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RTKLIB ©

") RTKLIB: An Open Source Progrem Package?nr-_ oo
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‘% RTKLIB An Open Source Program Package for GNSS
%Y’ Positioning

Package for GNSS Positioning |- |

Version Date Binary AP Package for Windows Full Package with Source Programs
220 2009/01/31 2 ia (10.7MB) zip (23.4MB) = |
- 221 2009/05/17 (15.3MB) ip (30.6MB)
232 2009/09/07  zip (33 8MB)
— Has been developed since 2006 R
240 2010/08/08 klib 2.4 (17.4MB) lib zip (26.5MB)
the support on to get P
|
. Overview |
— T h e I a te St Ve rS I O n 2 4 2 RTKLIBis an open source program package for standard and precise positioning with GNSS. RTKLIB consists of a
. . portable program library and several application programs (APs) utilizing the library. The features of RTKLIB are:

(1) Supports standard and precise positioning algorithms with.

are supported but disabled in current versions)

distributed under BSD license

* Portable APIs and Useful APs
— "All-in-one" package for Windows | ..-mm "

Serial, TCP/IP, NTRIP, local log file (record and playback) and FTP/HTTP (automatic download)

(3) Supports many standard formats and protocols for GNSS:

RINEX 2.10,2.11,2.12 OBS GNAV/HNAV, RINEX 5.00 OBS/NAV, RIN
1 ¢, ANTEX 13, NC

Release Notes for supported RTCM messages)
(1) Supports several GNSS receivers' proprietary messages:

| (7) Provides many library functions and APIs for GNSS data processing:

Satellite and navigation system functions, matrix and vector functions, time and string functions,
coordinates transformation, inputand output functions, debug trace functions, platform dependent
functions, positioning models, atmosphere models, antenna models, earth tides models, geoid models,
datum transformation, RINEX functions, ephemeris and clock functions, precise ephemeris and clock

fnctions receiver raw data finctions RTOM finctions sohifion fanctions Google Farth KMI converter

— CLI APs for any environments

http://www.rtklib.com or
https://github.com/tomojitakasu/RTKLIB




RTKLIB: Application
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Y. Ohta et al., Quasi real-time fault model estimation for near-field tsunami forecasting base on
RTK-GPS analysis: Application to the 2011 Tohoku-Oki earthquake (Mw 9.0), JGR-solid earth, 2012



RTKLIB: History

e 2006/4 v.0.0.0
e 2007/1 v.1.0.0
e 2008/7 v.2.1.0
e 2009/1 v.2.2.0

e 2009/5 v.2.2.1
e 2009/12 v.2.3.0
e 2010/8 v.2.4.0

e 2011/6v.2.4.1
e 2013/4v.2.4.2

First version for RTK+C program lecture
Simple post processing AP
Add APs, support medium-range

Add real-time AP, support NTRIP,
start to distribute as Open Source S/W

Support RTCM, NRTK, many receivers
Support GLONASS, several receivers

Support PPP Real-time/Post-processing
PPP and Long-baseline RTK (<1000 km)

Support QZSS, JAVAD receiver, ...
Support Galileo, Enable BeiDou, ...



EKLIB: Features

e Standard and precise positioning algorithms with:
— GPS, GLONASS, QZSS, Galileo, BeiDou and SBAS

e Real-time and post-processing by various modes:
— Single, SBAS, DGPS, RTK, Static, Moving-base and PPP

e Supports many formats/protocols and receivers:

— RINEX 2/3, RTCM 2/3, BINEX, NTRIP 1.0, NMEA0183, SP3,
RINEX CLK, ANTEX, NGS PCV, IONEX, RTCA-DO-229, EMS,

— NovAtel, JAVAD, Hemisphere, u-blox, SkyTraq, NVS, ...

e Supports real-time communication via:
— Serial, TCP/IP, NTRIP and file streams



RTKLIB: # of Downloads
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RTKLIB: GUI APs
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RTKLIB: CLI APs

e RNX2RTKP (rnx2rtkp)
Post-processing Positioning

e RTKRCV (rtkrcv)
Real-time Positioning

e CONVBIN (convbin)
RINEX Translator

e STR2STR (str2str)
Stream Server

e POS2KML (pos2kml)
Google Earth Converter

CLI Command Reference

10



RTKLIB: Package Structure

rtklib_2.4.2.zip

/src

/ bin

/ dat a

/ app

/ nkl
/t est
[util
/ doc

[rcv

[ rtknavi

[ strsvr

/ rtkpost

/ rtkpost _nkl
/ rtkpl ot
/rtkconv

[ srctbl br ows
[rtkrcv

[ rnx2rtkp

/ pos2km

/ convbi n

[ str2str

[ appcm

/i con

Source prograns of RTKLIB libraries

Source prograns dependi ng on GPS/ GNSS receiv.

Execut abl e binary APs and DLLs for W ndows
Sanpl e data for APs

Bui | d environnment for APs

RTKNAVI (GUI)

STRSVR (GUI)

RTKPOST (GUI)

RTKPOST_MKL (GUI)

RTKPLOT (GUI)

RTKCONV (GUI)

NTRI P source table browser (GUJ)

RTKRCV (consol e)

RNX2RTKP (consol e)

POS2KM. (consol e)

CONVBI N (consol e)

STR2STR (consol e)

Common routines for GUJ APs

| con data for GUJ APs
Intel MKL libraries for
Test program and dat a
Uilities

Docunent files

Bor | and envi r onnent
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RTKLIB: APIs

/* matrix and vector functions */

mat (), imat(), zeros(), eye(),dot(),norn(), matcpy(), matmul (), mati nv(),solve(),lsq(),filter(),smother(),matprint(),matfprint()
/* time and string functions */
str2num(),str2time(),tinme2str(), epoch2time(),ti me2epoch(), gpst2tine(),time2gpst(),tinmeadd(),tinmediff(),gpst2utc(),utc2gpst(),
tineget (), tine2doy(), adj gpsweek(), tickget(), sl eepns()

/* coordi nates functions */

ecef 2pos(), pos2ecef (), ecef 2enu(), enu2ecef (), covenu(), covecef (), xyz2enu(), geoi dh(), | oaddat unp(), t okyo2j gd(), j gd2t okyo()

/* input/output functions */

readpcv(), readpos(), sortobs(), uni geph(), screent ()

/* positioning nodels */

eph2pos(), geph2pos(), sat pos(), sat posv(), sat posi ode(), satazel (), geodi st (), dops(), i onnodel (), i onnapf (), tropnodel (), tropnmapf ()
ant model (), csnoot h()

/* single-point positioning */

pnt pos(), pntvel ()

/* rinex functions */

readrnx(), readrnxt (), outrnxobsh(), outrnxnavh(), outrnxnavb(), unconpress(), convrnx()

/* precise epheneris functions */

readsp3(), readsap(), eph2posp(), sat posp()

/* receiver raw data functions */
getbitu(),getbits(),crc32(),crc24q(), decode_word(), decode_franme(),init_raw(),free_raw(),input_raw(),input_raw (),input_oemd(),
i nput _oenB(), i nput _ubx(),input_ss2(),input_cres(),input_oemdf (), input_oenBf(),input_ubxf(),input_ss2f(),input_cresf()

/* rtem functions */

init_rten(),free_rten(),input_rten2(),input_rtenB(),input_rtcnRf(),input_rtcnBf()

/* solution functions */

readsol (), readsol t (), out sol heads(), outsol s(), out sol exs(), outsol head(), outsol (), outsol ex(), setsol opt(), setsol fornmat (),

out nnea_r nc(), out nnea_gga(), out nnmea_gsa(), out nnmea_gsv()

/* SBAS functions */

sbsreadnsg(), sbsreadnsgt (), sbsout nsg(), sbsupdat estat (), sbsdecodensg(), shssat pos(), sbspnt pos()

/* integer |east-square estimtion */

| anmbda()

/* realtime kinematic positioning */

rtkinit(),rtkfree(), rtkpos()

/* post-processing positioning */

post pos(), post posopt (), readopts(),witeopts()

/* stream data input/output */
strinitcom(),strinit(),strlock(),strunlock(),stropen(),strclose(),strread(),strwite(),strsync(),strstat(),strsun(), strsetopt(),
strgettime()

/* stream server functions */

strsvrinit(),strsvrstart(),strsvrstop(),strsvrstat()

/* rtk server functions */

rtksvrinit(),rtksvrstart(),rtksvrstop(),rtksvrlock(), rtksvrunlock(),rtksvrostat(),rtksvrsstat()

12



RTKLIB: Supported Receivers

Data Message Types
GPS Raw GLONASS GPS GLONASS ION/UTC Antenna SBAS
Meas Data | Raw Meas | Ephemeris | Ephemeris | Parameters Info Messages

RTCMv.2.3  Type18,19 Type 18,19  Type 17 Type 3, 22 Tyff }69
Type 1005,
Type 1002, Type 1010, SSR
RTCM v.3.1 Type 1019  Type 1020 - 1006, 1007, - .
1004 1012 1008, 1033 corrections
NovAtel
RANGEB, RANGEB, GLO- i RAWWAAS- i
8%2{;’; RANGECMPB RANGECMPB RAWEPHEMB ol ippipRisg  IONUTCB FRAMEB
NovAtel RGEB,
OEM3 RGED - REPB - IONB, UTCB - FRMB -
NovAtel ID#20,
Superstar Il IDH23 - IDH#22 - - - IDH67 471
L“EX}% UBX ) UBX ) UBX ) UBX
! RXM-RAW RXM-SFRB RXM-SFRB RXM-SFRB
LEA-5T
Hemisphere
Crescent, bin 96 - bin 95 - bin 94 - bin 80 -
Eclipse
SkyTraq msg 0xDD ) msg OxEQ ) msg OxEQ ) ) msg 0xDC
S1315F (221) (224) (224) (220)
[R*],[r*],[*R], [R*],[r*],[*R], [~~1],[::],[RD],
JAVAD (*rl,[P*],Ip*], [*r],[P*],[p*], [GE][GD], [10],[U0O], [SI],[NN],[TC],
(GRIL/GREIS) [*pl,[D*],[*d],[*p],[D*],[*d], [gd] INEL{LD] [GD] ' WDl "q7ss Data,
[E*],[*EL[F*] [E*],[*E][F*] Galileo Data
é\%lljgtl)l msg 0x08 - msg 0x24 - msg 0x26 - msg 0x03 msg 0x20

13



RTKLIB: Portability

 Programming Language
— API, CUI AP : ANSI C (C89)
— GUI AP : C++

 Underlying Libraries
— TCP/IP Stack : standard socket or WINSOCK
— Thread : POSIX (pthread) or WIN32 thread
— GUI Widgets : Borland VCL on Windows

e Build Environment
— CLI AP : GCC, MS VS, Borland C, ...
— GUI AP : Borland Turbo C++ on Windows

14



RTKLIB: References

RTKLIB ver. 2.4.1 Manual )

Draft 2011-01-27

Contents

1 Overview 1

2 System Requs 3

3 4
31 4
32 Realtime Positioning with RTKNAVT 5

33 Configure Input, Qutput and Log Streams for RIKNAVL....
34 PostProcessing Analysis with RTKPOST 3

35  Configure Positioning Options for RTKNAVI and RTKPOST .

36  Convert Receiver Raw Data to RINEX with RTKCONV ...

37  View and Plot Solutions and OF Data with RTKPLOT. 12
38  NTRIPSource Table Browser 5
39 Use Console APs of RIKLIB 54

4 Develop and Link user AP with RTKLIE 55

Appendix A Console AP Commands 56
Al RTKRCV 56
A2 RNXZRTKP. 59
A3 POSIKML 61
A4 CONVBIN 5
A5 STRISTR 5

Appendix B File Formats. 66
Bl 2 File. 66
B2 SBASLogFi 69
B3  Solution Status File 0
B4 Cont File 7

Appendnc C Library APIs Program Interfaces) 5

Copyright (C) 2007-2010 by T. Takasu. All rights reserved.

rtklib_2.4.2/doc/manual_2.4.2.pdf
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RTKLIB: Support Information

update 2011/03/05

Inquiry

Please send e-mail to the following address for inquiry. (replace (s) by @)

riklib_support(algpspp.sakurane jp

Bug and Known Problem List
No.64 A half hour offset of time-tag in converted RINEX OBS files (CONVBIN ver2.4.0)

In some environment, the time-tags in RINEX OBS files have a half hour (30 minutes) offset to proper values.

Duetoa problem on time struct to calend. Clibrary localtime(). The localtime() returns daylight
time flag as the member tm_isdst in struct tm if the daylight saving time applied. The current version assumes the time-shifis justan hour. The
‘half-hour shift did not be idered. It will be fixed in (v24.1) (2011/03/05)

No.63 POS2KML always returns read error (POS2KML ver. 2.4.0)
POSIKML always returms "file read error”. Any Google Earth KML file s not generated.

‘Due to the same bug as No.55. Apply the patch rtklib 2.4.0 53 zip. For NMEA, it still remains the problem same as No.59. It wil be fixed in next
release (v.2.4.1).(2011/02/24)

No.62 Sol1-Sol2 plot does proper values (RTKPLOT ver2.4.0)

After reading solution 1 and solution 2 with RTKPLOT and pushing (1-2] button to show the difference between the solutions, the plots indicate
inproper values in "Gnd Trk" display mode.

Due to a bug in app/rtkplot/plotmain.cpp. It will be fixed in the next release (v.24.1). 2011/

No.61 AP running as a TCP server stops if a TCP client stops (RTKNAVI, STRSVR, RTKRCV, STR2STR ver24.0)

In case that an output or log stream type of AP is set as "TCP server" and TCP clients connect to the AP, the AP stops if one of the TCP clients stops
caused by some errors.

In current version, a writing as 1f the socket buffer is full, "write" or "send” AP blocks the TCP server. If the
TCP client stops reading the socket without closing the socket, the TCP server thread stops due to the blocking socket. It will be improved in the
next release (v:2.4.1) by using non-blocking mode socket. Until the next release, restart the AP in such situation, (2011/01/23)

No.60 50 Hz or higher rate observation data are not properly analyized (RTKPOST, RTKPOST_MKL, RNX2RTKP ver.2.4.0)

‘With 50 Hz or higher rate observation data, the analysis sometimes failed caused by misinterpretation of time-tags in the observation data.

Current version (v.2.4.0y does not support the analysis of 50 Hz or higher on data. Under
(2011/01/23)

the next version (v24.1).

No59 NMEA solution data can not be read and displayed (RTKPLOT ver.24.0)

In case of reading NMEA solution data by RTKPLOT, RTKPLOT always shows the error message "no solution data : " and never displays the
solution data.

Duetoa bugin on.c. 1t will be fixed in (v:24.1). Wait for a while. (2011/01/23)
No.58 RTKNAVI crashs due to mﬁhnry (RTKNAVI ver2.4.0)

In some environments, RTKNAVI crashs due to MKL library used for fast matrix computation.

Usenon-MKL version RTKNAVI (rtknavi_nomkLexe) in the patch
thommoblam (010111 AT

b 240 pYrip instead of original rtknavi.exe for the environment having

http://www.rtklib.com

15



EKLIB 2.4.2: New Features

e Galileo and BeiDou supported

* Full RINEX 3 compliant, multi-signal supported

e RTCM 3.2 MSM and SSR for all GNSSs supported
 BINEX, NovAtel OEM®6 and NVS supported

* Google Earth/Map View by RTKPLOT

o Satellite visibility analysis with NORAD TLE
 Data downloader AP: RTKGET added

 Data format conversion by STRSVR or STR2STR

* License Change: GPL v3 -> BSD 2-clause

16



RTKLIB 2.4.2: Multi-GNSS Support

" Q.
s @@% ji@ O% ., @ GPS(12)
E Q@@ ~ el oo . ® Galieo(d
g O @ @, QZ.SS (1)
Sos bgo | Lo

L :
“og P # Total (39)

O7 O G
2013-06-12 10:20 GPST (EI>10deg)

Visibility at Tokyo by RTKPLOT 17



RTKLIB 2.4.2: RINEX Support

OBS Data NAV Messages E
Ver‘GREJCSGREJg t CLK groc
210 O O O O O O NG NN - H - - -
211 O O O O O O NGNN-"H - - -
212 O O O O O O N GNN-"H - - -
300 000 0OO0OONNNNNN - C -
301 O OO 0O OONNNNNINN - C -
302* O O O O OO NNNNNN - C -

G: GPS, R: GLONASS, E: Galileo, J: QZSS, C: BeiDou, S: SBAS

* Based on draft (2012-12), O/N: RTKLIB Extension

18



RTKLIB 2.4.2: RTCM 3 Support

1044~
1111*~
1112* ~
1113*~
1114~
1115*
1116*
1117*
1246*
1247*
1248*
1249*
1250*
1251*

Message GPS GLOASS Galileo
OBS Conpact L1 1001~ 1009~ -

Ful | L1 1002 1010 -

Conpact L1/2 1003~ 1011~ -

Ful | L1/ 2 1004 1012 -
Epheneri s 1019 1020 1045/ 6*
VBM 1 1071~ 1081~ 1091~

2 1072~ 1082~ 1092~

3 1073~ 1083~ 1093~

4 1074 1084 1094

5 1075 1085 1095

6 1076 1086 1096

7 1077 1087 1097
SSR Orbit Corr. 1057 1063 1240*

Cl ock Corr. 1058 1064 1241~

Code Bi as 1059 1065 1242*

Conbi ned 1060 1066 1243*

URA 1061 1067 1244*

HR- Cl ock 1062 1068 1245*
Antenna I nfo 1005 1006 1007 1008 1033

~ only encode

* pbased on draft,



RTK vs. PPP

RTK Real-Time PPP
Local/Regional
lobal
Coverage (< 1000km) Globa
Typical 1-3 crm HRMS 2-10 cm, -much depen-dmg
Accuracy on orbit/clock quality
Effect of Ref Hard to separate ref and Less effect by distributed ref
Movement user movement stations
System Simple, Complicated,
Complexity at least one ref station need many ref stations
LatencY of ~1q 5 ~ 5
Corrections
Biases Basically cancelled by DD Need careful handling

Which is better depends on AP requirement and technology level.
RTKLIB offers both. They are user-selectable by option settings.

20




RTKLIB 2.4.2: PPP Models

v.2.4.1 v.2.4.2
Satellites GPS, GLO and QZS GPS, GLO, QZS and GAL
Trobosohere Standard-Atmosphere Standard or GPT
POsp NMF + Gradient NMF or GMF + Gradient
lono-Free LC (L1-L2, L1-L5)
lonosphere lono-Free LC (L1-L2) or IONEX for single-freq
Solid Earth Tide:
. Solid Earth Tide: IERS DEHA.NTTIDEI.NEL'F
Tidal ERS 1996 Step 1 + Ocean Tide Loading:
Displacement Step 2 K1 radiaFIJonI IERS 2010 with BLQ
P Y Pole Tide:
IERS 2010 with IGS ERP
Amblgu'lty No (FLOAT) Yes with CNES Products
Resolution (Experimental)

21



B-2
Practice of RTKLIB
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Preparation for Practices

e Copy the following directory and files in the
USB memory to your laptop PC.
school
¥rtklib_2.4.2
¥samplel

¥sample5
¥novatel
¥ublox

23



RTKLAUNCH

* Program
rtklib_2.4.2¥bin¥rtklaunch.exe

RTELIEB v.2.4.2 @
goi gl el e

RTKPLOT STRSVR NTRIPBRS RTEGET
RTKCONV RTKPOST RTKNAVI

24



RTKPLOT

* Objective
check visible GNSS satellites 1

* Program
rtklib_2.4.2¥bin¥rtkplot.exe

e PData

school¥samplel¥
javadl 201102030000.0bs

javadl 201102030000.nav

Acknowledgment:
Sample data were captured by JAVAD DELTA receiver provided by JAXA

25



Satellite V|5|b|||ty

Satellite ID
Gnn: GPS
Rnn: GLO
Enn: GAL
Inn: QZS
1nn: SBAS

ﬂ. D: ¥pm}¥semmar¥‘saﬁ1 plei¥javadl_!
Ffe Edit View Help
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Skyplot or # of Sats/DOP

| ¥ D:¥proj¥seminartsam
| Eile Edit View Help

- iT i I vI |ALL vi = 1 |€ e _1I_I _»! W l
O - 2 % z 1 X
I [ ' ! ! '

Skyplot Al

PR o F=EFET X : |
% D:¥proj¥seminar¥sample E b .
| Eile  Edit View Help | : e
""i e x5 i i - - - Wl
l‘ — g — - -l ————
e i SLETRE LG S, R e 14 R
= : il -k It S - et
L 2 i
—_——— S INC.3
o A P Y i : . i
e 20 = el M A —
02:00 12:00 15:00 18:00 21:00

AT=19 C008 =1 6 PROP=1.4HDOP=0.8 VDOP=1.1

# of Visible Satellites and DOP

[[1]2011/02/03 00:00:00.000 GPST : N=19 NSAT=19 SMR==45 - =25 »30 =25 <5
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RTKPLOT: Edit - Options

Time Format |h:m:s GPST v! Error Bar/Cirde !DFF i

Show Statistics OFF w ||| Direction Arrow IDFF I
Cyde-Slip |LLI Flag vi

Parity Unknown
Ephemeris

Elev Mask Patern ||:|FF vi
Hide Low Satellite ||:|FF vl
Maximum DOP ISU v!

—Satellite System
Wers [V elo v Galleo

W gzss v sBas [ comp

Excluded Sats |

OBS Data Options Solution Data Options

Common Options
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RTKCONYV - RTKPOST

° ° (¥4 RTkCONV ver2.4.0 =)
. O bj e ct Ive ™ Time Start (GPST) 7 [~ Time End (GPST) I mnterval
[2010/10/15 :I [oo:00:00 :-! [r010/10/15 :I [o2:28:54 :i N E

RTCM, RCV RAW or RINEX

Analysis by standard positioning Dipsatarsesioey SIS £

RINEX OBS/NAV/GNAVHNAY and LOG Format. [Novatel OEM4 ~ ]|

|r-ID ¥proj¥seminar¥sample 3¥oemy_201010150000.obs

H'_iD ¥proj¥zeminar¥sample 3¥oemyv_201010150000.nav

I rog ra m |!_]D ¥proj¥seminar¥sample 3¥oemyv_201010150000,gnav

II_ID ¥proj¥éseminarisample oemy 201010150000 hnav

rtklib_2.4.2¥bin¥rtkconv.exe ?”J_“’:for.if-*si,““.‘.“:.'?fjim”_f?‘:ii“tf,“’“”i’”"f"%‘“ :
rtklib_2.4.2¥bin¥rtkpost.exe

* Data T T ST
i ? [~ Time End {GPST) ? I_Inber\ral |_

1 oeis [eoivjoy/zs fassass [
S C h O o | ¥S a m p I e 3 ¥ - iIgfgp?::;?:dgj;izorﬁ2011041?¥r0ver.0bs

RIMEX OBS (Base Station)

oemv 201010150000 S bt
L] g p RIMEX NAV/GNAV/CLEK, SP3, SBS or EMS

ID:¥proj¥rﬂdib_support¥2011041)"¥masber.nav

ID:¥pruj¥rﬂdib_support¥201].0417¥masher.gnav

[ outputFile
| ID ¥proj¥riklib_support¥20110417¥rover,pos

Elot... I View. .. ITn@'IL... I Qpﬁons...l Execute | Exit I

RTKLIB - RTKPOST




RTKPOST - Options

Settingl

Settingl |5etﬁr.-.gg| Output | Statistics | Positions | Files | Misc |
Pasitioning Mode
Frequendes L1412 |
Solution Type |Comhined ﬂ
Elevation Mask (%) / SNR Mask (dbHz)  [15 |o

Solution Farmat

Output Header Processing Options
Time Format / # of Dedmals

Latitude [ Longitude Format
Field Separator

Rec Dynamics/Earth Tides Correction

Setting1 | Setting2 Diwtispﬁsﬁcslﬁnsiﬁmslﬁles | Misc |

Lotionjieicht  [a|
fon — ~fon -]
Iww ss58 GPST v"3

| ddd.ddddddd |

Ionosphere Correction IEruadmst TI

Troposphere Correction |Saasiamoiner1 ;I

Datum/Height
Geoid Madel

[wess4 =[Geodet =]
|Intermal -]

Satelite Ephemeris/Clock |Broadcast =] Solution for Static Mode

Exduded Satellites (PRN ...) |

MMEA Interyal {5h BMEGEA, E5A/EEY

IWePs [T 6o [T Gallea [T G55 [T sBAs [ Compass Output Solution Status / Debug Trace

fau ~]

ln ||:|

lorF  ~|loFF

Load Save I

- Lﬂad|iavE| oK |§ance1|

30



RTKNAVI

Objective
monitor receiver output data

Program
rtklib_2.4.2¥bin¥rtknavi.exe

Data

school¥sample2¥
ubx_20090515c.ubx (u-blox)
oemv_2009515c.gps (NovAtel)

RTKLIB - RTKNAVI

2606/01/01 00:00:00.0 est| 1 |OO0-+0—00000 o L [
1

LatfLon/Height i || Raover SNR. {dBHz)

Solution: - 1 [
N: 0.00000000 =
E: 0.00000000 *

u-blox AEK-4T NovAtel
(LEA-4T) OEMV-3G
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Output of u-blox

= = .

RTKNAVI ver.2,4.0

' 2009/05/15 05:16:31.8 GPST _| NOO-E—-00 000 8

| Latflon/Height 3 |F!c-'-.-'er SR {dBHz) g
Solution: SINCLE W

35.71895653 ©

% 12141518 21222627301

RTK
Monitor 4—1I A

(1) T+21:85 e

Flot... | Cption

NMEAO0183:

SGPRMC : Recommended minimum
data for GPS

SGPGGA : Fix Information

SGPGSA : Overall Satellite Data

SGPGSV : Derailed Satellite Data

SGPGLL :Lat/Lon Data, ...

$GPCEA, 123519, 4807. 038, N, 01131. 000, E, 1, 08,0.9,545.4, M 46. 9, M , *47

Time (UTC) Latitude Longitude Z#_of Sats \ Altitude Geoid Height
Quality HDOP
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Output of NovAtel

2009/05/15 05:16:19.9 GPST

-0 000 o

4

LatfLon/Height | Rover SNR {dBHz)

Raw OBS Data

lp2 (m) |P5 (m) L1 (eyce) |L2 (eyde) |L5 {cycle) D1t [p2tz) [tz [s1(dfs2 (@fss (@t [l s |codei|codez|codes|

200/05/15 05 16:55.050 1 [20254045.344 |20254045.273 |0.000 106435723.358 82936926.625 0.000 -1568.516 -1223.004 0.000 51 47 [0 @O0 0 0 Lic >
2009/05/1505:16:55.050 |12 1 |21293895.828 21293896.062 0,000 111800178.058 57194946,887 0,000 |2060.633  1605.688 0,000 50 47 [0 0 o @ Lic L
2009/05/15 05:16:55.050 |14 1 23920224085 23920225892 0,000 125701628750 97949332.531 0.000 12577.184  2008.195 0.000 4 3 0 0 ©0 [0 Lic 1@
2009/05/1505:16:55.050 |15 1 |23134249.391 23184250.945 |0.000 121834049, 105 |94935627.551 0.000 2278723 -1775.633 0.000 @ (42 o0 0o o o |uc i@
2009/05/15 05:16:55.050 |18 1  20397304.664 |20397303.857 0.000 107101184,390 83525504473 0,000 1144500 112.594 0,000 so 46 [0 0 o o L |
2009/05/15 05:16:55.050 21 1 24087102.391 |24087105.648 0.000 126578593.832 98632661410 | 0.000 -2798,957 -2181.008 0.000 @ 35 0 0 0 0 LI L
2008/05/15 05: 16:55.050 1 21637873453 21637871398 |0.000 113707767.055 88603462.482  0.000 12030.109 1581502 0,000 0 42 o o o o |l |

1 21281141.672 0,000 111833159.33 |87142709.066 _0.000 -1703.859 -1332.363 0,000 44 0 o o p lic e

|21781140,961

2.60E+04 8.

19E+04-1,31E 05 -5. 296 +05 -2, 79E-09--7.99E-15 ~%. 596 +05 1. 286403

a |
—= i

|Toc |Ttrans |4 m) le li0 (deg) | OMEGAD (ddomega (dea|M0 (deg) |delten (deg/s)| OMEGAdot (d]IDOT (degjs) «
| i 2011/02/17 20:00:00 | 2011/02/17 20:00:00 |- 126559239.017 |0.00448206 55.43303 | -69.30397 50.33524 -175.0232326750E-07 |-4.8280E-07 -1.559%-08 |
2 - 21 21 0 |00 |2013/02/1302:00:00 |2011/02/18 02:00:00 - |26560723,310 001000893 53.81631 43.80734 |-176.47563 -92.40715 |2.9107E-07 | -4.7527E-07 |4.7230E-08
3 - 2 52 1 00 |201%/02/1722:00:00 20110217 22:00:00 - 126560157.900 0.01396357 |53.21504 -16.41322 6146513 14544613 2,7450E-07 |-4.5980E-07 |-8.1677E-03
4 - 74 74 0 00 2013/02/18 02:00:00 |2011/02/18 02:00:00 - |26559578,082 |0.00961511 |53.76371 |50.B1085 |40.64554 79.96980 |2.9613E-07 | -4.8712E-07 3.2271E-08
5 - & 8 |0 00 |2011/02/1710:00:00 2011/02/17 10:00:00 - 26559561202 |0.00225705 5470553  110.66967 16.0354% -116,18357 2.9312E-07 |-4,804%E-07 -2.BB9%E-08
& 0 2011j02/17 22:00:00 | 2011/02/17 22:00:00 |- |26560246,840 0.00646562 |G3.62888 -12.24224 -43,26300 -94,66636 2.6B40E-07 | -4.6851E-07 -2.9672E-09
17 0 2011/02/17 22:00:00 | 2011/02/17 22:00:00 |26560350.034 (0.00417409 (5579834 -128.83702 -177.57532 49.20372 2522107 | -4.720%-07 2.1344E-08
L5 il S R Ereieang Biinn i : s (i EhR
9

nr___iv

Trow

GPS

PR |TypeMessage

|cantents

Il z009/05/15 05: 16: 11
2008/05/15 05:16: 11
2008/05/15 05: 15:12
2009/05/15 05:15: 12
2009/05/15 05:16:13
2008/05/15 05:16:13
2009/05/15 05: 15: 14
2003/05/15 05: 16: 14
2009/05/15 05:15: 15
2009/05/15 05:15: 15
2008/05/15 05:15: 16
2008/05/15 05: 15: 16
2009/05/15 05:16:17
2003/05/15 05:16:17
2009/05/15 05: 15: 18
2009/05/15 05:16: 18
2009/05/15 05:16:19

137
129
137
125
125
137
137
129
129
137
137
129
137
129
129
137
125

Ephemeris

SBAS
Messages

26
26

Ce6A0C39E 18F 11F04F8 IDCOBEN4F02FC 1FE 12F08FE 738 13E0AFD4FEDNDD
CE69C415E 1IFFOF78A7C53C2 IE0D704F 8 19C0AED4FE23C41E IEF 1476000
537224C55BEC50876E46037EG80F ABBC 2BEFF62880C 2EE449 56441080
537224C55BEC 508 76E46037ES80F ABBC 2B8FF69880C 2EE444F 5B441080
SA6651D30900600805807F8000527A8000000000000000000000000000
SAFCO00000000000000000000000000000000000000000000000000000
C5128000FFDFFFFFIFFDFFC 267D IFFDFFDFFDFFDFFDBEA 7BE 33FFFFCO
C&108000FFDFFFFF IFFDFFC 26 7FD IFFDFFDFFDFFDFFDBEA 7BE 33FFFFCO
53089FFFFFDFFDFFDFFDFFDFFDFFCO 24000FFCO09FFFEBEBFEBIBEAF30
53089FFFFFDFFDFFDFFDFFDFFDFFCO 2400DFFC00SFFFEEEEFBESBESFE0
SA0CBFCBFFSFFDFFFFF SFFDFFCO17FF SFFFFFDFFCO06 5SBB 966 50FBE980
9AQEBFCEFFSFFDFFFFF SFFDFFCO 17FF SFFFFFDFFCO06 SBESEB90FEESE0
Co6A1023E0CF04F32FCODEOAFOD0000000000000000000000000005000
CoFCO00000000000000000000000000000000000000000000000000000
53FC000000000000000000000000000000000000000000000000000000
5307FFFFFFFCO000000000000000000000020200000000000000000080
9AGSCE47C IFEODGE53415A07E0SFO23C0TE 20FOEFESFE43C IFEODESDOD

Ionospheric Delay Corrections
Ionospheric Delay Corrections
Clock-Ephemeris Covariance Matrix Mess:z
Clock-Ephemeris Covariance Matrix Messz
Long Term Satelite Error Corrections

Null Message

|Fast Carrections

\Fast Corrections

Fast Corrections

Fast Corrections

Fast Corrections

|Fast Corrections

Ionospheric Delay Corrections

Null Message

Mull Message

PRN Mask

Tonospheric Delay Corrections e
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B-3
Theory of Precise
Positioning (1)
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GNSS

* GNSS (Global Navigation Satellite System)
— GPS (US)
— GLONASS (Russia)
— Galileo (EU)
— Compass (China)
* RNSS (Regional Navigation Satellite System)
— QZSS (Japan)
— IRNSS (India)
 SBAS (Satellite Based Augmentation System)
— WAAS, EGNOS, MSAS, SDCM, GAGAN
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GNSS Constellation

Number of Existing/Planned GNSS Satellites

GPS 31 31 32 32

GLONASS 23 (+2) 24 (+3) 24 (+3) 24 (+3)
Galileo 0 4 18 27 (+3)
Compass 6 16 30 32 (+3)
QZSS 1 1 4 7
IRNSS 0 1 7
SBAS 7 8 11 11
Total 68 91 126 140
L3 GNSS Signal Frequencies
L5/E5a ESb L2 L2 E6/LEX L1/E1 L1
17\ e 2 | | g \ No |z =
[N\ | \VavZlNae | | N N A AT 2N\ 27778\
i //ER\VA -‘ 1 \ rf\ NI N ) S \\n _“|
T T e O 7565.19 7542 158565 SR iRaeaT 1810

(Y.Yang, COMPASS: V/ew on Compatibility and Interoperability, 2009)



GNSS Signal Structure

Carrier
+1
Code

&

Data
-1

+1

Signal

sin(276t + ¢)

C(t)

D(t)

|

J2PC(t)D(t)sin@7t + @) + ...
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GNSS Signal Specifications
~CarierFreq (W) | Code | Modulation | DataRate | GNss

50 bps GPS, QZSS
C/A BPSK (1)
250 bps QZSS (L1-SAIF), SBAS
L1/E1  1575.42 P(Y) BPSK (10) 50 bps GPS
L1C-d/p MBOC (6,1,1/11) -/100 bps GPS (l11-), Galileo
L1C-d/p BOC(1,1) -/100 bps QZss
L1 1602+0.5625K C/A BPSK 50 bps GLONASS
P(Y) BPSK (10) 50 bps GPS
L2 1227.60
L2C BPSK (1) 25 bps GPS (IIRM-), QZSS
L2 1246+0.4375K C/A BPSK 50 bps GLONASS
L5-1/Q  BPSK (10) -/100 bps GPS (lIF-), QZSS
L5/E5a 1176.45
E5a-1/Q BPSK (10) -/50 bps Galileo
ESb 1207.14 E5b-1/Q BPSK (10) -/250 bps Galileo
E6-1/Q  BPSK (5) -/1000 bps  Galileo
E6/LEX 1278.75
LEX BPSK (5) 2000 bps QZSS
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Spreading (PRN) Code

GPS C/A Code Generator -
/ﬂ/ G1 Generator
q1[2[3[4]s[6]7]8]9]10
 Enoct L ewsgeeor L WU
» > > Ct
x%é\\\ ~ C/A ©
—> /10 —i—' 1 10
10.23MHz i

2[3]4als5]6]7]8]9
%‘@l

G2 Generator

Auto-correlation function

1

r(chip)

-1|1

R(7) = % _[OT Clt)C (t - 1)t

Cross-correlation function
A

1

r(chip)

0

1 T . . _ _
R(r):?_"o ciCit-r)dt (i # j)
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Navigation Data

Subframe 30bits x 10words = 300 bits (50bps x 6 s)
1 GPS Week #, SV Accuracy and Health, SV Clock,...
2 Ephemeris
3 Ephemeris
4 | Almanac and Health SV 25-32, lono/UTC, ... | Page 1-25
5 | Almanac and Health SV 1-24,... | Page 1-25
Prea\mble Subframe 24bits 6l7its
TLM HOW |[|P P p p
P P | P P
TOW Count (x 6s) ID
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Ephemeris

Mg, dn,e,v A, Qq,ig, @, 2,1DOT,Cye,CusCre,Crss Cicy Ciss To

Orbital plane......... | Satellite

E=M -esinE |.
M: Mean Anomaly.f""

A e

A A

:Semi-  : Eccentri
major AXxis

[RRRCLEIIIEE,

......................... : Right Ascension of
.................................................. Ascending Node
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Satellite Position by Ephemeris

tk :t _toe _/ ,—--..,,,l@ )g—'\\\‘ .....
n=+ul A3 + /n e
M =M 0 + ntk tk
E =M +esinE : Kepler Equation *i-*
| o tot to :
@= ATAN2(\1-€° SinE,cosE —€) + w oel  Toe2t  toeg TOW(s
1 0 0
. v Cus - Cue sin2¢ R(8)=|0 cosd sind
ri= A(l_ eCOSE) + Crs Crc COSZ(O 0 -sind cosé
i in+ IDOT t C C cosd 0 -sind
0 | k IS ic R@= 0 1 0
Q= .QO + (_Q - %)tk - %toe sind 0 cosé
S ) . T cosd sind O
r (t) = RZ(_-Q) Rx(_l)(r COSJ,I’SII’]U,O) R,(8) —{—sine cosd O}
0 0 1
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SV Clock Parameters

af0,a11,852, Igp loc

Satellite Clock Bias

dT (t) =afp T afl(t _toc) + a¢ Z(t _toc)z + Atrel + AtGD

Relativity Correction:

— 24 1 AesinE

Atrel =

C2

Group Delay Correction:

AtGD — <

(—Tep (LD
~yTep  (L2) (y=f,°1£)7)

0 (LC)
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Pseudorange

Definition:
The pseudo-range (PR) is the distance from the
S=cr = C(t_ _t—s) receiver antenna to the satellite antenna including
r ' receiver and satellite clock offsets (and other
(m) biases, such as atmospheric delays) (RINEX 2.10)

—
@ At Satellite t F tL-1 Time by Satellite Clock (s)
| >

LR TG U bt g g L uw Lo Lo L el ol

A
'\'
\ 4

@ At Receiver L, Time by Receiver Clock (s)

L AL T AR T LT WL LU UL
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Pseudorange Model

(3) Satellite

Prs =T Clock Bias
=c(t —t°) (1) Geometric
= c((t, +dt) - (t° +dT*)) + &, ranee
— C('[r _ts,) n C(dtr _ dTS) T (4) lonosphere

= (7 + 17 +T7) +c(dt, —dT) +¢,
=p’+c(dt, —dT?)+1°+T° +¢&,

W (@ @ @ (55 (6) (2)Receiver[
Clock Bias

(5) Troposphere

(6) Multipath +
Receiver Noise + Other Errors



Geometric Range

Signal Transmitted

Signal Received .
1 Geometric .

v (&) Range @

— Signal Transmission Time —
t> =t, - PrS/c—dT(tS)

(1)

PP = U tor (1) U E)r ()

(2)

/Ors ~\(Tr (tr) - Rz(we(tr _ts))rs(ts)

(3)

£ =, (t) ~ Ry(exoS 1) S(t°)

(4) s. s
,0|:s ~ rr (tr)_rS(tS) + %(X yI‘C y Xr)

Sagnac Effect Correction
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LOS (Line-of-Sight) Vector

LOS Vector:
s_ -t s s T
& = S o € enu = Eecef _ enu€r = (€,61,€)
r —rr‘
—sinA cos/ 0
Eecef _enu =| —SIN@COSA  —singsinA  cosyp
cospcosA  cosgsind  sing N

Satellite Azimuth/Elevation Angle:

Az = ATAN 2(e,,€,)
El =arcsing,
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lonospheric Model

Q0,01,02,03, By, P, B2, B3

Klobuchar Model:

¢ =0.0137/(El + 011) - 0.022
@ = @+ CcosAz

A = A+ysinAz/cosg

@ =@ +0.064cos(l; —1.617)
t = 432x10% A +t

F =10+160x% (053- El)3

3
x = 271(t — 50400 / Z B

n=0
Fx5x107°

4
| =<
F ><[5><10'9 +Zanqqn” x

n=1

|

.-~ Klobuchar
. "\ Model

Vertical lonos Delay

X2 X4
1—2+24ﬂ (¥ < 157)
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Troposphere Model

Standard Atmosphere:

p =101325x (L- 2.2557x10 > H )>%>°8 Tropospheric Delay
25 T T T T T
T =150- 65x10°H + 27315 T R R N
—_ £ 23
o 6,108 oxpl L7-15T-4684.0  hg
T -38.45 100

P :Pressure (hPa)
H : Geopotential Height (m)

2

19

Zenith Tropspheric Delay (m)

1.8

T  :Temperature (K)
€ : Partial Pressure of WV (hPa) o | | | | |
0 500 1000 1500 2000 2500 3000

Ng : Relative Humidity (%) Height (m)
h..=50%, z=90°

1.7

Saastamoinen Model:

002277 12
T,rS = %{ P +( 55+ 0.0Sje— tan’ z} ( Z : Zenith Angle)
COSz T
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LSE (Least Square Estimation)

Measurement Equation:
y : Measurement vector H : Design matrix

= + :
y=HXx+v X : Parameter vector vV : Residual vector

Jis =v12 +v22 +...+vm2 =vlv=(y-Hx)"(y-Hx)
= yTy—yTHx—xTHTy+ x"HTHx - min
0J| s

; =0T -y H-(HTY) +(H"HX)" +x"HTH
X

==2y"H+2x"H"TH =0
Normal Equation (NEQ):
HTHX=H'y - Xx=(H'H)*HTy
Weighted LSE:
x=(HWH)TH™Wy (Jpus=v'Wv - min)
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Non-linear LSE

Measurement Equation:
y =h(x) +v

h(X) =h(Xg) + H(X—Xg)+... :Taylor Polynomial

szol

y=h(Xp) + H(X—Xg) +V
y—h(xg) =H(x=Xg) +V [H _ 0h(x)
HH (X = x0) = H (y=h(xp))

Matrix Partials
X =xo+(H"H)™H' (y=h(xp))

Iterative Solution (Gauss-Newton):
Xivp = %+ (HH)H T (y-h(%))

)’Z = ||m )A(i

| - 00
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Navigation Processing

x=(r,',cdt)’, y=(R%,R%,R%, BT

~ T
S +cdt —cdT +12 +T 2 -
o2 +cdt —cdT ™2 +1 2 +T,%2 —erszT
h(X)=| g +cdt—cdT> +12+T> | H=| _ &7
. r
o5 +cdt — cdT S + | Sm 4+ TS _eSn'
I
Xo = (0000)"
X1 =% +(HTH)HT (y - h(%)) g
X =lim % = (7,7, cdt)’ E

Single-Point Solution + Receiver Clock Bias




Solution Convergence

Estimated Parameters in LSE Iteration Loop

i x (m) y (m) z (m) cdt (m)

(0) X= 0.0000000 0.0000000 0.0000000 0.0000000
(1) X=-4739338.8790644 3968053.3426383 4470195.0681293 1290751.6350707
(2) X=-3990084.5939062 3334559.7805777 3763444.6383541 50195.3310677
(3) X=-3957255.7455862 3310242.1098583 3737755.6233736 510.7878812
(4) X=-3957205.2229884 3310203.7001970 3737718.0508664 432.5789153
(5) X=-3957205.1820501 3310203.6651692 3737718.0078941 432.4910365
(6) X=-3957205.1820116 3310203.6651363 3737718.0078537 432.4909539
(7) X=-3957205.1820116 3310203.6651363 3737718.0078536 432.4909538
(8) X=-3957205.1820116 3310203.6651363 3737718.0078536 432.4909538
(9) X=-3957205.1820116 3310203.6651363 3737718.0078536 432.4909538
(10)X=-3957205.1820116 3310203.6651363 3737718.0078536 432.4909538

2001/1/1 0:00:00, TKSB, processed by RTKLIB 2.2.1, n=8
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Error Sources and DOP

* Error sources of Standard positioning
— Ephemeris/SV Clock Error
— lonospheric Model Error
— Tropospheric Model Error
— Multipath
— Receiver Noise
— Other Errors
— S/A (Selective Availability)

o Satellites-Receiver Geometry
— DOP (Dilution of Precision)
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is/SV Clock Error

Ephemer

<L

2009,/04/07 23:55:00

4/7 (PRNOS)

2009/4/1

Satellite Orbit GPS08 : 2009/04,/01 00:00:00-

Ephemeris Error

2004/04/07 23:55:00

:00:00-

04/04/01 D
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GPS SIS-URE

-~
|

=2}
|

m ete I‘S_P_

N
| I

-
|

Q01 SPS Performance Standard _ _ _
(RMS over all SPS SIS URE)

_ 2008 SPS Eer_foszllceﬁ_taﬂd_a@ S
(Worst of an| SPS SISIURE)

Signal-in-Space User Range
Error is the difference
A between a GPS satellite’s

navigation data (position and

— ' clock) and the truth,

projected on the line-of-sight
to the user

eq’,\r .
easmg l’ange err

RMS Signal-in-Space User Range Error (URE),

o

1990 1992 1994 1996 1997 12001
Selective Availability (SA)

2004 2006 2008 2009

L.S.Steiner, GPS Program Update to CGSIC 2010, Sep 21, 2010
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lonospheric Model Error

lono-Delay Error (m)

lono-Delay (m)

Zenith lonospheric Delay (L1) at TSKB
2004/11/03-11/09

AW aAWAWAW |
Ay

Ws 114 115 11/6 0 11/7 11/8  11/9  11/10
— Klobuchar Model — |GS TEC Final
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-2009/7/31

2009/7/1

ith Total Delay) at TSKB

-2009/1/31

2009/1/1

Tropospheric Model Error
ZTD (Zen

<Lz

/07,31 23:55:00

09

0:00-2 0

0

KB : 2009,/07,/01 00

meters T3l

Para

ric

Troposphe!

2009,/01/01 00:00:00-2009,/01/31 23:55:00

Tropospheric Parameters TSKB :

71

7/9 7f11 7/13 715 7/17 T/19 7/21 T/23 F/25 F/27 7/29 731

75 AT

7/3

1/9 1/11 1/13 1715 1/17 1719 1721 1/23 1/25 1727 1/29 1/31

/s 1/7

1/3

Estimated by PPP

Saastamoinen Model
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Multipath

Signal
reflected by
____abuilding

—

GPS
Antenna

Direct
Signal

Geodetic-Grade Antenna

Code Multipath : NovAtel GPS-T02-GG-NovAtel OEMV-3 (L1)

NovAtel
GPS'702'GG 3 RMS=0.22m

(m)

Consumer-Grade Antenna

SIS

Signal

reflected by
the ground

Cods Multipath : u-blox ANN-MS-NovAtel OEMV-3 (L1)

RMS=0.73m

u-blox ANN-MS ;

{m)
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DOP

GDOP, PDOP, HDOP, VDOP

— T
GDOP \/qee T On * Quu * Gt Oee Yen Oeu Qe - ersfenu 1
PDOP = \/Qee * Onn + Quu Q=(HTH) = Oe Yn G Ont g =|- ers’zmuT 1
HDOP = ,/0ee * U1 Oue Oun Cuu  CYut : :

T
VDOP =,/qy, Ge On G O -e a1
# of satellites =5 # of satellites =7 # of satellites = 27
211‘1 1: le :: ﬁw :
&£ 1322;22 45 AR £ . % &£ ;ﬁ' Cr 5 i o
g b / E12 ; \
o i WU OB et T\,
i e ) i w & LN
@ @ 13 % 13 8 Ei7 @E“ \ 13@ ¥ ;15'
i 4 i @ @ﬂ W @0 -
s SRS w:@ e

' / ' / 8 %gﬁgu i % @_1319 8™

GDOP=33.4 PDOP=25.9 GDOP=2.5 PDOP=2.1 GDOP=1.2 PDOP=1.0
HDOP=8.1 VDOP=24.7 HDOP=1.2 VDOP=1.8 HDOP=0.5 VDOP=0.9




DGPS

e Differential GPS

— Fixed Reference Stations at Known Position
— Generate Correction Messages

— Broadcast Correction Messages to User

— Eliminate Most of Errors of Positioning

e Service of DGPS
— Space Based DGPS: OmniSTAR, SkyFix, StarFix
— Maritime DGPS: Marine Beacons
— National DGPS: VHF/FM-band, Cellular Network, Internet
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RTCM SC-104

RTCM 2.3 Messages RTCM 3.1 Messages
Differential GPS Corrections 1001 L1-Only GPS RTK Observables

3 GPS Reference Station Parameters 1002 Extended L1-Only GPS RTK Observables
10  P-Code Differential Corrections 1003 L1&L2 GPS RTK Observables
11  C/A-Code L1, L2 Delta Corrections 1004 Extended L1&L2 GPS RTK Observables
17  GPS Ephemerides 1005 Stationary RTK Reference Station ARP
18 RTK Uncorrected Carrier Phase 1006 Stationary RTK Ref. Stn. ARP with Hgt.
19 RTK Uncorrected Pseudorange 1007 Antenna Descriptor
20  RTK Carrier Phase Corrections 1008 Antenna Descriptor & Serial Number
21  RTK Pseudorange Corrections 1013 System Parameters

22  Extended Reference Station Parameter 1014 Network Auxiliary Station Data

23  Antenna Type Definition Record 1015 GPS lonospheric Correction Differences
24  Antenna Reference Point (ARP) 1016 GPS Geometric Correction Differences
59  Proprietary Messages 1019 GPS Ephemerides

RTCM: The Radio Technical Commission for Marine Service -



SBAS (satellite Based Augmentation System)
| EERRTEE | PR mm

Galaxy 15 133W
WAAS US, DOT, FAA 2003/7-
138 Anik F1R 107.3W
ESA EC 2009/10’_ 120 Inmarsat'3 AOR‘E 155W
EGNOS S 2011/3- 124 Artemis 21.5E
Eurocontrol Sol
(SoL) 126 Inmarsat-3 IOR-W 25E
129 MTSAT-IR 140E
MSAS Japan, JCAB 2007/9-
137 MTSAT-II 145E
? Luch-5A 16E
SDCM Russia 2014- ? Luch-5B 95E
? Luch-4 167E
GAGAN India, AAI, ISRO 2011- 127 GSAT-12 ?
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SBAS Coverage Map

@ GENEQInC.,

(by GENEQ Inc.)
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SBAS Message

RTCA/DO-229C 0 For WAAS Testing

Minimum Operational Performance 1 PRN Mask assignment

Standards for Global Positioning
System/Wide Area Augmentation System

Airborne Equipment
(Nov 28,2001) 7 Fast Correction Degration Factor

2-5 Fast Corrections

6 Integrity Information

9 GEO Navigation Messages
SBAS Message Frame

— 250 bits - 1 Second R 10 Degradation Parameters

12  WAAS Network Time/UTC Offset

212-bit Data Field 17  GEO Satellite Almanac
|_ 6-bit Message Type ID (0-63) / 18  lonospheric Grid Mask
— 8-bit Preamble 24-bit Parity 24  Mixed Fast/Long Term Satellite Correct.

25 Long Term Satellite Error Corrections
26  lonospheric Delay Corrections

27  WAAS Service Messages

RTCA: Radio Technical Commission for
Aeronautics
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Error Budget

DGPS
m SEIEPONt | (g1-100km) “

Ephemeris Error 0.1m
SV Clock Param Error Lom 0.0m o4m
lonospheric Error 1.5m 0.2m 0.2m
Tropospheric Error 0.3m 0.1m 0.3m
Multipath 1.0m 1.2m 1.0m
S/A 0.0 m 0.0 m 0.0 m
Rcv Tracking Noise 0.3m 0.3m 0.3m
UERE 2.1m 1.3 m 1.1m

HDOP/VDOP 1.5 2.5 1.5 2.5 1.5 2.5
Horizontal/Vertical

RMS Error 32m 53m 20m 33m 17m 28m
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Single-Point Positioning

RMS Error:

E: 21.51m
N: 33.81m
U: 59.65m

100m |

RMS Error:

E:1.73m
N: 2.51m
U:4.24m

10m |

1999/1/1 24hr, TSKB

2001/1/1 24hr, TSKB

AVE= 1776m,?rD—21444mRM5 =21.514m

mﬁ%&wﬁa

¥ Gi¥evasingle¥tskb0010.pos El B8 G:i¥evasingle¥tskb0010_2001.pos =

File Edit View Help File Edit View Help

0 o= e i SOt o m— 2 FL  EomEl D 5
e {m) ! RI< 35.10557098° 140.08750763° 69.034m e (m) ! ORI=36,10567098% 140.08750763° 59.034m

AVE=-0.415m STD=1.876m RM5=2.019m

N-5 (m) AVE=2.678m 5TD=3.099m RM5=4.096m

-100
U {m) AVE=1,257m STD=5.556m RM5=5,696m

50
N SPAREE e W S SO SO S
50

- i y
00:00 03:00 08:00 09:00 12:00 15:00 18:00 21:00

[[111293/01/01 00:00:00-01/01 23:53:30 GPST : N=2880 5=0.0-0, %m Q= 5:2380{100,0%)

|[112001/01/01 00:00:00-01/01 23:59:30 GPST : N=2865 5=0.0km Q= 5:2865{100.0%)

2004/1/1 24hr, TSKB

2009/1/1 24hr, TSKB

B Gr¥evasinglestskb0010_2004.pos [ [ 5 ]

¥ G:¥evasingle¥tskb0010_2009.pos

File Edit View Help

12!—’V;ALLV+M-{@“ [N | I | e

EW (m)

ORI= 36 10567098° 140.08750769° 69.034m
=-1.256m 5TD=1.191m RM5=1.731m
5

] \HM‘«W\ M—-‘\

-5

-10
15 (m)

antl

AVE=1,764m STD=1.788m RM5=2.512m
J : :

-10
u-D (m)
5l

M:“I d"‘ f%\mwm\%: f \9

-10
00:00 03 UU UG 00 US 00 'U 15 00 18:00 Z,L_!_!U

AVE=-3.373m STD=2.574m RM5=4.243m

File Edit ¥iew Help

mE el fa ]k E @0 o LT 1] o

ORI= 36,10567098° 140.08750763° 69.034m
AVE=-0.934m 5TD=0.580m RM5=1.095m

£ (m)

AVE=1.183m 5TD=0.829m RM5=1.444m

Leal

-10
uD (m) AVE=-3.647m 5TD=1.425m RM5=3.916m

5

W‘.W“W‘*‘N W»’J %

DD 00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

[112004/01/01 00:00:00-01/01 23:59:30 GPST : N=2832 B=0.0km Q 5:2832(100.0%)

[1]2009/01/01 00:00:00-0 101 23:59:30 GPST : N=2880 B=0.0km Q= 5:2580(100.0%)

RMS Error:
E: 2.02m
N:4.10m
U:5.70m

[100m

RMS Error:
E: 1.10m
N: 1.44m
U:3.92m

] 10m
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SBAS DGPS Positioning

Single-Point
RMS Error:
E:1.02m N: 1.36m U: 4.00m

MSAS

RMS Error:
E:0.43m N:0.57m U:1.21m

¥ Fi¥gpslog¥20071015¥ubx20071015_single pos [E'- &= ﬁ 2 Fi¥gpslog¥20071015¥ubx20071015_msas.pas [':'- £ &J

File Edit View Help File Edit View Help

[ 2 - ][ <] T ® o v ] | 5 (M2 - - =]+ T @ o oG] | 5
T E-W (m) ORI= 35.37293385% 133.38966547° 1003.860m T

AVE=-0.403m STD=0.937m RM5=1.020m

N-5 (m) : : : AVE=0.788m STD=1.127m RMS=1.364m

X iy 3 4
03:00 056:00 09:00 12:00 15:00 18:00 21:00

E-W (m) ORI= 35.872958885% 138.38966547° 1003.860m
' ' AVE=-0.082m 5TD=0.420m RM5=0.428m

N-5 {m) : : AVE=0.025m STD =0, 564m RM5=0, 565m

UD (m) : A AVE=0,430m 5TQ=1.107m RMS=1,210m
N L

03:00 05:00 0%:00 12:00 15:00 18:00 21:00

(2007/10/16 24hr, Antenna: NovAtel GPS-702-GG, Receiver: u-blox AEK-4T (raw),
Processing S/W: RTKLIB 2.1.0, All Corrections=ON, Ranging=0N)
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B-4
Theory of Precise
Positioning (2)
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Code-Based vs. Carrier-Based

Standard Positioning
(code-based)

Observables

Receiver Noise
Multipath
Sensitivity

Discontinuity
Ambiguity
Receiver

Accuracy
(RMS)

Application

Pseudorange
(Code)

30 cm
30cm-30m
High (<20dBHz)
No Slip
Low-Cost (~$100)

3 m (H), 5 m (V) (Single)
1 m (H), 2 m (V) (DGPS)

Navigation, Timing, SAR,...

Precise Positioning
(carrier-based)

Carrier-Phase +
Pseudorange

3 mm
1-3cm
Low (>35dBHz)
Cycle-Slip
Estimated/Resolved
Expensive (~$20,000)

5 mm (H), 1 cm (V) (Static)
1 cm (H), 2 cm (V) (RTK)

Survey, Mapping, ...
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Carrier-Phase

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

(US _ ¢s _ +N frequency between the received carrier of
r @ the satellite signal and a receiver-generated

(cycle) reference frequency. (RINEX 2.10)
Y Received Satellite Carrier: v (t S)/@m
Local Reference Frequency: @ (t)
Carrier Beat Frequency: G=¢g-—-q@+ N/J}\

/\/\/\/V\/\/\/W
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Carrier-Phase Model (1)

Carrier-Phase:

d=q)-gt)+N +¢, (@ 0= (t0). % =@ (t))
=(f(t, +dt, —t)) +@ ) —(f(t°+dT° —t) + &) + N; + ¢,
=2, )+ AT+ (@0 BN+, (cycle

@ =A@ =c(t, —t°) +c(dt, —dT°) + A(@, — & + N;) + A¢,
=p°+c(dt —dT®) =1 +T°+ AB°+d° +¢, (m)

/N

Carrier-Phase Bias Other Correction Terms

Pseudorange:
P>=p +c(dt, —dT*)+ 1 +T° + &,
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Carrier-Phase Model (2)

S
+ dp(:v

Carrier-Phase Bias:
Bi=qo-®+NS (cycle)
NrS : Integer Ambiguity
@ o0 :Receiver Initial Phase
: Satellite Initial Phase
Other Correction Terrr(s:
S _ T s S S
d_r_ _dr,pco Ceut Esat—»ecefdpco)-rer + dr,pc:v
+d pw t dre (m)
dr oco - Receiver Antenna Phase Center Offset
r,pov - Receiver Antenna Phase Center Variation
d%co : Satellite Antenna Phase Center Offset
d pov Satellite Antenna Phase Center Variation
ddisp : Site Displacement
de : Phase Wind-up Effect
d,g :Relativistic Effect

T.S
- ddisp €r enu
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DD (Double Difference)

Dy, =4 -4)- (@ —-4)
b +e(dty —dT ) =10 +Th +ABY +d) +&
=pb =10 +T! + AN} +d)} +&

dtl =dt) -dt) =0, dT ] —dTJb—de =0

Bl = (Ao~ %+ Ny~ (%o~ %+ Np) — (@0 - +ND +(@o - +NJ) =N
- (short Basellne and same antenna type)

@ = pl + AN +
ILIJJb:Iub_ldb:O’Tde:Tdb_TuJb:O’de:dlIJb_ddb:O

Satellite i @ &)0 Satellite |

4 @

J
% Memo for Misra & Enge:
http://gpspp.sakura.ne.jp/
Receiver u Receiver b diary200608.htm

Baseline
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Carrier-based Relative Positioning

Nonlinear-LSE: y = (@55 @5 o)
Parameter Vector: o s, .
x = (r, NS NS NSeT Pul " Por, *MNub
u ub ub ub | oz oz g s
h,[k (x) = u,ty b,t.k ub
Measurement Vector: :
y:(ytlT’ytlT”ytnT)T 'Oli?k%_ E?E?-I-ANL?B]SL
T
-—e22 ) 0 ... 0
Meas Model, Design Matrix: e”’tkT
oSS
000 = [, 007y, 00T ey, 007 = T 0 A o
_ T T T T
H _(Htl He T Hy )r —ent 0 0
Meas Error Covariance: 4%2 2%2 2%2
R =blkdiag(R, ,R,.....R ] R =|200" 400" -~ 200
n K . . . .
Solution (Static/Float): 2002 2052 - 4y

X=xo+(H'"RH)THTR™(y-h(xg)) b: Fixed Base-Station Position



Effect of Baseline

BL=0.3 km

ORI= 36.10353513° 140.08630715° 69.744m
AVE=-0.001m 5TD=0.002m RM5=0,002m

Length

BL=13.3 km

ORI= 36.03133350% 140.20244350% 70.903m
AVE=-0.003m 5TD=0.022m RMS5=0.022m

u.2
E-W (m)

0.1

D0 et M s AP s A A pmrtsmninmeee RIS EFFOT:

RMS Error:
E:0.2cm ..
N: 0.6cm
U:1.0cm ..

AVE=-0.005m 5TD=0,003m RMS=0,006m

. .
2
le Ratlo: D (m) AVE=-0.008m STD=0,006m RMS=0.010m
0.1
9 9 . 9 A’ 17 s el e g e e e e
0.1
0.2
00:00 03:00 06:00 03:00 12:00 15:00 18:00 21:00
-—
BL=32.2 km
0.2
E-W (m) ORI= 35.97040871f 140.40295058% 55.185m
AVE=0.014m STD=0.099m RMS5=0. 100m
0.1

D0y Jw AR g A \w'fl‘;" y IR Sedan s

RMS Error: N

E: 10.0cm ..
N:12.0cm :::M&m o N gt L
U:30.2cm -

Fix Ratio: ™

- UD )
0.1 R 1 ‘ ‘; | ;
64.3% Wi, i adlih ;&@P’ e,

1

AVE=0.003m STD=0.120m RM5=0. 120m
i ,*\WM
|

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

0,

.2
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

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

-0.2

| N-5 {m) AVE=-0.003m 5TD=0.024m RM5=0.024m E: 2.2cm
N: 2.4cm
nnmwwwwéfw

U: 10.6cm

Fix Ratio:

WNWNM%M?«W 94.2%

-0.2
U-D (m) AVE=-0.015m STD=0, 105m RM5=0, 106m

-Ob%:oo 03:00 06:00 09:00 12:00 15:00 18:00 21:00
-—
BL=60.9 km
0.2
E-W (m) ORI= 35.64235344° 140.44330086° 77.853m
AVE=0.003m STD'=0.139m RMS=0.140m
0.1
00wy oy T AT T e RMS E .
» M | | rror.
-0.1

. E: 14.0cm

-0.
N-5 (m) AVE=-0.026m STD=0.146m RM5=0. 148m

0.1 A | ' .
o.ou}r‘é“’- i -,}", ‘1 ’;l. o «/'W"‘. N- 14.8cm
U: 26.7cm

o2 U0 (m} IAVE=0.002m STD=0.267m RMS=0.267m Fix Ratio:
0.1 Y
) i :

Al ! gl i & o
u.uftﬁ ’f‘ i; ;f,’ %: g 3?1"’; e H “ I gi ,ﬁ‘% 44.4A)
01 : ¥ i 1 iR
tde00 03:00 06:00 09:00 12:00 15:00 : 18:00 21:00
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Integer Ambiguity Resolution

* 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, ...
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ILS (Integer Least Square Estimation)

Problem: x=(@",b")", H =(A,B)
y=Hx+v=Aa+Bb+v

X = argmin (y-Hx)" Qy_l(y— HX)
adz",bOR™

Strategy:
(1) Conventional LSE

> a TA -1 Qa Qap T -1
= ~[=QuH 'Q, Y, Qy = =(H'Q.H
: (b] X Y Y (Qba ij ( Y )
(2) Search Integer Vector with Minimum Squared Residuals

a=argmin(a-a)' Q, *(a-a)
adz"

(3) Improve solution
Qbanl(a a)
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LAMBDA

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.

ILS Estimation with:

— Shrink Integer Search Space with "Decorrelation”

— Efficient Tree Search Strategy
— Similar to Closest Point Search with LLL Lattice Basis Reduction

Algorithm

a=argmin(a-a)' Q, '(a-a)
alz"

N

7=2"4,0Q,=2"Q,Z

Z=argmin(z-2)' Q, X(z-2)
zZ0z"

a=7""z
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Performance of LAMBDA

e : with decorrelation
e : without decorrelation
n
£
S 10
£
=
c
A=)
5
o b
Q
P4
LLl
5 10 15 20 25 30 35 40

N : Number of Integer Ambiguities
(Pentium 4 3.2GHz, Intel C/C++ 8.0)
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RTK (Real-time Kinematic)

* 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 etc.

Communication Link
Reference
. —_— N
Station

—

Rover
Receiver
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RTK Application

Construction Precision Agriculture
Machine Control

ITS (Intelhgent Mobile Mapping Sports
Transport System) System

http://www.trimble.com, http://www.leica-geosystems.com, http://www.gpsworld.com 82



NRTK (Network RTK)

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

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

GEONET STATIONS MAP by Google Map :

ik ©2011 TerraMeirics, 17 —4 82011 Geocanire Consulting, Mapabc, SK M&C, ZENRIN, Europa Technologies, Tele Atias - 2| i) ||

"(http://terras.gsi.go.jp/ja/index. htm)
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Considerations for RTK System

* 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
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Communication Link for RTK

e Local (<300 m)
— Serial, USB, LAN, ... (wired)
— Radio Modem, WiFi, ZigBee, DSRC, ... (wireless)
e Regional (<1,000 km)
— Analog-phone, ISDN, Dedicated Link, ... (wired)
— Mobile-phone (Analog, 2G, 3G, ...), ... (wireless)

* Global (<10,000 km)
— Internet
— GEO Satellite Link (Inmarsat, WideStar i, ...)
— LEO Satellite Link (Iridum, Orbicom, ...)
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Coverage by Mobile-phone N/W

"
=

TR |

FoaprL LR
&k

(©'shobunsha Publications, Inc

NTT docomo FOMA (2008/9)
(http://servicearea.nttdocomo.co.jp)
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B-5
Practice of RTK
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RTK by Playback Data

RTKNAVI

 Objective
2000/05/15 05:16:23.6 GpsT| 1 | WEI-E— 000 of L[
RTK of by Playback Data e ] T T

§ - Solution: FIX [ ]

°® Program ]EI 35.71895279 °

20
138.45059808 ® || g 12 121518 11 2236 27 30

rtklib_2.4.2¥bin¥rtknavi.exe Eomxontanin

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

&=

NovAtel OEMV-3G,
GPS-702-GG
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RTKNAVI - Options

Settingl

Positioning Mode IK]nemaﬁr:

Setting2

Frequencies LiH2

Solution Type Forward
Elevation Mask (%) / SHR. Mask {dbHz) |15 lu
Rec Dynamics/Earth Tides Correction |DFF ;“DFF ;i

Integer Ambiguity Resolution IFi:u; and Hold

B2

GLOMASS Ambiguity Resolution [on

Validation Threshold to Fix Ambiguity  |3.0

lonosphere Correction |Elmadmst

Troposphere Correction |Saas13muiner1

Satellite Ephemeris/Clock |Bruadmst
Excluded Satelites (+PRN: Induded) |

WePs [T 6o I Galleo [~ Q#ss [ sBas [ Compass

Min Lock [ Elevation (=) to Fix Ambiguity [0

Min Fix f Elevation (%) to Hold .ﬂmbigL.l]tyllu

Outage to Reset / Slip Thres LG {m) |5

Max Age of Differential (s) |30.0

Reject Threshold of GDOPInnoy {m) |3U.U

Number of Filter Iteration 1

[T Baselire Length Camstraink (m) |EI.DIIIC|

Load | Save |

Lo /
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RTK Configuration

Base Station Rover

Mobile-
Phone N/W

-----------

NovAtel
OEMStar
or
u-blox

NovAtel
OEM6

oy
[____/

1
1
1
N s
B LEA-6T
4 A Y
1 \
: : 2009/05/15 05:16:12.8 £ 1000 e L
I I LotLonfeght
: : Solution: SINGLE [
H : 1 N: 35°4308.2191"
1 1 E: 138° 27 02.1237"
: : H: 405.927 m
| ] opme 0t Btor L0 o e
' WIF 29
M e /. Iril C ofsatid s
o T+
Start Stop Blot.

Internet Router
STRSVR RTKNAVI
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Receiver Setup (NovAtel OEMStar)

* Install FTDI USB-Serial Driver (if necessary)
CDM20814 WHAQL_Certified

e Install NovAtel Connect Utility
NovAtelConnect 1.4.0.exe

e Execute NovAtel Connect
e Check OEMStar — PC connection
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Base Station Data

e NTRIP Caster: ¥***¥*¥* pgrt: 2101 or 80

* Mountpoint: TUNO

o User-ID; *¥¥**¥**¥* pagoword: ******

e Format: NovAtel OEM6 I
e Antenna: JPSLEGANT_E N
e Latitude: 35.666496999

e Longitude: 139.792372076
e Height: 59.4046




Practice of RTK

e Setup RTKNAVI input streams

— Rover Stream: serial connected to PC
— Base Station Stream: NTRIP via Internet

 Setup RTKNAVI options

— RTK options Setup

— Ambiguity resolution options
— Output options

— Base station position
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Receiver Setup (u-blox LEA-6T)

e |nstall u-blox Windows Driver
ublox A4 U5 USB drv3264 install _Ul.exe

e Install u-blox u-center utility
u-centerSetup-7.0.2.1.exe

e Execute u-blox u-center
e Check u-blox - PC connection
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