( rSi Center for Spatial Information Science ﬁ )l j( ?

The University of Tokyo (;’ HE UNIVERSITY

Low-Cost High-Accuracy GNSS Receiver
System based on QZSS MADOCA Signal

MAD-WIN, MAD-tand MADROID [
Dinesh Manandhar / \ s

RaspberryPi 4
Device | Receiver

Center for Spatial Information Science

|

The University of Tokyo
dinesh@csis.u-tokyo.ac.jp
26t October 2021

United Nations/Mongolia Workshop on the Applications of Global Navigation Satellite System, Ulaanbaatar, Mongolia, 25 - 29 October 2021, Dinesh Manandhar, dinesh@csis.u-tokyo.ac.jp Slide - 1
de :



The University of Tokyo THE UNIVERSITY OF TOKYO

CSi Center for Spatial Information Science (;’ % ;'.}L{‘ j( %
Objectives

* Develop Low-Cost High-Accuracy Positioning Systems (L-CHAPS) VIAD-

* System Integration of commercially available receiver or module
* For RTK and MADOCA

* Avoid use of computer to minimize the cost MADRO/D \\/\AD'\N\N
* Use Single Board Computer (SBC)

\D
TKORO
R RTKLIB

* RaspberryPi, Arduino, Spresense
e Use Tablet or Smart-Phone

* Android devices are quite flexible and easier to use

* Develop Easy to Use System in Field
e A user without GNSS knowledge shall be able to use
* Self-understanding interface

* Suitable for remote operation and data logging
* Operate with mobile power-banks

* Promote GNSS and MADOCA Technologies Abroad through

e Lectures, Trainings, Seminars, Workshops and Events

| eblox

\ ZED-FOP

* Joint Research and Joint Projects
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Low-Cost GNSS Receivers are necessary for promotion of
GNSS technology to conduct lectures, trainings and pilot projects
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Low-Cost Receiver System Development Cycle

\
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GPS Position Accuracy
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How to achieve accuracy from few meters to few centimeters?

ORI= 35.666342230° 139.792210090° 59.7350m
AVE=E:-0.2368m N: 1.1001m U:-0.6957m
STD=E: 0.7813m N: 0.8869m U: 1.8977!
wRMS=E: 0.8164m N: 1.4131m U: 2.0212m 2D: 3.2639m
.

€2k - L R
..‘3.‘.._
$ ":,: : .
.50 cm grid 50.cm
P

ORI= 35.666342230° 139.792210090° 59.7350m
AVE=E:-0.0160m N:-0.0395m U: 0.1039m
STD=E: 0.2253m N: 0.2461m U: 0.5594m

50 cm grid

50 cm

SPP (Single Point Position)

DGPS (Differential GPS)
Code-phase observation

ORI= 35.666342230° 139.792210090° 59.7350m
AVE=E:-0.0000m N: 0.0002m U: 0.0028m

STD=E: 0.0017m N: 0.0015m U: 0.0039m

RMS=E: 0.0017m N: 0.0016m U: 0.0048m 2D: 0.0046m

5 cm grid

RTK (Real Time Kinematic)
Carrier-phase observation
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How to Improve Accuracy?

Need to Know Error sources

Satellite Orbit Error

V =4km/s Satellite Clock Error

@

lonospheric Delay
50 — 200Km

Tropospheric Delay ,"
10Km

®
\
* Some errors can be completely removed

Thermal Noise e Some errors can be minimized

@  Some errors are difficult to remove
Receiver Clock Error
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Errors in GPS Observation (L1C/A Signal)

CSi Center for Spatial Information Science C ’ % :'_i_i j( %

One-Sigma Error, m

Error Sources Comments
Total DGPS
Satellite Orbit 2.0 0.0
Common errors are removed
Satellite Clock 2.0 0.0
lonosphere Error 4.0 0.4
Common errors are reduced
Troposphere Error 0.7 0.2
Multipath 1.4 1.4
Receiver Circuits 0.5 0.5

If we can remove common errors, position accuracy can be increased.
Common errors are: Satellite Orbit Errors, Satellite Clock Errors and Atmospheric Errors (within few km)

Values in the Table are just for illustrative purpose, not the exact measured values.
Table Source : http://www.edu-observatory.org/gps/gps_accuracy.html#Multipath
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Observation Methods for High-Accuracy

 Basically three types of Observation
* DGPS (Differential GPS)

e Code-phase observation
e Requires Base-station (Reference Station)
* RTK (Real Time Kinematic)
* Code-phase and Carrier-Phase Observation
e Requires Base-station (Reference Station)
* PPP (Precise Point Positioning)

e Code-phase and Carrier-phase observation
* Does not require base-station
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How to Remove or Minimize Common Errors?
Use Differential Correction

Q. -¢

TS

Recommended Base-length < 40Km

XA Send Observation Data to Rover
AN for Real-Time Position (RTCM Protocol)

Base-Station
Antenna is installed User in the Field

Base-station Antenna position ~ @t a known-position (Either fixed or moving)
shall be known in advance Use RINEX data for post-processing

For RTK, both base and rover receivers need to
use data from the same satellites
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How to Remove or Minimize Common Errors?
Principle of QZSS MADOCA Services

QZSss

GPS Gog
o
© .20
“‘.B' (%)
lall2]
& 53
§ o
o <<
35
<
=
Currently, MADOCA provides correction
l data for GPS, GLONASS and QZSS.
It will be extended for Galileo in future.
Correction Data: % Base-Station is not required.
Satellite Orbit Error of GPS and Other Satellites [} The Rover receiver should be able to receiver MADOCA
Satellite Clock Error of GPS and Other Satellites W\ signal in L6 band. . . .
‘1 MADOCA correction data is also available online.
I\
Rover
Slide : 10
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How does MADOCA Work?

o 4

MADOCA
*  Multi-GNSS Advanced Demonstration tool for Orbit and Clock Analysis

Provides an accuracy of 10cm
(3) Signal Biases

W)_Sat\eulte Orb/ﬂ(iSatelllte Clock

}_

H 5K °F

THE UNIVERSITY OF TOKYO

« MADOCA signal broadcasts the following correction data: |
A d o ;’ (4) lonosphere
* Satellite Orbit, Satellite Clock, Signal Biases \ = (5) Troposphere
* Currently, correction data are broadcasted for GPS, GLOANSS NS Factors causing sienal delay <—

/
v

(6) Multipath / Noise

\
/\

and QZSS satellites

Error Sources

Corrected by

1) Satellite Orbit

MADOCA

MADOCA

MADOCA

4) lonosphere

Positioning Process

(

§ (2) Satellite Clock
(3) Signal Biases
(
(
(

Table Source: https://www.gpas.co.jp/service_madoca.php

bi 5) Troposphere Positioning Process
Orbit correction 1057 1063 1246 6) Multipath / Noise | N/A
Clock correction 1 1 1058 1064 1247
Image from presentation file: Introduction to MADOCA by H. Kakimoto, GPAS Company
HR-Clock correction 1 1 1062 1068 1251
URA 1 1 1061 1067 1250
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MADOCA System: Direct from QZSS or Online Correction Data

If you have GNSS Receiver and
MADOCA Decoder

If you have only GNSS Receiver
Qzss Qzss
HH HE HH
Y )
1
G ! G,
4, % 4, %,
0.:. 0/1% ! ..‘. O/l%
> “Q (S S ) “‘ w1 % S
GPRXS 2\z 0, Clh%® ERES (A7
¢ 2l \= N ° ¢ cl > N L X4
“Q ool |9 “‘ =) )
DX 5 19 ¥ W, 2103 ¥
& a \» & % 2| \® S
IR S o & T &
% ol |9 S % 9 % )
‘% ™ & 2 | 5
% © % g ©
y 47 v
Antenna Antenna

GNSS L.
/ MADOCA PPP Position
MADOCA

. Processor Output
Receiver

MADOCA PPP
Processor

GNSS
Receiver

Online MADOCA
Correction Data

Position
Output
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Low-Cost MADOCA Receiver Systems: Product Types
| wewn ] wen | Meoe

Platform / OS Windows RaspberryPi 3B or 4B Android Device
Default : u-blox F9P Default : u-blox F9P

NSS Recei Default : u-blox F9P onl
GNSS Receiver Other: Any dual-frequency Receiver Sl (Rl Rlrel POy Other: Any dual-frequency Receiver
MADOCA Receiver U-blox D9 only U-blox D9 only NA (MADOCA Online Correction Data only)
GNSS Receiver Data UBX
Format UBX, SBF, RTCM3 SBF, RTCM3 (For online GNSS data) UBX
MADOCA Correction Data UBX only UBX only NA

Format (Satellite)

. . Online Services
Online Services

MADOCA Cgrrectlon Data from GPAS, UTokyo (Test Level) from GPAS,'UTokyo.(Test Level)
Format (Online) Online Services

UBX or RTCM3 UBX or RTCM3

GPAS Services,
RTCM3
UTokyo Online Service in the next release

Antenna

Antenna Antenna

System Architecture
L1/L2 GNSS Computer

Raspberry Pi 3B or 4B
+ MADOCA Decoder (Windows) L1/L2 GNSS g L1/12 GNSS
+ MADOCA Decoder AR r“,,{ = + MADOCA Decoder

Android
Device
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System Architecture

GNSS Antenna
L1,12,15,16 FOP Receiver
GNSS Receiver
L1/L2/E5B Use this baud-rate to receiver

COM Port: 1
GNSS R Dat
—» BaudRate: 115,200 — aw bata

. l (GNSS Data)
>

Splitter . COM Port : 2 Use this baud-rate to receiver
Micro-USB :
MADOCA DECODER ., BaudRate:57,600 +~  MADOCAData
(QZSS, L6) (MADOCA Data)

+——— g5 >
T /,L\ Antenna - ~N
/ FOP GNSS Receiver
50/ \\ L1/L2/ESB COM Port: 1
\ 9 y GNSS Data
( ‘l _>l
\4 T ( )
MADOCA Decoder COM Port: 2
M18%1 QZSS L6 MADOCA Data
\\§ J
g
Size: W:55x B:55xD: 15
GNSS Antenna
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MAD-WIN / MAD-PI| User Interface
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B | MADOCA Demo 2020 — O X | ] MADOCA Demo 2020 — O X | ! MADOCA Demo 2020 — O X
Connection Status Record Akout =2 Connection Status Reoord Akout =il Connection Status Record About =1
Pover Time  2020-09-30 011224 e Device  [Windows v
(® RX O Onlire Setup tﬂtit%*tdz 132-953222315; - N Solution  2020-09-30.010212 nmeal355368)

| ongitude 139, Y\ et Rover  2020-09-30.010212.ubx2855936)
Corraction g't;tLt{dG E;%ﬁm Correction 2020-09-30.010212.ubx(345088)
, ; olution
(@ DX () Online (MADOCA) Setun Lat Eror 0.074m Record On/Off

Lon BErnor ©.132m
Alt Enor 0.075m

Frocessing Mode

(®) PPP-Static () PPP-Kinematic

Start/Stop ﬁﬁﬁﬁ

G2 G6 G9 G12G17G19R6

Connected - . Connected _ Connected

Log Files:

1. Solution: MADOCA PPP Solution in NEMA format

2. Rover: Rover RAW Data in receiver’s proprietary format
Can be used for PPK (Post-Processing Kinematic) Solution or
Post-Processing PPP

3. Correction: MADOCA PPP Correction Data in receiver’s
proprietary format

Can be used for Post-Processing MADOCA
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MAD-PI:MADOCA with RaspberryPi Device
MAD-Pi has been tested with RaspberryPi-3B device .' - - ) ,
* It also works with RaspberryPi-4B

Raspberry-Pi 4 with

* |If the device does not work, please try with a different USB port Toueh SerseRiRIRY

GNSS +
MADOC
A

Do not remove and insert SD Card several times. It may get
damaged.

Receiver

Observation data can be logged to an external USB memory
disk. Memory drive of upto 64GB is supported.

* Files are created at 6-hour interval with Date/Time based filename.

Ras-Pi 4 device consumes more power than Ras-Pi 3 device. Connection | Statk: | Record
Continuous operation of the device will generate heat. Keep Tme 2020091506410
the device in well ventilated area Latitude  35.68971445
. . Longitude 139.75281602
* Do not keep the device in a closed box =
We have set both Ras-Pi 3 and Ras-Pi 4 devices with touch e

screens for easy operation.
* Mouse and External keyboard can be connected either via BT or USB ports

Ras-Pi device can be connected by an Android device using BT

{onnected

Raspberry-Pi device with Touch Screen
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MADROID: MADOCA with Android Device

THE UNIVERSITY OF TOKYO

2259
Q% MADROID <& MADROID 3, MADROID
Connection US8 v |Connection USB v |Connection USB -
Device Bluetooth o Device - c) Device - o
Format ubx - Format ubx - Format ubx -
Processing Settings Processin sbf Processing Settings
Rover Mode PPP-Static v | Rover Mode rtcm3 v | Rover Mode Single v
Elevation Mask 10 - Elevation Mask 10 - Elevation Mask PPP-Kinematic -
2 25 PPP-Static
TWIVP6000 _||TWIVP6000 _||TWIVP6000
0.0 © oo © oo ©
NTRIP Settings NTRIP Settings NTRIP Settings
madoca.ntrip-mgm.net | /madoca.ntrip-mgm.net | madoca.ntrip-mgm.net
2101 2101 2101
START ROVER START ROVER START ROVER
e ] A N o] H A N o] L AN
Setup AFL Setup Status Setup >
a O “ a @ < a @ <
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Connection USB
Device u-blox GNSS receiver

Format ubx

Processing Settings

Rover Mode PPP-Static

Elevation Mask 10

TWIVP6000

NTRIP Settings

madoca.ntrip-mgm.net _

2101

Center for Spatial Information Science
The University of Tokyo

MDCO
START ROVER
< % N
= @

1429

5
W% MADROID

| UTC Teme 052717

| Latitude: 3590202657° N
| Longrude: 139.93857286° £
| Elpsoidal Height: $9 349m

| Orthometnc Height: 21 .385n

Soeed 015 knviw
Fo type PPP
Satelites n view: 13
| Satelites nuse 13
| pOOP. 3.4
1nooc> 18
NDOP. 3.0
L
w9 g ".’
-
w a
e
k]
e
we
o
>
ne*

% _Q.. .

Setwo

®©

"

.

W ew

L

R

e

1434

% MADROID

Date: Dec 25, 2019

Time: 053417

Latitude: 35.90202310°
Longitude: 139.93857932°
X: 54N 404216.762m E

Y: 54N 3973601.765m N
Ellipsoidal Height: 59.848m
Orthometric Height: 21.884m
Fix Type: PPP

Speed. 0.1 knvin

HOOP: 19

VDOP: 30

PDOP: 35

Satelines in View: 13
Satelites in Use: 13
Latitude Error: 0.191Tm
Longitude Error; 0.17Tm

Altitude Error: 0.104m

NMEA: 2019_12.25.14_28_19.1x1(201KB)

UBX: 2019122514 _28_19.ubx{1M8)

STOP RECORDING
e =
o C

S

MADROID: MADOCA with Android Device

1434
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MADQOCA Observation
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B | MADOCA Demo 2021 — B | MADOCA Deme 2021 — O x B | MADOCA Demo 2021 — | X
Connection Status Fecord Bbout Exit Connection Status Record About Exit Caonnection Status Fecord Bhout Exit
Rover Time 2021-06-23 04:00:38 Time 2021-06-23 04:00:43
Latitude 3590302215 Latitude 359030285657
O R @ Online Setup Loneitude 139.93929595° Loneitude 139.93929582°
Altitude  93.296m Altitude 92 826m
Coarrection Solution  PPP Solution  PPP
Lat Error  14.627m Lat Error 4881m
O DX @ Online (MADOG &) Setup Lon Errar 16.225m Lom Error 5.35Tm
Alt Errar 13.192m Alt Error 4 603m

Processing Mode

() PPP-Static

Mot Connected

(@ PPP-Kinematic

Start/Stop

-42 -” 36 33 -44 40 39- -43
G1 G3 G17 G19 G21 G22

GG

Connected

G8

42 AT 37 3, 44 40 39 43 5y A6 43 44 35 46 44
0 i i e I O

GE  G8 G17 G19 G21 G22 RG6E5 RB66 RG7 R79 R80 R&1 R82

Cionnected
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|m7 MADOCA Demo 2021 — O x B 7 MADOQCA Demo 2021 — O * |m7 MADOCA Demo 2021 — O x
Ciohhection Status Recard Bbout Cionnection Statuz Record About Ciohhection Status Recard Bbout
Time 2021-06-23 04:00:35 Time 2021-06-23 040043 Time 2021-06-23 04:00:49
Latitude 3590302215 Latitude  35.90302865° Latitude 35903026807
Lomgitude 13993929595 Longitude 139939295327 Lomgitude 13993929325
Altitude  93.296m Altitude  92825m Altitude  94.399m
Solution  PPP Solution  PPP Solution  PPP
Lat Error 14.627Tm Lat Error 4.881m Lat Error 3.52Bm
Lon Error 16.225m Lon Error B.35Tm Lon Error 3.918m
Alt Error 13.192m Alt Error 4.603m Alt Error 3.003m

47 47 16 13 44 A0 39 43
1 1T ° 1 |
G1 G3 GB GB G17 G19 G21 G22

Connected

42 AL 57 44 40 43 46 43 44 35 46 44
L] -- N e N I i
Gl G3 G6 GB G17 G19 G21 G22 R65 R66 R67 R79 RS0 R81 RE2
Cormected ]

GE GE G17 G19 G21 G22 RISE R66 RGT R79 REB0O RE&1 RE2

42 A7
1
G1  G3

Connected
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[B7 MADOCA Demo 2021 — O > B 1 MADOCA Demo 2021 — | x [B7 MADOCA Demo 2021 — O >
Cionnection Status Record About Conhection Statuz Record About Cionnection Status Record About

Time 2021-06-23 04:01:32
Latitude  3590302549°
Longitude 139938249757
Altitude  95414m

Solution  PPP

Lat Errar  1.187m

Lon Error 1.383m

Alt Error 0941m

3g 46

IJB G17 G19 G21 G22 Ftli:S RG66 RG7 R79 R&0 R81 R&2

Connected

Time 2021-06-23 04:05:25
Latitude 23590304436
Loneitude 139939321157
Altitude  92.157m

Solution  PPP

Lat Errar  0.163m

Lon Error 0.197m

Alt Errar 0.142m

47 46

42
-I ”---- i

G8 G17 G19 G21 G22 R65 RG6 RG7 RV9 R80 RE&1 Ra2

Connected

Time 2021-06-23 040717
Latitude 3590304143
Longitude 13993831482
Altitude  92980m

Solution  PPP

Lat Errar  0.107m

Lon Error 0.129m

Alt Error 0.100m

'J'J GE& G17 G19 G21 G22

Connected

o i I o e e I O

42 39 46

RG65 RG66 RG7 RV9 R80 R81 Ra2
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MADQOCA PPP Test Results (24 hours
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MADOCA PPP Test Results (24 hours)
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Low-Cost MADQOCA Receiver for Sea-Level Rise Measurement
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Source: Technical Report, GNSS/QZSS MADOCA PPP Data Acquisition for Sea Level Rise Measurement, DR. ROSALIE B. REYES, UP DGE and Project Leader, CLSR-Phil Project
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MADQOCA PPP Test In Mountain Area
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Request for HW/SW

MADOCA Receiver Systems are distributed to overseas universities for joint

research and pilot projects Go To MAIN PAGE
* Includes HW and SW Low-Cost High-Accuracy Receiver Systems
* Signing of MTA (Material Transfer Agreement) Document is necessary for HW Receiver Systems: Type A, Type B, Type C, Type D
o If Only SWiis required, please send request through Note: APKs can be downloaded from the following links:
. AT Please send e-mail to dinesh{@}csis.u-tokyo.ac.jp for password.
° httpS://home.CSIS.u—tOkVO.aC.lp/ dlnESh/LCHARhtm Following information are necessary:
. . . .. . 1. Name
* SW is provided under the understanding that the recipients provide feedbacks 2. Affiliation (Organization Name)
and some sample data 3. Purpose (Optional)
* Feedbacks are necessary to improve and debug the products APK Name Description
% | MADOCA Demo 2021 - o X RTK based on RTKLIB 2.4.3
Receiver Type:
: : ETKDROID Single or Dual Frequency Receiver
Cannectian Status Recard About = (click to download) Receiver and Data Compatibility:
. ) w-blox” MST. MSP, FOP in UBX Format
Motes related with the use of software: 1 . _ Septentrio in SBF Format
1. This software is developed based on GPASLIE APl and RTKLIE. Register f“;l' Password Other Receivers in RTCM3 Format
and Updates Connection’ (1) USB using OTG cable with
2. Thiz zoftware i¢ releazed az Beta Wersion and there might be unexpected bugs or Android Device
Brrars. (2) Bluetooth
3. The software expires on 31zt DEC every vear. Please contact dinesh@oziz - MADROID

PPP with MADOCA Correction Data

Receiver Type:

tokyoac jp to renew the license to use after 31st DEG. We plan to update the version

by the end of 31zt Dec. If you plan to use for dedicated applications, please contact We will provide software for

joint research and pilot

U projects based on I_)ual Frequency Receiv_er_ o
4. The uze of the software iz under the responsibility of the user. SIS, The MADOCA. Receiver and Data_compﬂtlbl]lty-
University of Tokyo or the developers will not be liable or responsible for any 2 Please contact me if your wblex: FOP in UBX Format
damaeges or losses of whatzoever by uging thiz software. The software shall be uzed institute or organization is Septentrio in SBF Format
at the user’ = own discretion. interested. Other Receivers in RTCM3 Format
&gieter here for Connection: USB using OTG eable with Android
MADOCA PPP Device
Wergion 20210117 Software Download Presentation File

Licenze Valid Until 31 December 2(

Mot Connected
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Summary and Future Plans

* Three types of Low-Cost MADOCA receiver systems are developed.
* MAD-WIN, MAD-PI and MADROID

* MAD-PI will be improved for remote data logging.
* MADROID will be improved for using MADOCA data directly.

* Integration of current system with other systems
* Traffic monitoring, EWS Application, GIS data collection tool, ........

* Detail field tests will be conducted in this fiscal year.

* Trainings, Seminars, Workshops and Joint Projects with foreign
universities will be conducted

* With support from MELCO, GPAS, TUMSAT and CAO
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We are planning to conduct online webinars on
GNSS Data Processing and MADOCA for Mongolia.

We would like to request the
concerned authorities to organize the webinars.
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References

* Main Page
e https://home.csis.u-tokyo.ac.jp/~dinesh/

* Request for Low-Cost Receiver System

e https://home.csis.u-
tokyo.ac.jp/~dinesh/LCHAR.htm

e Other Training Materials

* https://home.csis.u-
tokyo.ac.jp/~dinesh/GNSS Train.htm

e Webinar Links

e https://home.csis.u-
tokyo.ac.jp/~dinesh/WEBINAR.htm

* Link to MADOCA Information at GPAS
e https://www.gpas.co.jp/service madoca.php

* QZSS Main Page
e https://qzss.go.jp/en/
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Our Definition of Low-Cost High-Accuracy

Target o

Single or Dual Frequency Receiver
RTK $100 S$300-S500 Dual Frequency Antenna

RaspberryPi Device
Cost

Dual Frequency GNSS Receiver
MADOCA  $300 S500 - $S800  Triple Frequency GNSS Antenna Antenna Cost Factor
RaspberryPi Device

* Cost of accessories, cables, connectors and power supply unit are not included
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Pseudorange equation

Ideal Case: po = c(ty — ts)
Real Case: p = po+ c(dt, — 6tg) + Iono + Tropo + Multipath + &

/ \ ™ Thermal Noise
Receiver Clock Error Multipath Error
Satellite Clock Error Tropospheric Delay

lonospheric Delay

Simplified Equation: p =pot c(8t, — Ot5) + ¢
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How to Improve Accuracy?

* Both Code-Phase and Carrier-Phase observations are necessary
* Carrier-phase provides centimeter level resolution

* Need to remove or minimize the following errors:

 Satellite Related Error
 Satellite orbit errors
» Satellite clock errors

e Space Related Errors
* lonospheric errors
* Tropospheric erros

e Receiver Related Errors
* Receiver clock error
e Receiver circuit related
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