i
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g
i
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Comments:

e To improve the estimation, the measured
pseudorange can be substituted by:

> ‘Pj +dt’ —rel’ —TGDjl

Nevertheless, to compute the ionospheric and
tropospheric delay, the receiver coordinates are
needed.

e Thence, after computing the approximate receiver
coordinates, a second iteration is needed to
compute the solution using all the corrections
(which is done using the linearized equations).

185



EUROPEAID
NNNNNNNNN FE

Lesson 7
Code and phase differential
positioning.
Floating versus fixing ambiguities

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 186



! Differential Positioning

GO-QPERATION OFFICE

A receiver (rover) is positioned regarding to another receiver
(reference) whose coordinates are known.

It allows to cancel out most of the common errors between both
receivers, improving dramatically the positioning accuracy.

GPS (k)

Y

L] ‘-‘

L] “‘

[ o
[}

1 —

Ref. Rec

g
i}
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B
oo ERORS on the Signal

e Space Segment Errors:
— Clock errors Common
— Ephemeris errors

Strong spatial

e Propagation Errors correlation
— Ionospheric delay _
— Tropospheric delay Weak spatial
correlation

e Local Errors
— Multipath > No spat_ial
— Receiver noise correlation

A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 188




B DIFFERENTIAL GPS (DGPS) with code

EUROPEAID
CO-OPERATION OFRCE

Computed
position

Computed
position

True
position
(known)

More
precise
position

U

In short baselines, similar errors are expected

g
i
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(] bell: Absolute positioning (S/A=0n)

EUROPEAID
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Session 7a, exercise 2g: bell (PC) Absolute Kinem. Pos. (Broadcast orbits and clocks)
200 T T T T T T T T
% (WGESE4)
&
z (WGSEed *
150 .. (W ) |
k-4
X
100 | p L -
— wt
E 50 % P . - - @ ] g
g : X AT T S
3 % ﬁ;,g% o Tl BTN Kt SR e
TR e U L S o e
G " x o+ X o Foc, 13 X
B 50 | % # Beoorx L £ .
[ i |
£ R # L
¥ " kS W
* 4 x *
-100 i & o -
-150 # .
'EDD | | 1 1 l 1 l |

56000 57000 58000 59000 E0000 E1000 E2000 E3000 E4000 B5000
Time (GP S seconds)

Positioning error in station “bell” (S/A=0n)

g
i}
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B ebre: Absolute positioning (S/A=on)

EUROPEAID
CO-OPERATION OFFCE
Session 7a, exercise 2g: ebre (PC) Absolute Kinem. Pos. (Broadcast orbits and clocks)
200 T T T T T T L T
x (WGESE4)
¥
® z (WGSEed *
150 . (w ) |
k-4
X &
100 | + #x -
4 E
) \ w * o &
w | oA t . S w Tt
T 50 % Ty 5 - # i : ....,E IRy :ﬁ; " -
] : F g Ht o Ll ; ¢
: LR BT i R R R e T
° E DX X xS ) R TR B i
§ 0 s K B ﬁ g™ fx. o 5;‘52’ ol X * y
i & -
x LK i i = Ry
3] o ’!i;; . t )%
% 50 w P * . -
i ¥ X, %
H;J:C 4 _ E xx #
-100 % @ o -
-150 " .
'EDD | | 1 1 l 1 l |

56000 57000 58000 59000 E0000 E1000 E2000 E3000 E4000 B5000
Time (GP S seconds)

Basically, the same errors are found in station “ebre”,
100Km far from “bell”

§
A&N ! (the same satellites are used in the navigation solution)



(] bell-ebre (S/A=on)

EUROPEAID
CO-OPERATION OFFCE _ _ _ , .
Session 7a, exercise 2f: bell relative to ebre: D(PC) Kinem. Pos. (Broadcast orbits)

200

'x (WGSB4)

z (WGSB4) =

180

100 ¢

50

0

Discrepance (meters)

B0 -

-100

-180 |

'EDD | | | 1 | 1 | |
56000 57000 58000 58000 E0000 E1000 B2000 B3000 4000 BE000

Time (GP S seconds)

Most of the errors cancels out when computing the
: difference between errors in “ebre” and “bell”.

W JEAGE (the same satellites are used in the navigation solution) 107



(] bell-ebre (S/A=on)

EUROPEAID
CO-OPERATION OFFCE _ _ _ , .
Section 7a, exercise 2f: bell relative to ebre: D(PC) Kinem. Pos. (Broadcast orbits)
ED 1 I ] | I ]
x |WGSB-41
a 84)
z GSEM *
18 {W ) .
10 -
— * . #
E 5 | } % * . § . x I . X I E 3 -
E m*'x ¥ *® w % ¢ xx * K
" R ﬁ**e@kﬁ % 5:{ KR T " ol # o K X% XK
s . ® et £ X i
§ 0 #® xﬁﬁ*w e B8 #%fsk ag?f‘,‘x% a-s xtgx i’* % i xf :EM ' ’&*ﬁ:
& How WK - T SN S H N 3& * % ¥ owx o ®
e R e o o b XA ¥ Hy ' K @W*{(m* #
w _5 - § i B * ﬁ * o e M" M x 3 -
D . i "K x , 5 W * Il *
= Ed ] S
- k -x
-10 | ]
15 - 4
20 I l L I ] L I !

5E000 57000 58000 53000 E0000 61000 E2000 3000 4000 B5000
Time (GPS seconds)

Zoom of previous plot

g
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EUROPEAID

— In the previous example, the differential error has
been cancelled in the “position” domain.

But:
e It requires to use the same satellites in both stations.

Thence, is much better to solve the problem in the
“pseudorange” domain than in the “position” domain.

Concept:

o A reference station (its exact position is known) computes
a differential correction for each satellite in view.

e The user applies this correction to remove most part
of the common errors in pseudorange.

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 194



Eil Range Differential Correction Calculation

EUROPEAID
Broadcast 7, Z
ca Actual SV
SV Position gelg_g ,ﬁeﬁg Position

GO-OPERATION OFFICE
L] - .
.....

‘e
.
.
.
~
~
.
.
.
.
.
‘e
.

[} Measured
Calculated 1 PR, Pseudoranges PR .

Range Pref s

I .

>

>

*

4
'

Known Reference
Location

..
.
.
.
.
.
~
.
.
.
G
.
.
L2
.
.
.
“
G
.
L2
.
‘e
Ld

Differential Message Broadcast

PRC

— The first receiver, in a reference station, can calculate these
errors knowing its exact location (corrections "PRC"”

calculated by the ground station): PRC= PR - p,.s
— The second receiver (the user) will use these corrections to

adjust its own measurements and increase the accuracy of
these measurements: PR __ - PRC

user

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 195




oo |1, Differential positioning (with simple differences)

Let's P/, and P/ . be code measurements of rover (rov) and

|| EV/4

reference station (ref), respectively, for satellite "7 Thence:

xO,rov _x] y 0,rov _)/J ZO,rov o

PI" ef‘ rov 1 dxrov + 1 dyrov + i Ck + CD T;:ov + ‘Eiov
0,7ov 0,7ov 0,7ov

Prefit’ o 0 + 0 + 0 +dl,+e,

Introducing the following notation to symbolize the simple difference
of measurements Al/=1/ {1/ , the difference of previous

rov ref 1

equation can be written as:

: X —xj y —J/j Z, —Zj
j __ 7 0rov 0,7ov 0,7ov
e APrefit! =—— de_ + . ay,  +

—— &z +NcDT)+As’
IO(;,rov p(irov p(;,rov

d
i

W JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 196




EUROPEAID
CO-OPERATION OFFICE

g&g\’

And, considering all satellites in view from both receivers, the following
equation system can be written. This system is similar to that of

absolute positioning, but the relative clock between both receivers is
instead estimated: A(cD7)=cDT.,,cDT

[ APrefit' ]
APrefit’

--------

| APrefit" |

1 1 ]
xo,rov —X yo,rov - y Zo,rov —Z 1
1 1 1
IOO,rov IOO,rov pO,rov —
2 2 2 dxrov W
xo,rov —X yo,rov - y Zo,rov —Z 1 d
2 2 2 yrov
pO,rov IOO,rov IOO,rov d
Zrov
.......... A(CDT)‘
n n n .
0,rov - X yo,rov - y Zo,rov —Z 1
n n n
pO,rov IOO,rov IOO,rov ]

This system can be solved applying the same mathematic tools than
in absolute positioning (LMS, WMS, Kalman filtering,...)

JEAGAL, 2004-2005
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i Residual GPS Pseudorange Errors
Without DGPS Zero Basline Decorrelation with
Correction Zero Latency DGPS Latency Geographic
Bias Random Bias Random | Velocity | Acceleration Deco;;(‘a)laKtion

ERRORS (meters) (meters) (meters) | (meters) (m/s) (m/s2) (m/ m)

Receiver Noise 0.5 0.2 0.5 0.3 0.0 0.0 0.0
Multipath 0.3 to 3.0 0.2to 1.0 0.4 to 0.2 to 0.0 0.0 0.0

3.0 1.0

Satellite Clock 2.0 0.0 0.0 0.10 0.02 0.004 0.0
(S/A=off)

Satellite Clock 21.0 0.1 0.0 0.14 0.21 0.004 0.0
(S/A=o0n)
Ephemeris 10.0 0.0 0.0 0.0 negl. negl. <0.05
(S/A=off) (extreme)
Ephemeris 100.0 0.0 0.0 0.0 <0.01 <0.001 <0.5
(S/A=on) (extreme)
Ionosphere 2to 10 <0.1 0.0 <0.14 0.092 negli. <0.2
(raw iono) (times (times

obliquity) obliquity)
Troposphere 2 <0.1 0.0 <0.14 negl. negli. <0.05
(times (times
obliquity) obliquity)

g
a
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Taking one station and one
satellite as a reference, the
double differences between
satellites and stations can be

computed from the single ones

AD.ED;OV_D :ef
Vo =00

Thence:

2. Differential positioning with double differences

GPS (K)

LY

i .‘Iu

13 l.
..
.

GPS (ref)

B
-
o
i* ]

.. lonosphere

g
i
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- Double differences of measurement equations:

EUROPEAID _X,J y]
CO-OPERATIN OFFCE — — z
0 rov y 0,7ov 0,7ov
‘-‘P’/@\ rov dxrov + i dyrov L r— Ck + C% + rov
~ m 0,7ov p(;,rov 0 rov
S R
X - )CR y y 7
L R _ “0Oyov 0,rov 00v
“1Pr qcitrov - R dxrov dyrov T - & + / rov
( \‘ IO 0,rov IO 0,rov IO 0,7ov
/
F .
Prefit,, = 0 + 0 + 0 —I—c% &
R R
E I:Preﬁtrq, = 0 + 0 + 0 +¢ef +&,,

AVPrefit’ =[ Prefi!, — Prefit®, || Prefit], —Preit”, |

J J R
xO,rov —X xO,rov —X xO,rov —X .
V - = - — R R
Q’l,rov p(irov IO 0,rov

Ag}\’
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- And applying the double differences to the measurement equations, it

EUROPEAID
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g
o

g~

follows that:

) — —/ Z, —Zj )
AVPrefit’ = V[ ooy }dxmv +V{W}zﬁ/m +V{O’"’v.}dzmv +AVe/
0,70v 0,70v p(g,rov
where:

AV(cDT)=V| A(cDT) |=0

Considering all satellites in view from both receivers, the following

equation system may be written, where the clock term is cancelled.

[ AV Prefit'
AV Prefit’

| AV Prefit"

JEAGAL, 2004-2005

_v{x
v{x

X
0,rov
V n
| pO,rov

— X

0,rov

1
IOO,rov

0,rov

1

2
pO,rov

R

1
— 4
yo,ror y V
pO,rov
2
- %
yo,ro; y V
pO,rov
yo,rox;l o y V
pO,rov

0,rov

1
pO,rov

0,rov

-

2
pO,rov

0,rov

-

n
IOO,rov

z"]
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- Double versus Single difference: X (WGS-84)

EUROPEAID
CO-OPERATION OFFCE
Session 7a, exercise 3g: bell relative to ebre: DD(PC) Kinem. Pos. (Broadcast orbits)
ED | I ] | I ] | . |
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x (WGS84): D *
15 .
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. 4
* *
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- 5 F x M » N H DII Hopi % 5 » W ® ;{ ¥ ]
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E 0t . ST ¥ +F hx *’%@%{ﬁ%ﬂ*% b e S AT R #oHE 2.
= W ) )\)ﬁﬁ v oW g * * " ,@?‘,k& T o h
0 RN o 7 F R o owowx | TEER K% X o e
£ Cex X e ke o K Ty Ky kM b
(@] ® oo gt M g LK ol * * Tx % *
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g
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- Double versus Single difference: Y (WGS-84)

EUROPEAID
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Session 7a, exercise 3g: bell relative to ebre: DD(PC) Kinem. Pos. (Broadcast orbits)
ED | I ] | I ] | . |
y (WGS84): DD -
y (WGSB4):. D =
15 | .
10 -
X
- 5 B ]
[Fr]
s *
i ¥ ﬁ * 3
i oo *%-e s A% 4
E o} ¥ W - % ;{W‘Ex h* % - w& -
S ﬁ |
2 MR Xy am mﬁﬁwfx 2
E * )i{ H ﬁ.:x
o
5 L i i
A0 -
15 F i
ED | 1 1 | | 1 | 1

56000 57000 58000 53000 E0000 61000 E2000 3000 4000 B5000
Time (GPS seconds)

g
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Double versus Single difference: Z (WGS-84)

EUROPEAID
CO-OPERATION OFFCE
Session 7a, exercise 3g: bell relative to ebre: DD(PC) Kinem. Pos. (Broadcast orbits)
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As it has been seen in the previous plots, double
differences and single differences performs similar
when positioning with code pseudoranges.

Nevertheless, doubles differences have an important
application when positioning with carrier phases, in
particular for the fixing ambiguities techniques.

g
i
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I 3. Carrier phase positioning N <
EUROPEAID
i u - I - - ; Bias B
3.1 Differential positioning with doul: (3ambiguity N)
and phase measurements (floating tl |
P ( 9 2 [AVB=2AVN]
Phase measurements are modeled in simi o =
taking into account the phase ambiguities A VB, WhICh must be
estimated together with rover coordinates (dx,dy,dz).
B ] B o B 1T B d ]
V xO,VO\l) x V yo,rml/ y V ZO,I'O\I/ Z O e O ce. O e O xrov ‘
L pO,rov | L pO,rov | L pO,rov | dym" ‘
_ 0T - o . r 1 T B 1 B erov
Avpreﬁt(P) \V/ xo,m\; X \V4 yo,rm; Y \V4 Zo,rm; z 0 -- 1 e 0 0 AV B
AVPreﬁt(L)l L pO,rov i L IOO,rov i B IOO,rov i (;:) . 1
AVP. ....... P - ) . B ) B B 5 Aka
t n _ n _ n _ n .
reﬁ ( )n v xO,VOV x V yO,}’OV y V o,rov Z 0 e 0 e 0 Ve 0 :
| AV Prefit(L)" | L Porr | L P | L Porer AVB,
V xo,rox; - x” V yo,rm;q - y” V ZU,"U"’I B Z” 0 v 0 000 1 oo 0 ’
L IOO,rov B L pO,rov i L pO,rov i (L;) _AVBS |
sat sat sat sat
Plsta ot (dt,, —dt™)+rel’l +Trop:: +Ion, + K, , + K™ +¢& ‘ B
Lljf; = +c-(dt, —dt™)+rel +Trop: —Ilon'" +‘k1m + &+ 21]\71‘+ W +&




B 3. Carrier phase positioning | .| _
EUROPEAID 0107 [-

3.1 Differential positioning with douli; "~
and phase measurements (floating tl -~

3
Z5
N

uB
o=
3
o5
an
36
«

L .

Phase measurements are modeled in SiMilaeieat
taking into account the phase ambiguities 4 VB, which must be
estimated together with rover coordinates (dx,dy,dz).

B L] B 1] B 1] " dx
X X V4 z rov
\Y o’m‘l) \V/ yo,rml/ Y VvV o,rmlz 0 -.. 0 000 O --- 0 J ‘
L pO,rov | L pO,rov | L pO,rov | Vrov ‘
B N i ] B i} B 7 dz
AVP t(P : o xl o,rov 1 Zoyov Zl "
reﬁ( ) \V4 5 . \V4 Yo, - Y \V4 ) . o --- ala e 0 - 0 AVRB
Avpreﬁt(l’)l L pO,rov i L IOO,rov i L IOO,rov B (k) 0 1
AVP‘.‘.}:-(P) == ~ . B ) B . B Aka
refit(P)" x —x" —y" z -z .
i VvV O’VO‘:I \V4 yo’m—‘; Y VvV o,rm; 0o --- 0 000 0O --- 0 o
_Avpreﬁt(L) n L pO,rov | L IOO,rov i L IOO,rov ’AVBI
x o —x" =" Zy w2 :
\V/ o,rox; \V/ yo,imn y \V/ s - 0 - 0
IOO,rov B L pO,rov i L pO,rov _AVBS |

This system can be solved with a Kalman filter, assu
constant along continuous carrier phase arcs, and

#ig ambiguities AVB
e noise at cycle-slips.

.
W seag| The tropospheric delay can be also estimated as a random walk |




EUROPEAID

oo | Comments:

More accurate modeling for phase positioning is
needed. It should involve:

e Phase Wind-up (the GPS signal is polarized wave)

o Antenna Phase center (satellite, receiver)

» To estimate tropospheric delay (wet: random walk)
e To adjust broadcast orbits (long baselines)

e Tidal Effects (in particular solid Earth Tides)

d
i
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Solid Earth tides Wind-Up (Lc)

Wind Up effect on Pseudorange

EUROPEAID 0.08 Solid Tides effect on Pseu(lorang? P
N et - i Phase pseudorang qe
; Phasé pseudorange @ has eud
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Broadcast orbits

Differential positioning at
420 km from reference station

&
4 dN
04 by
02
E ™, Rt

Broadcast orbits (adjusted)

= dupP
o dE

s ..,

e M. AN
T I )

E ' /')".’v ' " Teaadt T a¥, e festa g ae
&

=2 r

= 5 o o SO A D L R o

Differential Kinematic positioning with 429 km of baseline.
Broadcast orbits (left) and adjusted broadcast orbits (right) used.
Ambiguities "floated" (Lc biases estimated). Tropospheric refraction errors
estimated. Triangles: dUP; black circles: dN, squares: dE; all meters.
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Differential positioning with double differences using code
and phase measurements (floating the ambiguities)

Phase measurements are modeled in similar way than code ones, but
taking into account the phase ambiguities A VB, which must be
estimated together with rover coordinates (dx,dy,dz).

0 B 0 ] dx
X X z z rov
\V/ o’m‘l) Vv yo,rml/ Y VvV o,rmlz 0o -.. 0 v 0O --- 0 J
L pO,rov i L pO,rov | L pO,rov i ym"
- - - . - y r 7 dz
AVP t P 1 x() rov - X1 o,rov - : ZO rov - Zl o
refit(P) V| e v| Lo . Y V| Zere 0 - 1 = 0 - 0|lAvB
AVPreﬁt(L)l L pO,rov i B IOO,rov ] L IOO,rov i (k) .
Avpf(P) = ] ) ] ) ] . ] . : . . AVBk
refit(P)" x o—x" —y" z =z :
o e VvV O’VO‘; VvV —yo,ra\; Y VvV o’m‘; o -.. 0 50a 0O --- 0 :
L Veﬁt( ) _ L IOO,rov i L pO,rov i L pO,rov i AVB/
x —x" =y z =z
V O,}U\; V y(),}()‘; y V ()JU\:] 0 o 0 .. l .. 0 .
pO,mv i L IOO,mv i L IOO,rov a ) _AVBS i

This system can be solved with a Kalman filter, assuming ambiguities AVB
constant along continuous carrier phase arcs, and white noise at cycle-slips.
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iguities

FIXING versus FLOATING amb

JEAGAL, 200

@wﬁwmé e i RS N iy

|,l Ly
o1 b I _i_. i, J\*\,ﬂs-_‘nf ,f "'\“n_‘i‘fwm'-“'l' |

Distrepance (meters)
8]
T

-0.2 - ‘ —
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Time (GP S seconds)
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0
T

- R L R H L A L R

SE000 SF0Oo0 S8000 So000 sO0000 &1 000 s2000 S3000 S4000 S5000

Time (GP S seconds)
T T

Discrepance (meters)
0
T

fl (see the exercise in the book)

All the ambiguities have been fixed in post-process.

After fixing the ambiguities the carrier phases are use for positioning
as very accurate pseudoranges (with few millimeters of noise)



B Resolving the Ambiguities:
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e Ambiguities must be estimated with a Kalman filter, together with
coordinates (and troposphere,...).

! ' ' ' ' PRN 28,
PRN 28, P *

B 15es07 | Bias B=k,,,+k*'+iN

3 (=»ambiguity W)

: _ AVB = A AVN

SSSSS

--------
0000000000000000000000000000000000000000

e The easier way to resolve the ambiguities is to treat them as REAL
numbers, which are constant along continuous phase arcs and white
noise when cycle-slips (this technique is called: floating ambiguities)

= The filter needs some time span to converge, and also there is
; estimation noise (due to the correlations with the other states of
}N filter), which degrades the navigation solution at the level of few
g@ decimeters.



Notice: If the ambiguities were fixed, we would be

positioning with measurements of few millimeters of noise.

On the other hand, the ionosphere can be removed using
dual frequency measurements (with Lc, Pc combinations)!

Note:

e Klobuchar model only accounts for ~60%

e For long baselines the ionosphere does not cancel!
lonosphere 5-10 m 0.4m
Troposphere 0.5-1.0 m 0.2m
Receiver Noise 0.5m 0.5m
Multipath 0.6 m 0.6m
SA on (SA=off) 30 (O)m Om

Differential
with 2-freq and
carrier bhases

(Lc,Pc)

~ mm
Estimate
2 mm + Ambig.
5 mm

Carrier phase ambiguities must be estimated/fixed
with receiver coordinates:

The accuracy will depend on how they are solved.

(also the tropospheric delay or orbits adjustments
should be considered for high precision).

Differential

\

g
i}
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Session 7b, exercise 3a: bell relative to ebre: DO{LCP C) Kinem. Pos. (Broadcast orbits)
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2
15 F
1k
05

Discrepance (meters)
[]
[#3]
T

25

-3

'x (WGSB4)
y (WGS84)
z (WGS8d) =

Solution converges

New satellites are

"\\\incorporated to the

navigation solution.

after ~20 minutes

5E6000

Differential Kinematic Positioning (floating ambiguities)
using broadcast orbits and LC, PC measurements.

g
i

W JEAGAL, 2004-2005

1
57000

1 1 1
58000 59000 60000 61000
Time (GP S seconds)

1 1
62000 63000 64000

Baseline 100Km

Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.

B5000

215



EUROPEAID
CO-OPERATION OFRICE

y}“
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56000

Session 7b, exercise 3a: bell relative to ebre: DD(LCPC) Kinem. Pos. (Broadcast orbits)
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iguities

th Lc, Pc, FLOATING amb

(base line 100Km)

Wi

Kinematic Posit.

Discrepance (maters)

Discrepance (meters)

Discrepance (meters]

TFLOATED ! x (WS SSday +

New satellites are i

sSs8000

incorporated to the

' ' / navigation solution. =]

Solution converges 1

H
B4000

=N after ~20 minutes [~ =

: / TFLOATED: = (W SS84) 7
1
1Lt
4| —
!

i T
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(see the exercise in the book}
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FIXING versus FLO/ .

Fixing ambiguities will allow to g

e More accuracy: avoiding nosier

it is fixed.

e Faster convergence of filter.

FLOATED:

The ambiguities have
been estimated by filter

as real numbers

FIXED:

The ambiguities have
ben previously fixed

(exact values)

2e+07 |

1.5e+07 |

Pseudorange (meters)

~< N

_—_ \/

PRN 28, L1 Phase
PRN 28, P1 Code

Bias B=k_, +k5%t+.N

sta

(= ambiguity N)

4]

! L I L L L L
10000 20000 30000 40000 50000 80000 70000 80000

Time (GPS seconds

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

. H
“,1........:: i

i
| —

i
, Bc ambiguity

el M

1ims

Bc amblgulty FIXED (exact value)

L.¢ unameicuous

1

| p—

| Bc ambiguity

gt |

1rma

Carrier phase I:C estimated
floating the ambiguities.

The estimations need some
time to converge, and do
not converge to the true
value.

(G55 econds)

The ambiguities are fixed
to their “true” values. There
is no estimation noise.

The carrier phase is fully
“repaired” and provides a
very accurate pseudorange

(few millimeters of error)
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£l Fixing the Ambiguities:

EUROPEAID
CO-OPERATION OFRICE

To obtain centimeter accuracy it is necessary to apply FIXING
ambiguities techniques:

These techniques exploit the fact that the ambiguities in 77 and
2 are "INTEGER NUMBERS" of wavelengths, and if it is
possible to build combinations of measurements with a level of
noise under 1 wavelength, it will be possible to obtain the “exact
value” of the ambiguity by ROUNDING.

Let's B1 and B2 be carrier phase bias in frequencies 71 and 72. Thence:
Bl = ANTY +k _+k™ | N1,N1are the ambiguities (integers)
zsat ﬂzstat + k

2rec

+ k| k1, k2 are the instrumental delays (real)

The instrumental delays cancel out when making the double differences.
AVB1 = AAVN1 |On the other hand 4VB1, AVB2, AVBw are integer

AVB2 = 1 AVN2 | multiples of their wavelengths. But, the last is not
2
the true for AVBc
| |AVB, = 1,AVN, AVBe = gc[ﬂwAVNl _AWAVsz

A 4
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1. Using Lc, Pc, the Kalman filter estimates the ambigui
together with the receiver coordinates (floating it
such as in previous examples).
AVN s fixed:

2. From the rough estimation of AW@C , the ambigx

AVB AVL —AVL
AVN = in{ W] = int[ - ;

3. Being fixed the ambiguity
can be also fixed:

AV, the ambiguities |AVN,| |AVN,

AVB,

VL, —AVL, — 2,AVN
AVM-dm( ! 2 =4 “J

A=

(base lines < 15-20 Km)

AVN, = AVN,
4. From the “exact” values of the ambiguities AVN,| |AVN,|, the

Being fixed the ambiguity in 4 VA,

AVB D1 A AVN, _ AVN, then the measurement is accurate at
J " A A, the level of few millimeters!!!

(100 times more accurate than code).

RTK: it is assumed that ionospheric refraction cancels out




EUROPEAID
— GPS Differential D!fferential
Error budget Standalone CA code (Ph‘:;':g E;f{g?m])
Satellite clock 1.0 m Om
Orbits 20m ~0m
lonosphere 5-10 m 0.4m ~mm
Troposphere 0.5-1.0 m 0.2m Estimate
Receiver Noise 0.5m 0.5m 2 mm
Multipath 0.6 m 0.6m 5 mm
SA on (SA=off) 30 (0)m Om
Iypic_:a_l . G.P.S Differential Differential
From the “conceptual point of view”, when the
ambiguity is fixed, the phase measurements are 3cm
repaired and thence, the positioning is like if ).  4cm
“very accurate codes (few millimeters of noise)” 5cm

were used!!!
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y}“

iguities

FIXING versus FLOATING amb

JEAGAL, 200

@wﬁwmé e i RS N iy

|,l Ly
o1 b I _i_. i, J\*\,ﬂs-_‘nf ,f "'\“n_‘i‘fwm'-“'l' |

Distrepance (meters)
8]
T

-0.2 - ‘ —

-0.3 - ! 1 4 —

_o.a L L H L H L L
Ss000 SFOO0 S2000 S9000 S0000 S1 000 SZ000 BSIZ000 S0 00 S5000
Time (GP S seconds)
0.4 T T

Discrepance (meters)
0
T

- R L R H L A L R

SE000 SF0Oo0 S8000 So000 sO0000 &1 000 s2000 S3000 S4000 S5000

Time (GP S seconds)
T T

Discrepance (meters)
0
T

fl (see the exercise in the book)

All the ambiguities have been fixed in post-process.

After fixing the ambiguities the carrier phases are use for positioning
as very accurate pseudoranges (with few millimeters of noise)



EUROPEAID

= Limitations:

= The previous algorithm is based on assuming
that ionospheric refraction is the same in the
reference station and the rover, and cancels out
when forming the double differences.

= This hypothesis can only be assumed for short
baselines (<15-20Km).

g
i
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EE Wide Area Real Time Kinematics (WARTK)

EUROPEAID
CO-OPERATION OFFICE

= For long baselines, the ionospheric refraction
AVSTEC must be taken into account in previous
equations. Thence:

AN, = int[ AVL —AVL 41.98AVSTEC+AVB, J

A

w

AVN = int[ AVL, —AVL, JAVSTEC ﬂ,zAVNWj

A=A

Note: being 4 ,-1; = 5.4 cm, the accuracy in AVSTEC
must be better than 2.7 cm of L1-L2 delay.

g
i
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Eil Vertical lonospheric Refraction

EUROPEAID
Experiment Day (077 2000, 15UT)
180° 225" 270" chly 0° 45° ap® e el
) Central Europe:
o : AVI>2.7¢cmyq 5
Aot at 15 km or more
30° ' : SN 30"
! ' ﬁ-ﬂ,..._._.-a- !
et e
30 At middle latitudes like in i
n Europe we also find large
s ionospheric gradients which
. - | do not allow to extend RTK up
180" 2280 270 315 tg more than 15-20 Km.
g 0 100 200 300 400 EEJD EEJD ?EJD BEJD QEJD '1DIDD11IDD1EIDD |
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- If ACCURATE ENOUGHT ionospheric corrections could be provided

EUROPEAID

wmmor: — £0 the user, centimetic navigation could be achieved for LONG-
BASELINES (hundred Km far from reference station)!!!! = WARTK

N9

o)

c

(]

| .

(=]

>- > S
S b oaeane +1SBAS (WAAS, EGNOS, MSAS...) @
8 1Tm = %
O (=]
< @)
Q

20cm %
s

10cm > .
=

(L°]

) o

20km  100km 400km  —
: BASELINE
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B But, how to achieve error (4V STEC) < 2.7 cm L1-L2
at the user location?

Working with two frequency receivers (reference stations and
Rover), the precise ionospheric determinations are used to help the

ambiguity resolution.

The following sc IS a __ |AVLI = AVSTEC + AAVN, — LAVN, + AVw, + &

# |Resolving the ambiguities in the
“ |reference stations = VASTEC

"unambiguous" (o AsTEC ~ MM )
Tomographic model
" o stec <10 cm in L1-L2

# Tnierpolating the unambiguous
STEC to rover position VASTEC.

44

(error < 2.7 cm ~ 1/4 TECU)
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B But, how to achieve error (4V STEC) < 2.7 cm L1-L2
at the user location?

Working with two frequency receivers (reference stations and
Rover), the precise ionospheric determinations are used to help the

ambiguity resolution.

The following scheme is applied:

232 236 240 244

%( ~ # Resolving the ambiguities in the
"l stkm " reference stations = VASTEC
h““%' "1 "unambiguous" (o AsTEC ~ MM )
L L | T hic model
g omographic mode
My graphic
s a = 6 stec <10 cm in L1-L.2
909 km \; g\en » | Interpolating the unambiguous
‘ STEC to rover position VASTEC,.
y 5 417 km a
o (error < 2.7 cm ~ 1/4 TECU)

A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 29



BBl WARTK: Can be based on Wide Area GPS Networks
. (i.e. EGNOS)

gAGE/IIPC DS5/2/01

____________________________________________________________________________________________________________________________

An AVSTEC with error less than 2.7 cm of L1-L2 delay must |
i ionl!
achieved at the rover location!! [GAGE/ UPC patent, 2000]

g
i}
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Q%%

WARTK
layout

WARTK Central
Processing Facility

Permanent Receivers Network

I [

A 4

CPF

4{ 1. Kalman }
v

lono. model L
Sat. corr.

Tropo. corr.
) '
| 2. Ambiguity
fixing

|

(- )
3. lonospheric

- J

__Integrity )
(4. WARTK )
| message

LoNng—bBaseline (nundreds iMmm) Ol r Ambiguity Resolution

WARTK User

Real-time Iono. model

OrS TRANSMITTERS

@
,,-f.
— 2= |

— [

L =STEC+B, =[" 'Ndl+B, =S¥ (N} A, +B,
Tk

Real-time geodetic model

.- Roving Receiver|

2.- Network Data
and corrections

3.- Kalman Filte;

Roving user
position

4.- Parameter estimation
{floated ambiguities)

Hernandez-Pajares

DON'T PASS

ambiguity
tests

ambi

traninih
guitics




- The Pacific Northwest Test: 1998 March 3rd (Kp>4)

EUROPEAID
CO-OPERATION OFFICE

Ref.: Colombo O., Hernandez-Pajares M., J.M. Juan, J. Sanz. Wide-Area, carrier-phase ambiguity
resolution using a tomographic model of the Ionosphere. Navigation 49(1), pp. 61- 69, 2002.

g
a
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! RESULTS: The Pacific Northwest Test (Kp>4)
1998 May 3rd ‘

CO-OPERATION OFFICE

| # All observations were dual

i frequency carrier-phase and
pseudorange, collected at
typical IGS rate of 30 sec.

48

® Data sets from four of them

(cabl, wen, holb, will) were used
as REFERENCE STATIONS.

#® The station albh was treated as
the ROVER.

a4

While all data had been collected before we carried out the
calculations, we took care to process them as they would be
L processed in a truly real-time application J

d
i

}N Ref.: Colombo O., Hernandez-Pajares M., J.M. Juan, J. Sanz. Wide-Area, carrier-phase ambiguity
resolution using a tomographic model of the Ionosphere. Navigation 49(1), pp. 61- 69, 2002.



Eel Reference Stations

 Checking the lonospheric Correction atthe |
Refrence stations [ Kp>4, 450-1300 km, (05/03/98)]

# |onospheric model: provides RMS=0.9 TECU for double
difference ionospheric corrections.

#» Thence, most of the time, the (DD) widelane
ambiguities are successfully Fixed.

Accuracy of the lonospheric model (DD) Wide-Lane ambig Resolution
v 100 —
-E 0.4 ,_j; an \\"fwith lenospheric Cm};é‘glinns
= od
‘;; 0.2 T s . - E—-E B0 P /

i BT A . N =D / _\\/

: el 23

T 0 3 4 AR fﬁf — aE n

4 i B A 5 .'*..'I"}}-?w?.‘-’ It o © &0

E %,;‘ &:p%—;‘ &5]:.__ Pl O @ ) ) .

~ 02 PR AN T Sc without lonosgheric Cprrectiohs

- |y W 05 50

I 5% | /

D04 =T 40 -

O g 70 20 30 40 50 60 70 80 90 * 20 '/

a 10 20 30 40 50 60
Elevation (degrees) Elevation (degrees)

g
a
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E#l Rover

EUROPEAID
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fChecking the lonospheric Corr. at the ROVER T

AW =Savan

cm of L1-L2

*
-6 2.7 cm STEC=14TECU
Interpolation Threshold

20 20.5 21 21.5 22 22.5 23

L Universal Time (hours) J

g
i
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- Floating ambiguities: Broadcast orbits adjusted

EUROPEAID
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0.6

0.4 1

0.2

=
I

dUP, dE, dN (m)

,_|

0.2

0.4

4.6

20 20.5 21 215 22
T (GPS HOURS})

Kinematic versus true position of ALBH, with HOLB as base station (a 429 km
baseline). Adjusted broadcast orbits used. Ambiguities "floated" (Lc biases
estimated). Tropospheric refraction errors estimated. Triangles: dUP; black

W circles: dN, squares: dE; all meters.



- Fixing ambiguities: Broadcast orbits adjusted

EUROPEAID
CO-OPERATION OFFICE

dUP, dE, dN (m)

20 20.5 21 215 22
T (GPS HOURS)

Kinematic versus true position of ALBH, with HOLB as base station (a 429 km
baseline). Adjusted broadcast orbits used. Ambiguities “fixed” (Lc biases
fixed). Tropospheric refraction errors estimated. Triangles: dUP; black circles:

d
W dN, squares: dE; all meters. o



- Fixing ambiguities: Precise SP3 orbits

EUROPEAID
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dUP, dE, dN (m)

20 205 21 21.5 22

T (GPS HOURS)

Kinematic versus true position of ALBH, with HOLB as base station (a 429 km
baseline). Precise SP3 orbits used. Ambiguities “fixed” (Lc biases fixed).
Tropospheric refraction errors estimated. Triangles: dUP; black circles:

d
W dN, squares: dE; all meters. o



Broadcast orbits Broadcast orbits Adjusted
EUROPEAID s 0s -
GO-OPERATION OFFICE % . :gp 4 _;_::P
04 LmAﬂ‘LX N o Lm%“\x 4 dN
" o 0z
c =) z A — 2\ e : %&“‘%
o .g .E ; ﬂ~;§nm( #% @M r j’ . § u"f}.r{m}i 7 aas N T
m E g : mL ‘J%%m%wﬂm "m'“”-u Lb‘{{‘% / ) ML ;}%mmﬂwwmwm%x
(o) -~ m = M
eo0 T [ S | L 20 cm
IE m
U 06 06
o 5 20h T(GPS hours) 23h| * 0%t . m e
N - L - -
8 X, Precise SP3 orbits Broadcast orbits Adjusted
Qo :
— | . v ——dup uj"s —— dUP
.E E MEA/ 8min: three ambig. fixed o \5/ 10 min: three ambig. fixed —
25 o i
= L
m h - f o ,k
g E E S Fisia
Ex| o i
o) S ME ~N10cm e ~N10cm
S AL
; 20h T(GPS hours) 23h| 20h T(GPS hours) 23h
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BB Fixing ambig. with three frequencies: Galileo

EUROPEAID

e Techniques proposed to improve the instantaneous
positioning by using three-frequency systems share a
similar basic approach: the double differenced integer
ambiguities are successively solved from the longest to
the shortest beat-wavelength, including "extra-widelane"
and "widelane" combinations of carrier phases.

e In particular TCAR is a straightforward approach that
tries to instantaneously solve (single-epoch) the full set
of ambiguities. But TCAR (and ITCAR) is strongly
affected by the ionos. refraction decorrelation with the
distance.

e Jonosphere is a problem (for both 2 & 3 freq.) when :

VAI >1/4TECU = 2.7cm of L1— L2 delay

d
i
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Eel
Eurorao Classical TCAR Technique (1)

TCAR
l

1. To solve the extra-wide
lane ambiguity by adding a
pseudo-range combination

2. The wide lane combination

ambiguity is estimated from the Code Multipath
unambiguous extra-wide lane

carrier phase, obtained in step 1 Mitigation

3. The L1 phase ambiguity is 1
derived from the difference P = 3(131 +P, + P3)
between L1 and the unambiguous
wide lane obtained previously

%VA(LQW ~P,)=VAN,, +%(v@ew +VAg,)+..= VAN,

ew ew

g
i
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Eel
Eurorao Classical TCAR Technique (2)

TCAR
|

1. To solve the extra-wide
lane ambiguity by adding a
pseudo-range combination

2. The wide lane combination AU 1L

ambiguity is estimated from the
unambiguous extra-wide lane
carrier phase, obtained in step 1

3. The L1 phase ambiguity is
derived from the difference
between L1 and the unambiguous
wide lane obtained previously

0.058 cycles Nw/TECU

%(VALW —VAL,, +4,VAN, )=VAN, —%VA(gew +Hm,, — mw)+A]+... = VAN,
;
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B
e Classical TCAR (3)

TCAR
|

1. To solve the extra-wide
lane ambiguity by adding a

pseudo-range combination

2. The wide lane combination
ambiguity is estimated from the
unambiguous extra-aida lana

R IEEESEE error(VAI) <1/4 TECU =2.7cm,,_,,
\ 3. The L1 phase ambiguity is

derived from the difference
between L1 and the unambiguous
wide lane obtained previol ggm

-1.95 cycles N1/Tl

CU

%VA(LI ~L,+A,N,)=VAN, —%VA(EW +m, —m)+ £

g
i
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E Comments about TCAR

e TCAR is a straightforward approach that tries to
instantaneously solve (single-epoch) the full set of
ambiguities in three-frequency systems. But TCAR (and
ITCAR) is strongly affected by the ionos. refraction
decorrelation with the distance.

e The Ionosphere is a problem (for both 2 & 3 freq.)
when :

VAI >1/4TECU = 2.7cm of L1— L2 delay

g
i
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y}“

—| . GPS-TRANSMITTERS

\ 5 2 DEG.

GPFS OROUND RECEIVERS } 147Q KM
% '?40 KM
60 KM

lONO.

WARTK-3

N\

unambiguo ra-wide lane
carrier phase, obtained in ste
3.TheL1 phase ambigui ty V f! l 1 4 ZE — 2
derived from the differ < — . Cm
bef twee L1 dth nambg ous| LI_LZ
wide lane obtained previously

-1.95 cycles N\l/\FECU

VAN, =

1

h VA(L —L +AN )= VANI—;qVA(ngrmW—mI)

JEAGAL, 2004-2005
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Bl GALILEO: WARTK3 [gAGE-ESA patent,2002]

EUROPEAID
CO-OPERATION OFRCE

ADVANTAGES

DISADVANTAGES

TCAR
(3 frequency)

Low computational load.

Seriously limited by iono.
refraction

ITCAR
(3 frequency)

Improved results by
integrating TCAR in a
navigation filter

The iono. delay still limits
the 3™ ambiguity fixing.

WARTK-2

(2 frequency)

WARTK-3

(3 frequency)

WARTK-3 allows

INSTANTANEOUS

(i.e., single epoch)

ambiguity fixing at
hundreds of Km far from
| the nearest ref. station

Accurate RT ionos.
modelling, allows precise
navigation at hundreds of
km far from the nearest
site

Uses the extra-widelane,
and an accurate iono.
model to provide single-
epoch navigation
capabilities at hundreds of
km far, and greatly
speeding up the
convergence of the Nav.
Filter to just a few epochs.

In spite of speeding up
the navigation Kalman
filter, a significant
convergence time can be
still needed (5-15 min).

Centimetric navigation at hundreds of km from ref. stations

Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.
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- Experiment : MADR at 404km from the nearest station (EBRE) at Solar
EUROPEAID Maximum Conditions

GO-QPERATION OFFICE

45°

44°

43"

42"

41"

40°

3g°

38"

a7

36"

35

u T T T

360° 351 362" 353" 364" 365" 366" 367" 368" 3BHT O° 1 2° = 4" E* 6"
_—— | S — e
25 40 &0 &b

45
VTEG

FIXED STATION FIXED STATIONS

TREATED AS (NETWORK)
ROVER (MADR)

d
1]
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g@i*\’

WARTKS Lab.Test camp.: Frequencies

R4 B EE . Il BN EEssrrn

ARNS Bands | ARNS Bands

sssnnnlEE HE BHEE BN ﬂ -------- mm EEEFEAI
RNSS Bands rRN SS Bands

>
23
% Mgy

§ s i g §ig

i ' & & '\I '\'= Y, At &y
1 > H = b 1 ¥ HE
| ¥ F i !
F X Es & £
K
- GALILEO Bands (Navigation)
|:| GALILEO SAR Downlink

|:| GPS Bands
S2 idwide] S3 (E2) S1 (E1)
1256244 MHz ~ “gaar . 1564.244 MHz 1589.742 MHz
D 1=0.9834 m -
Short-wide Extra-wide lane
lane ($1-S2) (S1-83)
2=0.8989 m 2=10.4662 m

Extra-wide lane (S1-S3): A=10.4662 m
Wide lane (51-S2): A= 0.8989 m
S1: 2= 0.1886 m

JEAGAL, 2004-2005
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ROVE: WARTK3 vs WARTK2 (cool-start each 100/300s,
wsmee  iNCluding tropo.). Baseline > 400Km

Real-time positioning error reseting the systems: WARTK-Z2 ws WARTK-3
3500 .

WARTK-2 (STARTING UP every 300 seconds) ——

2000 L WARTK-3 (STARTING UFP ewvery 100 seconds) —— |

2500 | 8

2000 L Vertical coordinate/millimeters

1500 | .

1000 .

200 .

0 F bt

=500 | .

Vertical coordinate error F millimeters

1000 - .

—1500 1 1 1 1 1 1 1
47000 47200 47400 47600 47800 48000 45200 45400

GFS Time / seconds 1 January 2000

Starting-up everything (cool start): WARTK-2 (i.e. with GPS data)
provides equivalent results to WARTK-3 (RMS of 2 cm and 100%
amb. fixed), but after a convergence time of ~100 sec. (instead
of instantaneously).

Sa

400

1500

i Z-coordinate
i

| ': | a _I il.'u'-l. , 4
i PAP IR _.-.—~ 4 i \Ap s [r_‘--v
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WARTKS Lab.Test camp.: Frequencies

R4 B EE . Il BN EEssrrn

ARNS Bands | ARNS Bands

sssnnnlEE HE BHEE BN ﬂ -------- mm EEEFEAI
RNSS Bands rRN SS Bands

>
23
% Mgy

§ s i g §ig

i ' & & '\I '\'= Y, At &y
1 > H = b 1 ¥ HE
| ¥ F i !
F X Es & £
K
- GALILEO Bands (Navigation)
|:| GALILEO SAR Downlink

|:| GPS Bands
S2 idwide] S3 (E2) S1 (E1)
1256244 MHz ~ “gaar . 1564.244 MHz 1589.742 MHz
D 1=0.9834 m -
Short-wide Extra-wide lane
lane ($1-S2) (S1-83)
2=0.8989 m 2=10.4662 m

Extra-wide lane (S1-S3): A=10.4662 m
Wide lane (51-S2): A= 0.8989 m
S1: 2= 0.1886 m

JEAGAL, 2004-2005
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WARTK: subdecimeter-error navigation hundreds of kilometers away, and in single-epoch
with 3-frequency systems

EUROPEAID
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>
i O y
After general cycle-slips: | < GPS alone
Instantaneous recovery 3
with 3-freq. systems 2
(Galileo, modernized SBAS (WAAS, EGNOS, MSAS...)
GPS), and about 1 Tm
minute with GPS.
\\
S {1 GPs
) alone 20cm
% Global DGPS (IGDG)
§ SBAS 10cm
1m T%(R WARTK
1 1 1 1 >
N\ 20km  100km BASELINE 400km

20cm
10em Global DGPS (IGDG) Potential use of

WARTK-3 WARTK-2 WARTK on SBAS

foAR R | > service areas
Single 1 minute 1 hour
epoch POSITIONING CONVERGENCE TIME
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Experiment

BellKin99

NWPacificl

NWPacific2

SolarMax1

SolarMax2

Baltic99

Equator01

TCARdata
(simulated)

UNBARO1

WARTK3
Lab.Test 1-2

WARTK3
Lab. Test 3

Shortest
baseline/km
Rover/Fixed
116 / 286

400/900

162/900

130/500

130/500

144/285

1000-3000/.

130/300

70-115/100

178-238
/250-600

416/250-
600

WARTK?*: experiments & results

Ionospheric
Activity

Mid.Solar Cycle
& Quite

Mid Solar Cycle

& Active high lat.

(Kp=6)

Mid-Low Solar
Cycle & Irreg.

Solar Maximum

Solar Max. &
Supestorm

Travelling Iono.
Disturb. (TIDs)

Solar Max. &
Equator & Very
Active (Kp to 9)

Solar Max.

Solar Max. &
Strong TIDs

Solar Max.

Solar Max.

Fixed Rec.
Ambiguity
success %
97

90-100

95-100

85-95

50-95

97

90

100

100

100

100

Roving Rec.
Ambiguity
success %
80-100

80

80-90

80

80

83

92 (single-
epoch)

~80 (with
integrity)
100

99

Kind
of
rover

4x4
Car

IGS
Site
IGS
Site

IGS
Site

IGS
Site

IGS
Site

IGS
Sites

Sim.
car

Car

E€ar
2:Air.

Fixed
Site

Region

Catalonia, NE
Spain

NWCanada-
USA

NWCanada-
USA

Central
Europe

Central
Europe

North Europe

Central Asia
to Oceania

Central
Europe

Barcelona,
NE Spain

Iberian
Peninsula

Iberian
Peninsula

Dates

23-03-99

03-05-98

28-04 to
01-05-98

19 to
22-04-00

12 to
15-07-00

25-08-99

06-03 to
02-04-01

17-03-00
(noon)

11-06-01

31-03-90
(ionos.)

31-03-90
(ionos.)

Reported in

Colombo et al. 99
(ION)

Hernandez et al.
00a, Colombo et
al. 00 (GRL, PLANS)

Hernandez et al.
00b (ION)

Hernandez et al.
01 (GRL)

Hernandez et al.
00b (ION)

Hernandez et al.
01b (ION)

Hernandez et al.
02 (JGR)

Hernandez et al.
03a-b (IEEE
TGARS, Navigation)

ION-GPS2004

ION-GPS 2004

ION-GPS 2004

W JEAGAL, 2004-2005

Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P.

251



E References:
Books:

e Pratap Misra, Per Enge. Global Positioning System. Signals, Measurements,
and Performance. Ganga —Jamuna Press, 2004.

e Bierman, G.]., Factorization Methods for Discrete Sequential Estimation,
Vol. 128 in Mathematics in Science and Engineering, Academic Press,
New York, 1977.

¢ P.J).G. Teunissen, A. Kleusberg (Eds.) GPS for Geodesy, Springer, 1998.

e BW. Parkinson. Global Positioning System: Theory and Applications.
Vol. Iy Vol. II.

* Progress in Astronautics and Aeronautics. Vol 164. Published by the
Institute of Aeronautics and Astronautics, Inc., 1996.

e ED. Kaplan. Understanding GPS: principles and applications.
Artech House, cop. 1996.

e A. Leick. GPS Satellite Surveying. Ed. Wiley-Interscience Publication, 1994.

e B. Hofmann-Wellenhof et al. GPS, Theory and Practice.
Springer-Verlag. Wien, New York, 1994.

¢ G. Seeber. Satellite Geodesy. Walter de Gruyter. New York, 1993.

! e D. Wells. Guide to GPS Positioning. Canadian GPS Associates, 1990.

u

A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 252




EUROPEAID
CO-OPERATION OFFE

Some papers about WARTK and TCAR

* Colombo, O.L., M. Hernandez-Pajares, J.M. Juan, J. Sanz and J. Talaya, Resolving carrier-phase ambiguities on-the fly, at more
than 100 km from nearest site, with the help of ionospheric tomography, ION GPS’99, Nashville, USA, September 1999.

* Colombo O.L., Hernandez-Pajares M., Juan J.M. and Sanz J., lonospheric Tomography Helps Resolve GPS Ambiguities On-
the-Fly At Distances of Hundreds of Kilometers During High Geomagnetic Activity, Position Location and Navigation
Symposium (PLANS 2000 IEEE conference), San Diego (USA), March 2000.

* Herndndez-Pajares M., J.M. Juan and J. Sanz, New approaches in global ionospheric determination using ground GPS data,
Journal of Atmospheric and Solar Terrestrial Physics. Vol 61, 1237-1247, 1999a.

* Hernandez-Pajares M., J.M. Juan, J. Sanz and O.L. Colombo, Precise ionospheric determination and its application to real-time
GPS ambiguity resolution, Institute of Navigation ION GPS’99, Nashville, Tennessee, USA, September 1999b.

* Hernandez-Pajares, M., J.M. Juan, J. Sanz and O.L. Colombo, Application of ionospheric tomography to real-time GPS carrier-
phase ambiguities resolution, at scales of 400-1000 km, and with high geomagnetic activity, Geophysical Research Letters, 27,
2009-2012, 2000a.

* Hernandez-Pajares, M., J.M. Juan, J. Sanz, O. Colombo, H. Van der Marel, Real-time integrated water vapor determination
using OTF carrier-phase ambiguity resolution in WADGPS networks, ION GPS’2000, Salt Lake City, September 2000b.

» Hernandez-Pajares, M., J.M. Juan, J. Sanz, O.L. Colombo, and H. van der Marel, A new strategy for real-time Integrated Water
Vapour determination in WADGPS networks, Geophysical Research Letters, 28, 3267-3270, 2001.

* Hernadndez-Pajares, M., J.M. Juan, J. Sanz, O.L. Colombo, Tomographic modeling of GNSS ionospheric corrections:
Assessment and real-time applications, [ON GPS’2001, Salt Lake, USA, September 2001b.

* Hernandez-Pajares, M., J.M. Juan, J. Sanz, O.L. Colombo, Improving the real-time ionospheric determination from GPS sites at
Very Long Distances over the Equator, Journal of Geophysical Research, in press, 2002.

«Jung, J., P.Enge, B.Pervan, Optimization of Cascade Integer Resolution with Three Carrier GPS Frequencies, Proceedings of the
ION-GPS 2000.

*Vollath, U., E. Roy, Ambiguity Resolution using Three Carriers -Performance Analysis using "Real" Data, GNSS Symposium,
Seville, May 2001.



[ -
- archivo  Edicidn  Mer Favoritos  Herramisntas  Ayuda

Global Monitoring System (GMS)
That's all,
. LAST Processed Day Results: 2004 03 09 (PRN 131)
““Thank you
~ for your attention! -
; | : - " © iaret

A&N JEAGAL, 2004-2005 Hernandez-Pajares M., Juan M., Sanz J, Salazar D., Ramos-Bosch P. 254



