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Timetable
1. GPS/GNSS April 25  9:30-10:40
2. Signal and Receiver 10:50-12:00
3. Standard Positioning 13:00-15:10
4. RTKLIB 15:30-16:40
5. RTK April 26 9:30-10:30
6. PPP 10:40-11:50
7. RTK System 13:00-14:20
8. Advanced Topics 14:40-16:10







Standard Positioning Precise Positioning
(code-based) (carrier-based)

Observables Pseudorange Carrier-Phase +
(Code) Pseudorange
Receiver Noise 30cm 3 mm
Multipath 30cm-30m 1-3cm
Sensitivity High (<20dBHz) Low (>35dBHz)
Discontinuity No Slip Cycle-Slip
Ambiguity - Estimated/Resolved
Receiver Low-Cost (~$100) Expensive (~$20,000)
Accuracy 3 m (H), 5 m (V) (Single) 5 mm (H), 1 cm (V) (Static)
(RMS) 1m(H), 2 m (V) (DGPS) 1 cm (H), 2 cm (V) (RTK)
Application Navigation, Timing, SAR,... Survey, Mapping, ...




Definition:
... actually being a measurement on the beat

$=¢—¢ +N frequency between the received carrier of
ro r the satellite signal and a receiver-generated

(cycle) reference frequency. (RINEX 2.10)

Y Received Satellite Carrier: ¢S (ZS)/Q\\

Local Reference Frequency: o.(¢,)

She

Carrier Beat Frequency: g.=¢ —@ + N/J%
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Carrier-Phase:

9. =¢()-¢ )+ N, +¢, (8.0=¢.(t0). % =9 (t0))
=(f@. +dt,.—1,)+0.,)—(f(& +dT° —1))+4y) + N, +¢,

C s (& s s s
:;(tr_t )+Z(dtr—dT )+ (Do - +N)+éE, (cycle)

D, =g, =c(t,—t")+c(dt, —dT")+ AP, — ¢ + N.) + Ag,

=p. +c(dt, —dT’)-1' +T° +AB +d’ +¢, (m)
/7 \
Carrier-Phase Bias Other Correction Terms
Pseudorange:

P =p +c(dt, —dT’)+ I’ +T +¢,
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Carrier-Phase Bias:

Bi=d.o—d+N;  (cycle)
N.  :Integer Ambiguity
¢r,o : Receiver Initial Phase
dp  :Satellite Initial Phase

Other Correction Terms:

s T s s s s T s
d_r_ _dr,pco Crenu T Esat%ecefdpco)[er + dr,pcv + dpcv o ddisp € enu

T dpw + drel (m)

dr’pco : Receiver Antenna Phase Center Offset
rpcy Receiver Antenna Phase Center Variation

d;co : Satellite Antenna Phase Center Offset

d;cv : Satellite Antenna Phase Center Variation

ddiSp : Site Displacement

dpw : Phase Wind-up Effect

d : Relativistic Effect
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—pub"'c(dtub_dTub)_[ub"‘Tub+/13ub+dub+‘9¢
=Py~ Loy + Ty + AN, +d), +&

dzg;):dt"f—dtg =0, dT" =dT}, —dT/, ~0

=(d0— 25+ N.)— (0 — ¢+ Nj) — (0 — 85 + NJ) +(dp0 — 4§ + NJ) =N,
- (short Baselme and same antenna type)
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Satellite i @ ¢i J &)0 Satellite j

Memo for Misra & Enge:
Receiver u

http://gpspp.sakura.ne.jp/

. diary200608.ht
Receiver b e "

Baseline
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Nonlinear-LSE: 5 o s
yf _(@ b l @ug;k """ ub ti)
Parameter Vector: " " »
X ( S2S1 NS3S1 S Sl) pu,ztkl pbztklﬁ‘ﬂNZl
0| PR+
Measurement Vector: -
y = (yt1T1 ytlT,..., ytnT)T Pt =Py tkl + AN
T
et 2 0 ... 0
Meas Model, Design Matrix: Suty
h(x) =, (07 0, ()7 by ()7 [ H,=| G 0 4 = 0
y N . . . . . .
T T T S, S1
H=H"HT..HT| e 0 0 e A
Meas Error Covariance: 40@2 20@2 20@2
R = blkdiag(R, ,R,, ... R; ) R —|200° 400" - 209
Solution (Static/Float): 2652 2052 - Aoy’

X =X+ (H TRAH)YIHTR Y (y - h(Xp)) 15 Fixed Base-Station Position
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RMS Error:

E: 0.2cm
N: 0.6cm
U:1.0cm
Fix Ratio:
99.9%

RMS Error:

E: 10.0cm
N:12.0cm
U: 30.2cm
Fix Ratio:
64.3%

0.2
E-W (m) ORI= 36.10363513° 140.08630715° 69.7449m
AVE=-0.001m STD=0.002m RMS5=0.002m
0.1
0.0
-0.1
-0.2
N-5 (m) AVE=-0.005m STD=0.003m RMS=0.006m
0.1
[ P
-0.1
-0.2
U-D (m) AVE=-0.008m STD=0.006m RMS=0.010m
0.1
0.0yt A o Ity IO o O S
-0.1
-0,2
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
—-—
BL=32.2 km
0.2
E-W (m) ORI= 35.97040871° 140.40295058° 55.185m
AVE=0.014m STD=0.099m RMS=0. 100m
0.1
D0 AP S g LY W Ry L
LIV B
-0.1
-0.2
N-S (m) AVE=0.003m STD=0.120m RM5=0. 120m
0.1
0.0 ey, o N “ M,l" o F i w
M@y A Y . 1 ’1% ' i At
0.1
-0.2
U-D im)

AVE=0.020m STD=0.301m RM5=0.302m

A B adih e
R T At N

-0.2
Q0:00 03:00 05:00 03:00 12:00 15:00 13:00 2100

(24 hr Kinematic e: Fixed Solution ©: Float Solution)

ength

BL=13.3 km

©ORI=36.03133950° 140,20244350° 70.903m
AVE=-0.003m 5TD=0.022m RM5=0.022m

2
E-W {m)
0.1

DO At pepeeniam RMIS Error:

E: 2.2cm

-0.2
N-5 (m) AVE=-0.003m 5TD=0.024m RM5=0.024m

U: 10.6cm
NS : Fix Ratio:

-0.2

AVE=-0.015m 5TD=0.105m RM5=0. 106m

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
0.2
E-W (m) ORI= 35.64235344° 140.44830086° 77.853m
AVE=0.009m 5TD=0.13%m RM5=0, 140m
0.1
e ) O ASTER g IR Nk A B RMSE .
re S Mg I i rror.
-0.1

E: 14.0cm

N-5 (m) AVE=-0.0Z6m STD=0. 146m RMS5=0. 148m
0.1 ¢

n.n'fd}“g' i ”~ "l;‘fg \-R", : ’;i o *‘/'W!ﬁ N- 14-8cm
U: 26.7cm

o2 U-D {inj . AVE=0.002m STD=0.267m RMS=0.267m Fix Ratio:
"l ! ! ‘ 0
n.nt‘,f‘ {%ﬁf ,‘; fﬁ &;‘ L ?i’{n LiE ‘}‘ v Q‘! “’,MV 44.4A)
Q.1 3 ¥ H : “ §

0.2

1
4
00:00 03:00 08:00 09:00 12:00 15:00 18:00 21:00
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* Objectives
— More accurate than float solutions
— Fast converge of solutions

* Many AR Strategies
— Simple Integer rounding
— Multi-frequency wide-lane and narrow-lane generation
— Search in coordinate domain

— Search in ambiguity domain

— AFM, FARA, LSAST, LAMBDA, ARCE, HB-L3, Modified
Cholesy Decomposition, Null Space, FAST, OMEGA, ...

11



ILS (integer Least Square Estimation)
Problem: x=(@"b") H=(AB)
y=Hx+v=Aa+Bb+v
X= argmin (y- Hx)TQy_l(y— Hx)
aeZ" beR"™
Strategy:

(1) Conventional LSE
~ a T~ —1 (ga cgab T -1
=| A~ | = H - x: S H H
R A G

(2) Search Integer Vector with Minimum Squared Residuals

a=argmin(@a-a)’ Q, (a-a)
aeZ”

(3) Improve solution

b =b - Qy,Q; (4 -4)

12
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Teunissen, P.J.G. (1995)
The least-squares ambiguity decorrelation adjustment: a method for fast GPS
integer ambiguity estimation. Journal of Geodesy, Vol. 70, No. 1-2, pp. 65-82.

e |LS Estimation with:
— Shrink Integer Search Space with "Decorrelation”
— Efficient Tree Search Strategy

— Similar to Closest Point Search with LLL Lattice Basis Reduction
Algorithm

7=2"4,Q,=2"7Q,z
3 —argmin(3-2a)7 Q, (3 —a)K—| Z=argmin(Z-2)" Q. (7 -2)

acZ” zeZ”

a=7""17

13
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 Technique with Carrier-based Relative Positioning

— Real-time Position of Rover Antenna

— Transmit Reference Station Data to Rover via Comm. Link

— OTF (On-the-Fly) Integer Ambiguity Resolution

— Typical Accuracy: 1 cm + 1ppm x BL RMS (Horizontal)

— Applications:
Land Survey, Construction Machine Control, Precision

Agriculture

Reference
Station

etc.

7 T A}

Communication Link
_ N

—

Rover
Receiver

14
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e Extension of RTK
— RTK without User Reference Station
— Sparse Networked Reference Stations
— Correction Messages via Mobile-Phone Network
— Format: VRS, FKP, MAC, RTCM 2.3, RTCM 3.1
— Server S/W: Trimble GPSNet, GEO++ GNSMART, ...
— NTRIP Networked Transport of RTCM via Internet Protocol

e NRTK Service in Japan
— GEONET: ~1200 Reference Stations by GSI
— NGDS (www.gpsdata.co.jp), JENOBA (www.jenoba.jp)

15



(http://terras.gsi.
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go.jp

ja/index.htm)
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16



5. RTK:
Exercise
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 Objective
RTK of Driving Vehicle

* Program

...¥rtklib_2.4.0¥bin¥rtknavi.exe
...¥rtklib_2.4.1b¥bin¥rtknavi.exe

Data

...¥seminar¥sample2¥
oemv_2009515c.gps (NovAtel)
0263 20090515c.rtcm3 (VRS)

cié
rRTKNAVI ver.2.4.1 ‘
2009/05/15 05:16:23.6 GPST W= oL
at f t Rover:Base SNR
Solution: FIX [ ]
i N 35.71895279 =
E: 138.45059808 © g 12 14 15 18 21 22 36 27 3
H: 408.939 m I
N I |
O +11.55 (2)
o

NovAteI OEMV-3G,
GPS-702-GG
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DOD DOD GEONET
Reference Stations
Rover
Antenna:
NovAtel Base
GPS-702-GG Station
(VRS)
E-Mobile
|_ \
- = 1 ]
NovAtel RTKNAV NGDS
- Int t
OEMV-3G nterne ) VRS
—_— — \_ \j Server
NovAtel RAW, RTCM v.3, NTRIP Trimble
20 Hz 1 Hz GPSNet
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Settingl |5etﬁngg| Output | Statistics | Positions | Files | Misc |

Positioning Mode

Freguencies

Setting2

Settingl  Setting2 |Dgtput| Statistics | Positions | Files | Misc |

Ik‘&nemaﬁc

L1H2

Solution Type

Forward

Elevation Mask (%) / SMR. Mask {dbHz) |15 |u

Rec Dynamics,Earth Tides Correction IDFF L"DFF LI

lonosphere Correction

Troposphere Correction

satellite Ephemeris/Clodk

Exduded Satellites (+PRM: Induded)

Integer Ambiguity Resolution IFix and Hold ;I
GLOMASS Ambiguity Resolution ;I

Validation Threshold to Fix Ambiguity

IBroadEst

ISaasEmninen

IEruadmst

W GPs [ GLO [ Galileo [~ Qzss [~ sBas [ Compass

Min Lock [ Elevation (=) to Fix Ambiguity ICI ICI

Min Fix f Elevation (%) to Hold Ambiguityllu Iu
Outage to Reset [ Slip Thres LG (m) |5 Iu,u5u

Max Age of Differential (s) ISU.U
Reject Threshold of GDOPInnov {m) ISU.U ISU.U
Mumber of Filter Iteration |1

[T Baseline Length Constraink {m) IIII.EIEIEI

Load | Save

20
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4.
ime Plot Mode)

RTKPLOT 2
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Gnd Trk
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File Edit View Hel

P
GPST-05/15

File Edit View Hel
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* Feature
— with Single Receiver (No Reference Station)
— Efficient Analysis for Many Receivers
— Precise Ephemeris
— Conventionally Post-Processing
e Applications
— GPS Seismometer
— GPS Meteorology

— POD (Precise Orbit Determination) of LEO Satellite
— Precise Time Transfer

23
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* Precise Satellite Orbit and Clock
— By Post-Processing or in Real-time
— Observation Data of Tracking Stations World-Wide

* Data Format

— Orbit: NGS SP3

— Clock: NGS SP3 or RINEX Clock Extension
e Contents

— Orbit: ECEF-Positions of Satellite Mass Center
— Clock: Clock-biases wrt Time Scale Aligned to GPS Time

24



@@ Data (GPS/GLONASS

Raw, Ephemeris,...) Global Data Centers
'ﬁ' l—ﬁ' Analysis Centers (ACs) > CDDIS >l0
NN N CODE || NRCan IGN ]| KAS
Inﬁnﬁlm || ESOC SIO
"ﬁ'/l\ :’: GFZ USNO |—= ACC
NVOW, pL || mim Products
GNAACs Regional DCs
RNAACs Oper. DCs
Tracking Network

25
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Ultra-Rapid (IGU
Rapid Srondeast
s
Orbit ~2.5cm ~2.5cm ~3cm ~5cm ~100cm
Accurac ~
v o “75PSRMS  ~75ps RMS :ai/logs ~3ns RMS  ~5ns RMS
20ps STD 25ps STD ~50ps STD 1.5ns STD ~2.5ns STD
17-41 : .
Latency 12-18 days 3-9 hours realtime realtime
hours
Ubdates every at 17 UTC at 03, 09, at 03, 09, _
P Thursday daily  15,21UTC 15,21 UTC
Orbit 15min 15min 15min 15min daily
Sample
Interval :
Clock >at: 30s 5min 15min 15min daily

Stn: S5min

(2009/8, http://igscb.jpl.nasa.gov/)
26



lono-free LC (Linear Combination)
C=a®@+bDy+cP +dP(D1 =1 = Aoy)
.- Coefficients Wave
ﬂﬂ.ﬂ i

L1 Carrier-Phase 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 G C, 0 0 - 0.0 0.9
LG/L4 Geometry-Free Phase 1 -1 0 0 - 0.6 0.4
WL Wide-Lane Phase Awlh —Apldy 0 0 86.2 1.3 1.7
NL Narrow-Lane Phase Av/A4 Ayl 0 0 10.7 1.3 1.7
MW  Melbourne-Wibbena Ay /A4 Ayl AylA Ayld,  86.2 0.0 21
MP1 L1-Multipath 2C, -1 -2C, 1 0 - 0.0 30
MP2 L2-Multipath -2¢, 2G-1 0 1 - 0.0 30

C= KA = 12°), Co==f2" A" = 12°), Ay =UIQU 2y =11 p), Ay =1L Jy +11 p)
27
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Tropospheric Delay:

T =my,(E)ZHD + m,,(E)ZWD
0.0022768 p
1-0.00266c0s2¢ —2.8x10° " H

: Zenith Hydrostatic Delay (m)
ZwD  :Zenith Wet Delay (m)

m, (El) :Hydrostatic Mapping Function

ZHD =

Zenith
Delay

L1777/ 777

m,,(ElI) :Wet Mapping Function

ZWD to PWV (Precipitable Water Vapor):

T, =70.2+0.72T
R, =461,k =77.6,
1x10°

PWV = ( j WD ky=71.98,kg = 3.754x10°

k
R m, =18.0152,m,; = 28.9644

mg

m

28
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RIILCIHINIa FUV (Fhadse Lenter variation)
Receiver Antenna Antenna Phase Center Variation (PCV)
Phase Center: Choke-Ring Type Zero-Offset Type
Antenna X 5
Phase _/ <
Center |/ A\
’ VM, pev
. dr,pco
Antenna Antenna Phase
Reference Center Offset
Point (ARP)
TR H | m,,_,, - 2 | m“ -

y (N)®>x(E) |GS Absolute Antenna Model (IGS05.PCV)
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Solid Earth Tide, Ocean Tide Loading, Pole Tide,
Atmospheric Loading

E-W (cm)

@
|
Z.
_18 | | | | | |
. T T T T ! T T
_ 20-0-A-H- N0 -a - RSl R | o | RN | Y | B | S| el
§ o4 V
- T TR B R R SRR R TR TETER
—40 i | | | | | |
0 100 200 300 400 500 600 700
Time (H)

IERS Conventions 1996 + NAO99.b, 2007/1/1-1/31, TSKB
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Static PPP Results Kinematic PPP Results
Station: GEONET 0837 Station: IGS CONZ

= D:¥pr0j¥r‘tk|ibﬁmﬁ¥ppp¥ml3¥083?ﬁzo@ 53 D:¥proj¥gt_support¥20100 Er= =
File Edit View Help Hl .EI|E Edit View Help
1] 2 Posiion w|—[ALL w|HH vl T ® ] ] A ]Position - :"jv HlEF @ o o o &[] ] ] X 5
0.1
E-W (m) ORI=31,824060872° 130, 5995938597 314.6565M 3TEWT A ORI=-36.84376628° ~73.02551480°  180.653m

AVE=0.0000m STD=0,0084m RM5=0,0083m

AVE=1,495m 5TD=1.388m RM5=2.03%m

e,
\w%&.‘.w* ;{ q’a e ety “.,,»M «uw

0.00 |y I e e s b.w«.‘w\»w‘.’ﬁ

?

N-5 (m) AVE=-0.0000m 5TD=0,0059m RM5=0.0055m N-5 !m) 4 AVE=0.25%m 5TD=0.359m RM5=0,442m

“‘m
e e W W
0.00 et VT e e b VS P e S G, R0

U-D (m) AVE=-0.0000m 5TD=0,0110m RM5=0.0110m

0.10
0903 0905 09/07 09/10 09/12

1]2009/01/01 00:00:00 GPST-12/31 00:00:00 GPST : N=365 B=0.0km Q= 6:365(100.0%)
[1]2009/01/0 2 Q

2009/1/1-2009/12/31 2010/2/27 6:28-6:45 GPST
Interval: 1day Interval: 1s
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Commercial RT- PPP/GDPS Services

<10cm H
. World- 3 GEO 1 min/ JPL
StarFire NavCom wide L-band 60 17 s RTG <15.cm \Y
(1 sigma)
SIS V\\:voi(rilg- JEILY 100 L i Fuguro dm-class
XP/HP+ L-band 10's 8
(Land)
Fuguro
SeaSTAR World-— ¢ 6ro i | e
XP/G2 wide L-band 100 10's ESOC dm-class
(Sea) (G2)
10cmH
VERIPOS World- 7 GEO 30 s/ JPL/
Ultra/Apex VERIPOS wide L-band 80 30s ESOC 2?9(;;)\/
(0]
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Developed by IGS-RTPP

— Corrections to broadcast ephemeris
— Real-time NTRIP stream

— Interval: 10 s, Latency: 5-10s

— GPS and GLONASS

Analysis Strategy

— Orbit: fixed to IGU or estimated
— Clock: estimated with IGS real-time

tracking network

RTCM v.3 MT1057-1068 (SSR)

lGDC 1

P
19

Fr4L BE & EBE JuI¥-0 TLED AT

“ + | herpcifigs. bl bund dedntripierbits &) Qe

& 10k =

=8 Ko

GNES DATA CENTER

NTRIP = EUREF & IGS producis > Orbils

Real-time Satellite Orbit and Clock Corrections toBroadcast
Ephemeris from IGS and EUREF Resources

EUREF's Raali ig project and the IGS Real-ime Pilot Project provide access to precise GNSS
satellite orbits and clocks via NTRIP for test and evaluation.

1. Ephemeris Correctors in RTCM Version 3 Format

Precisa orbits and clocks can be derived fro o pl is. RTCM's "State Space
Representation’ (S8R) Working Group s in the process of ping w3 b
such comactions in real-tima. The following messages ara proposed:

Proposed RTCM v3 Messages

Messege | Contents

1057 GPS orbit cormsctions to Broadcas! Ephemens.

1058 GPS eleck eomactions o Breaseast Ephamans

1059 GFS code binses

1060 Combined ortit and clock comations to GPS Broadcast Ephemors

1081 GPS User Range Accurscy

1082 Highrate GPS clock corections to Broadoast Ephemers

1063 GLONASS orbit comeetiors 1o Broadcast Ephemeris

1064 GLONASS clock comootions to Broadcast Ephemaris

1065 GLONASS code blases

1066 Combined orit and clock comotions to GLONASS Broadeast Ephemuris

1087 GLONASS User Range Accuracy

1088 FHigh-rate GLOKASE clock cormectiora to Broadoas| Eshemenatd
Orbit cormactions are provided in along-track, {rack and radial . Thesa are defined
in the Eanth-centered, Eanth-fixed ref frame of the Clock are not

adjustad for tha 2nd-order relativistic effect. After applying corections, the satallite poaiion and elock ia refarmed
to the ‘ionaspharic frae’ phase canter of the antenna which is compatibla with the broadcast arbit refarance. The
oebit and clock comections do not include local effects (like Ocaan Loading or Salid Earth Tides) or atmaspheric
affacts (ionosphera andior troposphers). There is curmently no RTCM S5R message for ionospharic state

The afi will be the next step in the schedule of the RTCM State

Space Represantation Working Group.

htt;:7/ igs-.Bkg.bu nd.de
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1 BKG: CLK10 * BKG: CLK11 (GPS ) :
E-W {m) 18 389665459° 1003.9071m + n E-W (m) 003.9071m
L 'D=0.0360m RM5=0.0381m L n L 15=0.0323m
0. [H] 05
Lo e, e 0.0 " e o = 00 S -
gt iy
-0. -05 -05
L 10 10
N5 {m) AVE=-0.0426m STD=0.0344m RMS=0.0548m N-5 m) AVE=-0.0382m STD=0.0318m RMS=0.0437m NS {m) AVE=-0.0423m STD=0.0295m AMS=0.0518m
0. 05 05
0.0 iy e ey o P ey 0. Ry it tw oo Sy 0.0 o i
-.‘W-W' i —d it
05 -05 05
-10 -10 -10
U-D (m) STD=0.0756m X U-D(m) AVE=-0.0149m STD=0.0689m RMS=0.0705m (m) WE=0.0174m STD=0.0664m RM5=0.0686m
05 05 05
\ .
°'°WWMWWM ”WMWMHMM 00
05 -05 05
_1 0 -1 u -1 n
03:00 06:00 12:00 03:00 05:00 12:00 03:00 06:00 12:00
i EQA ESOC CLK31 s ESAJESOC: CLK51 TUW: CLK61
E-W {m) 59‘ mus 9071m E-W (m) ° 11003.9071m E-W (m) ° 18.389665459° 1003.9071m
05 05 MS=0.0566m D=0.2333m RMS=0.3148m

oo‘mmu’b'{ o o

Ww.

AVE=-0.0541m STD=0.2280m RMS=0.2344m

\
|
\
i
03:00 06:00 12:00

RMS 14. O 12. 1 '23.4cm

00
" il
N
'

03:00 06:00 12:00

RMS 57 5.4, 116cm

0.
00 WM i "J
05 ' /
-10

-5 (m) |
05 |

7m RMS=0.2098m

76m RMS=0.2500m

03:00 06:00 12:00

RMS 23. 3 21. O '25.0cm

2010/9/18 0:00-23:59, 1Hz, Kinematic PPP, NovAtel OEMV-3+GPS-702, RTKLIB 2.4.1
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 Implementation for LEX-PPP user algorithm

— Based on Real-time PPP by RTKLIB 2.4.1

— Support QZSS LEX Message Type 10, 11
— Support LEX-Receiver (Furuno LPY-10000) Message

* Preliminary Evaluation

E-W (m) ORI=45.402992716° 141.750435036° 74.6650m
AVE=0.0626m STD=0.1337m RM5=0. 1530m

GEONET 0001 Wakkanai, e st
2010/8/3 0:00:00-23:59:30 | .

N-5 (m) AVE=-0.0782m STD'=0.1242m RM5=0. 1468m

0 g i NS ot OB

RMS Error E/N/U:
15.2,14.2, 21.6 cm
(Dual Frequency)

u-D (m) AVE=-0.0570m STD=0.2177m RM5=0.2250m

f
I : I Abhy o VRN ‘q:f.“;',’;f!‘-":;
° ey e R M AR
[ y L !
1

(T.Takasu, Space Sciences and Technology Conference , 2011) 35



6. PPP:
Exercise
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Frrr Miidiyol10 1Vl INTITICTIIVT FUIIIL
- . RTKPOST
* Objective
PPP Analysis for Reference Point e e e [ B e
|p¥projérthlib¥data¥igs0s_1604.atx
o P ro g ra m ID:#projér tib¥data¥igs05_1604.atx

Geoid Data File

.. ¥rtklib_2.4.0¥bin¥rtkpost.exe
.. ¥rtklib_2.4.1b¥bin¥rtkpost.exe

Google Earth Exe File
|C:¥Program Files¥Google¥Google Earth¥googleearth.exe

* Data oo
...¥seminar¥sample4¥ Date:
09160700.110, 09160700.11n (RINEX) 2011/3/11 GPST
21100700.110, 21100700.11n (RINEX) | 57 eex 1022, PO 070)
igs16265.sp3 (Precise Orbit) 020916: Minamikata
igs16265.clk_30s (Precise Clock) 92110: Tsukuba

Acknowledgment: Sample Data are provided by GSI and IGS
37



IGS Data/Products

FrAIl BE don

BE Jdwi3R—2 T2 ED AT

M s /oANICC DN
WUIHTITIT JINOOD W

GEONET Data

r o
'@ IGS -- International GNSS Service, formerly the International GPS Sewic_b‘é‘g

\_ < | » | |+ | http:/figscb.jpl.nasa.gov/ ¢ | | Q- gz vision

O %%

TrLL RBE Kr BE JvOI-2 O12RED AT
\_ 4 | » || + |@ nttp://terras.gsi.go.p/iafindex.html ¢ | | Qr gz vision | O~ &

Formerly-the International GPS Service)

Data & Products | Tracking Network | Pllot Projects & Working Groups [Calendar]|
[ FAQ | Publications | Organization | FTP | Site Index |

The International GNSS Service (IGS), formerly the International GPS
Service, is a voluntary federation of more than 200 worldwide agencies
that pool resources and permanent GP’S & GLONASS station data to
generate precise GPS & GLONASS products. The IGS is committed to
providing the highest quality data and products as the standard for
Global Navigation Satellite Systems (GNSS) in support of Earth science
research, multidisciplinary applications, and education. Currently the
IGS includes two GNSS, GPS and the Russian GLONASS, and intends to
incorporate future GNSS. You can think of the IGS as the highest-
precision international civilian GPS community.

Whenever your use of IGS data or products results in a publication,
please include a citation.

What's new: Updated: February, 2011. General GPS/GNSS questions?

« IG5 2010 Workshop Summary Please visit resource links
Recommendataions
o IGS 2010 Workshop Presentation
Videos
« IGS Strategic Implementation
Plan - 2011
+ New Reference Frame
Coordinator
This web site is part of the IGS Central Bureau Information System
(CBIS), providing both IGS member organizations and the public with
information about the IGS organization, the IGS network of stations, and
IG5 data & data products (such as precise ephemerides).

The Central Bureau is sponsored by the National Aeronautics and Space
Administration (NASA) and managed for NASA by the Jet Propulsion
Laboratory of the California Institute of Technology.

he IGS is a service of the International Association of Ceodesy

| RN IURCTIANE IR L WP S

»

mn

BFEERTSR#Y—EX

&3C% =
=1

COY—ERATIE, ELhEREOGEONETs (GPS

R R T L) ‘Cﬁbhf..'g?&i&.ﬁﬁ'ﬂlh'—'?’\‘-’ﬂﬁﬁ L

RREEAS 32— 1’~J FERIALTA—FOERICRET S

2 ELY, -
?KE?:Z ® CHEH My CAHTSRHME (BLE
DL ¢ OE #] BCHECEED o
) 0 EFERAOELKRCOVTIRoBLFEIR(ES }
DI EEIEE L
DEpe s
EEEEEE KX [EZELBHMLHIGPS F—22UF Uy
; NGADH—EIICDONT #xxxx%% %
DiEHERIT DT |
. R i (EtPE T’I—?fu?u;wwz] i 3
p a a ouse
- {RiEg T LTI, ¥— Exmxm—mgmmmv—m%ﬁmauxt LS
Ik, FRZ7ALESERLET
PDELRMAPCVEET— 6P s ;—9?2'17'1 LN ADY—rEIEIZET B B A
IPDFIE 72KB]1
aFA
xxxxxxxx EFEESOMERRCONT
* %k %k ¥ % ¥ %k ¥
iz —E2

COY—EATIE, T2ORBOHMTHTEY, REEICOLNTIEER
BLTLEFA, BTREAOREEACETORERREE, (4
AREFEEY—ERX) CWBREATVET. ﬁt%i—lﬂ!ﬁé:ﬂ.éﬁ“
F, FEOF FLALYB#EATEL, £, FARORICEERD
‘E{ifﬁéhéii‘“ti‘&ﬂ)?b —4 MEft—ER) A:'-Jd‘a:éé&l-.&‘).
52t AR —Tn TRERI—F-R&R] LUBHEAT=L,

TRELRREFHEY—ER] Fobb

X REREE) - TAOR] OBRASBEGEEE, FHRENEET i
T BARLMETIHEE, 2ERRRSHEY—EADHP £ TKL
EEZE. FREFT>T(EEL, BRERRHETY,

[ e o

http://igscb.jpl.nasa.gov

http://terras.gsi.go.jp/ja/index.html
38



Settingl |5etﬁngg| Output | Statistics | Positions | Files | Misc |

Positioning Mode IPP'F‘ Kinematic 'I

Frequendes IL 1H2 _I
Solution Type ICumbined j
Elevation Mask (%) / SNR. Mask {dbHz) |1u |u

Rec Dynamics/Earth Tides Correction IOFF ;“DI‘\I j
Ionosphere Correction IEr-:uau:Icast j

Esﬁmate ZTD 'I

Troposphere Correction

Satellite Ephemeris/Clodk Precise j

E——
Excuded Satellites (PRM ...)

¥ Gps [T GLo [T Galleo [T QZss [T sBAS [T Compass

Settingl | Setting2 | Output | Statistics | Positions ~ Files |Misc |

Satelite Antenna PCV File ANTEX

2 .|

ID:¥pmj¥rﬂdib¥da13¥igsU5_1604.atx
Recever Antenna PCV File AMTEX or

MGS

2

D ¥proj¥riklib¥data¥igs05_1604. atx

Geoid Data File

=

DICB File CODE Format

= .

O

Google Earth Exe File

|

IC:¥P'mgram Files¥Google¥Google Earth¥googlesarth.exe

Load | Save | (04 | Cancel |

Load

Save

oK

| e

39



7. RTK System
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Geodetic Survey  Construction
Machine Control

PR TS T 1, i
ITS (Intelligent Mobile Mapping
Transport System) System

http://www.trimble.com, http://www.leica-geosystems.com, http://www.gpsworld.com 41



LONSIGEerations 1or ni N Systéim
* Rover

— Single vs. Dual-freq, Update Rate, GNSS, Receiver-cost
— CPU Power for external processing
— INS-integration for obstacles

e Reference Station

— Baseline-Length vs. Performance

— Self-provided vs. NRTK Service

— Coverage, Receiver-cost, Operational-cost, Service-fee
e Communication Link

— Coverage, Band-width, Latency, Link-cost

42
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e CPU-power
— ~2 ms/epoch for dual-freq RTK on Intel Core 2 Q 2.4 GHz
— ~20ms/epoch for single-freq RTK on ARM 600 MHz
— H/W DP floating-point is necessary

e Bandwidth
— ~3 kbps for 1 Hz GPS only, RTCM 3
— ~20 kbps for 1 Hz GPS+GLO+QZS+SBAS, JAVAD GREIS

* Latency
— > 5 s Latency degrades RTK performance
— "Low-latency" vs. "Matched" Solution

43
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e Local (<300 m)

— Serial, USB, LAN, ... (wired)

— Radio Modem, WiFi, ZigBee, DSRC, ... (wireless)
* Regional (<1,000 km)

— Analog-phone, ISDN, Dedicated Link, ... (wired)

— Mobile-phone (Analog, 2G, 3G, ...), ... (wireless)
e Global (<10,000 km)

— Internet

— GEO Satellite Link (Inmarsat, WideStar I, ...)
— LEO Satellite Link (Iridum, Orbicom, ...)

44
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@Shnbunsha Publications, Inc

NTT docomo FOMA (2008/9)
(http://servicearea.nttdocomo.co.jp)
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J
(1

£3 v l -I- t~nme 1)
NTIgUrations (1)
Base Station Rover
Receiver Receiver

PC Serial /I/ PC Serial

A 4

WiFi Y

STRSVR

RTKNAVI

A 4

TCP TCP

Server Client

(0) Input =Serial

(1) Input Rover=Serial

(1) Output 1=TCP Server (2) Input Base Station=TCP Client

(3) Output Solution 1=File

i Mobile ‘!_LI—‘
1
Base Station i Phone | % Rover
Receiver '*---D'-{-V-V---—" Receiver
PC Serial :/ --------- \\I Y PC Serial
\ 4 : i A\ 4
i :
STRSVR ] Internet E RTKNAVI >
i i Mobile
i ,= Phone
(0) Input =Serial Mmoo - Terminal (1) Input Rover=Serial

(1) Output 1=TCP Server

(2) Input Base Station=TCP Client
(3) Output Solution 1=File

46



D
n

T
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I/

\

£

[ [
Canficaiivatkiam (9)
GCUILTTIGUIldlivll (\4)

T
. ri
Base Station i P Rover
. I Caster 1 .
Receiver L . ! Receiver
PC Serial 7 \‘\I PC Serial
1
v ] | v
: :
STRSVR | Internet i RTKNAVI >
i i
1 1
: ;
(0) Input =Serial N e mmmmmmmm A (1) Input Rover=Serial
(1) Output 1=NTRIP Server (2) Input Base Station=NTRIP Client
(3) Output Solution 1=File
I
| I
RIS Rover
Rsetfetr_ence Receiver
ations
/’ ---------------------- \‘ '
: \ PC Serial
R X2 2 Pl i v
! BN :
1 i H
E NTRIP Caster —H Internet : RTKNAVI >
: L :
1 1! 1
e —— e ——————— (I )
NRTK provider e - (1) Input Rover=Serial

(2) Input Base Station=NTRIP Client
(3) Output Solution 1=File

47



DTV CAandicadisvand: o~ I’.‘)\
RIN COrmiguratiori (9)
|
|
|
Reference
Stations e . (1) Input =NTRIP Client
7 ™ (2) Output=TCP Server
i' """ Y ?"F'J"F“"I“E E i PC
i NTRIP _:_: Internet :_ STRSVR
: Caster Pl :
NRTK provider M e - LAN
PC PC PC PC
RTKNAVI RTKNAVI RTKNAVI RTKNAVI
A A A A
Rover Rover Rover Rover
Receiver 1 Receiver 2 Receiver 3 Receiver 4

(1) Input Rover=Serial
(2) Input Base Station=TCP Client

48



7. RTK System:
Exercise

49



CAavarmassvmses~ds
UL 1ICdAdll

 Objective

Network Connection for RTK

* Program

... ¥rtklib_2.4.1b¥bin¥rtknavi.exe
... ¥rtklib_2.4.1b¥bin¥strsvr.exe

e Stream (TCP Client)

JAV1:192.168.1.173: 2101 (Format:

~
9

M 2011/04/25 20:18:50 GPST Connect Time: 0d 00:00:00

Stream Type Opt Cmd bytes bps
(0) Input  |File = JJ 0 -
(1) Qutput |TCP Server vJ 0 0
(2) Output - J 0 i}
(3) Qutput - J

O

Opton... Exit

STRSVR

Javad)

JAV2:192.168.1.173: 2102 (Format: Javad)

Acknowledgment:

Sample data were captured by JAVAD DELTA and FURUNO LPY-10000 receiver

provided by JAXA

50



Javad

I 2011/04/25 20:18:50 GPST Connect Time:  0d 00:00:00

Stream Type Opt Cmd

(@ Input  |File ==
(1) Cutput m_l

] (2) Output
] (3) Output

bytes

Javad

0d 00:00:00

20:18:50 GPST Connect Time:

Opt Cmd

Cl@ nput  |File |
[1(1) Output. [TcP server | |
[1(2) Qutput l—;l_l
O@oupet [ =]~

bytes bps

= ] Stop Option... Exit

192.168.1.173:2101 (Javad1)
192.168.1.173:2102 (Javad2) Javad2: 35.666496867 139.792366358 59.3696

RTKNAVI 2.4.1b (TCP Client)

- —
RTKNAVI ver.2.4.1
e

2009/05/15 05:16:12.8 utc| 1 | MO0-wE-»C0 000 of L

- =
RTKNAVI ver.2.4.1
-

2009/05/15 05:16:12.8 utc| 1 |EOO—E—C0000 o

Lat/Lon,/Height - || Rover L1

Solution:  SINGLE

N:  35°43'08.2191" O@ %
E: 138°27'02.1237" ] @ E

N - -

Lat/Lon/Height - |[RoverL1 N T

Solution:  SINGLE
N:  35°43'08.2191"
: 138° 27" 02.1237"

H: 405. 927 m
N 6
#of sat:12 GDOP 2.3 b || #of5at:12 GDOP:2.3
() T+15.7s () T+15.7s
Start | Plot... opion. .. | Exit | Start | Blot... Optior... Exit

- —
RTKNAVI ver2.4.1

| 2000705/15 05:16:12.8 ure | 1 [WOO-E—00 000 o

I |WO0-E—-00000 of L

Lat/Lon/Height

Solution: SINGLE
N: 35%43'08.2191"
E: 1387 27'02.1237"

Rowver L1 M A

i& GDOP:2.3

RoverL1

Solution:  SINGLE
N: 35°43'08.2191"
E: 138° 27 02.1237"

(1) T+15.7s I

(DT+15.75

Start | Plot... | Option, .. Exdt

Start Plot.. Option. .. | Exit |

- —
RTKNAVI ver.2.4.1
e

2009/05/15 05:16:12.8 UTC

1 |WO0-E-00000 o]

- ——
RTKNAVI ver.2.4.1

2000/05/15 05:16:12.8 utc| 1 |BOOE—C0000 o

Lat/Lon/Height - || RoverL1 N A

Solution: SINGLE

N:  35°43'08.2191" O@ %
E: 138°27'02.1237" | w @ E

#of Sati12 5 GDOP:2.3

Lat/Lon/Height T |[RoverL1 N T

Solution: SINGLE
N: 35%43'08.2191"
E: 138°27'02.1237"
H: 405.927 m
N:

= }Sa& GDOP:2.3

(1) TH5.7s J

() T+15.7s

Shart | Plot.. Option, .. | Exit |

Start | Plot... Option... Exit

51



8. Advanced Topics
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 Multi-GNSS RTK
 Long-Baseline RTK

e INS-Aided RTK

e Ambiguity Resolution for PPP
e "CM-Accuracy Anywhere"
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ANICC CEuinalisdbianm
GiINDO EVOIUTION
Number of Planned GNSS Satellites
mmmﬂm
32
GLONASS 23 (+2) 24 (+3) 24 (+3) 24 (+3)
Galileo 0 18 27 (+3)
Compass 6 32 (+3)
QZSS 1 7
IRNSS 0 7
SBAS 7 8 11 N 11
Total 68 88 129 140
L3 GNSS Signal Frequencies
L5/E5a ES5b L2 L2 E6/LEX L1/E1 L1
B /74N ‘ \\\ AN 7! / AV i ENTAAVZRW ﬂI \n Af\///}(\\\ NN
j / \Q\J/\\{ | f\ YAV " _\'\I\MU Y\ Hﬂ“\m/f‘?‘m it A /}L\\)\ R

( YYang, COMPASS V/eW on Compat/blllty and Interoperablllty, 2009)

54




~NICC DTV DAavén
INOD NI N FCI 1V

p

T
A4 [

rmnn

- o)
11AlILC

)

RT Performance: Baseline 13.3 km, Instantaneous AR

El Mask=15° m

mm Fixing | RMS Error (cm) | Fixing | RMS Error (cm) _
Ratio | E-W | N-S | U-D | Ratio | EW | N-5 [ U-D_

(0} (0)
GPS L111+L2 49.7% 46 81 19.0 233% 714 115.0 289
L1,L2 - 99.0% 14 1.3 1.9 87.6% 3.4 10.5 155
L1,L2,L5 - 99.0% 14 1.3 1.9 873% 3.4 105 15.6
L1 El 98.8% 13 12 19 901% 1.2 21 2.7

GPSIGALLL k1 989% 14 12 17 987% 12 10 16

E1,ES5q,

L1,L2,L5 ESh

989% 15 13 2.0 989% 1.3 1.1 1.8
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e Moore's Law
— More correlators
— More tracking channels
— More powerful embedded CPU

e Consumer-grade Multi-GNSS Receiver
— SkyTraq: GPS + GLONASS
— STMicro: GPS + GLONASS
— Broadcom: GPS + GLONASS + QZSS
— u-blox: GPS + Galileo
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ISSUES

 Multi-GNSS Integration Issue
— Time-system, Coordinate-system
— Receiver H/W Biases

e Multi-code System Issue
— L1C/A-L1P(Y)-L1Cd-L1Cp, L2P(Y)-L2C, L5I-L5Q
— Quarter cycle phase-shift problem

* GLONASS FDMA Issue

— Receiver Inter-channel biases (Receiver Interoperability)
— Calibration Message Standard
— Antenna Calibration
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......................................................................... 1’000km

GPS Tsunami
Monitoring System
(Currently ~15 km off-shore)

http://www.tsunamigps.com
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BL Error Elimination .
trategy
(km) | Ephem | lonos | Tropos | Others

S O0—-—10 Broadcast - - ;

Conventional

RTK
10 — Dual-Freq - -
M 100 Broadcast |
Interpolation - Network RTK
1 100 — “;:é:i';: SusE e Estimate Earth Long-Baseline
1,000 ZTD + MF Tides RTK
(IGU)
Non-RT Estimate Earth Post-
VL >1,000 Precise  Dual-Freq 71D + MF Tides, Processing
(IGR, 1GS) Ph-WU or PPP
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1-7,2009 | BL=471.2 km | July 1-7, 2009 sz

“INs (m) AVE=-0.0015m 5TD=0.0091m RMS5=0.0092m N-5 (m) AVE=-0.0022m STD=0.0127m RMS5=0.0129m

“lubp (m) AVE=-0.0081m 5TD=0.0227m RM5=0.0241m U-D (m) AVE=0.0073m STD=0.0377m RI\{IS:0.03Bﬂ-m

%{ STD 070923cm FIX= 998% v STD= 111338'cm FIX= 990%

/ /

0.2

E-W (m) ORI=44.433686068° 143 ORI=44.433686068" 143.224179125° 54.5733m

0.1 AVE=-0.0040m STD: m AVE=0.0011m STD=0.0105m RM5=0.0105m
= 0.0 M et i AN B O Y e
L

-0.1

-0.2

N-S (m) AVE=-0.0028m 5TD=0.0129m RMS=0.0132m

AVE=-0.0026m STD=0.0148m RM5=0.0150m

-0. -0.
U-D [m) AVE=-0.0079m 5TD=0.0296m RMS=0.0307m U-D (m) AVE=0.0128m STD=0.0362m RMS%.OSTm

-

%{ STD=1.6,1.3,3.0:cm FIX=98.8% a7 STD 1.1,1.5,3. 6 cm FIX 96 2%
bU
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e Cycle-Slips
— Frequent cycle-slip with around obstacles
— Miss-detection of cycle-slip

* Low Solution Availability
— Long acquisition time by weak signal (Low C/NO)
— Half-cycle ambiguity resolution with Costas-PLL
— Low fixing ratio

 High Noise Level

— High multipath level even in carrier-phase
— Jamming by RFI
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=]
7))

Carrier-Phase —

Signal Outage/
Receiver Data Gap

(Half-Cycle

Cycle Slip Slip)

l Time

Half-Cycle Ambiguity

Detects Reacquisition ~ Resolution
Loss-of-Lock (<1s) (0-12s) *
* Depend on Receiver
12 500
14 e S " T<ls: 724(68.2%)
() - 0 1
16 et B R BB H i b Hlm £ 400 T<3s: 869(81.8%)
g £ T<5s: 932(87.8%)
g 8 300 .
22 bt e s
29 i e = el -l 200
" 30 bt e e e £ 100
31 o e e e e i =
32 Bl bl et b it 0 A
01:25 01:30 01:35 01:40 01:45 0 10 20

Span of Data Gap (s) (EL>15°)
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INIC AidA~AAd DTV
1IND"MAIUTU NI N
w,f Cryv
_ w,f
IMU > Filter — IMU Cryv
Fo/Vo Filter F—
T- BB > Navi i BB
P,.D

Loosely-Coupled

Integration

Tightly-Coupled
Integration

w,f
IMU C’r’v
NCO Filter (—
i BB
IS’QS

Deep Integration
(Ultra-Tightly)
High sensitivity

(DLL, PLL)
Slip resistance
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SRe £ PPOD
Amb lution for PPP

DI\!‘A
NCoV

e with AR for PPP

— Improve Convergence Time
— Improve Accuracy of Static Solution (EW, UD)
— Improve Stability of Kinematic Solution

e Difficulties of AR for PPP
— Unknown Satellite Initial Phase Biases
— Effect of Precise Orbit/Clock Error
— Effect of lonospheric Delay
— Code/Phase Bias Instability
— Multipath Effect at Reference Station Network
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RA A Ak Al Coll N
IVI.\JT TL dl., LUV 4V

U
WL Phase Bias Stability N Phase Blas Stablllty
L

-8 830
a8 8580 B

0 PRNI2 < PRN23 0 PRN24 Fractional Part of Ambiguitios
+ PRN2Z + PRN23 » PRN24 Calculated Tabular Values

w
o
g, —=— PRNO1 —=— PRNO4
E 0.2 —&— PRNO2 —&— PRNOS -
L]
P _ A A bh
g_ou P Y S S W, S L
° P - Sy " S U - SN - N

e B—G o 50
021 _ e -
=
=
3
[

S —O—O——————0—0

Fractional Part of SD Narrow-lane [Cycles]

0.6 T T T T T T T T T T T T T T
105 108 111 114 117 120

T o I -3(;0- ITéDI IIDIBDI I14|4IJI I18|ﬂﬂl I21IEDI I25|20I '238[:-
Day of Year 2006 Epoch Mumber [Sampling Rate 30 Seconds]
Repeatability of PPP-AR .. RMS Error of PPP-AR
1 L I L L 1 1 1
D.
6 1 1 1 1 1 1 1 1 x o a
— g - i ..-E""-! = o m
= 4 " '!'.'.'D""i-- n - i - ) L
= M Fixed s ke - .
E 4 W Real-valued L2 . i
= £ Q
[} Lo B o9 0. .. 0. P O"_.@ L
824 | 8 ., 7 N . g .
g voe bty g¥Pi
o a 24 L
Z East <»Morth OUp Realvalued Solutions
0 - i @ East # North B UP Figed Solutions
0 T T T T T T T
East North Up 1[':-5 168 11|n 11|2 1%4 11'5 11|3 120

M.Ge et al., Resolution of GPS carrier-phase ambiguity in pﬁgg;;? r;r‘;ucﬂyﬁlnt positioning, EGU

Assembly 2007
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e Real-Time Implementation of PPP-AR

— Network WL ambiguity fixing

— Parameter estimation by EKF with iono-free code/phase:
phase-clock, code-phase-bias, ZTD, station position, orbit
correction to IGU, phase ambiguity

— Orbit construction + high-rate clock generation

e Evaluation of Accuracy

— Orbit: 4cm, code-clock: 5 cm, phase-clock: 1cm

e RT-PPP with AR ("CNES Integer PPP")
— 1 cm HRMS

66



l'r“n Aﬁﬁlllﬁﬂﬂ"
GCIVITRALLUI ALY ATl
Target in 2020 Developing/Future Technologies
Coverage Global Precise Ephemeris with AR,
8 (world-wide) Broadcast via GEO/QZSS Satellite

Latency Real-time (1s) Real-time Multi-GNSS Orbit/Clock Estimation

Accurac 1 cm (HRMS) Local iono/tropos corrections (land)
y 2 cm (VRMS) lono estimation by triple-freq (sea)
99 % (open-sky) Multi-GNSS 30 Sats + triple-freq
Availability Multi-GNSS 30 Sats +
(0)
285 50 (W28 INS-aided PLL, slip-resistant
10 s (land) Local iono/tropos corrections
TTFF

1 min (sea) lono estimation by triple-freq

User Cost < $100 No patent problem, need killer-AP
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8. Advanced Topics:
Q&A
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