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PPP (Precise Point Positioning)
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• Historical View
– Firstly introduced in 1990s to analyze data of large GPS station N/W [1]

– Conventionally PP with IGS precise ephemerides since 1990s
– Several RT‐PPP services have launched via GEO satellite links since 2000s
– Recently improving accuracy withmulti‐constellation GNSS and PPP‐AR
– Convergence time is still an issue for some applications even in 2019

RTK PPP

Base Station Required Not required

Area Coverage Local (< 30 km) Global (worldwide)

Accuracy
(HRMS) 1 ~ 4 cm 2 ~ 5 cm

Convergence
Time < 60 s 15 ~ 45 min

[1] J. F. Zumberge et al., Precise point positioning for the efficient and robust analysis of GPS data from large
networks, Journal of Geophysical Research, 1997



PPP Applications

Automated Farming Offshore Construction/
Mining

ADAS/
Autonomous Driving

Weather Forecast
(GNSS Meteorology)

Tsunami Warning 
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Drone/UAV

Precise Time Transfer Satellite POD

Broad (Existing and Potential) Applications of PPP ...



PPP Service Architecture
Multi‐Constellation GNSS Satellites
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Communication
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Commercial PPP Services
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Service Provider Target
GNSS

# of Ref.
Stations

Comm.
Link Receivers Accuracy

StarFireTM [1]

(US)
GPS, GLO > 40

3 GEO
(L‐band),

IP
NavCom < 5 cm

SeastarTM [2]

(NED)

GPS, GLO,
GAL, BDS

(G4)
~ 80

6 GEO
(L‐band),
IP (NTRIP)

Fugro
10 cm H
15 cm V
(95%)

Apex/Ultra [3]

TerraStar® [4]
(UK)

GPS, GLO,
GAL, BDS,
QZS (Apex5)

~ 80 7 GEO
(L‐band)

VERIPOS,
NovAtel [7],

Septentrio [8],
TOPCON [9],

Hemisphere [10]

< 5 cm H
< 12 cm V
(95%)

CenterPoint
RTX [5]

(US)

GPS, GLO,
GAL, BDS,

QZS
~ 100

6 GEO
(L‐band),
IP (NTRIP)

Trimble,
Qualcomm (?)

2 cm H
5 cm V
(RMS)

magicGNSS [6]

(Spain)

GPS, GLO,
GAL, BDS,

QZS
~ 80 IP

(NTRIP) (RTCM SSR)
5 cm H
8 cm V
(RMS)

[1] https://www.navcomtech.com, [2] https://www.fugro.com, [3] https://veripos.com, [4] https://www.terrastar.net,
[5] https://positioningservices.trimble.com, [6] https://magicgnss.gmv.com, [7] https://www.notavel.com,

[8] https://www.septentrio.com, [9] https://www.topconpositioning.com, [10] https://www.hemispheregnss.com



PPP Service Performance in 2015
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NovAtel White Paper, Precise Positioning with NovAtel CORRECT Including Performance Analysis, April 2015 
(https://www.novatel.com/assets/Documents/Papers/NovAtel‐CORRECT‐PPP.pdf)

HRMS :  Time
30 cm :   400 s
20 cm :   600 s
10 cm : 1300 s
(GPS+GLONASS)

Re‐convergence
after 180 s signal 

outage
H 68%

HRMS : 3.3 cm
(GPS+GLONASS)

0.1 m

0.1 m

0.1 m

(3 days)



PPP for Next‐Gen Vehicle Positioning
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GPS World, Trimble, Qualcomm partner on connected vehicle
positioning, September 26, 2019 (https://www.gpsworld.com)

Snapdragon Automotive
4G/5G Platform:

RTX Auto:
ASIL and ASPICE compliant
RTX precise positioning

software library

supporting
GPS, GLONASS, Galileo, BDS

and QZSS (L1, L2, L5)

+

Absolute In‐lane positioning for
ADAS/autonomous‐driving



Galileo HAS (1/2)
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• Galileo CS (commercial service) HA (high accuracy)
– HA originally provided as one of CS with fee
– "positioning error of less than one decimeter in nominal conditions of use"
– AALECS (authentic and accurate location experimentation with the CS) 

conducted since 2016 by a consortium including GMV and Veripos
– Initial commercial operating phase was planed from 2018

I. F. Hernandez et al., Galileo's Commercial Service Testing GNSS High Accuracy and Authentication, 
Inside GNSS, 2015

Correction Data 
Bandwidth:
448 bps/
satellite

HA:
PPP with 
GPS/GAL

E6B:
1278.75 
MHz



Galileo HAS (2/2)
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• Redefined Galileo HAS
– Open consultation launched for free Galileo HAS in 2017
– EU redefined Galileo HAS as a free service in March 2018
– Accuracy requirement relaxed as "less than two decimeters" (<= 20 cm)
– "Initial signal supply until at least 2020"
– However, formal HAS SIS‐ICD has not yet be published in October 2019

I. F. Hernandez et al., Galileo High Accuracy: A Program and Policy Perspective, Conference 69th International 
Astronautical Congress ‐ IAC 2018, Bremen

SC 
(Madrid)SS

Mission
Segment

Galileo Satellites

HAS Uplink Bandwidth:
2704 ~ 3452 bps

(20 uplink stations)



MADOCA‐PPP (1/4)
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• June 2011 ‐ March 2013: Development for QZSS LEX‐PPP experiment
– Initial development as JAXA R & D
– Implement multi‐GNSS precise orbit and clock determination S/W, 

named as "MADOCA" later
– PP (FY2011) and RT (FY2012) features supporting GPS, GLO, GAL, QZS

• Feb 2014 ‐ Dec 2015: Adding advanced PPP Features
– Extensions supporting BDS, FCB generation for PPP‐AR
– R & D for advanced PPP functions (PPP‐AR, local‐correction, INS/PPP)
– Improve performance by refining orbit dynamics model

• Sep 2014: Start broadcast via QZS‐1 LEX and NTRIP by JAXA [1]

• Aug 2016 ‐ : Continuous improvement of MADOCA accuracy and stability
• Dec 2017: Start broadcast via QZS‐2, 3, 4 L6E by GPAS [2][3]

Brief History of MADOCA

[1] https://ssl.tksc.jaxa.jp/madoca/public/public_index_en.html
[2] https://www.gpas.co.jp/service.php

[3] Global Positioning Augmentation Service Corporation, Quasi‐Zenith Satellite System Correction Data on 
Centimeter Level Augmentation Service for Experiment Data Format Specification (1st edition), November 2017



MADOCA‐PPP (2/4)
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JAXA MADOCA Products (NTRIP)

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

Reference Station N/W (~ 80 stations)

PPP Correction Messages (RTCM 3 SSR)

Orbit Accuracy (GPS, MDC1)

PPP Accuracy (Tsukuba, MDC1)

(2019/10/15 9:00 ‐ 10/16 9:00 GPST)

RMSE
E: 1.40 cm
N: 1.30 cm
U: 2.69 cm

RMSE
3D: 4.96 cm
R: 3.96 cm
A: 2.38 cm
C: 1.80 cm 

(HRMS:
1.91 cm)

(PPP‐AR, GAL and BDS are not yet supported)



MADOCA‐PPP (3/4)
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QZSS L6 Signal Specifications 

[1] IS‐QZSS‐L6‐001, Quasi‐Zenith Satellite System Interface Specification Centimeter Level Augmentation Service, 
November 5, 2018

Satellite QZS‐1 (Block I) QZS‐2, 3, 4 (Block II)
Carrier Frequency 1278.75 MHz 1278.75 MHz

Code Modulation BPSK(5) BPSK(5)

Min Received Power ‐ 155.7 dBW ‐ 156.82 dBW

Component Data Pilot Data Data

Chip Rate 2.5575 Mcps 2.5575 Mcps 2.5575 Mcps 2.5575 Mcps

Code Length 4 ms 410 ms 4 ms 4 ms

Data Rate 2 kbps ‐ 2 kbps 2 kbps

Data Modulation CSK (8 bit/sym) ‐ CSK (8 bit/sym) CSK (8 bit/sym)

Frame Rate 1 frame/s ‐ 1 frame/s 1 frame/s

FEC RS(255,223) ‐ RS(255,223) RS(255,223)

Message L6D ‐ L6D L6E

Contents CLAS ‐ CLAS MADOCA

Status Available
(2018/11/1~) ‐ Available

(2018/11/1~)
Experimental
(2019/10)



MADOCA‐PPP (4/4)
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Data Part (1695) RS (256)

QZSS L6 Frame Structure

Header (48)

(bits)

Preamble (32) PRN (8) Vender ID (3) = (0x5: CLAS, 0x1: MADOCA) +
Gen Facility ID (2) + Reserved (2) +
Subframe Indicator (1)

Alert Flag (1) = (0: Available, 1: Unavailable or Experimental) 

L6 Message Type (8) 

(2000)

CLAS MADOCA

Positioning Mode PPP‐RTK PPP

Service Area Japanese Island All areas covered by QZSS

Accuracy H: < 6 cm, V: < 12 cm (static, 95%)
H: <12 cm, V: < 24 cm (kinematic, 95%) Not Specified

TTFF < 60 s (95%) Not Specified

Target GNSS/
Signal *

GPS (L1C/A, L2P(Y), L2C, L5),
GAL (E1, E5a), QZS (L1C/A, L2C, L5)

GPS (L1C/A, L2P(Y)), GLO (L1C/A, L2P),
QZS‐1

Corrections Satellite Mask, Orbit, Clock, Code Bias, 
Phase Bias, URA, STEC, Gridded Corr. Orbit, High‐Rate Clock, Code Bias, URA

Format Compact SSR (CSSR) on
RTCM 3 Proprietary (MT 4073)

RTCM 3 SSR + Draft SSR
(w/o preamble, length, CRC)

QZSS L6 Message Contents

* in October 2019



Faster Convergence for PPP
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• PPP‐RTK
– PPP‐AR with local STEC and tropos corrections
– Much bandwidth required to support broad 

coverage larger than nation‐wide
– Dens CORS N/W required for local corrections

• Fast‐PPP [1]
– PPP‐AR with global VTEC corrections
– Multi‐layer model for global VTEC

• Instantaneous cm‐level PPP [2]
– No local or global TEC corrections
– Cascading PPP‐AR with triple or quad 

frequencies (L1‐L2‐L5, E1‐E5a‐E5b‐E6) 

[1] A. R. Garcia et al., A worldwide ionospheric model for fast precise point positioning, IEEE Transaction on Geoscience 
and Remote Sensing, 2015

[2] D. Laurichesse and S. Banville, Innovation: Instantaneous centimeter‐level multi‐frequency precie point positioning, 
GPS World, 2018

0.1 m

0.1 m

HRMS :  Time
10 cm : 480 s

HRMS :  Time
10 cm : 0 s

Instantaneous cm‐level PPP [2]

Fast‐PPP [1]



Summary
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