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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)




Notations

c : Speed of light (m/s) I; : lonospheric delay (m)

P’ :L Peudorange measurement (m) T : Tropospheric delay (m)

RT L, Carrier phase measurement (cyc) f : L, carrier frequency (Hz)

®; ;. :L Phase-range measurement (m) A : L, carrier wavelength (m)

t, : Signal reception time (s) B}, :L;Carrier phase bias (m)

t° : Signal transmission time (s) Ni,Lli : L, Carrier phase ambiguity (cyc)

X : Geometric range (m) Ep : Code measurement error (m)

r’(t) :Satellite position in ECEF (m) £ : Phase measurement error (m)

vi(t) :Satellite velocity in ECEF (m) o, : Earth rotation velocity (rad/s)

r, : Receiver position in ECEF (m) Z, : Zenith total delay (m)

e’ : LOS vector in ECEF Z, : Zenith hydrostatic delay (m)

e ... :LOSvectorin local coordinates Z, :Zenith wet delay (m)

b, : Latitude of receiver position (rad) m, (El) :Hydrostatic mapping function

A, : Longitude of receiver position (rad) m_(E1) : Wet mapping function

h, : Ellipsoidal height of receiver (m) U(t) :ECEF to ECI transformation matrix

H, : Orthometric height of receiver (m) E,  :ECEF to local coordinates rotation matrix
Az;  : Azimuth angle of satellite (rad) ES : ECEF to satellite body rotation matrix
El}  :Elevation angle of satellite (rad) R (0) : Coordinates rotation matrix around X
dt, : Receiver clock bias (s) R () : Coordinates rotation matrix around Y
dT*(t) : Satellite clock bias (s) R,(0) : Coordinates rotation matrix around Z



Ambiguity Resolution
(AR)



Ambiguity Resolution (AR)

Objectives of AR

More accurate solutions after proper AR (FIXED vs. FLOAT)
Faster solution convergence, ideally FIXED instantaneously
Carrier phase observables can be handled as precise pseudorange after AR

Initial phase terms should be eliminated for AR

Both of satellite and receiver initial phases do not have integer nature
DD (double difference) used for baseline processing like RTK

ZD (zero-difference) carrier-phase
D =p’ +c(dt, —dT°(t*)) - + T +d, + xdpw +A0, o — ¢y +N}) + ¢,

DD (double-difference) carrier-phase for baseline processing

j o dj ij ij ij ij ij
cDrb =P~ Irb + Trb + drb + }\‘dpw,rb + }\‘Nrb + €o . L.
Satellite i Satellite j

@ ~p’ +ANY +g,  (short-baseline, same antenna) @ ‘ &)0
@} @)

O : Difference between satellite i and j
On : Difference between receiver rand b
N; :Integer ambiguity (cyc)

¢y : Satellite initial phase (cyc) Baseline
;o : Receiver initial phase (cyc) Receiver r Receiver b




FIXED Solution with AR

Typical AR Steps [/
(1) y=Hx+e=Aa+Bb+e¢ (a el'be Rp) Mixed-integer measurement models
~ ﬁ Qﬁ Qg,f, . .
(2) x=|.1[,Q;= FLOAT solution and VC matrix by LSE or KF
b Qf)ﬁ Qf)
(3) a—>a Mapping FLOAT to FIXED
(4) b=b-Q, Q,'(A-2) FIXED solution

Mapping FLOATto FIXED ( a —>a )

Integer Rounding (IR)

a=[4]=([4,].[4,].--.[,])'

Integer Bootstrapping (conditional sequential rounding) (IB)

T
n—1
a= [[él]a[az - 62101_2 (5-1 - 51)}7---:{% - ch,iuciﬁ (ﬁi\l B 51):D
i=l1
Integer Least Squares (ILS)

a=argmin(a—a) Q;'(i-a)
acZ

B Radd
= T =

Nal

: Integer ambiguity parameters
: Other parameters
: FLOAT solutions

: FIXED solutions

: Rounding to the nearest integer

2
G, G, ° O

2
G, G, - G,

an e G

nl

[1] P.J. G.Teunissen and O. Montenbruck (eds.), Springer Handbook of Global Navigation Satellite Systems, 2017,

Springer, Section 23



AR by

Techni

LSAST

FARA

Modified Cholesky
ition

Decompos

LAMBDA

Null Space

FASF

OMEGA

[1]

ILS

que Reference

Hatch, 1990

Frei and
Beutler, 1990

Euler and
Landau, 1992

Teunissen,
1994

Martin-Neira,
1995

Chen and
Lachapelle,
1995

Kim and
Langley, 1999

Ambiguity
Search
Method

Independent

All

All

All

Independent

All

Independent

Data
Processing
Method

Single-epoch

Multi-epoch

Multi-epoch

Multi-epoch

Single-epoch

Multi-epoch

Single/
Multi-epoch

AR Techniques based on ILS 1

Search Space
Handling
Method

None

Conditional

None

Transformation/
Conditional

Transformation

Conditional

Transformation/
Conditional

Note

Least-Squares Ambiguity
Search Technique

Fast Ambiguity
Resolution Approach

Least-squares AMBiguity
Decorrelation
Adjustment

Fast Ambiguity Search
Filter

Optimal Method for
Estimating GPS
Ambiguities

D. Kim and B. Langley, GPS Ambiguity Resolution and Validation: Methodologies, Trends and Issues, 7th

Workshop International Symposium on GPS/GNSS, 2000



LAMBDA

Least-squares AMBiguity Decorrelation Adjustment [
A GNSS AR strategy by ILS estimator
Shrinking integer search space with "decorrelation"
Skillful and efficient tree search strategy
Similar to "Closest Point Search with LLL Lattice Basis Reduction" Algorithm (2]

a=argmin(a—a)' Q, '(A—a)

et —>

o z=argmin(z-z)' Q, ' (Zz—z)
a=7 1z Z-transformation zeZ"

2=7"'2,Q,=72"'Q,Z

(2-2)'Q;'(2-2)=(Z"a-Z"a)" (ZTQ;‘Z)% (Z"a-1Z"a)
- —a)TZ(Z’lQ;Z’T)ZT(ﬁ —a)=(a-2)'Q;'(a-a)
Tree-Search

(a-2)'Q;'(a-a)

— I
a S AN
7 ° ° ZT 274F777‘+,,,4.,,,,‘#,, g 0 1 7
a —_— l : /\
o . ° o Zlfﬂkfff‘,ff.,.i,,,r,, 1 0 z
+— n
2 .z | / A
| |
o <. o ° ZiT 07%)*77—“}———4)——7 J‘yff 0 -1 0 1 Z,
a I I
I I
: NN 021012 z
° ° o ° ke > = =
-1 0 a; 1 2 2 -1 z, 0 1

[1] P.J. G. Teunissen, The least-squares ambiguity decorrelation adjustment: a method for fast GPS integer ambiguity
estimation. Journal of Geodesy, 1994

[2] E. Agrell, Closest point search in lattices, IEEE Transaction on Information Theory, 2002



CPU Time for LAMBDA

Reduction: LAMBDA + Search: MLAMBDA!!!

300

® : with decorrelation
250 1| @ :w/odecorrelation

200

150

CPU Time (ms)

100

50

0 @ | |
10 30 50 70 90
Number of Ambiguities (N)

(Core i7 5960X, 3.0-3.5 GHz, RTKLIB 2.4.2, gcc 5.4.0, Sy, =0.03 cyc)

[1] X.-W. Chang, X. Yang and T. Zhou, MLAMBDA: A modified LAMBDA method for integer least-squares
estimation, Journal of Geodesy, 2005



Validation of AR

Acceptance Test after AR
Wrong AR much degrades the quality of the final (FIXED) solution
Need to maximize AR success probability and to minimize AR failure rate
Remain ambiguities FLOAT if the acceptance test failed and output FLOAT solution instead
Several acceptance tests are proposed: (1

Ratio Test Difference Test
A2
—a |
- Qﬁ — . ~ — 2 A —12
accept a if : > accepta1f:||a—a| — a—a” >c
A v| 2 Q; Q;
a—a
Q;
F-Ratio Test ) ) Projector Test
|é +2Al—§'| —y AT ~—l,r —
- . Q Q; - . a—a Q a—a
accept a if : ——* 2 accept a if : ( v) = 2( ) <up
el +|a- 5| ||a — a| ‘
Qy Qﬁ Qﬁ
a' : Second-best candidate of AR, c¢,u : Test thresholds ||X||f2 =x'"Q'x é=y-Aa-Bb

Note: The test thresholds are usually selected empirically as a fixed value (for example Ratio Test with ¢ = 3). The
threshold value, however, is often optimistic or conservative without theoretical basis.
In some literatures, variable threshold values are proposed base on fixed-failure rate approach (FF-RT) 12,

[1] S. Verhagen and P. J. G. Teunissen, New global navigation satellite system ambiguity resolution method
compared to exiting approaches, Journal of Guidance, Control and Dynamics, 2006
[2] S.Verhagen and P.J. G. Teunissen, The ratio test for future GNSS ambiguity resolution, GPS Solution, 2013



Partial AR (PAR)

Partial AR (PAR)

Full AR (FAR) indicates low fixing ratio or long TTFF under ill conditions like long BL RTK

Newly rising satellites or cycle-slips often disturbs FAR with validation
Degraded accuracy by PAR solutions acceptable in many applications

Many criteria how to select subset of ambiguities:

Elevation angle, continuous tracking epochs, SNR, ADOP (ambiguity dilution of precision),

EWL/WL/NL, success or failure probability of AR

BSR (bootstrapping success rate) Criterion [

n 1 P, :Minimum success probability of bootstrapping AR

Zi|1

-11(2 Po TR Std-dev of Z-transformed i-th ambiguity of bootstrapping AR

®(x) : CDF (cumulative distribution function) of normal distribution

FF-RT (fixed-failure-rate ratio-test) Criterion 1

Q;, c(n,P;) : Threshold of FF-RT (fixed-failure-rate ratio-test)

5 7 H2 p=(k,k+1,...,n) : Partial set of Z-transformed ambiguities
P P Q; z : Float Z-transformed ambiguities
2 >c¢(n,P;) b
5 7 2 o o f ip,i'p : Best-fixed, secondary-best-fixed Z-transformed ambiguities
p p

N-0.5 N  N+0S5
(cyc)

@(x):

1J.xex —idt
Ln =P

Ats)

[1] S.Verhagen et al., GNSS ambiguity resolution: which subset to fix ?, International GNSS Symposium, 2011

11



WL/NL AR with lono-free LC

— FLOAT Solution and LC Ambiguity *

PLC = CIPLl + C2PL2 =p +mT + 8P
(DLC = Clq)Ll + Czq)Lz =p +mT + NLC + Sq)

~ FLOAT WL Ambiguity *

x=( ,T N C) Y = (PLCa‘I) C) Qy NWLlen: MW =lzn:(q)wL—PNL)
N5

i=1
_ li Dy
7\‘1

P | [P P
Ay Mo Ay

lonosphere-free

geometry-free,
lonosphere-free

Ny : lono-free LC ambiguity (m)
Ny : Wide lane ambiguity (cyc)
m : Mapping function
T :ZTD or ZWD (m)

>x=EF, TN )T, Q; naig
- WL/NL AR by IR **
Ny = [IQIWL:| (WLAR)
N [Nm] _ Nic _;2}‘2NWL (NLAR)
NL
— FIXED Solution *

X:( 9T) Y = ((I) C)
q)LC = Clq)Ll + CZ(DLZ =p +mT + NLC + %)

- i = (frTaf)TaQi

Note:

* DD applied for baseline
processing to eliminate
clock and initial bias
terms. SD applied for PPP-
AR with FCB corrections

** Alternatively, ILS or IB can
be applied to NL AR
considering the VC-matrix
of FLOAT LC ambiguities

Ay’ 7
C=———7C =" Nwr =N =Np,
Ay =N A=
Co i Con = M2 _ 1 o Nic =CMNp; +CohyNpy =(City +Cohy )N = CohgpNyy
1™ 272 7\.1 + }\.2 1/}\.1 + 1 / }\.2 NL = A‘NLNLI - C27\‘2NWL

12



L1/L2 AR with STEC Estimation

— FLOAT Solution, STEC and L1/L2 Ambiguity " ***
x=R" N y=([. P, @[, @[,).Q,

[ Piy=p+1+mT +e¢p
Pio=p+yl+mT+¢p (RZ(I}T,T,IT)T}

T T \T .
GOy =p-I+mT+ANy;+¢¢ N =(N{;,N{>,) Note:
* DD applied for baseline
L P =p—yI+mT+A;Np +eg 0 0 processing to eliminate
A AT GTAT B R NR clock and initial bias
—-x=(R",N")",Q;4 _[Q . Q j terms. SD applied for
RN N PPP-AR with FCB

corrections

** PAR instead of FAR could
be applied to improve
( 2 ) fixing ratio and TTFF

*** |t is easily enhanced to

triple or quad frequency
measurements

— L1/L2 AR by ILS ™

N= argmin(N = N)T (0%
NeZ"

— FIXED Solution

R=( ,T.I) =R-Qu Qs (N-N)

I : Slant ionospheric delay (STEC) at L1 frequency (m) y= (xz /M )2
13



TCAR/CIR

TCAR (three-carrier AR) 1! /CIR (cascade integer resolution) (2]

Sequential conditional rounding EWL -> WL -> NL ambiguities

Geometry-free measurement model

lonosphere terms can be reduced by short baseline or ionosphere corrections (for PPP)
Many modifications or enhancements including geometry-based models

- () —-P
D Now | LEwr —Px
(1) Ngwr — Py =p+1Iy +T+ep
o ® N Qpwr =p —Igwr + T+AgwLNEwL +€a,,
(2) NWL = { wi ~( EV&;L _~EWL EWL)} Oy =p—Iwp + T+Aw Nw + €0,
WL Onp =p—Ing + T+ANLNNL + €00,

_ Onp — (P — N
(3) N = { N }LWL WL)} |x + Tewe | < Apwis|Twe| < Awes|Ine | < Aae
NL
Typical Selection of EWL, WL and NL for GPS
Py = ,PEwL = »PWL = PN =Py

1/ Ay +1/ N5 1/hy =1/ A5 1/ A =1/%y
[1] U. Vollath et al., Analysis of three-carrier ambiguity resolution (TCAR) technique for precise relative positioning in
GNSS-2, ION GPS-98

[2] J.Jungand P. Enge, Optimization of cascade integer resolution with three civil GPS frequency, ION GPS 2000

14



Triple Frequency LC

Type

Geometry
Based

Geometry
Free

XLC

D+ D,k AD,

/AP, +m/ AP, +n/AP,

Pao =77, M+ /Ny +K /A o) =
L Coefficients Aic
1 J k I m n (cm)
D 10,0y 1| -1 -1-[1-1- 19.0
P10 I T R B 24.4
D00, - -1 -1 - - 25.5
D10 1 -1 - - - - 86.1
D@, i - 1 - - - 75.1
Do) -1 1 - - 586.1
D45 1 6 5 - - - 325.6
Dy 54 1 5 4 - - - 209.3
D40 4 3 - - - - 11.4
Do) 4 - 3 - - - 10.8
D10~ Puro 1 -1 - 1 1 - 86.1
D01y~ Pioy 1 - -1 1 - 1 75.1
D~ Pou - (R - 1 1 586.1
O, 5-Puy 1 6 5 1 1 1 325.6
D, 5Py 1 6 5 1 1 - 325.6
D sa— Py 1 5 4 1 1 1 209.3
D 54~ P 1 -5 4 1 1 - 209.3
! Nc=i-N;, +j-N,,+k-N Ic.=

TUM /Nt KA,

I/A +m/A,+n/ A,

L. Olic

(wrt P1) (cm)

-1 0.3
-1.647 0.3
-1.793 0.3
1.283 1.7
1.339 1.5
1.719 10.0
0.074 31.1
0.662 16.5
-0.090 0.8
0.010 0.8

0 21.4

0 21.5

0 234
-1.360 35.7
-1.209 37.8
-0.773 24.1
-0.622 27.0

(cyc)
0.016
0.012
0.012
0.020
0.020
0.017
0.096
0.079
0.073
0.072
0.249
0.286
0.040
0.110
0.116
0.115
0.129

A AR KA A LA mehy /0 0 /A

i+l h, +k /A

(/) 4G+ R/ o (/) +(m Ay + (@A)

Orc :\/

G/ +j/h,+k/ 0

D

(/A +m/h, +n/A)

P

(0p =0.3cm, o, =30cm)

/% +m/A,+n/A,

Note

NL
NL
NL
WL
WL
EWL
EWL
EWL
NL
NL
WL
WL
EWL
EWL
EWL
EWL
EWL

15



PPP-AR
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PPP-AR

PPP (w/o AR)

Developed by JPL in 1990s to facilitate the analysis of large reference station N/W data [l

PPP-AR (PPP with AR)

Conventionally PP (post processing) with IGS precise ephemeris

AR has been difficult due to unknown satellite initial phase term

O] =p; +c(dt, —dT° () - L[ + T; +d; +Ad, +A(d, | —

- N + g,

Satellite initial phase

Many research works have been done to introduce AR for PPP

- Based on FCB (fractional cycle bias) or UPD (uncalibrated phase delay) [

- Based on IRC (integer recovery clock) or decoupled clock model [3]

- Based on globally estimated phase ambiguities in reference station N/W 14

Recently PPP-AR is enhanced to RT (real-time) [*] and multi-constellation GNSS

Commercial PPP Services based on PPP-AR

(1]
(2]
(3]

(4]
(5]

Several services have been already launched since 2000s

J. F. Zumberge et al., Precise Point Positioning for the efficient and robust analysis of GPS data from large networks, Journal of

Geophysical Research, 1997

M. Ge et al., Resolution of GPS carrier-phase ambiguities in Precise Point Positioning (PPP) with daily observation, Journal of

Geodesy, 2008

P. Collins et al., Precise Point Positioning with ambiguity resolution using the decoupled clock model, ION ITM 2008
W. Bertiger et al., Single receiver phase ambiguity resolution with GPS data, Journal of Geodesy, 2010
D. Laurichesse et al., Real time-difference ambiguities fixing and absolute RTK, ION NTM 2008

17



FLOAT
Solutions

(1]

RT PPP-AR

1800 2400 3000 3600 4200 4800

Epoch (second)

Space Research, 2010

1800 240

Epoch (second)

PR | P | EEPEEPE B | il
0 3000 3600 4200 4800 5400

/ Server end \ / User end \
Predicted B Satellite Real-time
( satellite O~——l> (E:Z':nf;:;%g: -—~i>( orbits and O et observation
orbits i~ > clocks : data
| . i |
] 1 1 1
I 1 1 I
Real-time : Wide-lane ; H Wide-lane i
observation| }--1y ambiguity ' H ambiguity |
data ! resolution P resolution l
1 [} [} I
1 e oo ) . s e el I
: vy v Vv v ¥
g Narrow-lane Real-time Narrow-lane ReaLie
- UPD F-r UPD -+ ambiguity F-- solutions
\ determination / products \ resolution /
Ambiguity—float solution Ambiguity—fixed solution
'; I} " I T T 3 I T T T T E
15 1 \ i East] 188 lambiguity fixed e
o '! i 7 A —
P . I SR " W
€ sf ¥ }] | G | e A —
=-10 : -10F : & E
£-15 ' -15F ot ‘ ) . . E
2
5 15 5p
S 10B; 0
g s 5 FIXED
£ -5F 5 .
§.70 oF Solutions
o-15 5F
5
P 15 Up3 5
S 1o 1 10
5 5 : 5
g E 0
10 1 'A . : .
-15 H.I'I‘ij,.zﬁl.} L il L 4-15 :

J. Geng et al., Towards PPP-RTK: Ambiguity resolution in real-time precise point positioning, Advances in

18



FCB/UPD Generation

Generate SD-Ambiguity XL : Ambiguity type (NL/WL/EWL/L1/2/5) Orbit/Clock Generation
, ij : Satellite i
BL XL (BLXL f(,XL )/7\’XL k :Receiver in ref stations N/W NL/WL/EWL Ambiguity
B, x. : Estimated float ambiguity (m) L 4
Average SD-FCB (A) Ny’ : SD-float ambiguity (cyc)

N beJL : SD-FCB (cyc)
leJL = n Z((BLJXL ) |:BLJXL b :|) +b0 bx : ZD-FCB (cyc)
= b, : Initial SD-FCB (cyc)
FCB SD-to-ZD Decomposition D :ZD to SD transformation matrix
1,2 1 2,3 2 ~1m\T (bsp =Dbyy)
bSD (bXL’ b)&L ’bX’L""ﬂbX,L 7""bXL | )

b, = (bl bl ,bQL)T:((DT,I)(DT,I)T)I(DT,I)(bgD,O)T

FCB Validation
N= BLJXL (biXL _biXL)
if |N —[N]| >38N,.. or Py(N,o,)<P,,. ,reject B/}, and goto (A), end
NL/WL/EWL -> L1/L2/L5 (1] P (N,oy)=
P i B n—|N-[N]| n+[N-[N]
bLl = bNL bwL }\41 /(7»2 >\41) 1- 2, {erfc[ \/EGN —erfc \/EGN

biLz :biNL _biWL '?\'2 /(7“2 _7“1)

i . . : Confidence function of ambiguity
bLS = bLz - bEWL

Generate SD-Ambiguity

—>

Average SD-EWL-FCB

EWL-FCB SD-to-ZD Decom.

EWL-FCB Validation

Average SD-WL-FCB

WL-FCB SD-to-ZD Decom.

WL-FCB Validation

|

71

Average SD-NL-FCB

NL-FCB SD-to-ZD Decom.

NL-FCB Validation

<

NL/WL/EWL -> L1/L2/L5

v
L1/L2/L5 FCB Products

[1] X.Lietal., A method for improving uncalibrated phase delay estimation and ambiguity-fixing in real-time precise

point positioning, Journal of Geodesy, 2013
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FCB/UPD Examples

WL foye)

WL-FCB (2014/10/1 - 2015/3/31)

NL-FCB (2014/10/1 - 2014/10/31)

e AR e o PP LRGN,

AVE: 0.0203 cyc STD: 0.0224 cyc AMS: 0.3039 cyc —

ia_.;,-_«.-,'.*..;'«'-"‘f""~—w~.,;a-r‘wr.n_,-w¢;ﬂ_r;~m_\__/"'“';'“';’ v '"’V«...\..;.,;“..._n{,..«‘vw;\:-- ok
e e oo
+ 612

o2
GO5
o7

G13

+ Gla
1— o1s
- 616

Gli
GlE
Gl9
G20

AVE: 0.0650 cyc STD: 0,2016 cyc AMS: 0.5496 cyc

A sresn i SR . 621 :':;
2y s 322 ==
%Wf\ ,WW — 623 =
—a GIR
— G331
0.2
.__.,;..:;-,v--'---v" B - o AR .
p oagr s -ﬁi‘u"“"‘\-‘-‘-"&‘m'“".‘.‘#.uﬂ . _‘"/;;;i'.'s;::'\:?“"" R it P CTENC Vo o 6 Vo oot b
e v"'“'-'.-u--“,.n..“, . o
"‘liz:«.-“---».&__ﬁ%\. o "—m-\..._w-:«..w__-_..,u__‘_.,_mv—.-m--‘..._..‘,._.._.\.'h'w"_:‘N_m,..-'\-:j‘:::r_-;nﬁ"'- )
"o ,.__ﬂ_”"ﬁ-wW_ﬁ,,,--‘-‘--‘-n.”“-..__.--vw-\_\hwm_—.:-\‘_..»--
2014/10 2014111 201-‘1.112 ?ollsfﬂl 2015/02 2015/03 _1!0 1 10003 10005 1007 10009 10.!‘11 10.:13 10."15 10.:l'.l' 10!‘19 10_:‘21 10}'23 ‘10!‘2_5 !.0.‘9? 1Wl2_9 lWIJl
TIME (2014/10/01 00.00.00 - 2015/03/31 00.00.001 TIME (2014/10/01 00 00 00 - 2014/11/01 00 00 00)
SD-WL-Ambiguity Residuals (cyc) SD-NL-Ambiguity Residuals (cyc)
4500 1800
RMS=0.0355 cyc RMS=0.0935 cyc
4000 1600
N=44131 N=44131
3500 1400
= 3000 = 1200
% 500 é 1000
w "
g g
:I,(‘ 2000 E L
& &
* 1500 * w00
1000 400
500 200
o o

-0.4 0.2 00 0z 04

BEE N Lt

(MADOCA 0.7.2, GENFCB 1.2, GPS Block IIR, lIR-M, 19 satellites)

0.4 =02 00

ARE A L)
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PPP-AR Example

PPP (w/o AR)

PPP-AR

s Z¥ppptest_out¥ppp_r¥3012_18143.pos a * x Z¥ppptest_out¥pppar_r030¥3012_18143.pos a X
File Edit View Windows Help File Edit View Windows Help
w 1] [z Positon v~ AL v | H v = § @ ESR-RE - | R Posion ~ (AL ~ 4+ = @ I @ X oo
0.2 0.2
E-W (m) ORI= 35.9490290764°N 139.992731460°E 62.3727m E-W (m) Ofl= 35.990200764° 139.992731460%€ 62.3727m
AVE =0,0018m STD'=0.0435m RMS =0.0435m AVE={0.0055m STD'=0.0310m RMS=0.0314m
0.1 0.1
0.0 /Mw—nwwv*“',mww-m. ..... A, R oy Ui e ML g ST e 0.0 wwmmﬁ%m@w
i
0.1 0.1
0.2 0.2
NS (m) AVE={,0005m STD=0.0506m RMS=0,0505m NS (m) AVE =0, 0007m STD =0, 0400m RMS =0, 0400m
0.1 0.1
W
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[1]2014/10/15 00:00:00 GPST-10/15 23:59:30 GPST : N=2830 Bud.Olm =

« 111201471015 00:00:00 GPST-10/15 23:59:30 GPST : N=2880 B=0.Okm Q= 1:2535(38.6%)

2014/10/15 13:10:32 GPST

RMS Error: E1.01, NO.77, U 2.29 cm

RMS Error: E0.67, N0.72, U 2.02 cm

(Kinematic mode, First 1 H solutions excluded for convergence time)

(MADOCA 0.7.2, GENFCB 1.2, RTKLIB 2.4.2, GEONET 3012, 2014/10/15 0:00:00-23:59:30 GPST)
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Commercial PPP Services

Service

StarFire™ [1]

Seastar™ [2]

Apex/Ultra [3]
TerraStar® ¥

CenterPoint
RTX (5]

magicGNSS (0]

GEOFLEX 1]

Provider

NAVCOM

A John Desrs Company

(US)

GERD
(NED)

veripos ©
(UK)

@ Trimble.
(US)

(Spaih)
eod
v Al flex

(France)

Supported
GNSS

GPS, GLO

GPS, GLO,
GAL, BDS
(G4)

GPS, GLO,
GAL, BDS,
QZS (Apex®)

GPS, GLO,
GAL, BDS,
QZs

GPS, GLO,
GAL, BDS,
QZs

GPS, GLO,
(GAL, BDS)

# of Ref. Comm.
Stations Link
3 GEO
> 40 (L-band),
IP
6 GEO
~ 80 (L-band),
IP (NTRIP)
7 GEO
80 (L-band)
6 GEO
~ 100 (L-band),
IP (NTRIP)
IP
80 (NTRIP)
N GEO, IP,
100 GPRS/UMTS

Receivers

NavCom

Fugro

VERIPOS,
NovAtel 7],
Septentrio (8],
TOPCON 9],
Hemisphere [10]

Trimble,

Qualcomm (?)

(RTCM SSR)

(RTCM SSR)

Accuracy

<5cm

10cmH
15cmV
(95%)

<5cmH
<12cmV

(95%)

2cmH
5cmV
(RMS)

5cmH
8cmV
(RMS)

4 cm

(2D-95%)

[1] https://www.navcomtech.com, [2] https://www.fugro.com, [3] https://veripos.com, [4] https://www.terrastar.net,

[5] https://positioningservices.trimble.com, [6] https://magicgnss.gmv.com, [7] https://www.notavel.com,

[8] https://www.septentrio.com, [9] https://www.topconpositioning.com, [10] https://www.hemispheregnss.com,
[11] http://www.geoflex.fr
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PPP Service Performance

Figure 10 Accuracy (Canada) — GPS vs GPS+GLONASS Figure 8 Convergence time (Canada) — GPS vs GPS+GLONASS
“ T | —— Horizontal RMS GPS/GLONASS
- ——GPS only 09+ = Horizontal RMS GPS only
08
" o7t HRMS : Time
- HRMS : 3.3 cm 5 ost 30cm: 4005
3 02 (GPS+GLONASS) %i - 20cm: 600s
s Sl 10cm : 1300 s
£ £ sl (GPS+GLONASS)
0.1 m REr---—--tr---1r-K-4--1--F---4-f----==-}--- '
0.2F
0.1m B g N I
1 15 % 500 1000 1500 2000 2500 3000 3500
Time(s) x10° Time(s)
(3 days) Figure 6 Re-convergence after 180 second signal outage
Table 5: Error Statistics at the Canada Station [—— Horizontal 95%]
PPP Correction | Horizontal RMS | Vertical RMS Error Re-convergence
Source Error (cm) (cm) g after 180 s signal
TerraStar-C 33 19 8% outage
(GPS/GLONASS) ' ' 5 H 68%
TerraStar-C T gaf
44 6.5
(GPS only) 0.1 m |-zmmmstmume v

Time(s)

(NovAtel Correct with TerraStar-C in 2015)

[1] NovAtel White Paper, Precise Positioning with NovAtel CORRECT Including Performance Analysis, April 2015
(https://www.novatel.com/assets/Documents/Papers/NovAtel-CORRECT-PPP.pdf)



Faster Convergence for PPP-AR

Fast-PPP (1]

- -~ T = - I~ = T
* GRAPHIC* IONEX 1F+ FPPP 1F

T - T

o
o

PPP-RTK 07|f_PPP2F - IONEX 2F+ FPPP 2F
PPP-AR with local STEC and troposphere corrections 06{ HRMS : Time
High bandwidth required to support broad coverage larger z°°; 10 Cn_q\f ‘380 >

than nation-wide
Dense CORS N/W required for local corrections

Horizontal Error RMS (m)
o
g
: :
TR i g
et
3.

Supported by CLAS and some commercial PPP services

Fast-PPP (1! i

0 20 40 60 B0 100 120

PPP-AR with global VTEC corrections X Instantaneous cm-level PPP [2

Multi-layer model for global VTEC model

\ HRMS : Time

Low bandwidth to transmit corrections for global coverage \
. 10cm:0s

o
~n

Instantaneous cm-level PPP 12!

No local or global TEC corrections

= rror (meters)

©
3
/

Cascading PPP-AR with triple or quad frequencies (L1-L2-
L5, E1-E5a-E5b-E6)

&oo o0 2w 300 0400
Elasped time (minules:seconds)
Vertical — Horizontal
[1] A.R. Garcia et al., A worldwide ionospheric model for fast precise point positioning, IEEE Transaction on Geoscience
and Remote Sensing, 2015
[2] D. Laurichesse and S. Banville, Innovation: Instantaneous centimeter-level multi-frequency precise point positioning,

GPS World, 2018
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