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Lesson 2

Introduction to GPS
http://newgl.upc.es/lectures/legad/
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Lesson 3

GPS measurements and their
combinations: The RINEX files
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GPS SIGNAL STRUCTURE

Two carriers in L-band:

AL1=154 f0=1575.42 Mhz A CIA-code for civilian users /C(1)]
AL2=120 f0o=1227.60 Mhz A P-code only for military and
where f0=10.23 Mhz authorized users /P(t)]
A Navigation message with satellite
L1 CARRIER 1575.42 MIIz ephemeris and clock corrections
WAV X L1 SIGNAL [D(t)]
C/A CODE 1.023MHz ® -
NAV/SYSTEM DATA 50 Hz @ P(Y) ‘ P(Y)
P-CODE 10,23 MHz ,d_/ ‘ ‘ ‘
AR — X 12sicnn 1227.6 MHz 1575.42 MHz
GPS SATELLITE SIGNALS L2 L1

L (t) =a,P(t)D(t)sin(ft) +a, C(t)D(t)cos(ft)

L,(t) = a,P(t)D(t)sin(f,t)
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GPS Pseudorange Measurements

L.(t) =ajP(t)D(t)sin(ft) +a C(t)D(t)cos(ft)
]|_<~
L,(t) =a,P(t)D(t)sin(f,t) binary code P
N
C1,P1, P2
At
— — sa
Pl=cDt=c [trec(TR)'t (TS)]

From hereatter we will call:

Ac1 pseudorange computed from C binary code (on frequency 1)
A P1 pseudorange computed from P binary code (on frequency 1)
A P2 pseudorange computed from P binary code (on frequency 2)
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GPS Phase Measureme
L, (t) =ja,P(t)D(t)sin(ft) +a C(t)D(t)cos(ft )
. D

L, (t) =|aeRPLt) D (t)sin( f,t) =N’ T ¢ M

a®
a®
a®
a®
at®
a®
““““
| )
a®
a®
at®
a®
a®

unknown bias) can be also el 1,P1, P2
measured from the carrier phases L1, 12
L,(1), L (1) (integrated Doppler)

From hereafter we will call:

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

Ac1 pseudorange computed from C binary code (on frequency 1)
A P1 pseudorange computed from P binary code (on frequency 1)
A P2 pseudorange computed from P binary code (on frequency 2)
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Phase and Code pseudorange meas

Se+07 T T T T T

P e
PRI =
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Gl \/1 Pl=cDt= [t (Tp)-t52(T9)] RSty
2 b . P1° r +clock offset
5 : °© 20.000K mM
£ 15e+07 | . =
% : P1 is basically the geometric range (r)
B 1es07f - | between satellite and receiver, plus the .
@ . | relative clock offset.
a0 L The range varies in time due to the |
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Phase and Code pseudorange medot =f -f =—f

3e+07 . , , | , Lo : Df
A T /@Zf

25a+07 | ’\ "‘ - -

2e+07 -
Relative measurement

1oer07 (shifted by the unknown a mb i/g § IMO)|

Each time that the receiver loose the

phase lock, the unknown ambiguity
changesbyan i nt eger nulbe

Y

He+06 - :
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N
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Code and phase measurements

16 I I [ I |
P2-P1 -
= 14 + @ L1-L2 +
)
% G
r 12 | .
2 10 | ,\:@ Code (unambiguou s but noisier) | -
& o
S 8 .
—
9
5 6 .
=
L] &
£ 4 S i
S $ &
o 2 I
= Ambiguity
-g_ &
= ..,
O
S 2
- \iCarrler Phase (ambiguous but precise )
_4_ | | | | | | & | |
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GPS measurements: Code and Phase pseudoranges

L.(t) =a P(t)D(t)sin(ft) +a C(t)D(t)cos(ft)

_ . & LU L
L (t) = a,P(t)D(t)sin(f,t) &= L L
| |
. . At
Antispoofing (A/S):
'[he code P is encrypted to Y. Wavelength S noise Main
C Only the code C at (chip-length) (1% of | ) [4] characteristics

frequency L1 is available.
Code measurements

IR o 3m

) Unambiguous
P1 (Y1): encrypted 30 m 30 cm but noisier
P2 (Y2): encrypted 30 m 30 cm

Phase measurements

L1 19.05cm 2mm Precise
L2 24.45 cm 2 mm but ambiguous

m -~

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

m
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RINEX measurement file

2 B VATI
RGRINEXO V2.4.1 UX AUSLIG
Mustralian Regional (GPS Network (ARGN)

DATA

10-JAN-97 10:19
— COCOS ISLAND

BIT 2 OF LLI

+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION

-0.000000000103

HARDWARE CALIBRATION (S)

=0.000000054663 CLOCK OFFSET (S)
COCO
AU18
mrh HEADER 1Islig
126 93.05.25 / 2.8.33.2
327

—7419560.3241 6190961.9624 -1337769.9813

RINEX 1 TYPE
PGM / RUN BY / DATE
COMMENT

COMMENT

COMMENT

COMMENT

MARKER NAME

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

APPROX POSITION XYZ

0.0040 0.0000 0.0000 ANTENNA: DELTA H/E/N
1 1 WAVELENGTH FACT 1L1/2
5 C1 L1 L2 P2 P1 # / TYPES OF OBSERV
SNR is mapped to signal stremgth [0,1,4-9] COMMENT
SNR: >500 >100 >80 >10 >5 >) bad n/fa COMMENT
sig: 9 8 T 6 5 4 1 QO COMMENT
30 INTERVAL
997 1 ¢ 0 T 30.0000000 TIME OF FIRST OBS
1997 1 9 23 59 3 ’ OOQ0000 TIME OF LAST OBS
a7 1 7 30. 0000000 l_l |_[ 1256 9 523 17 6
221 1118481.28445 22127685.4014 <==— 1
226?4 MEASUREM ENTS boeoass 30005 22672158.5180 <= 25
20594 =10090708.53945 22534003.7394 <===—= 9
22731128, T'QG —11621184.951 T —9%%64.16945 22731130.0094 === § i
24610920702 -924108.174 6 =-T20085.67045 246109200404 L==——= 23 ;
20718775.074 -18606935.474 9 -14498133.97346 20718775.6074 === 17 =
20842713.610 -19083282.802 9 -14870090.55546 20842713.4814 <==——= ©
UNIVERSITAT POLITECNICA
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RINEX measurement file

2

BIT 2 OF LLI

COCO
AU18

97 1 9 0

RGRINEXO V2.4.1 UX AUSLIG
Mustralian Regional (GPS Network (ARGN)

-0.000000000103
-0.000000054663

1

5 C1 L1 L2 P2 P1 # / TYPES OF OBSERV
SNR is mapped to signal stremgth [0,1,4-9] COMMENT
SNR: >500 >100 >0 >10 >5 >) bad mn/a COMMENT
sig: 9 8 T 6 5 4 1 0 COMMENT

OBSERVATION DATA G (GPS) RINEX VERSION / TYPE
10-JAN-97 10:19 PGM / RUN BY / DATE
— COCOS ISLAND COMMENT

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

HARDWARE CALIBRATION (S) COMMENT
CLOCK OFFSET (5) COMMENT
MARKER NAME

HA?ELEHGTH FACT Llfﬂ

30.0000000

300000000

7 30.0000000 (0] |7] 125 9 5 23 17 6

22127685.105
22672158.746
22594902.367
22731128.796
24610920.702
20718775.074
20842713.610

—-14268715.899
-11510817.892
-12949753.825
-11621184.951

-924108.174
—-18605935.474
-19083282.892

WD o~ ~1~1Co

-11118481.28445
—-8969469.30045
-10090708 .53945
-90565464.16945

-720085.67045
—-14458133.97346
-14870090 .55546

22127685.4014
22672158.5184
22594903.7394
22731130.0094
24610920 .0404
20718775.607T4
20842713.4814

||_L
-_.J
BT
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RINEX measurement file

BIT 2 OF LLI
=0 . 000000000103
=0 . 000000054663

COCO

AU18

mrh

[ Tl

2 OBSERVATION DATA
RGRINEXO V2.4.1 UX AUSLIG
Australian Regional GPS Network (ARGN)
+4) FLAGS DATA COLLECTED UNDER "AS"™ CONDITION COMMENT
HARDWARE CALTIBRATION (S)

G (GPS)

CLOCK OFFSET (S)

auslig

{ Measurement time
(receive time tags)

93.05.25 / 2.8.33.2 REC # /

624 —-1337769.9813
000 0.0000

5 & L1

22672158.746
22594902, 367
22731128.796
24610920.702

L2 P2 P1

-y e M M 7 T
ST N BI'@l AN \\]
=t Nl Sl A s |
T e e aTa fal,
=TI E P (I eln B
(LW VoW VLY ¥

8 —-11118481.28445
—-8969469.30045
-10090708 . 53945
—90565464 ., 16945

-720085 .7"""

20718

9 -144498133.

20847 Epoch flag 0: OK |9 -14870090. oo

10-JAN-97 10:19
— COCOS ISLAND

7| 126 9 5 23 17 6

RINEX VERSION / TYPE
PGM / RUN BY / DATE
COMMENT

COMMENT

COMMENT

MARKER NAME
MARKER NUMBER
OBSERVER / AGENCY

/ 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 OBS
END OF HEADER

22127685.4014
22672158.5184
22594903.7394
227311300094

i T T I N P T W o N Y N |

C===—=
Cmmwwww )

o= m——

T

AL e =AY N LR R my S B o

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

Hernandez-Pajares et al.

]
|
b
PP O~ oo &1 =




RINEX measurement file
2 DBSERVATION DATA G (GP3S) RINEX VERSIDN / TYPE
RGRIHEIU V2.4.1 UX AUSLIG 10- .mr—g'r 10 19 PGM f RUN BY / DATE
~0. 000000054663 CLOCK UFFS]E.'I‘ (5)
COCo MARKER NAME
AU18 MARKER NUMBER
mrh auslig OBSERVER / AGENCY
126 93.05.25 /\2.8.33.2 REC # / / VERS
327 .
—-741950.3241 6190961.9624 —-1337769.9813 : SITION XVZ
0-0040 00000 00000 Synthetic P2 BELTA 1y
'H FACT L1/2
P1 (A/S=0n) OF OBSERV
- ] U,l,-ﬂl—g] OISV I
>) bad n/a COMMENT
5 4 1 0 COMMENT
INTERVAL
30000000 TIME 0OF FIRST ORBS
X0 . 0000000 TIME OF LAST OES
END OF HEADER
11118481.2 22127685 . 40 P —

- 5. | 46 = N - < mwrwrww
20504902367  -12049753.825 [7|-10090708 5 205949037 (=—
20731128.706 -11621184.951 0055464 . 16 22731130. (=—

24610920 . 702 —924108.174 720085 .67 24610920 (=—
20718775.074 -186050835.474 [0|-14498133.97 20718775. P —
20842713.610 -19083282.892 |0 |-14870090 .55 20842713 .48 )

UNIVERSITAT POLITECNICA
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At

P=c Q= (,’:l.:t.rec(TR)'tsa(Ts).].::'

Emission

fef

~300m

Reception

fel

Satellite clock offset < 300Km

Relativistic correction < 13 m

Pseudorange

PL, P2, C/A

Sat. instrumental delays (TGD) ~ m

Geometric distance:  p0 ~20 000Km

Tonospheric delay [2 - 50 m]
Tropospheric delay [2 - 10 m]
Receiver clock offset <300Km
/]/ Receiver instrumental delays ~m

sat sat

rec rec

+c (Ot

C

sal

) a av

Geometric range

Clock offsets

Relativistic effects

lonospheric delay

Tropospheric delay




DOD Satellite
Oz

lXs,¥s, Zs) Emission ~300m

|:|O|:| Reception
el

OcO mle]m

oS receiver, ./ Satellite clock offset < 300Km

1%, %,2)

Relativistic correction < 13 m

Pseudorange

PL,P2,C/A

Sat. instrumental delays (TGD) ~ m

Geometric distance: p0 ~20 000Km

Ionospheric delay [2 - 50 m]

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

/]/ Receiver instrumental delays ~m
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Emission ~300m

DOD 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

lIonospheric delay [2 - 50 m]

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

/]/ Receiver instrumental delays ~m
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Exercise 1:

a) Using the file 950ctl8casa_ _ _r
950ctl8casa.a (with data ordered in columns).

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

Resolution:

a) |cat 950ctl8casa _ r0.rnx| rnx2txt > 950ctl8casa.a

b) See next plots:

UNIVERSITAT POLITECNICA
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An example of program to read the RINEX: rnx2txt

RINEX file C |rnx2txt | C txtfile

A A
n | |
] [ ]
n | |
n | |
n | |
n | |
| |
. .
n | |
Ficheros RINEX: observables
2 OBSERVATION DATA G (GPS) RINEX VERSION / TYPE sta Doy sec PRN L1 L2 C1/P1 P2
RGRINEXD V2.4.1 UX AUSLIG 10-JAN-97 10:19 PGM / RUN BY / DATE o3 70 W 1L 385085 3930957.080 JG07RLT01. 153 23765701 550
Australian Regional GPS Network (ARGN) - COCOS TSLAND COMMENT O ol 0 1o e e e s
BIT 2 OF LLI (+4) FLAGS DATA COLLECTED UNDER “AS" CONDITION COMMENT sd e - FELIS3. RIS DRI JL. ae LIRLDVD . (2T L2 TLSOVE e
_ casa 291 G99 18 -151420.525 -19°430.252  2LER658/.151 24656585, 163
0.000000000103 HARDWARE CALIBRATION (S) COMMENT o 050 79 odadeod te1 oaisolemy Smtonmoa s S3tonela. aur
=0 . 000000054663 CLOCK OFF3ET (s) COMMENT CASA s )l e -y 1 ..I.JH —." - 1y IS ot 4:’.1 b} R
coco MARKER. NAME casa 791 0.90 75 -7949817.367 -7349708.6F7 PPFSA993.7R5 :
AU18 MARKER NUMBER casa 291 @.90 29 -1670473.858 -1570472.368 22409175.477 22405113 ¢
mrh ausli OBSERVER / AGENCY casa 201 30,90 14 -3R40266.845  -384028L.776 20757353.2F6 2975736E.16
g
126 93.05.25 / 2.8.33.2 REC # / / VERS casa 291 30,90 15 -1914283.54% -1914282.239 2384£075.112 23044076,
327 ANT # / casa 291 30,30 18  -2£7329.153 -2@7;28.868 2/E/0688.351 '>464C6éc
=741950.3241 6190961.9624 -1337769.9813 APPROX POSITION XYZ caca 291 30,30 22 -2438225.787 -2158223.122 2219/912.015 22194913
) °-°0‘11° 0.0000 0-0000 ﬁmﬁéTﬁE{;ﬁTﬂﬁg casa 291  30.39 25 2935600.69% 2035886.902 22273
VELEN ca 29 30,90 20 Y 581114 J2E08473.
b Gr Lio L2 P2 Pl # / TYPES OF OBSERV | (0350501 5000 10 uaeeuos 307530001 J000 3003 20/560.
SNR is mapped to signal stremgth [0,1,4-9] -2 ' o Lo Son oz 'z
casa 291 60,30 15 -18G5770.97% -1395769.678 23E62583.633 23062591.32

casa 791 60.90 18 F73219.005  -2P3218.710 74624808 . 100

SNR: >B500 >100  >»50 >10 >5 >0  bad m‘E SiEmr707 015

sig: 9 8 7 6 5 4 1 - -
casa 791 60.80 27 -2471730.391  -747°747.710  P7481387.406  Z748138F .9
1 [ " casa 291 60,30 20 -2021510.09%  -2921007.003 22Z87301.081 22287301.
1 23 59 TIME OF LAS casa 291 60,30 29 -16C1735.192 -1507733.640 22387854.0B2 22387851,
casd 291 90,30 1£4 -38249E0.573 -3B54898.440 20742745.£LE3 2UV4ETLE.3

97 1 9 0 7 30.0000000 [7] 1256 9 52317 & casa 291  90.30 15 -1877216.337 -1877215.051 23881143.231 230811/3.5
22127685.105 —14268715 859 8 —11118481.28445 22127685.4014 1 casa 291  90.30 18  -239057.195  -239397.188 2/£089.3./38 21608922.%
22672158.746  —11510817.892 T -8969469.30045 22672158.5184 <=== 25 casa 291  99.39 22 2485109.565  2485196.877 22467938.317 2246793C
22594002.367  -12949753.825 T -10090708.53945 22594003.7304 caca 291 UE.E0 2b  UOE/2/2./95  200/269.165 22E01535.849 2301530,/
22731128.796  -11621184.951 7 -9055464.16945 22731130.0094 casa 291 99.99 29 -1/02352.295 -1/U2330. /32 223//25/.010 223//25/ .
24610920.702 -924108.174 6 -T20085.67045 24610920.0404 «==—== 23 casa 291 120,30 14 -J8F2079.74C -3062977.674 20735565.1°8
20718775.074  -18605935.474 O -14498133.97346 20718775.6074 <=== 17 coca 791 19030 15 1920670 762 -1758518.995 73299733 479
20842713.610  -19083282.892 9 -14870090.55546 20842713.4814 <==—— § aem 201 19090 18 -254906 378 254966052 24303053 735

u contents and to analyze the measurements (the public domain free
s tool fi g n u p lisagedin the book to make the plots). 1



sat

lsta

Code measurements

P1 plot

The geommeat n)s
the dominant term in
the plot. The pattern

2.86e+07

Pseudorange P1 (meters)

sat i
=1/ sa +qutsta - dt
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Code measurements

2.86e+07

P2

2.55e+07

2.5e+07

2.45a407

2.4e+07

2.35e+07

2.3e+07

Pseudorange P2 (meters)

2.2be+07

2.2e+07 |

2.15e+07 -

Similar plot for code
measurements at f2.

Notice that

Alonosphere (lon) and
Alnstrumental delays (K)
depend on frequency.

2 1e+07 : -
10000 20000

[}

30000 40000 50000 60000 70000 B0OO0OD

Time (GPS seconds)

AT

-

sat . sat
I a *C (@tsta ¢t )

r et

sat
sta

Trep., 10@). ©).: 6

-
sat
+ €



L lonosphere delays code and Ise measurements ‘
advances phase measurements

Code measurements: C1,P1\,{>2

sat I [
C ; sat  sat . sat t sz:l IO at e
Lsta Plsta =l TC Qdt sta dt ) + rel o\ T Trop . By '@ + @ + O e
\ —

sat sat 2 sat sat sat cat _
P2$ta - rsta + qut sta B dt )+ rel sta '&rop sta + I) 2 stg * + Q te

Frequency dependent

Phase measurements: L1,L2

sat sat s sat sat sqt sat
1sta r sta +C (@ t sta d-t ) re+| sta T rep sti @sta @sta+
sat sat s sat sat sat sat sat
2sta r sta +C (@tsta dHt ) red sta T r&p sta
Mo satel it rotation: S atellite rotation: 22406 —
no phase ermor Phase misunderstanding
III :l : phase emor te0e . ..
DGF | (D b | phase Ambiguities
Fo ¢ [~ (') . £ .
) — 0 N1, N2 are intege| ., ,.
. \ ! 9 Wwind Up =
E 26406 - - ;
9 _| -3e+06
M .
'{f _\_HE f _\_\_H\ N 060 10[‘)00 20600 30‘000 dUIDOD EDI‘)DD 60‘000 70‘000 80000
Time (GPS seconds)




Phase measurements

L1 plot

2e+0B6

1e406 |-

1e+06 |

arrier-phase L1 (meters)

a1 fa¥al

The geommeat n)s
the dominant term in

the plot. The pattern
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26408 . . ' —In the figures is due to
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The curves are broken
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the lock (cycle -slip).
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Combination of measurements:

Alonospheric combination
Alonosphere -Free combination
AWide -lane and Narrow -lane combinations

UNIVERSITAT POLITECNICA
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1. IONOSPHERIC COMBINATION

E | = g
&

., PRNO1
N

Pl= P2 -Pl=lono+ctt
LI=L1 -L2= lono+ctt+Ambig

=
8
o
b
s
8
S
_4 ! I ! ! I ! ! o |
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)
Code measurements: C1,P1,P2
— sat S . sat sat sat
D— lsa | lga T L - dt ) + rel sta + Trop sta
| \
N sat sat .. sat t Bat
D_ 2sa I lga T ¢ ({dt sta dt ) + rel sta op |.
Phase measurements: L1,L2
N sat sat _ sat sat sat sat
1 1sta | sta TC dt ) reﬂsta Trep ta Imta
I ~—_ 7
—i sat _ sat . sat sat sht sat
| LZSta =\ sta +C (ﬁtsta d-t ) r sta Tre-p SL Iohta
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1. IONOSPHERIC COMBINATION

Pl= P2 -Pl=lono+ctt AThe pattern corresponds to
_ | | the ionospheric refraction
LI=L1 -L2=lono+ctt+Ambig (/on ), because the other
- o terms (  K) are constant.
12 r . ANotice that code
10 L 50 measurements are noisier.

lonospheric combination {(meters, PRNO1

-4 I | | | | | | & o
0 10000 20000 30000 40000 50000 60000 70000 80000 goooo,ﬁ
UT (seconds, 1997 January 9th)
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1. IONOSPHERIC COMBINATION ‘

The ionospheric delay (  /on) is proportional
to the electron density integrated along the
ray path ( STEQ.

40.3
lon = —STEC
2
f
" [GPSrecshve ] The iono refraction
STEC = [N . (r.t)dr depends on:
FlGPSwansmi  ter | —_ AGeographic location

A ATime of day
ATime with respect to
solar cycle (11y).

Cycle 23 Sunspot Number Prediction (April 2001)

1996 1998 2000 2002 2004 2006

= ¢y 115" 13'
——— = )1 . QU T.upci001

o o d A A pm e b 4 e E e

BARCELONATECH




1. IONOSPHERIC COMBINATION ‘

The ionospheric delay (  /on) is proportional
to the electron density integrated along the
ray path ( STEQ.

40.3
lon = —STEC
2
f
r[GPSreceive 1] The iono refraction depends on:
STEC = [N . (1, t)dr AGeographic location
C )
r [(.iPStransml tter ] T AT|me of day
: ATime with respect to solar
. cycle (11y).
16 T ... T T T
. P2-P{ o
14 - . @ L1-L2 + 7
12 . A .
10 | <> 1
. ]
.l ]

4 r 7
<->-
2 . .
Ambiguity
&
0 _
C AWV
2 b
_4 1 1 1 L 1 L L & ] R .
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 225 pLriv 315 o 45 =0 135" 180"

UT (seconds, 1997 January 9th)

‘ lonospheric combination (meters, PRNO1)
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2. IONOSPHERE-FREE COMBINATION (Pc,Lc)

The ionospheric refraction depends on 403
the inverse of the squared frequency lon = ——STEC
and can be removed up to 99.9% combining 71 f
and 72 signals:

2 2 2 2
Pc — 1:1 Pl_ fz Pz Lc = f1 Ll_ 1:2 Lz

2 2 2 2

fl B 1:2 f1 - 2
Pely = rop +oQdt,, - dt™)+rel L0+ Trop D+ K e
Legy = Foa *o (@t &™) red D Trep D k & k+ / Re w4

AThe ionospheric refraction has been removedin  Lcand Pc
Al .= 10.7cm

The Rc ambiguities are NOT integers!!

UNIVERSITAT POLITECNICA
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Comments:

Two-frequency receivers are needed to apply the
lonosphere-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.

UNIVERSITAT POLITECNICA
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BARCELONATECH Hernandez-Pajares et al.




Narrow-lane (Pw) and Wide-lane Combination Lw

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

ey o Ta PP f L - L

f.o+ f, f,o- f

1

ﬁ The same sign

Pw

sat

sta

r

sat

sta sta

+c (@t >y red” Tretpilat I‘or3v+sat K + K % ¢

Lw

sat

sta

r

sat

+c (Ot dt™)  red’’ Tr&pit ||onw+Sat k o+ k T+

sta sta

UNIVERSITAT POLITECNICA No Wind-up

DE CATALUNYA

BARCELONATECH Hernandez-Pajares et al. —ﬁﬁ

The ambiguities Nw are INTEGERS! ﬁ




Detecting cycle -slips

This cycle-slip
PRN 28, L1Phase InVOIVeS mllllOnS
/ N
of cyclesC 1itis
* \ easy to detect!!
/

)
M\

I Original  ®
With Cycle-slip

Pseudorange L1 (meters

Ge+06 |

-Be+06 |

I I L
0 10000 20000 30000
Tir

There Is a cycle-
slip of only one

cycle (~20cm) C
How to detect it?

| I 1
3000 4000 5000 6000

; :
7000 8000

UNIVERSITAT POLITECNICA Time (GPS seconds)
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Exercise 2:

a) Using the file 950ct l1l18casa_

950ctl8casa.a (with data ordered in columns).

r

b) Insertacycle-s| I p of Nnone wavelengtelk

measurement at t=5000 s (and no cycle -slip in L2).

C) Pl ot t he meRIsLEPGIwdmwt @ nilL L,
discuss which combination/s should be used to detect the

cycle-slip.
Resolution:

a) | cat 950ctl8casa__ r0O.rnx| rnx2txt > 950ctl8casa.a

b) [cat 95o0ctl8casa.a | gawk
print $3, %5, $6
cat s18.o0org | gawk ofi f

, 7,

6 { i

($1;

> Qi

C) See next plots:

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH Hernandez-Pajares et al.

printf fi%s %M0,%f$1%M$2%M$3, $4 §




The geommtrny it he domi nant Theeariation
ofronin 1 sec may be hundreds of |
the cycle-slip (19 cm) C the variation of  r shadows the cycle -slip!

-Ae+06 T T T T
Original »

With Cycle-slip

L1 (without the cycle  -slip) .
™ L1 (with the cycle  -slip)

-Ee+0B

-Be+06 |

A jump of /=19 cm (one cyclein L1 )

S % ™ has been introduced in LI at t=5000s
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Time (GPS seconds) A
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L +C (Gtsta d-t ) re-Illsta Trepsta qu- sta l& sta+ lﬁ + /1 Nl + V\{
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The geometry and clock offsets have been removed.

The trend is due to the lonosphere. The PI code noise
shadows the cycle -slip, and without the reference (in blue), the
time where the cycle-slip happens could not be |dent|f|ed
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The geometry and clock offsets have been removed.

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

40 T E— '-I"- —— T 1
L1-P1 (Without the cycle  -slip)
L1-P1 (W|th the cycle -slip)
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sat sat " sat at sat sat %
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The geometry, clock offsets and iono have been removed.
There is a constant pattern plus noise. The PI1 code noise also
shadows the cycle -slip , and without the reference (in blue), the time

where the cycle-slip happens could not be identified.
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The geometry, clock offsets and iono have been removed.

There is a constant pattern plus noise. The PI1 code noise also
shadows the cycle -slip , and without the reference (in blue), the time
where the cycle-slip happens could not be identified.
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The geometry , clock offsets and iono have been removed.

There is a constant pattern plus noise.
Lw. Thence, the cycle-slip is clearly detected

under one cycle of

The Pw code noise is

Session 3b, exercise 2d: Cycle-slip detection with wide-lane, PRN 18

4 T
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T | |
Lw - Pw (without the cycle  -slip)

\

A jump of /=19 cm (one cyclein L1 )
has been introduced in L1 at 1=5000s

Lw - Pw (with the cycle -slip)

o + 4o
1 | ‘_|+_+"'_| |-|+++4 My I--'-""++++_*1~|'l'-lf#-+_,_-_ +_++ T S +|-H+_,_:|."'-+|_H'- | +_-|-F"=).—# o
£
© 0 S o @ A Gy &
£ Aty @ e &
g % 0 f:&m.?...e@%.%%@w@ﬁﬁﬁ.%.ﬁ@wf@%ﬁ?%g?@@f@% ..9&%&?.@&%@@@@%@}%&
0 >
1 ©
=
)
IS i
>
H g
2 r sat sat i . 0
Lw_,_ - Pw =ctt:+dambig er
sta sta % CR% h
_3 = :'..\.' LJ
4 | i i i
2000 4000 5000 aondl _
sat 5 . sat sat sht o°° R sat
Pw r + gt ) ret lon+ K+ K
sta sta S s sta wo s W, w,
—— | — e -
sat sat sat sa sat sdts, sat %
L w r + dt ) ret lont |~k + k.o +: N:
sta st sta sta sta W W W, W we




The geometry and clock offsets have been removed.
The L1 code noise is few mm , and
the variation of the ionosphere in 1 second is lower than /, =19 cm

Thence, the cycle-slip is detected.

The trend is due to the lono.

A jump of /=19 cm (one cyclein L1 )
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LI (without the cycle

10 ‘

LI (with the cycle -slip)
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Summary

Session 3b, exercise 2b: Cycle-slip detection with L1-P1, PRN 18
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The cycle-slips are detected by the lonospheric combination
(LI=L1-L2) and the Melbourne Wibbena (W=Lw-Pw)

Session 3b, exercise 2d: Cycle-slip detection with wide-lane, PRN 18
T T

0 ‘ ' o R 4 sEspraane) ¢
“L_ LI ' Lw -Pw
;g 30 F ig 0 _fee?@%@ @0"‘;@% N m@‘“?i&@gw&%%o &06) B @C:m %0 ; 90 & 0t ?‘:
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Two independent combinations, LI and Lw, allow to detect
two independent cycle -slips (in L1 and L2 phase measur.).
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Lesson 4
Satellite coordinates
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] 6.05
@ GPS MESSAGE FORMAT
BASIC MESSAGE UNIT IS ONE FRAME (1500 BITS LONG)
e 30 sec
%Iﬂ
1 FRAME = 5 SUBFRAMES 1 2 3 \\}
4 5
F 3
6 sec >
1 SUBFRAME = 10 WORDS | 112 ]13[4]5]6[718]9 [10
0.6 sec
1 WORD = 30 BITS EANNEN NN NANRARNRNNN AN AANAN
- [4—0.02 sec
G}NIE]ENCMJDES Subframes 4 and 5
AL 75 BACSEC OF SURFRAMES 4 & § L._'ha‘"’ e Rl
A2%5 AW messace -

UNIVERSITAT POLITECNICA
DE CATALUNYA
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)  ©Fs MESIAGE RoRMAT ' The GPS navigation
1S MESSAGE NIT 1 oY FRAE 30 3 LS message provides
a5 summeauss | 1] 2 | 3 : pseudo -Keplerian

e elements to compute

ISUIBIFRAW=10WORDS;]12345678910 - -
2 satellite coordinates

I

0.6 sec
1 WORD = 30 BITS EIIIEIJJE:LIEEEJE:IIEEDIE’
0.02 sec

ONE[MASTER FRAME |INCLUDES Subframes 4 and 5 '
AL E5 BASEC OF SURFRAMES 4 & 5 have 25 PAGES

A2%E A msssace

Orbital plane
\I‘I Ig P
S \/
/
orbit oy
o
f Y
Focus of i /
the ellip 1 i
i
(9]
E%uatoria n
plane Hode Lin
Ascepding Node
X Ari poiﬁt
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(X, Y, Z, VX, Vy, Vz) C (gae i, Ww

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 (&, e, /, W w, V), which
provides the onatural 6 rep

Z
£

1I|.
=4, Satellite

Ascending node
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(a elil, Ww

focus’

position in
the orbit

¥

Arjes

orbit orbit
shape| |orientation
7

A
-
.
T

4 Satellite

Ascending node
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4. semi major axis

e. eccentricity

/> inclination

W/ argument of ascending
node

w: argument of perigee
V: true anomaly

Hernandez-Pajares et al.
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perigee




Satellite C True anomaly (V)

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

T, : time of passage by
satelliteds pleri geece

[=>|, -2~ V(O"PE(t)

V (t)

20 m
Q M () =n(t -T,) ; n =— d—
P a

= M (t) +esin E(t)

UNIVERSITAT POLITECNICA
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BARCELONATECH
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e [1+e E(t) 9

= 2 arctang )
aVl-e .

L




Calculation of osculatrix orbital elements from position
and velocity ( rv2ele orb.f )

(mﬂyﬂzjvrjvzjvz):'(aelz w "L!f}

1

xﬁzb-p—;:}p
2=pu2/r—1/a) = a
=a(l-e&)=c¢

ﬁ:ﬁ-r:r:»

F=cS= 0= arctan(—c,/c,); i = arccos(c,/c) = O,1

T rcos(V) cos Qcos(w + V) —sin Osin(w + V) cos i

y | =R| rsin(V) | =r| sinQcos(w+V)+cosQsin(w+ V)cost | = w+V

2 0 sin(w + V) sini

p
r= — w,V
1+ ecos(V)
1L — -

tan(E/2) = (—— )UE tan(V/2) : M=F—esinFE — M ﬁ

1+e

UNIVERSITAT POLITECNICA
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BARCELONATECH Hernandez-Pajares et al.




Calculation of position and velocity from orbital elements
(ele_orb2rv.f, orb2xyz.f )

({1, E'.I ?:'J 'Q'.I ':"”11 T t) :’ (‘Ev yv 23 "T-".‘-‘."‘.i ?-".';3 'L‘.';\}
—~—
v
t — M — E — (r, V)
M=n(t-T) M =F —esinFE r=a(l —ecos E)
tan(V/2) = (i _t E)UZ tan(E/2)
T rcos(V) v, 2
: na- .=, 2\1/2 B o
y | =R| rsn(V) | : v, | =—{Q(l —¢€*)7/cos E — Psin E}
2 0 v, r
Where:
R = Rg( Q Rl —E)Rg ):
/ cosf) -sm{) [] cosw -sinw 0O
= sin{) cos Q cos? -sint sinw cosw 0
0 SIn? Cost 0 0 1
[ P. Q. SI
— P, Q, S, |=[PQS]
\P. Q. s.
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Due to the non-spherical nature of gravitational potential, the attraction
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 I
orbito, whose K
vary with ti me

S

€ [

n

-

l

aim.e®.ny Wi, wmo),V(y)

True path
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Exercise 3: Orbital elements variation:

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 praowRaleaarb @ t o comput e
Instantaneous orbital elements for each epoch in the
file. Thatis: |(X,Y, Z, Vx, Vy, Vz) C (aei,WwV)

b) Plot the orbital elements in function of time to show
their variation: a(®),e@),i(t), W), w),V(t)

Solution:
a) cat 1995 -10-18.eci|rv2ele_orb> orb.dat
b) See the following plots
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ftp://sideshow.jpl.nasa.gov/pub/gipsy_products

Session 4a, exercise 3¢ (1) Variation of 2 PRN 15

Session 4a, exercise 3¢ (2): Variation of eccentricity PRN 156
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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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Ephemerids in navigation message:

Parameter Explanation
IODFE Series number of ephemerides data
toe Ephemerides reference epoch
Vva Square root of semi-major axis
e Eccentricity
M, Mean anomaly at reference epoch
w Argument of perigee
1o Inclination at reference epoch
Q Ascending node’s right ascension
An Mean motion difference
E rate of inclination angle
5!2. Rate of node’s right ascension
Cuc, 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 ‘gﬁ
book FORTRAN subroutine  orbit.f , annex IV) "
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RINEX ephemeris file

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 -1.3107TE+05 -3.2768EH0)5 I0N BETA
+1.956777406693E-08+1.598721156460E-14 405504 1064 DELTA_UTC: AQ,A1,T,W
13 LEAP SECONDS
END OF HEADER
03 00 5 30 10 0 40.0+47.855705916882E-06+3.524291969370E-12+0.000000000000E+OC

+1.010000000000E+02+6. 500000000000E+01+5 . 456298524109E-09+5 .530285585107E-01] Mo

+3.475695848465E-06+1 . 308503560722E-03+2.64123082160SE-06+5 . 1563678266525E+03
2.088000000000E+05+1.11758T089539E-08+7 . 472176136643E-01-1.862645149231E-09 TOE,

+9.412719852649E-01+3.163750000000E+02+1 . 125448382894E+H00-8 .826796182859E-09 io, w

+1.239337382719E-10+1. 000000000000E+00+1 . 064000000000E+03+0 . 000000000000E+00
+4 .. 000000000000E+00+0 . 000000000000E+00-4 . 19059515857 70E-09+6 .130000000000E+02 TCD
+2.044980000000E+05+0 . 000000000000E+00+0 . 000000000000E+00+0 . 000000000000OEA+00

L

06 00 5 30 10 0O 0.0+1,636799424887E-06+0.000000000000E+00+0.000000000000E+00
+6.000000000000E+01+5 . 100000000000E+01+5 . 198073527 168E-09-5.60181647 1.39%8E-01
+2.635642886162E-06+6. 763593177311E-03+2, 4680048227 31E-06+5 .153726325989E+03
+2.088000000000E+05+1 . 862645149231 E-08+7 . 894129138508E-01+8.195638656616E-08
+9.487675576456E-01+3.229687500000E+02-2. 409256713064E+00-8.73429240044TE-09
+4.714481929846E-11+1 . 000000000000E+00+1 , 064000000000E+03+0 . 000000000000E+O0

{ 1L
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Computation of satellite coordinates from navigation
message (orbit.f)

AComputation of

are given in GPS seconds of week):

=1t -t

oe

A Computation of mean anomaly M, for ¢,

M

k

& Jm

o tee—— +nD
e 3
C a

M

k

- O O

Alterative r

e

sol ution of

t, time since ephemerids reference epoch

anomaly £, : _
M =E_ -esinE,
A Calculation of true anomaly V :
él\/1— e’ sin E, (
v, = arctanee (
& coskE, - e (
g -

AComputation of latitude argument

anomaly v, and corrections ¢, and c,:

Kepl er 0s

u, from perigee argument W, true

u

k

= w +Vk

€, cos2(w W) ctsinZ w vy
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AComputation of radial distance I, taking into consideration
corrections c¢,. and c.:

r=a(l -2cosg,) € _vcosdw w) ct sinw vy

A Calculation of orbital plane inclination I, from inclination 7, at
reference epoch £,, and corrections ¢, and ¢ :

o=, Ht, eiccosz(w vt) cigsinZ(W vk)-

A Computation of ascending node longitude W, (Greenwich), from
longitude W/, at start of GPS week, corrected from apparent variation
of sidereal time at Greenwich between start of week and and
reference time  ¢,=t -f,,, and also corrected from change of ascending

node longitude since reference epoch { e

Wk = V(y (_ WWE)tk Wét

oe

ACalculation of coordinates in CTS system, applying three rotations
(around u,, 7, W) : &

X, @ re
e u : e
éYk U:Rs(_ \N)Rl( IE)R3( uk_) Oé
&2 H Of
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(i

[y

Orbit.f

— (X.Y,2) o175

1

Nav. message
(ephemeris)

Conventional Terrestrial System

(CTS):

Earth -Fixed System C
the reference system rotates

with Earth.
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The program orbit.f provides the satellite coordinates in a
Earth fixed system (CTS)

Earth rotation zatellite
4 . axis (from CIO)
X C Greenwich Z —

l North pC)]_E (¥el,¥=1,%=21)

Z C North Pole =

Greenwich
Maan
Meridian

Eguato:r

/

Vernal
equinox

. Earth mass centegp _J
UNIVERSITAT POLITECNICA p=
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Exercise 4: Orbits and clocks accuracy (S/A=on)

The file neph. ono contains
clocks, computed from the navigation message of GPS
satellites for March 23th, 1999. (with S/A=on)

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

The file Asp3.o0ono contains
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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ftp://igscb.jpl.nasa.gov/igscb/product

ERROR In coordinates and clock S/A=on

Session 4b, exercise 2b_2: Coordinate y discrepancy between eci and eph (S/A on)

Session 4b, exercise 2b_1: Coordinate x discrepancy between eci and eph (S/A on) 10
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Exercise 5: Orbits and clocks accuracy (S/A=off)

The file nNneph. off o contai ns:s
clocks, computed from the navigation message of GPS
satellites for May 15th, 2000 (with S/A=off)

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

The file Nnsp3.o0ffo contai ns
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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ftp://igscb.jpl.nasa.gov/igscb/product

ERROR In coordinates S/A=off

Session 4b, exercise 3a_1: Coordinate x 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)

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 ¢
80+ :
sodtNL, |

W, N

20 B W T T

-20; I
ol ] i

-80 ' ANALYSIS NOTES N

-100¢ .

-120+ - Data taken from Overlook PAN Monitor Station, —

2140 C equipped with Trimble SVeeSix Receiver |
s - Single Frequency Civil Receiver

-160¢ - Four Satellite Position Solution at Surveyed Benchmark [

-180+ - Data presented is raw, no smoothing or editing —
200+ | | |
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Instantaneous Error (meters)
o
1
<>
<
<

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH Hernandez-Pajares et al.




Lesson 5

Model
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Pseudorange modeling (code)

Satellite 2

[:]L#][:] Sarellite 4
Satellite 1 .'1 I:‘,U:JI:I
|:|Ej11:| '1. Satellite 3 “I‘
. e ‘,’
- b *
. LC1
3 ®
p *
. 2
d k4
LY ,.r! ’
~ ‘ ”
" !“' ’
L 3

b, b
L
- 1
- b ¢
T
\A’
b GPS—receiver

Earth

The pseudorange modeling is based in the GPS Standard

Positioning Service Signal Specification (GPS/SRSS).
http://www.gps.gov/technical/ps/2008 -SPSperformance-standard.pdf

sat sat 1] sat sat sat sat
Cl =r . tC ((F:Itre dt ) ret TrelrpreC qu+rec Klre;r

lrec c rec
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Emission

~300m
Lofl

Reception

el

Satellite clock offset < 300Km

Relativistic correction < 13 m

Pseudorange

Pl, 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

/]/ Receiver instrumental delays ~m

sat sat

red > Trep ™

rec ) rec rec
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Geometric range

Sat=ellit= =2

I:II‘J{']I:I Satellit= 4
1 ] —
Sat=1lit= 1 H |‘3_]|:|
.
[ ey [ L sarelilice s 5% od
~.l ' C e [ "’
-~ N - =
S P = [ -
: ¥
~ [ P2, ) sat
1 ~ . i L ‘,' r
S ] - ”, rec
~ ) -
™. . /r "‘
~ 1
SRS o
= i SPS —raecaeiwver

Earth

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

2 2

sat sat 2 sat sat
r rec (X ) Xrec) (- y yrec) ( z Zre-c)

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

e P c (@t d_tsat) I‘EHr Tre}prec |0f‘[hec

lrec rec




2 2

sat sat 2 sat sat
r rec (X ) Xrec) f y yrec) ( z ngc)

Of course, receiver coordinates( X...» ¥...- Z...) re not known (they are
the target of this problem). But. we can always assume that an
Nnapproxi mat(x, .y, .z )t i on (itcanbe computed
using t he Baniceeaoaxttleéssn-)met hod

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

1.- To start from an approximate value for receiver position
(% Y. 2. )(it can be computed wit|

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’ yrec’ Zrec) = ( Xorec’ yOrec’ ZDrec) +( erec’ d¥ec’ dzrec)
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Satellite coordinates at emission time  (rec2ems.f)

""At - Emissior

Reception i —p= AThe GPS signal travels from
[ [ . .
satellite coordinates at
007 e emission time (t®Ms) to

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

AThe satellite can move
several hundreds of meters

from 1M 1O t ..

=7 AThe receiver time-tags are
given at reception time and
In the receiver clock time.

An algorithm is needed to compute the satellite
coordinates at emissiontime ni n t he GPS
ui from reception time in the receiver time tags.

BARCELCONATECH




clock drxcan be
! computed fom the
At navigation massage

Cl=c D= C[l‘rec(TR)'[ems(F;)]

As 1t 1 s known, the pseudorange
time (t*™) 0 i n s at eY Wwiihteeeptiontimes (t ) 0 T
receiver clock (Tg) (receiver time tags).

Thence, the emission time in the satellite clock is:

[6/775(7'5): l‘rec(TR)'C]/C

Finally, since dt>=¢ >/ T is the time offset between satellite clock (¢°)
and GPS system time (7), thence:

Tlemsj=t ems(T>)-dt>= . (Tg)-(Clc+dt>)
BARCELONATECH TroTTToTTOreE T e oo ‘

o

G_E*mission time in the GPS system time 7/ems]/




Distance: Dr

Barcelona, Spain: 2005 5 29: Reception Time instead Emission time
300 1 T . 1 T T

I ]
Distance +

] —
2 150 Reception I"-‘ At =y |
E =6 Distance: Ar
At ~0.07 sec
100 =
50
0 ] 1 ] ] 1
0 10000 20000 30000 40000 500
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Variation inrange: D ET _iccion = T reception

Barcelona, Spain: 2005 5 28: Reception Time instead Emission time
B0 T T T T T

I ] |
Geometric range variation +

meters

r reception

'BD | l 1 1 l
0 10000 20000 30000 40000 50000
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Vertical error comparison

Barcelona, Spain: 2005 &5 29 Receiver: NovAtel OEME3, Antenna: NovAtell 800 (Finwheel)
100 . T . ]

Sat. Coordinates at|REGEPTION time
Sat. Coordinates at EMISSION time

Vertical Error (meters)

_1DD | 1 | 1 1 l l 1
0 10000 20000 30000 40000 50000 60000 70000 80000

Time (GPS seconds of day)
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

Sat. Coordinates at BMISSION ti

Sat. Coordinates at F::%;:Epi‘mw tiﬁl
40 F 5,

3 -

ks e

20 |

Morth (meters)
=
]
e e, g

20 -

A0 F

| [ | | 1
-40 -20 0 20 40
East (meters)
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—satellite coordinates computation at emission time

2d by the GPS/SPSSS (orbit.f ) supplies satellite
Earth-Fixed reference frame. To compute the
tes

Seerec2ems.f

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

Tlemsj=t . (T7)-(Cl/c+dt>)

2. Compute satellite coordinates at emission time 7/ems/

T[ems](f [Ol’bit] é (Xsat’Ysat1zsat)CTS[emission]

3. Account for Earth rotation during traveling time from emission to
reception ¥ ACTS reference system at reception time Is used to
build the navigation equations).

ul

(xsat’Ysat’ZSm) CTSJreception] — R&’( We a) . (Xsat,Ysat’ZSM) CTS[emission]

B/ 80

——



Variation in range: D ET Ol I icsion

Barcelona, Spain: 2006 & 29: Without Earth rotation
a0 T T T T T

I ] I
Geometric range variation +

B0 .

meters

Reception
I:I,@I:I

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

Time (GP S seconds of day)

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

Hernandez-Pajares




Vertical error comparison

Barcelona, Spain: 2005 &5 29 Receiver: NovAtel OEME3, Antenna: NovAtell 800 (Finwheel)
100 . T . ]

Donsildering the IEIAHTH rotatlion= MO
Considering the EARTH rotation=YES

50 - -
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T
[

E0 b -
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

Considering the EIAHTH rotation= NDI
Considering the EARTH rotation= YES

a0 -

20 | -
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Exercise 6: Using the GCAT program, compute satellite
coordinates at emission time and at reception time. Plot the module
of the vector difference between both positions (use October 13th,

1998 data files).
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Session &b, exercise 4a_4: Module of the difference vector
330 T T T T T

"Module difference vector" ¢

320

310

300

290 -

Difference vector (m)

280 =
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* & o v @ -----—-—ﬂ—.
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Satellite and receiver clock offsets

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

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

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

ats¥' =g, + at-t,) + a(t-t p)




PRN

[

dts®=a, +a,(t-t,) + a(t-t )

0 ao al

YY MM RPD HMS

a’

2 NAVIGATION DATA GPS RINEX VERSION / I'YPE
srxiv1.8.1.4 I 95/10/19 03:1835 PGM /RUN BY / DATE
CASA CONIMENT

2444431.203 - 4428688.6270 3875750.1442 CONIMENT

@95 10 18 00 51 44.0 I1.129414886236D - 05 I.136868377216D - 13 p.000000000000D+00

1.730000000000D+02 - 5.175000000000D+01 4.375182243902D - 09-5.836427291652D - 01
-2.712011337280D - 06 2.427505562082D - 03 8.568167/686462D - 06 5.153718931198D+03

2.592180000000D+05 0.000000000000D+00 0.000000000000D+00 0.000000000000D+00

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 r

UNIVERSITAT POLITECNICA
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Range variation: satellite clocks

Barcelona, Spain: 2005 5 28
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Vertical error comparison

Barcelona, Spain: 2005 5 29 Receiver: NovAtel OEM3, Antenna; NovAtell 600 (Pirwheel)

100000 T T T T T T T T
Lsing satellite clocks = NO
p Using satellite clocks = YES
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Horizontal error comparison

Barcelona, Spain: 20055 29 Receiver: NovAtel OEM3, Antenna: NovAtell B00 (Pinwheel)

80000 T T T T
ing sat II|te clocks = ND
sing satelljte clocks = YES
BO000 -
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20000 | NN\ 2
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Relativistic correction _ (re//)

AA constant component depending only on

orbit majorsemi -a xi s, being corrected modifyin
oscillator frequency*:

2
o T _ i?el s 220 4464 167
fo 2 C cC = C
AA periodic component due to orbit eccentricity (to be corrected by user
receiver):
\/ ma r v
rel = 2 esin(E) =2 (meterys)
C C

Being n¥3.986005 10 14 (m?3/s<) universal gravity constant, c =299792458
(m/s) light speed in vacuum, ai s or bit os -axig jeasnts escentnicity,

Eis satellitebs ecceandwaceansnamal yjtaad g
position and speed in an inertial system.

*being f ,=10.23 MHz, we have  Df=4.464 10 19 f,=4.57 10 3 Hz -
so satellite should use foo=10. 22999999543 MH~z E
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Range variation: relativistic correction

Barcelona, Spain: 2005 5 28

I ] 1
relativistic correction +
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Vertical error comparison

Barcelona, Spain: 2005 & 29

Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

] 1 I I 1
Relativistic correction = NO

Relativistic correction = YES
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

20 T T T T T L - T
Relativistic correction = NO
Relativistic correction = YES
16 |+ —
10 F -
5 = -

Morth (meters)
=
]

A0 F -

_ED l l l
-20 -15 -10 -5 0 5 10 15 20
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lonospheric Delay U ]
I

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

Where / is number of electrons per area unit
In the direction of observation, or STEC (S/ant
Total Electron Conten))

| = ﬁNeds

AFor two-frequency receivers, it may be cancelled (99.9%) using
lonosphere-free combination fPL1- f7L2

AFor 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.ffﬁ
Vi

sat sat Sa sat

1% = % 4c (@t %) red " Trep | lon+ | K + K "+ e

lrec rec




Klobuchar model (klob.f)

Vertical delay

IPP ’%

Slant delay

,\

It was designed to minimize user
computational complexity.
AMinimum user computer storage

AMinimum number of coefficients
transmitted on satellite -user link

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

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

AThe slant delay is computed ;s
from the vertical delay at the

lonospheric Pierce Point (IPP),
multiplying by the obliquity factor. | ..|

Slant Fact

T

g, Soosaiens
0 10 20 30 40 S0 60 0 g0 90
Elevation Angle (deg)
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310° 320" 330" 340" 350° 0° 10° 20° 30° 40° 50° 60°

BENEDRREEEIN IONOSPHERIC PIERCE

= e POINTS (IPP)
" e i
50" | I -
40° 40°
30° | | I 3
20" l / } DI '_:} I 20
10° h‘ 10°

310" 320° 7/0 340° 350° 0° 10° 20" 3D° 40° 50" 60

IPPs trajectories Vertical Delay
for a receiver in
Barcelona, Spain

Slant Delay

J—— IPP

s’ e “‘--Illl-lll----.-..... LA RN R Y - Ionosphere: slant factor
“‘-- .
aunt®
“I u® @@
“““ LR LN L TN Py 6‘9
"t ..--I""“----.--. 3F ®%
l-“l“‘ ;6 s e | o‘s%
lonospheric Layer ! 2
. . = 2 2t Sy
(350 Km in height)
/ Lol ﬁ@‘%%@
UNIVERSITAT POLITECNICA R
DE CATALUNYA 3 1 ; ; ; ; ‘ R
BARCELONATECH Hernan 0 10 20 30 40 50 B0 70 80
Elevation Angle (deg)




Klobuchar model

30 K|ObleC'haI’
coefficients

.. 25
N
T
©)
© L
= 20 :
ﬁ Amplitude
E 151 :
s
(3]
O 10 —
(3]
£
= :

5 |=—¢ v

Qoreenennann, o*Period -eceeeeeeeeee >
Dc=5ns
v I I I I I L, i = Geomagnetic U
4 8 12 16 18 24
Local Time (hours) Where:
lon, ,; = lon, .. m(elev) DC= 5ns
F=14 (ctt. phase offset) |-
3 :
m(elev) =1 +16(0.53 -elevip) t = Local Time
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(ime,r 4, r®,a0, al, @2, &3 C K] bC3 lono

C y,
Y
elev, f
2 NAVIGATION DATA RINEX VERSION / TYPE
CCRINEXN V1.5.2 UX CDDIS 24 -MAR 000:23 PGM/RUNBY /DATE
IGS BROADCAST EPHEMERIS FILE COMMENT
0.3167D -07 0.4051D -07 -0.2347D -06 0.1732D -06 ION ALPHA
-0.2842D+05 -0.2150D+05 -0.1096D+06 0.4301D+06 ION BETA
-0.121071934700D -07-0.488498130835D -13 319488 1002 DELTA -UTC: AO,A1,T,W
13 LEAP SECONDS

END OF HEADER
199 323 0 0 0.00.783577561379D - 04 0.113686837722D - 11 0.000000000000D+00
0.191000000000D+03 - 0.106250000000D+01 0.487163149444D - 08- 0.123716752769D+01
- 0.540167093277D -07 0.476544268895D -02 0.713579356670D - 05 0.515433833885D+04
0.172800000000D+06 - 0.260770320892D - 07-0.850753478531D+00 0.763684511185D - 07
0.957259887797D+00 0.241437500000D+03 - 0.167990552187D+01 - 0.823998608564D - 08
0.174650132022D - 09 0.100000000000D+01 0.100200000000D+04 0.000000000000D+00 -
0.320000000000D+02 0.000000000000D+00 0.465661287308D - 09 0.191000000000D+03 E
0.172800000000D+06 0.000000000000D+00 0.000000000000D+00 0.000000000000D+00

UNIVERSITAT POLITECNICA
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Range variation: lonospheric correction

Barcelona, Spain: 2005 5 28
20

Ic:rl'lc: cnrrectic:rl'l (STEC) 4

Klobuchar model

15 |

10 |

meters of L1 delay

TEC: lon cnr

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

Time (GP S seconds of day)

lon, ,,; = lon .. m(elev)

3

m(elev) =1 +16(0.53 -elevip)
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Vertical Error (meters)
=
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Vertical error comparison

Barcelona, Spain: 2005 & 29

Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

I I I : I Ionmspﬁeric carrec’rlic:n =NO I
lonospheric correction = YES
= ir '|'I " s .I-Jl’jm I ' 1 H|:D‘: -
Ll}. ':.-k*wlllf;-l;l ] I \ |-. I. ' v
1 | 1 1 l l 1 l
0 10000 20000 30000 40000 50000 B0000 70000 B0O0OD
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

20 T T T T T L - T
lonospheric correction = NO
lonospheric correction = YES
15 | .
10 -
5+ -

Morth (meters)
=
]

A0 F -

_ED l l l

East (meters)
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Slant Factor

14}

12 +

10

Troposphere: slant factor

Tropospheric Delay

| don frequency and affects both the code

+«—_|n the same way
:1 (abo ! by:

1.001

m(elev) =

eeeeeeeeeeeeeee cat )
wwwwwwwwwwwwwwwwwwwwwwww ATrop __=(d, +d ) ©eley

rec dry

10 20 30 40 50 60 [ 30 30

\/0.002001+ sin ¢lev)

Elevation fAngle (deg)

Ad,, corresponds to the vertical delay of the dry
atmosphere (basically oxygen and nitrogen in hydrostatical
equilibrium) C It can be modeled as an  ideal gas .

Ad,., corresponds to the vertical delay of the wet

component (water vapor)

C difficult to model

d =

dry

2.3exp(-0.116 OO’ H )

A simple model is: i -0

wet

Am

meters

[H :heigh] over the sea level

A more accurate model for
RTCA-D0229C. This model depends on the latitude and the day
being interpolated over a table of several meteorological parameters.

dy,, and d ., 1s provided for SBAS receivers in

-of -year,

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

@, 0 re [rop2] tom

K +

1 rec

K

1




Range variation: Tropospheric correction

30

25

20

meters

0

/

Trop s;anr

Barcelona, Spain: 2005 5 28
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I ] |
Tropospheric correction +
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RTCA-D0229C model
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Vertical error comparison

Barcelona, Spain: 2005 & 29

Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

30 T

Vertical Error (meters)

Tropaspﬁeric carrec’rlic:n =NO
Tropospheric correction = YES

-30 .
0 10000
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

20 T T T T T L - T
Tropospheric correction = NO
Tropospheric correction = YES
15 | .
10 -
5+ -

Morth (meters)
=
]

A0 F -

East (meters)
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Instrumental Delays

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:

sat

K1 = K1 -TGeD*™™

rec rec

2

f

sat 1

K2 =K2 - ZTGDSat

rec rec
f

2

A R1._..may be assumed as zero (including it in receiver clock offset).
ATGDai s tr ans mi t tmedgatiommessage (gola/ Groug Deiay.
According to ICD GPS2000, 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

sat o sat sat

sat sat
Cllrec - r rec +C (@trec d-t ) I‘-e-llll'(-Z‘C Tr@prec |O

BARCELONATECH ACITIAlNTUTSZ=F djdITS €U dl.
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Range variation: Instrumental delays (TGD)

Barcelona, Spain: 2005 5 29
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Vertical error comparison

Barcelona, Spain: 2005 & 29

30 T

Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

20 |

10

Vertical Error (meters)

20 F

Using TGD = NO
Using TGD = YES
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Horizontal error comparison

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtell 600 (Pinwheel)

ED | | | | I LI} |
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Using TGD = YES
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Measurement noise (thermal noise)

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

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

Code measurements

) Unambiguous
P1 (Y1): encrypted 30 m 30cm but noisier
P2 (Y2): encrypted 30 m 30 cm

Phase measurements

L2 24.45 cm 2 mm but ambiguous

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




Multipath

AOne 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.

Alt affects both code and garrier ghase, measurements, and it

IS more important atjow elevation angles. .
'\

Session 3a, , exersisg 5b: lonospheric Combinations (Code and Phase) for PRN 15
|

direct signal

antenna ; A e
reflected signal .

= ngUDd 2l M |

\ - Butterfly shape _

antenna image -

&>

10000 15000 20000 25000 30000 35000 40000 45000 50000
excess path lenght 0 S0,

ACode: upto 1.5 chip -length C up to 450m for C1 [theoretically]
Typically: lessthan 2 -3 m.

APhase: upto 1/4 C upto5cmforLlandL2 [theoretically]
Typically: less than 1 cm

UNIVERSITAT POLITECNICA
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Exercise 7:

Plot code and phase ionospheric combination for satellite PRN 15 of

file 97jan09coco _ r0.rnx and discuss the results.

LI, Pl (meters)

LIPRN 15 +

Butterfly shape: .
High multipath for low elevation Y
rays (when satellite rises and sets)

0 e

DE CATALUNYA q |
BARCELONATECH Hernandez-Pajares et al.




Exercise 8:

Files gage2710.98.a, 2720.98.b and gage2730.98.a contain 1second
measurements collected by a static receiver in three consecutive days.
Plot the combination P1-L1 and identify the multipath (note: shift the

plots 3M565= 236 sec each day)

12 T

10

The trend is due to
the ionosphere

doy 271 (t)
doy 272 (t+236s) +
doy 273 (t+472s) O |

p 4

E ]
L JFor a static receiver:
\ Each sidereal day is
O s . .,.;-A B o BT
(24 h-3M565), the
2L geometry repeats C _
v the multipath repeats E
4 L. ° ° - I | ] '
““““ — B . = — N
AL S P 2 2000 S it ambig |[ Multipatd noisk
PECATAIL 1gta © Tista .. 1 sta, g P 4




Receiver and multipath noise

Barcelona, Spain: 2005 5 28 Receiver: NovAtel OEM3, Antenna: NovAtel B00 (Pinwheel)
ED | 1 | | I 1 ]

10

h (meters)
=
]

East (meters) a

GPS standalone (C1 code)
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Receiver and multipath noise

Barcelona, Spain: 20055 28 Receiver: Trimble Lassen SK-Il, Antenna: Compact Magnetic-Mourt

20 T T T T . T T
.| Same environment! |
10 | .
— 5 B -
:
: |

-5 0 5 10 15
East (meters)

GPS standalone (C1 code)
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Exercise 9: Computation of modeled pseudorange

Using data of files 130ct98.rnx and 130ct98.eph,
compubyleandd t he model ed pseu
satellite PRN 14 at t=38230 sec (10h37m10s).

at

sat S Sg
-F-roprec Iarlrec K1+

sat

fel
rec

sat

PRImod] > = r.°  -cdt

0,rec

Follow these steps:

UNIVERSITAT POLITECNICA
DE CATALUNYA
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1. Select orbital elements closer to 38230
2. Compute satellite clock offset

3. 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:

O N o Ok

sat

sat sat sat sat sat sg
I:>R[mOd]1rec B rO,rec -Cdt +re|rec -H-roprec I$I]rec K1+

UNIVERSITAT POLITECNICA
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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 C 10h Om 18s

P §N
ﬂl 98 10 13 12 0 0 +5.65452501178E +9.09494701773E - 13 +0.000000000000E+00
+1.28000000000E+02 - 6.10000000000E+01 +4.38125402¢24E - 09 +8.198042513605E -01
- 3.31364572048E - 06 +1.09227513894E - 03 +5.675479//6971E - 06 +5.153795101166E+03
+2.16000000000E+05 - 6.33299350/38E - 08 - kE+OO - 3.725290298462E - 09
+9.73658001335E - 01 £277/4031250000E+02 +2. GPS wee 00 = 8.081050495434E -09
+1.00000000000E+00 +9.l9000000000E+02 +0.00d)OOOOOOOOE+OO

(%E\%\E?EP f YV ?_? . J.00000000000E+00 - 2.32830643654E - 09 +1.280000000000E+02
+2.08818000000E+05 +(J.00000000000E+00 +0.00000000000E+00 +0.000000000000E+00

UNIVERSITAT POLITECNICA
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2. Satellite clock offset computation . From file

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

P N l‘ 0 aO a_Z a2

1439810131200 |+5.65452501178E - 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 +0.00000000000E+00 - 2.32830643654E - 09 +1.280000000000E+02

+2.08818000000E+05 +0.00000000000E+00 +0.00000000000E+00 +0.000000000000E+00

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

UNIVERSIT/ sat sat Sa sat sat Sa
oecaraly PR[mod] = r cdt el Frop l&n
rec rec rec rec

BARCELON 0,rec




3. Satellite -receiver geometric range computation

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

3.1. Emission time computation from receiver time -tag and code

pseudorange:
Tlemsj= t, (T-)-(C¥c + dsd)
Measurement X Pseudorange C1at receiver time-tag
file 130ct98.a t=38230: C1=23585247.703 m
Ephemeris file /X Satellite clock offset at t=38230 sec
130ct98.eph adrs?= 5.65 10° sec (see previous
results)

Thence, the emission time in GPS satellite clock is:

Tfems] = 382307 (23585247.703/c+ 5.65 10°6) = _
= 38229.9213224 where. 0=299792 4300 P

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH Hernandez-Pajares et al.



3.2: Satellite coordinates at emission time pseudorange:

X= 11453479.346

T/emission/= = . ~ | Y=122468524.004
38229.921 sec C O/’b/f.f C 7= 8245076.145

) 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 7w D¢ oduring
traveling time Dr=T/[reception] -T[emission.

(Xsat’ysat’zsat) CTS[reception] - 3( We D) (Xsat,ysat’zsat) CTS[emission] E

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

Hernandez-Pajares et al.



(xsat’ysat’zsat) CTSJreception] — RS’( We a) (Xsat,Ysat’Zsat) CTS[emission]

a 11453350.377 ¢ acosx_Dt ) sinf. @ ) O o B1453479.34
€, ) & . 0, &
122468589.797 - sing. D) cosf tD) O .122468524.00
& ) & z z 0 e
8245076.1458 & 0 0 1 2 B245076.14¢
CTS[ reception CTB emissign
w_Dt = 6§.74 16°rad . (where w 772921151467 1®rad /se

E

sat

(X, ¥,2),......° (4789031,176612, 4195008% |

Dt = —= =0079sec
c \
sat sat 2 sat 2 2
e ex )ty Yo (2 -) 7 23616673.3m
(x,y,2)""° (11453479, 22468524, 8245076}~

An approximate value
IS enough to compute
Dt.

Ul

DI

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

same reference system!

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

lama-a— = an 1)




3.2: Geometric range computation

The geometric range between satellite coordinates at
emissiontimeandthenappr oxi mate pos
recei ver 0 at (botkamegnatesgivenii n
the same reference system [for instance the CTS

system at reception timej) is computed by:

. 2 2
satellite

fo,receiver:\/(xsat-Xo,,ec)z £y v, . (2™ z-.) 23616699.124m

satellite

(X, Y, 2) = (11453350.2771, 22468589.7975, 82458.1448)

(Xys Yo ZO)receiver\: (4789031, 176612, 419500%)3[ S

\ﬁApproximate(‘) recegiver coQt
- - ‘
at reception time. ~

NS
sat sat sat sat sat sat Sd
ok caraLt P R[m od ], :-cdt trel Frop &N K+
BARCELON rec 0,rec rec rec rec




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

p“ TGD (in sec)

14198 10 13 12 0 0 +5.65452501178E - 06 +9.09494703773E - 13 +0.000000000000E+00
+1.28000000000E+02 - 6.10000000000E+01 +4.381254026pP4E - 09 +8.198042513605E -01
- 3.31364572048E - 06 +1.09227513894E - 03 +5.67547974971E - 06 +5.153795101166E+03
+2.16000000000E+05 - 6.33299350738E - 08 +1.00409623952E+00 - 3.725290298462E - 09
+9.73658001335E - 01 +2.74031250000E+02 +2.66122811383E+00 - 8.081050495434E - 09
- 1.45720352451E - 10 +1.00000000000E+00 +9. 000000000E+00
+3.20000000000E+01 +0.00000000000E+00 2.32830643654E - 09 K1.280000000000E+02
+2.08818000000E+05 +0.00000000000E+00 +0.00000000000E+00 +0.000000000000E+00

TGD= -2.32830643654E09 * c= -0.69801 m

UNIVERSIT/ sat sa sat
oecaraly PR[mod] = r ' -cdt el ~ TFrop 16

BARCELON




5. Relativistic correction:

e sart(a
PRN qrt(a)
_ |
143198 101312 0 0 +5.65452501178E - 00 +9.09494703773E -13 +0.000000000D00E+00

+1.28000000000E+02 - 6.10000000000E+01 +

- 3.31364572048E - 06 +1.09227513894E - 03] +5.67547976971E -06 45.153795101166E+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 +0.00000000000E+00 - 2.32830643654E - 09 +1.280000000000E+02

+2.08818000000E+05 +0.00000000000E+00 +0.00000000000E+00 +0.000000000000E+00

E =0.095 rad.

(eccentric anomaly)

T/emission] = ~

38229.921 s C| ot |C

satelie \ ma m=13.98600530" m’s’

=2 esin(E) =0.07m
C C=299792458 m s’

receiver

UNIVERSIT/ sat sat sat

sat
oecaraly PR[mod] = r -cdt el

BARCELON 0,rec

sat sa
-F-roprec I®Qrec




6. Tropospheric correction

rec

Trop™ = (d,, +d,.)m(eley $.76 m

=2.3m

1.001

See klob.f

elevF 20.57p— =0.359%ad

-0.116 B0 H
dOlry =2.3e
dwet: 0.1m
m(elev) =

180

. 2
\/0-002001+ S (9|eV) H =160m |(heigh over the ellipsoid

(X,,2) s C [car2geo] C (Lon, Lat,

H)1

UNIVERSIT sat
DE CATALU| P R[m Od]1rec =r

BARCELON

sat

0,rec




/. lonospheric correction

(time, r ., rsatla 0,al, &2, abﬂ C K] bC3 1ono=10.26m

2 NAVIGATION DATA GPS RINEX VERSION/ TYPE

XPRINT v1.1 gAGE 00/06/04 17136:23 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

-0.00lY0sl/7103YE -UY- 1.4210c054/715Z2UE - 14 4U595U4 IJYDELIA_UIC! AU,AT, T,W
12 LEAP SECONDS

END OF HEADER

Approximate values for
receiver or satellite
coordinates are enough

t t t t t
universiT) P R[m od ] ot cdt 'H’GLZZ -IT'I’OpSEl

DE CATALU lrec 0,rec rec

BARCELONATECH i b




