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PPP - Models, Algorithms and Implementation

1. 2019-10-04 PPP models
geometric range, ionosphere, troposphere, antenna PCV,
earth tides, wind-up, relativity, biases, coordinates
2. 2019-10-18 PPP algorithms
SPP, LSQ, GN, EKF, noise-model, RAIM/QC, LAPACK/BLAS
3. 2019-11-01 PPP data handling
LC, interpolation, slip detection, RINEX, SP3, ANTEX, RTCM,
CSSR
4. 2019-11-22 PPP-AR
UPD/FCB, EWL/WL/NL, ILS, LAMBDA, TCAR, PAR, validation
5. 2019-12-06 INS integration
INS sensors, Inertial navigation, INS integration
6. 2019-12-20 POD of satellites

orbit element, orbit model, reduced-dynamic,
ECI-ECEF transformation, precession/nutation, EOP

(1.5 h / session)




PPP Models



Acronyms

C
P
0
D]

: Speed of light (m/s)

: Peudorange measurement (m)

: Carrier phase measurement (cyc)
: Phase-range measurement (m)

: Signal reception time (s)

: Signal transmission time (s)

: Geometric range (m)

: Satellite position in ECEF (m)

: Satellite velocity in ECEF (m)

: Receiver position in ECEF (m)

: LOS vector in ECEF

: LOS vector in local coordinates

: Latitude of receiver position (rad)
: Longitude of receiver position (rad)
: Ellipsoidal height of receiver (m)
: Orthometric height of receiver (m)
: Azimuth angle of satellite (rad)
: Elevation angle of satellite (rad)
: Receiver clock bias (s)

: Satellite clock bias (s)

ZW
m, (EI)

m, (El) :
: ECEF to ECI transformation matrix

: ECEF to local coordinates rotation matrix
: ECEF to satellite body rotation matrix

U
E

T

ES

: lonospheric delay (m)

: Tropospheric delay (m)

: L, carrier frequency (Hz)

: L, carrier wavelength (m)

: Carrier phase bias (m)

: Carrier phase ambiguity (cyc)
: Code measurement error (m)
: Phase measurement error (m)
: Earth rotation velocity (rad/s)
: Zenith total delay (m)

: Zenith hydrostatic delay (m)

: Zenith wet delay (m)

: Hydrostatic mapping function

Wet mapping function

R (0) : Coordinates rotation matrix around X
R () : Coordinates rotation matrix around Y
R,(0) : Coordinates rotation matrix around Z



Typical Accuracy of PPP

1 Hz Kinematic PPP
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Coordinate Systems

* ECEF (earth-centered earth-fixed)

ITRF

WGS84 (GPS)
PZ90.14 (GLONASS)
JGS (QZSS)

JGD (Japan, GSI) ...

* Latitude, Longitude and Height

Latitude: geodetic, geocentric

— Height: orthometric, ellipsoidal

* ECI (earth-centered inertial)

— J2000.0 (equatorial coordinate system)
— ICRF (international celestial reference frame)

Reference
Pole

Reference
meridian

<

A
z Cen

ECEF Definitions

Mass
ter of the
Earth




ITRF

* International Terrestrial Reference Frame
— A "Realization" of ITRS developed and maintained by IERS
— GNSS, VLBI, SLR, DORIS site position/velocity, EOP, PSD (SINEX)
— ITRF2014, ITRF2008, ITRF2005, ITRF2000, ITRF97, ITRF96, ...

VLBI: Very Long Baseline Interferometry ITRS: International Terrestrial Reference System

SLR: Satellite Laser Ranging IERS: International Earth Rotation Service
DORIS: Doppler Orbit determination and Radiopositioning Integrated on Satellite

ITRF2014 sites

JcVLBI #SLR «GNSS ODORIS o8 e meon 20n 300

Z.Altamimi et al., ITRF2014: A new release of the International Terrestrial Reference
Frame modeling nonlinear station motion, JGR Solid Earth, 2016



Coordinates Transformation

Helmert Transformation (A to B)

-T,, T,, T; : Translation along coordinate axis
-D : Scale factor
-R,, R,, R;: Rotation around coordinate axis
Frame T1 T2 T3 D R1 R2 R3
A B (mm) (mm) (mm) (109) (mas) (mas) (mas)
1.6 1.9 2.4 -0.02 0.000 0.000 0.000
ITRF2014 ITRF2008
-0.0/y 0.0/y -0.1/y 0.03/y 0.00/y 0.00/y 0.00/y

(Epoch 2010.0)
http://itrf.ensg.ign.fr/ITRF_solutions/2014/tp_14-08.php




Latitude, Longitude and Height

Reference Ellipsoid

A

Z

X-Y plane

GRS80 WGS84
a 6378137 m 6378137 m
f 1/298.257222101 | 1/298.257223563
b 6335439.32708 m | 6335439.32729 m

a :Semi-major axis length (m)

¢ ' : Geocentric latitude
¢ : Geodetic latitude

f :Flattening
) :Longitude
h : Ellipsoidal height

Lat/Lon/Hgt -> ECEF-XYZ
e’ =f(2-f)
a
J1—-¢e?sin’ ¢
X (N +h)cosdcosr
r=|y|=| (N+h)cosdsini
z) | (N1-e*)+h)sind

N =

ECEF-XYZ -> Lat/Lon/Hgt
R=«/X2+y2,¢0 =0

2
tan .
¢,., = arctan Z - ac_ tang,
R R\/l +(1—e”)tan’ ¢,

¢ = lim ¢;
1—>00

A =ATAN2(y,x)

R a
cosd /1—e’sin’ ¢

h




Heights

Hz h - hgeoid (d)a }\‘)
H

: Orthometric height (m) X H Geoid
h : Ellipsoidal height (m)
. . L }hgeoid
hgeoid : Geoid height (m) 1 Reference
Ellipsoid
EGM2008 2.5 Minute Geoid Heights e

45°N

fy’v})yj

5N

40°N

35°N

N ——J— ()
15 20 25 30 35 40 45 50 55

Matars {mj

30°N
& & 130°E 135°E 140°E 145%E

S EGM2008 Geoid @ GSIGEO2011 (Ver.2) Geoid
https://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/ https://www.gsi.go.jp/buturisokuchi/grageo_geoidseika.html
egm08_wgs84.html
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Japanese Geodetic Datum

Tokyo -> JGD2000 -> Displacement of Semi-dynamic
JGD2011 Japanese Island corrections

JGD2011

A

Grid Correction
Parameters

A 4

JGD

Epoch

126" 132" 138" 144°
JGD2011 (GSl) 1997 -> 2009
http://club.informatix.co.jp/?p=998  https://www.gsi.go.jp/sokuchikijun/ https://www.gsi.go.jp/sokuchikijun/
semidyna0l.html semidyna03.html
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Pseudorange

Definition:

The pseudo-range (PR) is the distance from the receiver
antenna to the satellite antenna including receiver and
satellite clock offsets (and other biases, such as
atmospheric delays) (RINEX 2.10)

P’ =ct=c(t, —t°)
(m)

@ At Satellite

Time by Satellite Clock (s)

MWWWMUMMM

t

r Time by Receiver Clock (s)

@ At Receiver

MWWMMWM

S
satellite clock (s)

Signal transmission time by

[ IIU UL IUbut pir oo toruur g

Signal reception time by

r receiver clock (s)
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Geometric Range

Signal Transmitted

——  Signal Transmission Time
t* =1t —P’/c—dT*(t")

p: =|[U(t)r, = U(tH)r’(t%)

pr = | = R (0 (t, —)r’(t")

Signal Received

1 A p; ~Ir, =R, (®,p; / c)r’(t")

Geometric
Range . .
ps ~|r —rs(ts) + (,Oe(X Y Y Xr)
Py ro
ECEF at tf Sagnac Effect Correction

(m)

r=(x,.y,,z) rM=x,y,z")

(1)

(2)

(3)

(4)

13



LOS (Line-of-Sight) Vector

LOS Vector

S rs(ts)_rr ]

~

_ s T
- Erer - (ee’en’eu

l’s(ts)—r > %r,enu
r

—sin\ COSA 0
E =|—-sindcosh —sindsinA cos

coshcosh  cosdsinA  sin

Azimuth and Elevation Angle (rad)

Az =ATAN2(e,.e,

El = arcsin(e,) (0< Az <2m)

ATAN2(y,x) : 2-argument arct:

Note: Standard C function atan2(x, y) raises domain error if x=0.0 and y =0.0
Standard C function asin(x) raises domain error if x<-1.0or x> 1.0

14



lonospheric Delay

lonospheric Delay Model (L-band)

2 X fx

n?=1- - - ~1-X=1-2X

., Y, . Y, ) f (Appleton-Hartree Formula)

20-X-iZ) "\ 41-X-iz)> "

f2 3 40.30N N o2 f  :Carrier frequency (Hz)
n=,l-—=l-—>=1- — fy= |———

f 2f f 4n’g,m, fy :Plasma frequency (Hz)

y N, :Electron density (m3)

I~ j 40'?SN6 dl = 40.30><f120 TEC (m) TEC : Total electron content (TECU)

Electron Density (N_)

1= —
h? 4X10 = 3
E 11§ 3
o 3x10 E_ _E
A £ 3
P = =
‘m 20" =
ar = =
i = E
[ "E -
210 —
k3] = =
m = -
H OB : . . . ; : : , ; =

a 500 1000 1500 200490

Height, km

IRI-2007 model: 2009/7/31 0:00 Tokyo (http://modelweb.gsfc.nasa.gov/models/iri.html)
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Solar Cycle

International Sunspot Number (ISN): 1700-2019

100F o

Sunspot number S,
=
w
o

Q
1700 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980

by SIDC (Solar Influences Data Analysis Center) in Belglum (http://sidc.oma.be)

Solar Cycle Progression: Cycle 25

ISES Solar Cycle Sunspot Number Progression
Observed data through Aug 2019
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Single Layer lono Model

. Satellite
lonospheric Delay
IPP: lonospheric \

. y Pierce Point
s :MTEC ~ L 40.30x10 VTEC(tr’d)pp’;“PP)
Hion {

' £2 cosz' £2

Receiver

(m)

lonosphere

IPP Position

z=mn/2-Fl Earth

\ . | Rgsinz ,
Z =arcesm| ———— (,0=2Z2—Z
Re + Hion

¢, = arcsin(cosasin¢ + sina.cospcos Az)

Mt arcsin( sin a.sin Az) ((¢>70° and tana.cos Az > tan(mt/ 2 — ¢))or

op (¢ <—=70° and — tanacos Az > tan(w/ 2 + )))

pp ) .
sinosin Az

A+ arcsin[ j (otherwise)

pp

17



lonospheric TEC Grid

VTESTEC)

2009/7/318:00  2009/7/3110:00  2009/7/3112:00  2009/7/31 14:00
(IGS TEC Final, GPS Time)

ti =t

VTEC(t,rpp, App) =

(t; <t<ti,, ®=2m/86400)

18



LC (Linear Combination)

LC =a®d, + bd, +cP, + dP, (D, =1,¢;, D, =1,0,)

Lo Coefficients Longth | Effect | Noise
a b C d (cm) wrt L1 (cm)
L1 L1 Carrier-Phase 1 0 0 0 19.0 1.0 0.3
L2 L2 Carrier-Phase 0 1 0 0 24.4 1.6 0.3
LC/L3 lono-Free Phase C, C, 0 0 - 0.0 0.9
LG/L4 Geometry-Free Phase 1 -1 0 0 - 0.6 0.4
WL Wide-Lane Phase Mwe /A FAwL /X O 0 86.2 1.3 1.7
NL Narrow-Lane Phase A /M| A /2 0 0 10.7 1.3 1.7
MW Melbourne-Wibbena | Awp /A [ —Awr /Ayl Axg /A | Mg /A,|  86.2 0.0 21
MP1 L1-Multipath 2C, -1 | -2C, 1 0 - 0.0 30
MP2 L2-Multipath -2C, 2C, -1 0 1 - 0.0 30

C, =7/ (f>=1£,),C, ==/ (£7 =12, Ay =1/ A/ =1/ Ry), Ay =1/ (1/ N +1/2R,)

19




2nd Order lono Effect

P =p+ w +i3 p :Geometric range, clock and troposphere terms
fi f; (m) f, :Gyro-frequency (¥0.59 MHz)
®. =p+AN 40.3xTEC 1 s B, :Amplitude of the earth's magnetic field (T)
Oy :Angle between earth's magnetic field

and direction of signal path (rad)

U’I-LMM—IQ—-MN-FAM
~JQ-—mTIT

Global effect of the 2nd-order iono correction (April, 2002)

S. Kedar et al., The effect of the second order GPS ionospheric correction on receiver positions,

Geophysical Research Letters, 2003
20



Tropospheric Delay

Tropospheric Delay

TS =m, (E)Z, + m,(EDZ,, (1)
m
T = m, (E)Z, + m, (E)(Z,— Z,) (2) (m)
Zenith hydrostatic delay Zenith
L, _ 0.0022768p Delay
" 1-0.00266c0s2¢—2.8x10H

ST
P :Total atmospheric pressure (hPa)

Troposphere Model by Standard Atmosphere

p=1013.25x(1—2.2557 x 10" h)>*>%8

T=15.0-6.5x10"h+273.15

17.15T - 4684.0] iy
T —38.45 100

e= 6.108xexp{



Mapping Function

aX
1+ " b"
m. (El) = Gy

. a «>Dx:Cx : Mapping Function Coefficients
sin(El) + X

sin(El) + b—x
sin(El) +c,

1+

NMF, GMF, VMF1 [1][2][3] (2006/1/1 2007/12/31 TSKB, El= 5deg)

H\dmstanc \hppm! Function : Pes=36.1° 140.1° 67m

Wet \iappm!Funchn Pos=36.1° 140.1° 67m
10.07 ; . . : :
\I\{F — NMF
e Hyd rostatic M s Wet i
VMFI VMF1
10.15 Gl
1083
T 1014} 2
T T
= = 108
= 1013F )
Z Z
B 2 1075
K 1012- L;
E_‘ £ 107
c E
£ 1wt ]
= 1065}
101
106}
10,09 10551
10.08 1 1 L ] : L . . : 105 L 1 1 1 1 1 1 1 1
2006: 200622000, 006320065 20T wa0UFE NS R0 20 18 200, 2006 20062 20064 20066 20068 .00 20072 20074 20076 20078 2008
Wear

[1] A.E.Niell, Global mapping functions for the atmosphere delay at radio wavelength, Journal of Geophysical Research, 1996
[2] J.Boehm, A.Niell, PTregoning and H.Shuh, Global Mapping Function (GMF): A new empirical mapping function base on
numerical weather model data, G/formeophysical Res Lett, 33, L07304, 2006
[3] J.Boehm, R.Heinkelmann and H.Schuh, Short note: A global model of pressure and temperature for geodetic applications,
Journal of Geodesy, 2007



Tropospheric Gradient

Eastim)

North (1m)

Up(m)

Tropospheric delay with Horizontal Gradient

T; = m, (E)) Z,+ m,, (E) Z, + m, (ED)( G cos(Az) + G sin(Az)) (m)

m, (El) =1/ (sin EltanEl+ 0.0032) : Gradient mapping function (Chen and Herring, 1997)
Gy,Gg : North/East Gradient Parameters

PPP Solutions PPP Solutions
with Gradient Estimation without Gradient Estimation

Receiver Position TSKB : 2007/01/01 00:00:00-2007/12/31 00:00:00 <= Receiver Position TSKB - 2007/01/01 12:00:00-2007/12/31 12:00:00 <[]
0.05 0.03
oo T v T T T T U T T T REF:IGS05 MEAN: -0:0013m RMSI0.0044m oo b or b T REF: 16305 MEAN: -0{0015m BMS: 0.0047m

East (m)
=

Py A T T T O A _8_35iiiiiiiiiiiiiiiiiiiiii
T T T T T T T 1 7 T T T | o My Ooocdmrbsloodord T T T T T T T T T 7 11 ] derios yeah donfafsiood

Marth (m)

S O O O
i HEF.IGSDS NEAN: 0:0078m RMS; 0.0097m

N T O O I
© HEF: iGS03 MEAN: 0:0070m RMS10.0095m

Upim)

(R ) T T T I Y N I N
0T 07312 071511 07/6730 0718129 07110128 071227 07312 071311 07630 07/3/20 07110128 071227

2007/1/1-12/31, 24H-Static PPP, TSKB

£ YT YT Y Y Y Y Y Y Y N Y




Empirical Tropospheric Model

Model ZTD Bias and RMS error (cm) (2012)

mean bias mean standard deviation
RTCA-MOPS (1999) -2.50 cm 4.55cm [1]
ESA (Martellucci 2012) 0.83 cm 3.82cm [2]
GPT2 (Lagler et al. 2013) -0.28 cm 3.79cm [3]
GPT2w (Bohm et al. 2014) -0.02cm 3.61cm

90E__ 180°E
A

GPT2w
ZTD Bias
and RMS
error (cm)

J. Bohm et al., Development of an improved empirical model for slant delays in the troposphere (GPT2w), GPS
Solutions, 2015

[1] RTCA/DO-229, Minimum operational standards for global positioning system/wide area augmentation system
airborne equipment. 1999
[2] A. Martellucci, Galileo reference troposphere model for the user receiver. ESA-APPNG-REF/00621-AM v2.7,
2012

[3] K. Lagler et al., GPT2: empirical slant delay model for radio space geodetic techniques. Geophys Res Lett, 2013
24



Satellite Attitude Model

Nominal Yaw Attitude Model orbit plane

E=(e.e;e))

), ) ()
z s¥sun
r’(t%) r,, (t)—r’t%)
s e xe . o o midnight satellite
e, =7 r,e = e xe
eZ ><e’SLlI'l

L (t) @ Sun position in ECEF (m)

B : Beta angle of orbit plane (rad)
H : Orbit angle from midnight (rad)
vy : Yaw angle of satellite attitude (rad)
* Some satellites take opposite direction of Y-axis /2\ earth

25



Yaw Attitude of Eclipsing Satellites

beta=-5deg

beta=-1deg

beta=-0.1deg

be‘étaf=+0. 1d_i|eg

beta=+1deg
| |

y-angle (deg]

~ GPS Block IIR

uuuuuu

J.Kouba, A simplified yaw-attitude model for eclipsing GPS satellites, GPS Solutions, 2009

-9.96° < B<-9.91° -1.90° < P <-184° -0.28° ¢ <-0.23" ds 114" <P < L18° 0.73°<B<0.78° 0.33"<p<0.37"
225 — T e — _ . —

. 180 - L s L 0 -...m-,:‘

E 135‘—\\“ E 454t ')'.‘ o - \{ - - -45 4 —t—

E 004 i SRR, | % -90 ‘1 ; -90 o LY -90 . ,

5 B % A\ |

< | T -1354-- [, 7 9 E STE 71 DU R . W S - [+ DO RO . RS

z 45 - * i 5 \ 5

04- -180 i Fhai, -180 S R Bae -180 e et e
-225, -2 ) } -2 -

S e 16z 188 174 180 196 132 138 SeTT8 1 180 1% 192 138 %8z 18 1r 180 1% 192 198

-4 0 16 24
p-angle [deg]

16 -8 0o 6 16
p-angle [deg]

ENN B 2
p-angle [deg]

p-angle [deg]

GPS Block IIF

F. Dilssner, GPS IIF-1 satellite antenna phase center and attitude modeling, Inside GNSS, 2010

u-angle [deg]

p-angle [deg]

u-angle [deg]

p-angle [deg]

-12.19" < P < -12.13" -5.40% < e =534 -0.08° < < -0.02° 0.18° <P < 0.20° 0.66° < i < 0.69" 1.62° < fe 165
225 - 225 4 225 - 45 45 45
Umbra Umibra Umbra
180 180 180 0 0 0
135 = g s e T s a A T - N ¥ S
E g i g i 4 X g & -
80 T -E, 90 ‘ 5 -E. 90 % 90 3 -§ -90 -§ -90
*‘ @ o o et @
45 L 4 s 5 as - L =135 Y 4 -135 ~
o 0 0 80 -180 | 180 *Iﬂ-
|
~45 -46 45 25 -225 ' -225 —
24160 0 & 192 2419 £ 0 8 16 2 -9 -5 0 8 162 171 174 177 180 183 186 189 171 174 177 180 183 186 189 171 174 177 180 183 186 189
pu-angle [deg] p-angle [deg] p-angle [deg]

p-angle [deg]

GLONASS-M
F. Dilssner, The GLONASS-M satellite yaw-attitude model, Advances in Space Research, 2010
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Antenna Phase Center 1

Receiver Antenna Phase Center
Corrections

dr,ant = _dr,pcoTei,enu + dr,pcv (ELAZ) (m)
Satellite

Antenna A . ;

Phase

Center dr’PCV

(APC)

dr,pco

Antenna : Antenna Phase
Reference Center Offset (m)
Point (ARP)

v l»z—(y)
777777777777777777
y (N)$x (E)

d, ,cv: Antenna Phase Center Variation (PCV)

Choke-Ring Type Zero-Offset Type

Antenns Phase Center Offset Variation - AGADM_T(L1)

Offet; = 006 M= 001 U= 12,01 em ] 97 Offser: E= 001 N 0.00 U= 81 em (]

=4

2 4 L] 1 2 3 3 2 3

IGS Absolute Antenna Model (IGS05.PCV)




An

tenna Phase Center 2

Satellite Antenna Phase Center Corrections

dS

Satellite
Position in
ECEF (CoM)
sT gs T S s
ant — (E dpco) e + dpcv (O(,)
ey
ST s ¢s
0L = arccos & Sr (St ) T
r () Antenna z
Phase Center —____ ds
(APC) pee
di., :Antenna Phase Center Offset (m) &
d,., :Antenna Phase Center Variation (PCV) (m) Receiver
a : Off-nadir Angle (rad) /Ea—‘rim\
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Site Displacement

drtide = ErT (d Fsolid (trﬁrr) + drotl (tr’rr) + drpole (tr’rr) + dratmos (tr’rr )) (m)

* Displacement of Ground-Fixed Receiver

— Solid Earth Tide drygq(te1,)
— Ocean Tide Loading (OTL)  dreu(t..r,)
— Pole Tide dr,.(t,.r,)
— Atmospheric Loading dr,,.(t,.r,)

* Tide Models
— |ERS Conventions 1996/2003/2010
— Ocean Loading: Schwiderski, GOT99.2/00.2, CSR 3.0/4.0, FES99/2004, NAO99.b
- M,,S,,N,,K,,K;,0,,P,,Q;,M;,M_,S.. (11 constituents)
* |ERS Subroutines
— DEHANTTIDEINEL.F

http://iers-conventions.obspm.fr/content/chapter7/software/dehanttideinel/DEHANTTIDEINEL.F

29



Earth Tides

Earth Tides Model

E-W (cm)

g | | | 5 | | |
r4 f f f : f f f
40 | | | | | | i

| | | | | |

_ 200K Y- ___________ __________________________________________________________________

s i 5 : | ,

n 0 0 I '

SEPARA B A IR USRI SRR b ALY BT S ATRUTA had
| | | | | | |

700

500

600

IERS Conventions 1996 + NAO99.b, 2007/1/1-1/31, TSKB

200

300

400
Time (H)
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Phase Wind-up

* Relative rotation between satellite and receiver antennas effect to the measured
phase of RHCP signal.

S

d,, =sign (€T (D° x D, ))arccos ‘D—Dr /2t +N (cyc)

D*||D,
er,x _ei(ei 'er,x)
S sT _sT _sT\T
E =(e; e/ ,e;)
T T TN\T
Er :(er,x ’er,y ’er,z )
D' =e, —e(e;-e})+e; xe; :Dipole vector of satellite antenna

D =e  —ei(e; e )—e xe  :Dipole vector of receiver antenna

N : Integer ambiguity
C
8pw.rc = Cihd,, +CoA,dy :ﬁdpw = d,, (lono-free LC, m) Receiver
Antenna

J. T. Wu et al., Effects of antenna orientation on GPS carrier phase, Manuscripta Geodaetica, 1993
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Relativistic Effects

» Satellite/Receiver:
— Frequency Shift by Earth Gravity (General Rel.)
— Frequency Shift by Sun/Moon Gravity (General Rel.)
— Second-Order Doppler-Shift by Motion (Special Rel.)
e Signal Propagation:
— Sagnac Correction (Rotating Coordinates) (ignored)
— Shapiro Time Delay Effect (ignored)
— Lense-Thirring Drag (ignored)

Satellite Clock Bias/Rate Correction + Periodic Term:

_(’Oeys
2r°(t%) - v s S48 s
drelz_ d (Cz Ve (m) Veii =V (t )+ ® X (*) (m/S)
0

* Depends on satellite clock convention
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Code Biases

E
m
(@)
()]

Y- Top

dT, b -
< @ L >
«—
DCBy,_p, DCBp; ¢ €
o
a
y=(f/ f2)2
=1.647

GPS DCB,, ,, : 2004/10/01

1

234567 8 910111213141516171819202122232425262728293031

-0.2

-0.4

-0.6

GPS DCB,, , : 2004/10/01 |

-0.8

1

23456738 910111213141?;6171819202122232425262728293031
Satellite PRN
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Pseudorange/Carrier-phase Model

P’ =ct
=c(t—t’)
=c((t, +dt)— (" +dT°(t"))) + ¢,
=c(t, —t")+c(dt, - dT(t)) +¢,
=P, +L +T)+c(dt, —dT*(t")) + ¢,
=p. +c(dt, —dT°(t*))+ L+ T +d +¢, ()

(1) (2 B (4 (5 lonosphere

6= ,(t) ¢ () + N+,
= (£(t, +dt, — t) + )~ (F(E +dT(E) ~t,) + ) + N: +¢,

(3) Satellite Clock
Bias

(1) Geometric
Range

- %(tr —t) +§(dtr —dT*(€)) + (9, — ) + N?) + 5, (5)

O = =c(t, — %) +o(dt, —dT () + M0, o — ¢} + N?) + he Troposphere

=p, +c(dt, —dT°(t")) -+ T +d; +Ad, + AB; +¢,

RCV

di = dr,ant + d:nt - ddispTei,enu +d
Bl =0¢,0-0p +N; (2) Receiver
¢ : Receiver initial phase (cyc) Clock Bias

¢y :Satellite initial phase (cyc)

rel
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