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Timetable
May 15, 2019

1 Theory of PP (precise positioning) 9:30‐10:10

2 RTK Basics 10:10‐10:50

3 RTK Practice 11:00‐12:30

Lunch Break 12:30‐13:30

4 PPP Basics 13:30‐14:10

5 PPP Practice 14:20‐16:00

6 Advanced Topics of PP 16:10‐16:30
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1 Theory of PP
(precise positioning)
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GNSS Signal Specifications
Carrier Freq (MHz) Code Modulation Data Rate GNSS

L1/E1 1575.42

C/A BPSK (1)
50 bps GPS, QZSS

250 bps QZSS (L1‐SAIF), SBAS

P(Y) BPSK (10) 50 bps GPS

L1C‐d/p MBOC (6,1,1/11) ‐/100 bps GPS (III‐), Galileo

L1C‐d/p BOC (1,1) ‐/100 bps QZSS

L1 1602+0.5625K C/A BPSK 50 bps GLONASS

L2 1227.60
P(Y) BPSK (10) 50 bps GPS

L2C BPSK (1) 25 bps GPS (IIRM‐), QZSS

L2 1246+0.4375K C/A BPSK 50 bps GLONASS

L5/E5a 1176.45
L5‐I/Q BPSK (10) ‐/100 bps GPS (IIF‐), QZSS

E5a‐I/Q BPSK (10) ‐/50 bps Galileo

E5b 1207.14 E5b‐I/Q BPSK (10) ‐/250 bps Galileo

E6/LEX 1278.75
E6‐I/Q BPSK (5) ‐/1000 bps Galileo

LEX BPSK (5) 2000 bps QZSS
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Spreading (PRN) Code (GPS L1C/A)
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Subframe 4

Subframe 4

Navigation Data (GPS LNAV)

GPS Week #, SV Accuracy and Health, SV Clock,...

Ephemeris

Ephemeris

Almanac and Health SV 25‐32, Iono/UTC,...

Almanac and Health SV 1‐24,...

TLM P HOW P P P P

P P P P P

Page 1‐25

Page 1‐25

30bits x 10words = 300 bits (50bps x 6 s)

6bits24bits

TOW Count (x 6s) ID

SubframePreamble

1

2

3

4

5

Subframe
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Receiver Functional Diagram
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Carrier/Code Tracking in Receiver
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Receiver and Navigation Processing

• Receiver processing
– Acquisition : Doppler‐freq/code‐phase search
– Code tracking : DLL (Delay Lock Loop)
– Carrier tracking : PLL/FLL (Phase/Freq Lock Loop)
– Decode navigation data
– Generation of pseudorange and carrier‐phase

• Navigation processing
– Positioning algorithms (single, DGPS, RTK, ...)
– Coordinates transformation
– I/O message handling (NMEA, RTCM, ...)
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Pseudorange

At Satellite

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

Definition:

Time by Satellite Clock (s)

Time by Receiver Clock (s)

(m)



Carrier‐Phase

12

Received Satellite Carrier:

Local Reference Frequency:

Carrier Beat Frequency:

)( ss t

)( rr t

s s
r r N    

... actually being a measurement on the beat 
frequency between the received carrier of 
the satellite signal and a receiver‐generated 
reference frequency. (RINEX 2.10)

Definition:
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Pseudorange Model
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(6) Multipath + 
Receiver Noise + Other Errors

(6) RCV
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Code vs Carrier‐Based Positioning
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SD (standard positioning,
code‐based)

PP (precise positioning,
carrier‐based)

Observables Pseudorange
(Code)

Carrier‐Phase +
Pseudorange

Receiver Noise 30 cm 3 mm
Multipath 30 cm ‐ 30 m 1 ‐ 3 cm
Sensitivity High (<20dBHz) Low (>35dBHz)

Discontinuity No Slip Cycle‐Slip
Ambiguity ‐ Estimated/Resolved

Receiver Low‐Cost (~$100) Expensive (~$20,000)

Accuracy
(RMS)

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

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

Application Navigation, Timing, SAR,... Survey, Mapping, ...



Carrier‐Phase Model (1)
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Carrier‐Phase Model (2)
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2 RTK Basics
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RTK (Real‐Time Kinematic)
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• Technique with Baseline Processing
– 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)

RTK
Reference
Station

RTK User
Receiver
(Rover)

Communication Link



RTK Applications

Geodetic Survey Construction Machine
Control

Precision Agriculture

Self‐driving Car Mapping UAV (Drone)
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RTK Algorithm (1)
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RTK Algorithm (2)
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RTK Algorithm (3)
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Integer Ambiguity Resolution
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LAMBDA
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• ILS Estimation with:
– Shrink Integer Search Space with "Decorrelation"
– Efficient Tree Search Strategy
– Similar to Closest Point Search with LLL Lattice Basis Reduction Algorithm
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Effect of Baseline Length
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BL=0.3 km BL=13.3 km

BL=32.2 km BL=60.9 km

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

RMS Error:
E: 2.2cm
N: 2.4cm
U: 10.6cm
Fix Ratio:
94.2%

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

RMS Error:
E: 14.0cm
N: 14.8cm
U: 26.7cm
Fix Ratio:
44.4%

: Fixed Solution : Float Solution)(24 hr Kinematic



Network RTK (NRTK)
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• 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 3.2
– Server S/W: Trimble GPSNet, GEO++ GNSMART, ...
– NTRIP Networked Transport of RTCM via Internet Protocol

• NRTK Service in Japan
– GEONET: ~1300 Reference Stations by GSI
– NGDS (www.gpsdata.co.jp), JENOBA (www.jenoba.jp), Nihon Terasat

(www.terasat.co.jp)



Japanese GEONET

28(http://terras.gsi.go.jp/ja/index.htm)



NTRIP
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NTRIP
Caster

• Networked Transport of RTCM via Internet Protocol
REF1

REF2

REF3

...

REFn

NTRIP Server NTRIP ClientsMount Point Internet

RTK
User

Receivers
(Rovers)



RTCM 3.3 OBS, MSM, NAV, ANT
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----------------------------------------------------------------------------
Message         GPS     GLOASS    Galileo    QZSS     BeiDou SBAS

----------------------------------------------------------------------------
OBS Compact L1     1001      1009        - - - -

Full    L1     1002      1010        - - - -
Compact L1/2   1003      1011        - - - -
Full    L1/2   1004      1012        - - - -

Ephemeris          1019      1020      1045/6    1044  1042        -
MSM 1              1071      1081      1091      1111   1121      1101

2              1072      1082      1092      1112   1122      1102
3              1073      1083      1093      1113   1123      1103
4              1074      1084      1094      1114   1124      1104
5              1075      1085      1095      1115   1125      1105
6              1076      1086      1096      1116   1126      1106
7              1077      1087      1097      1117   1127      1107

SSR Orbit Corr.    1057      1063      1240*     1246*     1258* 1252*
Clock Corr.    1058      1064      1241*     1247*     1259* 1253*
Code Bias      1059      1065      1242*     1248*     1260* 1254*
Combined       1060      1066      1243*     1249*     1261* 1255*
URA            1061      1067      1244*     1250*     1262* 1256*
HR-Clock       1062      1068      1245*     1251*     1263* 1257*

Antenna Info       1005 1006 1007 1008 1033
----------------------------------------------------------------------------

* draft 



3 RTK Practice
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Receiver and Antenna
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Receiver Modules are provided by .

GNSS
Antenna

u‐blox ZED‐F9P
Mini‐EVK Card



Setup u‐blox Receiver/u‐center

• Install u‐center 19.04 to your laptop PC
– seminar_2019¥ublox¥u‐centersetup_v19.04.zip

33

u‐blox ZED‐F9P
Mini‐EVK Card

GNSS
Antenna

u‐blox
u‐center

your Laptop PC

micro
USB



u‐center 19.04
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Message
View

Configuration
View

Docking Windows 
‐ Data

Satellite Position

Satellite Level

Connect 
Button



Configure u‐blox Receiver

• GNSS (GNSS Config) 
GPS, Galileo, BeiDou, QZSS, GLONASS: Enabled

• MSG (Messages) 
02‐15 RXM‐RAWX: USB ‐ ON (raw observation data)
02‐13 RXM‐SFRBX: USB ‐ ON (navigation data)
01‐07 NAV‐PVT: USB ‐ ON (optional)
01‐35 NAV‐SAT: USB ‐ ON (optional)
Others: USB ‐ OFF

• CFG (Configuration)
Save current configuration

35



UBX‐RXM‐RAWX
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UBX‐RXM‐SFRBX
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Start RTKLIB
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• RTKLAUNCH (RTKLIB AP launcher)
seminar_2019¥rtklib_2.4.3b32¥bin¥rtklaunch.exe

RTKPLOT

RTKCONV

STRSVR

RTKPOST

NTRIPBRS RTEGET

RTKNAVI



RTKNAVI
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Start



RTKNAVI ‐ RTK Monitor

40



Configure RTK with RTKLIB and u‐blox

41

ZED‐F9P
micro USB

RTK
Reference
Station

RTK Reference
Station

RTKNAVIZED‐F9P
u‐blox

GNSS
Antenna

WiFi‐router
or Your 

smartphone 

RTKPLOT



RTK Reference Station
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IP‐Addr : 153.121.xx.xx
Port : 2101 or 80
MountP : xxxxx
USER‐ID : xxxxxx
PW : xxxxxx
Format : RTCM3 (GPS+GLO+GAL+QZS+BDS)

IP‐Addr : 153.121.xx.xx
Port : 2101 or 80
MountP : xxxxx
USER‐ID : xxxxxx
PW : xxxxxx
Format : BINEX (GPS+GLO+GAL+QZS+BDS)

Receiver:
Trimble NetR9

Lat: 35.66633444
Lon: 139.79220107
Height: 59.746



RTKNAVI Options for RTK

43



4 PPP Basics
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PPP (Precise Point Positioning)

45

• Feature
– with Single Receiver (No Reference Station)
– Efficient Analysis for Many Receivers
– Precise Ephemeris
– Conventionally Post‐Processing

• Applications
– GPS Seismometer
– GPS Meteorology
– POD (Precise Orbit Determination) of LEO Satellite
– Precise Time Transfer



PPP Applications

Automated Farming

Offshore Construction Autonomous
Driving

Weather Forecast

Tsunami Warning  Mining Machine
Control

46



RTK vs. PPP

47

RTK Real‐Time PPP

Coverage Local/Regional
(< 1000km) Global

Typical
Accuracy 1‐3 cm HRMS 2‐10 cm, much depending 

on orbit/clock quality
Effect of Ref 
Movement

Hard to separate ref and 
user movement

Less effect by distributed ref 
stations

System
Complexity

Simple,
at least one ref station

Complicated,
need many ref stations

Latency of 
Corrections ~ 1 s 5 ~ 25 s

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.



Precise Ephemeris

• Precise Satellite Orbit and Clock
– By Post‐Processing or in Real‐time
– Observation Data of Tracking Stations World‐Wide

• Format:
– Orbit: NGS SP3
– Clock: NGS SP3 or RINEX Clock Extension

• Contents:
– Orbit: ECEF‐Positions of Satellite Mass Center
– Clock: Clock‐biases wrt Time Scale Aligned to GPS Time

48



IGS: International GNSS Service

CODE

ESOC

GFZ

JPL

NOAA

NRCan

SIO

USNO

...

ACC

Analysis Centers (ACs)

MIT

CDDIS

IGN

SIO

KASI

Global Data Centers

Regional DCs 

Tracking Network

...

Oper. DCs

GNAACs

Products
(Satellite Orbit/Clock, Station 

Pos/Vel, ERP, Atmos,...)

RNAACs

Data (GPS/GLONASS 
Raw, Ephemeris,...)

49



IGS Products 
Final
(IGS)

Rapid
(IGR)

Ultra‐Rapid (IGU)
Broadcast

Observed Predicted

Accuracy

Orbit ~2.5cm ~2.5cm ~3cm ~5cm ~100cm

Clock ~75ps RMS
~20ps STD

~75ps RMS
~25ps STD

~150ps RMS
~50ps STD

~3ns RMS
~1.5ns STD

~5ns RMS
~2.5ns STD

Latency 12‐18 days 17‐41 hours 3‐9 hours realtime realtime

Updates every 
Thursday

at 17 UTC 
daily

at 03, 09, 15, 
21 UTC

at 03, 09, 15, 
21 UTC ‐

Sample
Interval

Orbit 15min 15min 15min 15min daily

Clock Sat: 30s
Stn: 5min 5min 15min 15min daily

(http://www.igs.org/)
50



MADOCA‐PPP (1)
GPS GLONASS Galileo QZSS

MGM‐Net

MADOCA

PPP Users

QZSS L6E Signal

Precise 
Orbit/Clock 
Estimation

~ 1.7 Kbit/sReference
Stations

51



MADOCA‐PPP (2)

• For real‐time PPP service via QZSS LEX
– Many (potential) applications over global area

• Precise orbit/clock for multi‐GNSS constellation
– Key‐technology for future cm‐class positioning 

• Brand‐new codes developed from scratch
– Optimized multi‐threading design for recent CPU
– As basis of future model improvements

52

Multi‐GNSS Advanced Demonstration tool
for Orbit and Clock Analysis



MADOCA‐PPP (3)

MGM
‐Net EKF

STRMON

Parameter Estimator

IGS
etc

LSQ

MGPLOT MADOCA API

MGRTE

MGEST

RTCM,
BINEX, Javad

RINEX,
SP3, ERP 

Data Interfaces Data Interfaces

LMG

MGGET

53
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MADOCA‐PPP (4)



MADOCA‐PPP (5)
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• QZSS‐MS  • MGM‐Net  • IGS  • MGEX



MADOCA PPP (6)

2016/4/15 16:25 GPST PPP Analysis of Kumamoto‐EQ. by MADOCA‐PPP
(RTKLIB 2.4.3 b9, Kinematic‐PPP‐AR, MADOCA Final Products

Kumamoto
(0465)

Izumi
(0702)

Yabe A 
(1169)

Kikuchi
(1070)
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RTCM 3.3 SSR
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----------------------------------------------------------------------------
Message         GPS     GLOASS    Galileo    QZSS     BeiDou SBAS

----------------------------------------------------------------------------
OBS Compact L1     1001      1009        - - - -

Full    L1     1002      1010        - - - -
Compact L1/2   1003      1011        - - - -
Full    L1/2   1004      1012        - - - -

Ephemeris          1019      1020      1045/6    1044  1042        -
MSM 1              1071      1081      1091      1111   1121      1101

2              1072      1082      1092      1112   1122      1102
3              1073      1083      1093      1113   1123      1103
4              1074      1084      1094      1114   1124      1104
5              1075      1085      1095      1115   1125      1105
6              1076      1086      1096      1116   1126      1106
7              1077      1087      1097      1117   1127      1107

SSR Orbit Corr.    1057      1063      1240*     1246*     1258* 1252*
Clock Corr.    1058      1064      1241*     1247*     1259* 1253*
Code Bias      1059      1065      1242*     1248*     1260* 1254*
Combined       1060      1066      1243*     1249*     1261* 1255*
URA            1061      1067      1244*     1250*     1262* 1256*
HR-Clock       1062      1068      1245*     1251*     1263* 1257*

Antenna Info       1005 1006 1007 1008 1033
----------------------------------------------------------------------------

* draft 



5 PPP Practice
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Configure PPP with RTKLIB and u‐blox
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ZED‐F9P
micro USB

JAXA MADOCA
RT Product

RTKNAVIZED‐F9P
u‐blox

GNSS
Antenna

WiFi‐router
or Your 

smartphone 

RTKPLOT

JAXA NTRIP
Caster

MADOCA
Server



JAXA MADOCA RT Product
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IP‐Addr : madoca.ntrip‐mgm.net
Port : 2101
MountP : MDC0, MDC1 or MDC2
USER‐ID : xxxxxx
PW : xxxxxx
Format : RTCM3 SSR

JAXA NTRIP Caster

USER‐ID and PW are only for the 
seminar (temporal)

https://ssl.tksc.jaxa.jp/madoca/public/public_index_en.html



RTKNAVI Options for PPP
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6 Advanced Topics of PP
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QZSS

63
(http://qzss.go.jp)

Satellite Positioning, 
Navigation and Timing Service

Sub‐meter Level 
Augmentation Service (SLAS)

Centimeter Level 
Augmentation Service (CLAS)

Disaster and Crisis Management 
(DC) Report Service



QZSS L6

64

[1] IS‐QZSS‐L‐001 Quasi‐Zenith Satellite System Interface Specification Centimeter
Level Augmentation Service, November 5, 2018

PRN     sig messages
‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
193‐199 L6D CLAS
203‐209 L6E MADOCA PPP



CLAS

65
(http://www.mitsubishielectric.co.jp)

QZSS L6D Signal



CSSR (Compact SSR)
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NO  Message                  MT    ST       Format
(1) Compact SSR mask  4073  1  [1] 4.1.2.2.2
(2)  Compact SSR orbit corr  4073  2  [1] 4.1.2.2.3
(3)  Compact SSR clock corr  4073  3  [1] 4.1.2.2.4
(4)  Compact SSR code bias  4073  4  [1] 4.1.2.2.5
(5)  Compact SSR phase bias  4073  5  [1] 4.1.2.2.6
(6)  CSSR code and phase bias 4073  6  [1] 4.1.2.2.7
(7)  Compact SSR URA  4073  7  [1] 4.1.2.2.8
(8)  Compact SSR STEC corr  4073  8  [1] 4.1.2.2.9
(9)  Compact SSR gridded corr 4073  9  [1] 4.1.2.2.10
(10) Compact SSR combined cor 4073 11  [1] 4.1.2.2.12

[1] IS‐QZSS‐L‐001 Quasi‐Zenith Satellite System Interface Specification Centimeter
Level Augmentation Service, November 5, 2018

+‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐+ 
| preamble | 000000 | length(B) |  data  | parity  |
+‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐+
|<‐‐ 8 ‐‐‐>|<‐ 6 ‐‐>|<‐‐ 10 ‐‐‐>|<‐‐‐ length x 8 ‐‐‐>|<‐‐ 24 ‐‐>|

+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+
|  MT(12)    |ST(4)|  message data |
+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+‐‐‐‐‐+‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐+



CLAS CSSR Grids and Networks
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(1)

(2)

(3) (4)

(5)
(6)

(7)

(8)

(9)

(10)

(11)

(12)



MADOCA PPP

68(https://www.gpas.co.jp)



Today's Summary
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1 Theory of PP (precise positioning)

2 RTK Basics

3 RTK Practice

Lunch Break

4 PPP Basics

5 PPP Practice

6 Advanced Topics of PP


