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GPS SIGNAL STRUCTURE

Two carriers in L-band:
e L,=154:f0=1575.42 MHz e C/A-code for civilian users /X(t)]

e |,=120'f0=1227.60 MHz e P-code only for military and authorized

where fo=10.23 MHz users /Xx(t)]
e Navigation message with satellite
Lt CARRIER 17542 Mtz ephemeris and clock corrections /D(t)]
WAAMVVAAIAMA X L1 SIGNAL

C/A CODE 1.023MHz

JURrLAraLrrne ® Miser
®

NAV/SYSTEM DATA 50 Hz P(Y) P(Y)
I LrIruwr
Madula 2 Surm
P-CODE 10.23 MHz
110 A+H)

VA, — ) 12 s1cmar 1227.6 MHz 1575.42 MHz
GPS SATELLITE SIGNALS Lz Ll

P H DANA 402

S0 () =a, X" (1) DV () sin(wt + 4, )+ ac X7 (t) DV (1) cos(ayt + ¢, )
S0 =b, X (1) DV (1) sin(ew,t + ¢,
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GPS Code Pseudorange Measurements

S1 (1) = aX " ()| DY (D) sin(wt + @, )+ a X (1) DV (1) cos(ayt + ¢, )
S =b E("’ t |Z5‘"’ FySiTi(eost—g,) :
Lz() pKp (7 (7) STI(eo5 =~ b|narYCOdEXP(U

AT

P(T)=c AT =¢ [r,,ec (T) =5 (T - AT)J

From hereafter we will call:

e C, pseudorange computed from X«¢) binary code (on frequency 1)
e P, pseudorange computed from Xy(%) binary code (on frequency 1)
e P, pseudorange computed from Xy(%) binary code (on frequency 2)
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@ GPS Carrier Phase Measurements

S (1) =a, X" (1) DY ()sin(wt + @, )+ a X (£) DV (1) cos(ayt + ¢, )

Si0 (1) =b, X3 (1) DV (1) sin(e,t + ¢, \ Carrier phase

.
at®
a®
a®
at®
a®
““““““
a®
a®
a®
a®
at®

Carrier beat phase: -
B1(T) = Bprec (T) =" (T = AT)

= %AT@ Unknown ambiguity
|

From hereafter we will call:

e L, =\,¢,;, measur. computed from the carrier phase on frequency 1
e L, =A\,¢,, measur. computed from the carrier phase on frequency 2

e C, pseudorange computed from X«¢) binary code (on frequency 1)
e P, pseudorange computed from Xx(t) binary code (on frequency 1)
e P, pseudorange computed from Xx(%) binary code (on frequency 2)
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Carrier and Code pseudorange mea

Se+07 T T

Pl
2.5e+07 \/1 =c AT= c [t (T)- tSat(TAT)]
~ p + clock offset

~ 20.000km

1.5e4+07 |

P, is basically the geometric range (p)
between satellite and receiver, plus the 1
relative clock offset.

The range varies in time due to the 1
satellite motion relative to the receiver.

1e+07

Pseudorange (meters)

Le+0B

TN

[ ]

[ ]
5e+06 —- ' ' ' ' ' '
0 10000 20000 30000 40000 50000 60000 70000  BOOOD

Time (GPS seconds)

P, is an absolute measurement (unambiguous)

¢




Phase and Code pseudorange measurements

Je+07 i 1 1 T T

ﬁg_ld:: C?ZSJP'+')%1 1

25a+07 | \ "" - -

2e+07
Relative measurement

15e07 1 (shifted by the unknown ambig tyl:‘/lN”) )

Each time that the receiver lose the

phase lock, the unknown ambiguity
changes by an integer number of “\"

Y

Se+06 -
0 10000 20000

Ange (meters)

40000 50000 60000 70000 80000
e (GP S seconds)

L, = p+clock offset +
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Code and Carrier Phase measurements

16 I I I I I
P2-P1 -
— 14 - @ L1-L2 + -
]
% G
T 12 ) =
2 10 | Lo Code (unambiguous but noisier) | _
40_5 e
E 8
—
Ao
5 6
=
= 4
O
o
Q 2
)
L
o 0
O
-
Qo -2
\{ Carrier Phase (ambiguous but precise)
_4 | | | | | | P |

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)
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Antispoofing (A/S):

GPS measurements: Code and Carrier Phase

L

The code P is encrypted to Y. l\yavelength G noise

(chip-length) (1% of A) [*]

=» Only the code C at
frequency L1 is available.

Code measurements

300 m 3m
P, (Y1): encrypted 30 m 30 cm

Phase measurements

19.05 cm 2 mm
24.45 cm 2 mm

Main
characteristics

Unambiguous

but noisier

Precise
but ambiguous

(i.e, C; smoothed with L, =& 50 cm noise)

[*] the codes can be smoothed with the phases in order to reduce noise
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Secccccccccccccccccney,
. .
* | RINEX FILES .
°
: Pseudoranges (C/A, P1, P2), °
o Phase tracking (L1, L2) °
One or e Navization data (D(t)) °
multiple ° ¢
antennas ° ®
° °
. °
| |DLL Tragking ®
Low—noise —=  RCVERy —L= —L= °
Amplifiers Demodulgtor Navigation :
2 . catay Kalman °
— - : — = PLrOCCSSINE = - °
Low-—noise R F/1F ® lsgteil;)n ¢
Amplifiers & | ¢ ] & eggmation & DISPLAY
SAMPLING . .
il o ~~ 7| Pseudorange °
ke ° =777 correction ° _
e Marn—Machine
° ° 1ntecface
'y
&l Y ()
- o | —C °
°
e
. g i
o } T e
PY Aiding or integrated ceceiver : L4
e @
r= e | | [
EXeERMO P oo e o ceccccceonee

SEMNSORS
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Emission ~300m
M ........... Reception

{ Up to hundreds of km |

/ Relativistic clock ¢ éaj-_-i_é_-_-_r‘;‘j___;:
= /L L ITL y————

‘ Pseudorange

Geometric range: p ~2000ka

2230m’
/Tropospheric delay {2-30m
P=c AT= ¢ [ ( T) tsat( T-A T)] <300 km
rec /\/Receiver instrumental delay {~m |
R

P =\pil+c-(dt,,, —dt™)+ > &

rec rec

Geometric range Clock offsets

Ionospherlc delay
Tropospheric delay Instrumental delays




Satellite

e
$
L -
%) Emission ~300m
SETT TP Reception
GNN_S L -
receiver /) T,
/Sate te clock offset
Earth centre 1 up o hundreds of km;

Pseudorange
Geometric range: p wIﬂDDDI—:m

R

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

13



Emission

/ Satellite clock offset
_up to hundreds of k!

Relativistic clock correction <:13m

Satellite instrumental delay{ ~m '

Pseudorange
Geometric range: p ~3:]{]{]{]ka

lonospheric delay 2 -3{1m

Tropospheric delay {2 -30 m
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Exercise:

a) Using the file coco0090.970, 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) gLAB_linux -input:cfg meas.cfg -input:obs coco0090.970

b) See next plots:
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@ An example of program to read the RINEX: gLAB

gLAB

RINEX file = = txt file

A A
' L ]
] L]
n L ]
n L ]
n L ]
n L ]
n L ]
n L ]
n L ]

2 OBSERVATION DATA G (GPS) Rm% VERSIDfo TYPE sta Doy sec PRN L1 L2 C1 P2
RGRINEXO V2.4.1 UX AUSLIG 10-JAN-9T 10:19 PGM RUN BY DATE 0 2u o L IRITRS 3337852.080 2 L 70 E3  ZA7R470 2
A, B uon T eI g T mmmwl mmra o T
BIT 2 OF LLI {(+4) FLAGS DATA COLLECTED UNDER "AS" CONDITION COMMENT sa =9, - Jzers3.ais ld3Li02. las £BL50YD. 125 £3VLI00E . A

- casa 291 0,90 18 -L514E0.525  -19.430.7h0 2LEh658/.131 2455E585.153 0

0000000000103 HARDWARE CALIERATION (S) COMMENT Z 8 -151420.525  -19.43 27608, 1ol 24oeo8e. 103

=0, 000000054663 CLOCK OFFSET (S) COMMENT casa 791 Q.00 27 __,444[’]/4_.,.11 -.'il44.'|."|.9f']‘| 775085 P.."i..ﬂl ;fJGE.ﬂﬂ..ﬂ. 0
coca VARKER. NAME casa 797 P.30 75 -7949817.767 -7349708.667 77758993.7R5 2775 )
ivie MARYER, NUMBER, casa 291 0.30 20 -1670£73.853 -1570472.368 224091°5.277 22408113.535 0
mrh auslig OBSERVER / AGENCY casa 201 3080 12 -3R40256_ 845 -334028L.776 20757350.266 2375736E.162 0
126 93.05,25 / 2.8.33.2 REC # / / VERS casa 201 30.90 15 -1014283.54C -1314282.23C 2384£075.112 23044078.373 0
327 ANT % / caca 291  30.30 18  -287329.153  -207328.868 2/510688.331 21618698 0

=741950.3241 6190961.9624 —1337769.9813 APPROX POSITION XYZ caca 201 30,30 22 -2438235.787 -2158223.122 2219/0°2.015 o]
0040 0.0000 0.0000 ANTENNA: DELTA H/E/N caca 791 IM.00 75 POS5600.601 00 5 )

1 1 WAVELENGTH FACT L1/2 | |3-3 591 39,30 29 1651115.594 22398473.83 )

5 61 L1 L2 P2 Pl # / TYPES OF OBSERV

. : casa 291 BU.U0 1L -384/635.995 33,821 20/500°9.052  20/5E01E, 389 0
SNR is mapped to signal stremgth [0,1,4-9] COMMENT

SNR: 5500 >100 950 516 b >0 bad n/a COMMENT casa 291  60.30 15 -1855770.97% -1385769.678 23662588.633 23062501.323 O

sig: 3 8 7 s 4 b < p COMMENT casa 791 60.90 18 -273219.005  -273718.710 24E24792.015 24624807770 0

casa 791 6.8 77 -7471730.397 -747°747.715 77481387..36 27481385.334 0

casa 201 00.30 26 -2071510.693 -2327507.063 22287301.081 22287301.347 0

casa 201 60.30 20 -1651735. -1507733.640 22387854.082 22387854.420 0

END OF HEADER tasa 201 00.90 14 -3834020.5°3 -3354808.440 D20742745.LE3 20740746300 0

7] 125 9 52317 8 caca 291  90.30 15 -1877216. -1877215.051 23£81143.251 2308811/3.556 0

22127685.106  -14268715.839 & -11118451.28445 22127685.4014 caca 201  90.30 18  -230057./ .239307.188 2/£08973./38 21608922.372 0

22672158.746 -11510817.892 7 -8969469.30045 20672158.5184 casa 291  99.30 22 2485150. 2485196, 22467933 0

22504902.367 -12049753.826 7 -10000708.53945 22594903 .7594 caca 291 UD.EY 25 U9E/2/2. 2087269, 22301535.2/3 0

22731128.796  -11621184.951 7 -9065464.16945 22731130.0004 casa YUl UL EE PY 0 S1FEDEED YU S 0230 . Sy I P E LY B
24610920702 —924108.174 6 -T20085.67045 246109200404 = 2 2090 12 -38E2079. 3062977670 20795565 130 29733568 4

20718775.074  -18605935_474 O -14408133.97346 207187756074 cosa 291 129.90 1o -J0C2078.74C -J0629rr.0r4 20700%00.1°0 Z073-%0C.5 O

20842713.610  ~19083282.892 9 -14870090.55516 20842713.4814 casa 291 12030 18 274976 373 254366 062 24393053 725 3 0

The RINEX file is converted to a “columnar format”

to easily plot its

content and to analyze the measurements (the public domain free tool

“gnuplot” is used in the book to make the plots).




Code measurements The geometry “p” is the

dominant term in the

- | Plot. The pattern in the
268407 ' 1 1 — figures is due to the
variation of “p”

2.55e+07 -

2.5e+07

2.45a407

2.4e+07

2.35e+07 -

2.3e+07

Pseudorange P1 (meters)

2.2be+07

2.2e+07 |

2.15e+07 -

2 1e+07 : - - : ' ' :
10000 20000 30000 40000 50000 &0000 70000 80000

Time (GPS seconds)

[}

P HpX +c-(dt, —dt™ )W Trop’: +Ilon's + K, +K™ +¢




Code measurements | gimyjjar plot for code
measurements at f,.
Notice that
2.6e+07 , :
e Jonosphere (Ion) and
2552407 = lPZ
peor | e Instrumental delays (K)
et | depend on frequency.
E 24e+07 -
% 2.35e+07 |-
é 232407
E 2 252407 -
2.2e+07
215407
2.1e+07 ' 1 i j | | .

[}

10000 20000 30000 40000 50000 60000 70000 80000
Time (GPS seconds)

sat sat sat sat sat
})2sta sta-l_c.(dtsta_dt ) TI"OpSm +]0 +%,+[% +g




@L

Code measurements: C

CSClt.

Ista®

Ionosphere delays code and
advances phase measurements

Ase measurements

1,\1 ,Px‘

sat sat t
})lsta T Sta + C: (dt o dt ) + Twsta + IO 1st + Ista + [%%3-'- 81
\ ~—~ ~ =
sat sat sat S t
Py = Py T (dt,, —d™ )+ Trop Qi+ forrs + Kooyt Ko™t €,

Phase measurements: L1,L2

Frequency dependent

sat sat sat sa sat sat 1. sat
Llsta IOsta +C- (dtsta o dt ) + T]"Opsm —Ho lst + lst + + %qJYlsta t+ 21 /Vsta + Vl

sat sat sat sa sat sat sa
LZsta psta +c (dtsta B dt ) + Tropsta B 0% + 2st + + M%ta + /LZ Wsta + V2

Mo satel lite rotation:

no phase ermor

|

Lyl

Satellite rotation:
Phase misunderstanding

S 3 phase emor
&
_|
— - .

Carrier-phase L1 {meters)

2e+06

1e+06 -

ok

-le+06 |

-2e+06

-Se+06 |

-de+06

u plot

\/

Phase Ambiguities
N,, N, are integers

Wind Up

& J.M. Juan
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Time (GPS seconds)
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Carrier Phase measurements

The geometry “p" is the dominant
term in the pIot. The pattern in the

L1piet | figures is due to the variation of
2e+0B6 . r : . “,O"

The curves are broken when the
1e+06 | receiver losses the lock (cycle-slip).

[

1e+06 |

-2e+0E |-

Carrier-phase L1 (meters)

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

"d-'E+D'E I l l l l l l l
0 10000 20000 20000 ADDOG 50000 60000 70000 80000

Time (GPS seconds)

sat sat sat sat sat
Llsta sta + c: (dt _dt ) TI"Op sta _]Onlsta +b1sta +b 2'1 Nl sta ﬂ’lwsta +V




Carrier Phase measurements

The geometry “p" is the dominant
term in the plot. The pattern in the

Lepiet | figures is due to the variation of
2e+0B6 . r : . “,0"

The curves are broken when the
1e+06 | receiver losses the lock (cycle-slip).

[

1e+06 |

Carrier-phase L2 (meters)

-2e+0E |-

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

"d-'E+D'E I l l l l l l
0 10000 20000 20000 400 50000 60000 70000 80000

Time (GPS seconds)

sat W _sat sat sat sat sat sat sat
L2sta 1 psta tc (dtsta B dt ) Tropsta B 10n2sta + b2sta + b2 + ﬂ“ ﬂ’ZWsm + V2




Contents

Review of GNSS measurements.
Linear combinations of measurements.
Carrier cycle-slips detection.

A S

Code Multipath.

Carrier smoothing of code pseudorange.

www.gage.upc.edu

@ J. Sanz & J.M. Juan

22



Linear Combinations of measurements:

o Geometry-free (or Ionospheric) combination.
e Jonosphere-Free combination.
e Wide-lane and Narrow-lane combinations.
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Pz'P1

1. Geometry-free (or

P=P,— P,=lono+ctt
L=L,

—L,= lono+ctt+Ambig

L1"—2

lonospheric combination (meters, PRNO1)

16

P2-P1 -«
14 | @ Li1-L2 + A

12 .

&
-4 I 1 I I 1 I I %l

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

Code measurements: C,P,, P,

sat sat sat sat at
})lsta T Nsm _ dt ) + Trapsta + ]0 1sta + 1sta + @ + 81
\ ~ ) — ) —
sat | _sat sat ! at
2sta I'Osta T (dtsta B dt rapsta + ]Oné%—l_ 2sta + @ + 82
L = v e e

Carrier measurements: L1,L2

B

sat __ sat sat sat sat at sat
Llsta _ psta : dtsta B dt ) + Tropsta B [Om + 1st + m + Gma + X'stta + Vl
S, A4 A4 A4 —
sat | _sat sat sat sat at sat
L2sta = Pya TC (dtsta _Mta B IIO% i +I?5\ * 6@" " ZZWS“’ Vs
N/

25t
A4 A4

www.gage.upc.edu
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1. Geometry-free (or ionospheric) combination

P=P,— P,=lono+ctt e The pattern corresponds to the
| ionospheric refraction (lon), because
the other terms (K) are constant.

L= L,-L,= lono+ctt+Ambig
T&F

@ e Notice that code measurements are
12 + noisier.

lonospheric combination (meters, PRNO1

_4 l l L l L l 1 .
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9ih)
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=—r——r—r—= The jonospheric refraction depends on:
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The ionospheric delay (fon) is
proportional to the electron density
integrated along the ray path (STEC)

-50 -4(/—30 -20 -10 0

IPPs trajectories
for a receiver in
Barcelona, Spain

10 20 30 40 50 60

Vertical Delay
Slant Delay

Ambiguity
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@ 2. lonosphere-free Combination (Pc,Lc)

The ionospheric refraction depends on 40 3
the inverse of the squared frequency |lon =
and can be removed up to 99.9%
combining £ and /2 signals:

PC:.ﬂzj)l_fzzi)Z LCZﬁle_szL

2 2 2 2
S — /s S — />
sat - » ar Note: K*# cancels in Pc
Pc,, = pg, +c-(dt,, —dt™)+Tropg, + and K, included in dt,,,

sat sat
L sta p sta + C: (dtsta

—dt* )+ Tropyy + AWy +b, o+, HAy (N =3 Ny v

sta sta c,sta Ista W sta

A

e The ionospheric refraction has been removed in Lc and Pc
Ay=10.7 cm, 4,,=86.2cm N, =N,—-N,

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

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

If a single-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 50% (RMS) of the ionospheric delay.
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3.- Narrow-lane (P,) and Wide-lane Combination (L)

The wide-lane combination L, provides a signal with a large wave-length
(4,~86.2cm ~ 4*4,). This makes it very useful for detecting cycle- slips
through the Melbourne-Wubbena combination: MW=L, — Py

Ji 4o Ji — />

_|_
m The same iono. and sign

sat ___sat sat sat sat sat
Byga = Pya +¢-(dt,, —dt™ )+ Tropg |+ lon, "k K\ +K,™ +¢,

N sta o

sta

sat sat sat sat sat sat sat
L,. =p, +c-(dt, —dt™)+Trop, |+Ilon ™ b, _ b, +1 ];;Wta |+ Vv,

No wind-up
Melbourne-Wiibbena combination Ny =N, - N,
sat sat sat sat sat sat
MWs‘ta _ LWsta - PNsta o bw sta T bw o KNM - KN T ﬂ“w W, sta |+ Evw

Hardware biases Integer Ambiguity

@ J. Sanz & J.M. Juan
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@ Exercises:

1) Consider the wide-lane combination of carrier phase measurements

L,= fli’;_f;sz , Where L, is given in length units (i.e. L,= A, ¢, ).

Show that the corresponding wavelength is: 4, =—

L=t

Hint:
Ly= Ay by Op=0,—0,

2) Assuming L, L, uncorrelated measurements with equal noise o,,

show that: )
Vietl :(flJ

g

GLW:
Y12 -1
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Detecting cycle-slips

Pseudorange L1 (meters
0
by
(=
&
T T

)
)
+
o S
f__,\
@©

i i
0 10000 20000 30000
Tin

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

-1.6e+07

www.gage.upc.edu

PRN 28, L1 Phas

This cycle-slip

involves millions
/

of cycles = it is
easy to detect!!

fe+06 |

-8e+06 |

I Original  *
With Cycle-slip

|
3000 4000

I 1 1 -
5000 6000 7000 8000
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@ Exercise:

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-Pn and L1-L2"
and discuss which combination/s should be used to detect the
cycle-slip.

Resolution:

a) gLAB_linux -input:cfg meas.cfg -input:obs 95oct18casa_r0.rnx

D) | cat 950ct18casa.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:

www.gage.upc.edu @ J. Sanz & J.M. Juan
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The geometry “p” is the dominant term in the plot. The variation
of "p" in 1 sec may be hundreds of meters, many times greater than
the cycle-slip (19 cm) = the variation of p shadows the cycle-slip!
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The geometry and clock offsets have been removed.

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 |dent|f|ed
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The geometry and clock offsets have been removed.

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 |dent|f|ed
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The geometry, clock offsets and iono have been removed.

There is a constant pattern plus noise. The £~ 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 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.
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The geometry, clock offsets and iono have been removed.

There is a constant pattern plus noise. The Pv code noise is under one
cycle of Lw. Thence, the cycle-slip is clearly detected

Session 3b, exercise 2d: Cycle-slip detection with wide-lane, PRN 18
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The geometry and clock offsets have been removed.

The trend is due to the Iono. The L, carrier noise is few mm,
and the variation of the ionosphere in 1 second is lower than 1, =19 cm

Thence, the cycle-slip is detected.
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Session 3b, exercise 2b: Cycle-slip detection with L1-P1, PRN 18

-Ae+086 T T T T 40 T T T T
Original  * ] )
With Cycle-slip L1-P1 (without cycle-slip) <
L1-P1 (with cycle-slip) +H5 Py
Be+06 | e oS o OO
F e SRy T &
a5 L o B Q:)O o .
- & ® %
b+ Fo
o+ oo @
Be+06 | t ('p-% @oPg o8
5% 9%
— 30 iy, A4 B
w — 0%0
a o, %0
2 e
4
Ae+07 | ko) o o
— PR
?'—_ Geo@ di‘feé
— o5 c‘»b PN ] -
-1.2e407 | Lo
&
& wo®
o ®
& ¢
L % .
-1.4e+07 |- 2 * #¢
%
3
&
&
-1.6e+07 : L ! . 15 [ I I I I
3000 4000 5000 6000 7000 8000 3000 4000 5000 6000 7000 8000
Time (GPS seconds) Time (seconds GPS)
Session 3b, ecercise 2e: Cycle-slip detection with LI-PI, PRN 18 Session 3b, exercise 2c: Cycle-slip detection with LC-PC, PRN 18
0 T T T BD T T T T
LI-P I (without cycle-slip) & LC-PC (without cycle-slip) <
LI-PI (with cycle-slip) LC-PC (with cycle-slip)
A0F LI - I I ) LC - I C
50 —
20 7 @ ®
—_ a0 k- A ot . .
N 8 R N A o g teTlerd
o E‘ e o® e -c.loo o” “%ooo AR
+ + Lt 3 + “
30 o . o e, 6% 06&0 e 7o e e A oY %&g& S '90 %wfwe e 3y o4 00 Q>o<><2><se> ° bR, o -‘;f%&gzgfq’
<§0¢OQC’ é‘-’@@ ,.0-&0_(%- o e oo-oé)q% o 00 @ P 5 B ¢ @ Co LS o @ e
0 %5 ®0% dfe?  Teletmp o HY oia6 @ e 02 oy 68 U : s @ ¢ o o Yo o® ° o
¢ e ® % “e 07T % e Q9T Toedd @0 ot 30 | LIS EX T . ° ° ¢ o
@ °o @ & @ Q>° os =S o ¢ & © ] & o
° * & @
40 e N 7 -
20 + E
50 b .
-BO L L ! 10 I I I I
3000 4000 5000 6000 7000 8000 3000 4000 5000 6000 7000 8000
Time (seconds GPS) Time (seconds GPS)
www.gage.upc.edu @ J. Sanz & J.M. Juan



The cycle-slips are detected by the lonospheric combination
(LI L1-L2) and the Melbourne Wubbena (MW_Lw-PN)
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Two independent combinations, LI and Lw, allow to detect
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@ Summary of Cycle-slip detectors

I\f STh:gll\l MEAS Combination Noise (o) A o/
L,-P, |-2-lontK+i,N, O,,.p; ~0p; =30 cm 2,=19.0 cm 1.58
L-P. |kAiyR, O, c.pc = O0pc =2.980, =89 cm Ay=10.7cm | 8.32
L-P, |kA+A,;N,-1,N, O, .p;~0p =N2 0, =42 cm Ay A =54cm | 7.78
L,Py |2yN, O ppy ~Opy = 0p N2 =21 cm Ay~86.2cm | 0.25

L, Ton+k+1,;N,-AyN, |0, =N20,, =3 mm AA=54cm | 0.06
www.gage.upc.edu @ Sanz & I, Juar
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Contents

1. Review of GNSS measurements.

2. Linear combinations of measurements.

3. Carrier cycle-slips detection.
3.1 Cycle-slip Detection Algorithms
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Cycle-slip detector based on carrier phase data:
@ The Geometry-free combination

Input data: Geometry-free combination of carrier phase measurements

L, =L(s;k)—L,(s;k)| |The detection is based on fitting a
Output: [satellite, time, cycle-slip flag]. second order polynomial over a
sliding window of v, samples.

For each epoch (k) The predicted value is compared with
For each tracked satellite (s) the observed one to detect cycle-slip.

e Declare cycle slip when data gap greater than tola;.'°

e Fit a second-degree polynomial P(S;K) to the previous val-
ues (after the last cycle-slip) [L, (s;k—N,),....L,(s;k— 1)] .

e Compare the measured L, (s;k) and the predicted value
p(S ;k) at epoch k. If the discrepancy exceeds a given

. clare cvcle slip, That is
if L, (s:/) — p(s: Jo)| > threshold then cycle slip. |

e Reset algorithm after cycle slip.

End LI (5:k)

+
e /‘%”—’—4 [ step

+
www.gage.upc.edu
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Under not disturbed ionospheric conditions,
the geometry-free combination performs as a
very precise and smooth test signal,
driven by the ionospheric refraction.

Although, for instance, the jump produced by
a simultaneous one-cycle slip in both signals
is smaller in this combination than in the
original signals (1,-4,=5.4cm), it can provide
reliable detection even for small jumps

www.gage.upc.edu
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data: The Melbourne-Wibbena combination

Input data: Melbourne-Wibbena combination BW — LW _PN — AWNW e

Output: [satellite (PRN), time, cycle-slip flag]

@ Cycle-slip detector based on code and carrier phase

The detection is based on real-time
computation of mean (m,) and sigma (Szy)
For each tracked satellite (s) | Values of the measurement test data Bw.

For each epoch (k)

e Declare cycle-slip when data hole greater than tola; (e.g., 60 s).

e If no data hole larger than tola:, thence:

e Compare the measurement By (s; k) at the epoch k with the
mean bias mp,, (s: & — 1) computed from the previous values.
If the discrepancy is over a threshod = Kqei0r * Spy, (€8,
Ktoetor = 4), declare cycle-slip. That is:

| 1f |Bw(s:k) — mp, (s:k = 1)| > Kjactor Spy, (s:k — 1), | é\ C}’C'ej“phls
Thence, cycle-slip. < declared when
the measurement

differs form the

e Update the mean and sigma values according to the equations:

k-1 1
mpy (s:k) = mpy (s k—1)+ —Bwi(s: k) mean Yalue by a
L l"" predefined
S%., (sik) = T&‘gw(s:k ~-1) + E(Bi.p-(.s-: k) — mp, (s: k — 1))°| number of
(4.24) | standard
Note the Sg,,. is initialised with an a priori Sp = Ay/2. deviations (Sgy)
B End
J.M. Juan
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metres

Session A.1, Ex10c: MW CS PRNO3
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Exercises:

1) Show that AN, =9 and AN, =7
produces jumps of few millimetres in the geometry-free combination.

2) Show that no jump happens in the geometry-free combination when
AN,/ AN, =77/ 60. In particular when AN,=77 and AN,=60 the
jump in the wide-lane combination is: /174,, = 15m

Hint: Consider the following relationships (from [RD-1]):

The effect of a jump in the integer ambiguities in terms of ANy, ANs
and Nw is given next:

AP . AP, A®_ variations

ﬂ(I?u. = )\11-',ﬂ_nvr11-' = /\1_1-' {ANI — .-'3._-"\-'_2}

(4.20)
;ﬂ‘I’! = MAN; — ANy = {/\Q — }\1) AN; + Ao ANw
AD, = Ay (AEAN - 3EAN, ) = Ay (AN + 3= ANy )
www.gage.upc.edu @ J. Sanz & J.M. Juan
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Example of Single frequency Cycle-slip detector

Input data: Code pseudorange (R) and carrier phase (L) measurements.

Output: [satellite (PRN), time, cycle-slip flag]

For each epoch (k)

For each tracked satellite (s)

o Declare cycle-slip when data hole greater than tola;**
¢ If no data hole larger than tola;, thence:

e Update an array with the last N differences of

d(s:k) = L (s:k)— P (s:k)
Thatis: [d{s:k = N)..... dis:k —1)]

e Compute the mean and sigma discrepancy over the previous N
samples [k — N,... . k—1]:

Zd(e k—1)
Zd2(9 k—1)

Sa(sik—1) =/ mdz(s, k—1)—mi(s:k—1)

mg(s k—1)

4.27
mgz(sik — 1) ( )

e Compare the difference at the epoch & with the mean value of
differences computed over the previous N samples window. If
the value is over a threshod = ny = Sy (e.g., ny = 5), declare

cycle-slip®.

+ je-
If ld(s;k) —mg(s;k —1)| >nr Sa(sk—1),
Thence, cycle-slip.

End
End

The detection is based on
real-time computation of
mean and sigma values of
the differences (d=L ,-P,) of
the code pseudorange and
carrier over a sliding window
of V samples (e.g. N=100).

A cycle-slip is declared when
a measurement differs from
the mean bias value over a
predefined threshold.

. : : H : : L1-C1 neasured |||
© L1-Cl predicted ||+
T o e e R P .
38 -

IF

36 -

35

34

33

82 [ S e ------------- s ------------- ------------- -------------------

45728 45748 45760 45780 45880 45820 45840 45860



Sessmn A. 1 Ex9b L1-C1 CS PRNOB

| Cycle-slip detection

° o L1C1
+ L1C1 Mean

—— Threshold

0

17000
time (s)

- | L i
1?000 14000 15000 16000

More details, exercises and examples
of software code implementation of
these detectors can be found in

[RD-1] and [RD-2].

i
18000

| i
19000 20000 21000

This detector is affected by the
code pseudorange noise and
multipath as well as the
divergence of the ionosphere.

Higher sampling rate improves
detection performance, but
smalest jumps can still escape
from this detector.

On the other hand, a minimum
number of samples is needed
for filter initialization in order to
ensure a reliable value of sigma
for the detection threshold

Session 3b, exe 2b Cycle-slip detectio nwwth L1-P1, PRI\HB
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Contents

Review of GNSS measurements.
Linear combinations of measurements.
Carrier cycle-slips detection.

o h e

Code Multipath.

Carrier smoothing of code pseudorange.
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@ Carrier smoothing of code pseudorange

The noisy (but unambiguous) code pseudorange can be smoothed with
the precise (but ambiguous) carrier. A simple algorithm is given next:

Hatch filter:

n—1

P(k) = %P(k) + (ﬁ(k — D)+ L(k)— L(k —1))

n
where P(1) = P(1) and
n=k;, k<N
n=N; k=N

This algorithm can be interpreted as a real-time alignment of the
carrier phase with the code measurement:

P(k) = %P(k) +”—_1(f>(k 1)+ L(k)— L(k - 1)) =L(k)+(P-L)

n (k)

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



Session 3a, exercise 5b: lonospheric Combinations {Code and Phase) for PRN 15

12 | | I | ] I |
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LIPRN 15 +

10 F
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o

-8
10000 16000 20000 25000 30000 35000 40000 45000 50000
Time (Seconds GPS)

This algorithm can be interpreted as a real-time alignment of the
carrier phase with the code measurement:

P =~ PO+ (PO~ 1)+ LK) - Lk =) = LK) 4 (P L),

www.gage.upc.edu @ J. Sanz & J.M. Juan
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Hatch filter: Carrier-smoothed code. N=100 epochs

IHaw coce "
Smoothed code

10 _: ZOOM Carrier phase i

metres

el I g ¢

_1|:| 1 1 ] ] 1 1
15000 20000 25000 20000 35000 40000 45000

time (=)

n—1

Pk) = %P(k)+ (ﬁ(k—1)+L(k)—L(k—1)) = L(k)+(P-L),,
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Hatch filter: Carrier-smoothed code. N=100 epochs

I I I I I I R EDHE ]
. Smoothed code ——
10 L . Carrier phase —— |
5 =
m
i}
[
=
Jul]
= 0k
-5 or . 4
_1|:| 1 1 1 1 1 1 1
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time (=)

n—1

Pk) = %P(k)+ (ﬁ(k—l) +L(k)—L(k—1)) = L(k)+(P-L),,

n
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@ Code-carrier divergence: SF smoother

Time varying ionosphere induces a bias in the single frequency (SF)
smoothed code when it is averaged in the smoothing filter (Hatch filter).

Let: Where £ includes all non dispersive terms (geometric range,
R =p+ ]1 + g, clock offsets, troposphere) and I, represents the frequency
dependent terms (ionosphere and DCBs). B, is the carrier
L1 =p -1 T B1 + ¢, ambiguity, which is constant along continuous carrier phase

arcs and ¢,,6; account for code and carrier multipath and
thermal noise.

thence,
B-L =2I-B+¢ = 2I : Code-carrier divergence

Substituting P -L, in Hatch filter equation

PR = L) +(P=L),, = p(0)=1,(0)+ B +(21, =B}, =

:p(k)+11(k)+2(< D - z(k)) :>P p+1, +bias, +v,
bias,
where, being the ambiguity term B, a constant bias,
thence <31 >(k) ~ B, and cancels in the previous expression.

www.gage.upc.edu

where v, is the noise term
after smoothing.
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meters
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PRNO3: C1 3600s smoothing and divergence of ionosphere
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Ml -....m.l.]nmu‘ml,lililﬂlllIﬂﬂllli!x‘hlmmmm

Nl I‘nwr‘I ‘ i 'l|1|||r|'|

meters

| | | |
35000 36000 37000 38000 39000 40000
time (s)
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e Halloween storm

Data File: amc23030.030 1Hz

PRN13, C1 100s smoothing and divergence of ionosphere 120 STEC PRN13 (shlfted)
T T T T ! :
al : | — ciraw | — 1546*(L1 L2)
~— C1 SF smoothed -
~— C1 DFree smoothed 100 S I E‘

o]
o

meters of L1 delay
o)
o=

40
—4 -
—6L- 20 - .
-8 I I | | 0 1 1 | |
60000 65000 70000 75000 60000 65000 70000 75000
time (s) time (s)

N=100 (i.e. filter smoothing time constant r=100 sec).
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Halloween storm

11/20/2003, 20:15:00UT

14
12

- 10

Vertical lonospheric Delay in m

-100 -95 -90 -85 -80 =75 =70 -65

Fig. 2 Map of equivalent vertical ionospheric delay over eastern
United States on 20 Nov. 2003 at 20:15 UT.

[*] Ionospheric Threat Parameterization for Local Area Global-Positioning-
System-Based Aircraft Landing Systems, Datta-Barua et al, Journal of Aircraft
Vol. 47, No. 4, July—August 2010, DOI: 10.2514/1.46719



@ Carrier-smoothed pseudorange: DFree

Divergence-Free (Dfree) smoother:

With two frequency carrier measurements a combination of carriers
with the same ionospheric delay (the same sign) as the code can be
generated:

2
a = 2f2 = L 1545
fi=fn r-1

(%)
7=\ 60
This smoothed code is immune to temporal
h=p+l+¢ gradients (unlike the SF smoother), being
I —pi] +B 1 the same ionospheric delay as in the
Lor = P T4 T BLpr T 61 original raw code (i.e. I,). Nevertheless, as
it is still affected by the ionosphere, its
spatial decorrelation must be taken into
account in differential positioning.
I _LI,DF = BI,DF T ?

N

= No Code-carrier divergence! =1 . = p+1, + U,

LI,DF =L, +2¢, (Ll _Lz) =p+1 +BI,DF T CLpF

With this new combination we have:

Thence,
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PRNO3: C1 3600s smoothing and divergence of ionosphere

| | — C1l Raw
4_ —— C1 SF smoothed {35001 B
: | = C1 DFree smoothed (3600)

[

Ml -....m.l.]nmu‘ml,lililﬂlllIﬂﬂllli!x‘hlmmmm

Nl I‘nwr‘I ‘ i 'l|1|||r|'|

meters

| | | |
35000 36000 37000 38000 39000 40000
time (s)
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@ Carrier-smoothed pseudorange: IFree

Ionosphere-Free (Ifree) smoother:

Using both code and carrier dual-frequency measurements, it is possible
to remove the frequency dependent effects using the ionosphere-free
combination of code and carriers (PC and LC). Thence:

P = + & 2
L . B IFree — ~C — 1 ’ [Free — —C — 1 /4 60
c=PTDb TU 4 4
2
Thence, -, - y +10p 3o,
A ¢ }/_1 ] 1

B—L.=B.+¢&p =

})IFree PC — IO + UIF ree

This smoothed is based on the ionosphere-free combination of
measurements, and therefore it is unaffected by either the spatial and
temporal inospheric gradients, but has the disadvantage that the noise
is amplified by a factor 3 (using the legacy GPS signals).
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meters

Vertical range: [-5 : 5]

PRNO3: C1 3600s smoothing and divergence of ionosphere

Vertical range: [-15:15]

lonosphere-Free combination smoothing: 3600 seconds

— C1 Raw : IFree raw
ar ~—— (C1 SF smoothed (3600) 1 +— |Free smth (3600s)
«— C1 DFree smoothed (3600) 10_ o
l II | |___ sl .........................................................................................
| o
0 e % 0 p; ........................................................................
E |
_5 NN, SR || R PR I A LA . . OB N W N BN SN BN A RN B N R R PRI A B R
_2 L -
-10}- _
_4 e S [ | .
35000 36000 37000 38000 39000 40000 35000 36000 37000 38000 39000 40000
time (s) time (s)
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~

Ci L1

PRNO3: C1 100s smoothing and divergence of ionosphere

; — C1Rr
" N — 100 = a Slf\:moothed (100s)

~—— C1 DFree smoothed (100s)

2} 3 : :
5 Tl [ [ \"J | i‘_' l.tll‘ i’
““‘ il ' S il
E | ‘ i ‘ H HH' l‘r ll', 1A
35000 36600 37600 38600 39600 40000
time (s)
o STEC PRNO3 (shifted)
| — 1546 (L1-L2)
>
o
[7)
el
—
e
\52.0* - - -
@
[
T
£
%QOOO 35600 37600 38600 39600 4000(

time (s)

PC, LC

lonosphere-Free combination smoothing: 100 seconds

: IFree raw
— B B
N — 100 | ~— |IFree smth (100s)

meters

—-10} - o L . U R .. i . o . I

— i i i i
§§000 36000 37000 38000 39000 40000
time (s)

Exercise:

Justify that the ionosphere-free
combination (PC) is (obviously) not
affected by the code-carrier
divergence, but it is 3 times noisier.

www.gage.upc.edu

@ J. Sanz & J.M. Juan



Ci L1

PRNO3: C1 360s smoothing and divergence of ionosphere

PC, LC

lonosphere-Free combination smoothing: 360 seconds

— C1Raw ; IFree raw
4 N=360 “le—s C1 SF smoothed (360) [ N =360 ‘ ~— IFree smth (360s)
‘ .| = C1 DFree smoothed (360) e I I NN | 1 B T N T
2 ERE . 1 il 8 sl 1
o { | i ‘ ] l 1 ] @
5, INULLIRLI UG WL LAYl LA L) g
L1 i :
75, ,,,,,,,,,,,,, 4
72, L P - . HE - 4
_10_ -
35000 36000 37000 38000 39000 20000 ~15000 36000 37000 38000 39000 40000
time (s) time (s)
15 lonosphere-Free combination smoothing: 100 seconds
PRNO3: C1 100s smoothing and divergence of ionosphere ! ‘ . ‘
: : T . ; IFree raw
| - | — ClRaw : : ~—— |Free smth (100s)
N — 100 . | = C1 DFree smoothed (100s) N — 100 ; i ;
‘ ‘ ‘ 5 ‘ "
" ; . [
j APl | [ N g
] il | | |
E r It
75, ,,,,,, 4
_2 -
—4 | 1 : :
‘ ‘ ‘ ~15000 36000 37000 ] 38000 32000 40000
35000 36000 37000 39000 40000 time (s)
time (s)
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Ci L1

PRNO3: C1 3600s smoothi

ng and divergence of ionosphere

— C1 Raw

~—— C1 SF smoothed (3600) i

~—= C1 DFree smoothed (3600)

M TV

PC,

LC

Ionosphere Free comblnatlon smoothlng 3600 seconds

10

N= 3600

—

IFree raw

IFree smth (3600s)

E w
g FIRN . . O
E £
i ﬂ | SECY i SEISIARES DNEE RN N B SRS EER AR T RIRIAE BT SRR B 5N PR SRS | TR
-10} |
35000 36000 37000 38000 39000 20000 33000 36000 37000 38000 35000 20000
time (s) time (s)
PRNO3: C1 360s smoothing and divergence of ionosphere 15, 1onosphere-Free combination smoothing: 360 seconds
— C1 Raw : ‘ IFree raw
al- N=360 . €1 SF smoothed (360) N — 360 ‘ +~— IFree smth (360s)
. A f | |
o "HHHHJ L g
% 0 i ot 7 ~-‘_.||||I 101 e \ | Ll JATHA ; “ o
g ‘\ LinkuN Mw l ’“l VT £
‘ Sl |
72 - HE - - . L. 4
-10} )
35000 26000 000 25000 <5300 15000 ~35000 36000 37000 38000 39000 40000
time (s) time (s)
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e Halloween storm

Data File: amc23030.030 1Hz

PRN13, C1 100s smoothing and divergence of ionosphere 120 STEC PRN13 (shlfted)
T T T T ! :
al ' . | — ClRaw | — 1546*(L1 L2)
~—— C1 SF smoothed -
~— C1 DFree smoothed 100 S I E‘

o]
o

meters of L1 delay
o)
o=

40
—4 -
6L 20 - .
-8 I I | | 0 1 1 | |
60000 65000 70000 75000 60000 65000 70000 75000
time (s) time (s)

N=100 (i.e. filter smoothing time constant r=100 sec).
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Contents

Review of GNSS measurements.
Linear combinations of measurements.
Carrier cycle-slips detection.

A S

Code Multipath.

Carrier smoothing of code pseudorange.
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Multipath

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.

It affects both code and, cartier. phass measur ements and it

IS more important at:low elevation angles e

direct signal

10
8
8
A ar
£
antenna sy
reflected signal =
ground Al
af
6

Antenna image -~

excess path lenght

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

Phase: up to A/4 = up to 5 cm for L1 and L2 [theoretically]
Typically: less than 1 cm
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@ Exercise
Plot code and phase geometry-free combination for satellite PRN 15
of file 97jan09coco_r0.rnx and discuss the results.

15Sesa;ia:nvn 4.1, Ex7a: lonospheric refraction (code/carrier): PRN15
I I I [

+ L1-L2
- P2-P
+ Eley/10 [deg] ||

10

metres of L1-L2 delay

_ | | | | | | |
-118{100 15000 20000 25000 30000 35000 40000 45000 50000
time (s)

Butterfly shape: —
High multipath for low elevation rays (when satellite rises and sets) 73



60 PC code multipath: upc3: PRN20
I I I

— DoY 360
, , : — DoY 361
4[]_ ...................... ...................... .......... — DoY 362 -
5 : - Elev (deg.)
L1 ] e N TT—— ............................................. S _
g 4 b ' "“. ~ " w
O R S —— — T
mMpc—PC—LC __________________________________
_g?{)[]ﬂ 6?1;'{](} 6?«‘-1:[]0' E?EInDU GTEI»UG 68000
time (s)
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PC code multipath: upc3: PRN20
I I

60 ! . .
| — DOY 360 (t)
— DoY 361 (t+236) [
4{]_ ...................... ...................... - DDY 362 (t+4?2} -
’ : -+ Elev (deg.)
ol R — T — T S — _
N '
$ ) ;‘ I rﬂ* |
S oot A ,/ ” faA
VAR YA R 1“ \f"'f \ { ,"f M " \ff“
_2[]_ ........................................... ...................... ............................................ -
ol Mp=rc-Lc |
_89{){}0 GTEiDD 6?:1{[]{] ETEiUU ETE;»UD 68000
time (s)
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Melbourne-Wubbena multipath: htvl: PRNO3
! ! ! ! ! !

— 345 (t)

A Moo =P L | — 346 (t+236) |
_ — 347 (t+472)
6l B S .| — Elev/10 (deg.) |

metres

i i i i i i i i
48{][](] 48000 50000 52000 54000 56000 58000 60000 62000
time (s)
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1.0 |

Melbourne-Wubbena multipath: galb: PRNO3
! ! ! ! ! !

Elev/100 (deq.)

345 (t)
346 (t+236)
347 (t+472)

metres

0.4 |

i i i i i i i i
Dﬂlgﬂ[}ﬂ 48000 50000 52000 54000 56000 58000 0000 2000

time (s)
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___________
-

Diurnal

rotation —
Eaﬁh E
. Aries Point direction
Annual
translation y
Earth el

After one year, the directions of the Sun and Aries coincide again, but
the number of laps relative to the Sun (solar days) is one less than
those relative to Aries (sidereal days).

24h Lo
365.2422

Thus, a sidereal day is shorter than a solar day for about 3™ 56°
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Receiver noise and multipath

Barcelona, Spain: 20055 29

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

20 T T

16

A
o
E o}
-

GPS standalone (C1 code)

-5 0 5 10 15 20

East (meters)

10,000 €

www.gage.upc.edu
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Receiver noise and multipath

Barcelona, Spain: 20055 29 Receiver: Trimble Lassen SK-II, Antenna: Compact Magnetic-Mourt
ED | | | | I 1 ]

Same environment!
15 | -

10

Morth (meters)
=
I

-5 0 5 10 15 20
East (meters)

GPS standalone (C1 code) 100 €
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Rewriting GNSS equations:

Combinations of Measurements
Written in a Closed Form

See more details in
J. Sanz Subirana, J.M. Juan Zornoza, M. Hernandez-Pajares, GNSS Data processing.
Volume 1: Fundamentals and Algorithms. ESA TM-23/1. ESA Communications, 2013.
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Rp; = ¢ [treo(T2) — t°*(T1))]

Notation in book

P> Ry OrR
L> d, ord

Rp, = ptc(dt e — dtmt)—kTr—l—ﬂf STEC+Kp; rev Ksat—l—Mpf +ep,

(I) = p+ C(d Tev T dtsm) +Tr — o STEC + E"‘[’J" rev

— ki + ALy NL; + AL, w+mp, +€p,

4.1.1.1 Clock Redefinition and Differential Code Biases

By defining a new clock 4t as

fTKi — 5K,
-1

cot = cdt + Koy, where Ko, =

it is not difficult to find that

cdt + K1 = e¢dt + a1 (Ko — Ky)
cedt + Ko = ¢t + aa(Ka — K;)

with 1 TECU= 10'%e~ /m?

i _ 40.3
“ (i=1,2) and a; = —-10"%m

f‘z delay (sjgnal &g J

;=

/TECU
g — o

lonosphere-free comb.

R = fiz Rl o f}? Ri
S
o 0 e,
TR
f{i = i[{i,rcu — I{faf
kt' — ki,rcv — kfat
Koy = Ko — Ky

Both, Ionosphere and Code-Instrumental-Delay, will cancel in the Iono.-Free combination!
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Rp, = ¢ (trew(T2) — t5%(Ty)] = L L

Notation in book

P> Ry OrR
L> O, o0ord

Rp, = p+e(dtyey—dt*™)+Tr+oy STEC+Kp, ro—KFi+Mp,+z,,

‘I’Lf — P"‘C(dtrcv . dtsa::) +Tr — af STEC + L:Lf’?,w — kff;t—l- )\Lf *"\"TLJ; -+ }‘LI w + -m.Lf + -":'LJF

I = (as —a1)STEC =

1213

STEC = _/NE dl

R, = p+c(0trey — 6t°%) + Tr + a;(I + K1) + M + ¢
(IJi = p—I—C(@me—ﬁfmt)—I—T-?“—di(I—I—I{gl}—l—bg—l—}tf N;+ X w+m;+€;

with

a;

=1.2
(¥o — (¥ (? ' }

40.3
10 1o M gelay

ﬁrld by = fz ¥ (signal tI’-f?L:I
1

/TECU

Ii.:-?_ = I{rﬂf??'cv - i.:-faf

— sat
k? p— kijrcu - L,fﬂr

Koy = Ko — K4

www.gage.upc.edu
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Input measurements . and ®. (i =1, 2)

R. = p + ¢(0tpey — 5t°°) —|—Tr—|—r:rt{f-l—ffgl) + M; + &;
O = p+c(dtre —éfﬁat]—l—T?“—CEE(f—l—ffg])—l—B 1+ \Nw+m; 4 €;

where the ambiguity B; is given by

B; =b; + ANy, Ai=c¢/fi, ar =1/(75 — 1), ag =7,00 =1+ @y,
T2 = {flffijz

with the bias b; a real number and N; an integer ambiguity.

NDtE thﬁt J.[{-:E]_ — E]_ ']"":'il__ J.[{-‘Sﬂt:, b'i — bi_.rc-;l__l - bfﬂt.

. . Both, Iono. and Code-Instrum.-delay,
Ionosphere-free combination: cancel in the Iono-Free combination.

R, = p+e(dtpey — 05 + Tr + Mc + 2¢
b, =p+e(dt,e, — 0t°) +Tr + Be + Ayw + me + €c

where the bias B¢ is given by The frequency dependent terms

B =bo + Ay ( '\al (,\w f.f)\g) Nw ) Iono. and Code-Instrum.-Delay
) ) I + K| appear always together

with a frequency dependent coef.
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Geometrv-free combination:

R, —-I-Ierl:rl-MI
@I_EI+B’915—|—B;+(A1

A2)w + my + €]

where the bias By is given by
Br=by+A Ny — XNy

The frequency dependent terms
Iono. and Code-Instrum.-Delay

I + K| appear always together
with a frequency dependent coef.

Wide-lane (phase) and 1larr{:nw—lane ( Cnde) combinations:

Ry = p+ c(0tyey — 0t°9) + Tr +idw (I + Ko1)i+ My +en
— 6t°") + Tr +aw (I + Ko1 )+ Bw + mw + ew

®.. = p+ c(dtrey

where the bias By is given by
Bw = bw + Aw Nn

f\irw = ;'\"r]_ — ;'\'1—2._.
Aw = c/(fi — f2),

AN =c¢/(f1+ f2),

aw = Vo ag = fifs/(fE — f2) = Vel (Ve — 1), 72 = (f1/f2)*
bw = (fibi — fab2)/(f1 — f2), be = (fibr — f3b2)/ (T — [3),
by =by — by, by —bo = aw by,

www.gage.upc.edu
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Other combinations involving code and phase measurements:

The Melbourne—Wiibbena combination
® . — R, =bw +AwNw + Muw +cuw

The GRAPHIC (Group and Phase lonospheric Calibration) combination
(R, +®,) =p+c(0trey — 6°) + Tr + 2B, + shiw + M, + =,

Definitions and relationships (where (-) = (+)y,,):

;"Vrﬁ_r' = i\'rl - i\'rg,

AMw =c/(f1 = f2), AN =¢/(f1+ f2),

aw = Vo ag = fifa/(ff — f3) = Vin/ (e — 1), M2 = (f1/f2)%
bw = (fib1 — fabo)/(f1 — f2), bc = (fibr — f3b2)/(ff — f3).

by = by — by, by —be = aw by,

the same expressions for By as for by. (4.19)

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

89



@ GMSS_Data_processing_coursel.png | gAGE : Advanced GNSS Research and Innovative Applications - Mozilla Firefox

E=5[Eol F5)
File Edit View Histery Boockmarks Tools Help
|@GNSS_Data_processing_coursd.png | gA...l 55 |
(— www.gage.es/drupalt/ content/gnssdataprocessingcoursel png P 4+ #
) -
&Y LY NS —=

Personnel
Permanent Staff

Researchers

Former Researchers

Publications

GNSS_Data_processing_course1.png

@

GNSS Data Processing

@

GNSS Data Processing

The Learning material
is composed by a
collection of slides for

About us

GAGE is a Consor

gAGE/UPC Resea

UPC and the

OAGE-NAV, S.L.

gAGE Brochure

Theor Laboratory Theo.ry & Laboratory
Peer Reviewed Papers y exercises.
Meeting proceedings Shortcuts E
Posters i . R LR A book on GNSS Data
B/ e EARE . 60U ntEp: / fwwii. gage . edu

PhD Disertations

Learning Material
Library

Software Tools

o e GED S Prosmann coe

Processing is given as
complementary
material.

gLAB Tool Suite
gAGE Products
Useful GNSS links

GNSS Course and

associated Tutorials
MasterMast

gAGE upload file facility

. e |
Projects [ |
gAGE/UPC — : User login
QAGE-NAV, 5.L. Username:
jaume.sanz
Patents
Password:
Topics and description sensssan

Login to post comments

QOriginal

Thumbnail

= Log in using OpenlID

Request new password

Who's online

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

90



T/E-WL

.
o]
F
©n
©n
g
=]
>
o
=
o
o
m
©n
«n
=
=
o
o
e
]
a
o
3
o
2
B
“w
[}
3
a
=
a
°
=
=
E3
3
“w

sespiex3 Aiojeloge]  ONTSSII0Ud ﬁw‘gsnéw

2 GNSS DATA PROCESSING 2 GNSS DATA PROCESSING

Volume 1: Fundamentals and Algorithms Volume 2: Laboratory Exercises

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

GNSS Data Processing, Vol. 1: Fundamentals and Algorithms.
GNSS Data Processing, Vol. 2: Laboratory exercises.

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

91



	Número de diapositiva 1
	Contents
	GPS SIGNAL STRUCTURE
	GPS Code Pseudorange Measurements
	GPS Carrier Phase Measurements
	Número de diapositiva 7
	Número de diapositiva 8
	  Code and Carrier Phase measurements
	GPS measurements: Code and Carrier Phase
	Número de diapositiva 11
	Número de diapositiva 12
	Número de diapositiva 13
	Número de diapositiva 14
	Número de diapositiva 15
	Número de diapositiva 16
	Número de diapositiva 17
	Número de diapositiva 18
	Número de diapositiva 19
	Número de diapositiva 20
	Número de diapositiva 21
	Contents
	Número de diapositiva 23
	Número de diapositiva 24
	Número de diapositiva 25
	Número de diapositiva 26
	Número de diapositiva 27
	Número de diapositiva 28
	Número de diapositiva 29
	Número de diapositiva 30
	Número de diapositiva 31
	Contents
	Número de diapositiva 33
	Número de diapositiva 34
	Número de diapositiva 35
	Número de diapositiva 36
	Número de diapositiva 37
	Número de diapositiva 38
	Número de diapositiva 39
	Número de diapositiva 40
	Número de diapositiva 41
	Número de diapositiva 42
	Número de diapositiva 43
	Número de diapositiva 44
	Contents
	Número de diapositiva 46
	Número de diapositiva 47
	Número de diapositiva 48
	Número de diapositiva 49
	Número de diapositiva 50
	Número de diapositiva 51
	Número de diapositiva 52
	Contents
	Número de diapositiva 54
	Número de diapositiva 55
	Número de diapositiva 56
	Número de diapositiva 57
	Número de diapositiva 58
	Número de diapositiva 59
	Número de diapositiva 60
	Número de diapositiva 61
	Número de diapositiva 62
	Número de diapositiva 63
	Número de diapositiva 64
	Número de diapositiva 65
	Número de diapositiva 66
	Número de diapositiva 67
	Número de diapositiva 68
	Número de diapositiva 69
	Número de diapositiva 70
	Contents
	Número de diapositiva 72
	Número de diapositiva 73
	Número de diapositiva 74
	Número de diapositiva 75
	Número de diapositiva 76
	Número de diapositiva 77
	Número de diapositiva 78
	Número de diapositiva 79
	Número de diapositiva 80
	References
	Número de diapositiva 82
	Número de diapositiva 83
	Número de diapositiva 84
	Número de diapositiva 85
	Número de diapositiva 86
	Número de diapositiva 87
	Número de diapositiva 88
	Número de diapositiva 89
	Número de diapositiva 90
	Número de diapositiva 91

