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* What is the Price of a GNSS Receiver?
e S10? /51007 /S500/S1,000/ S3,000/ S$10,000 or more?

* What is the Accuracy that you can get from a GNSS receiver?
* mm, cm, dm, few meters or 10 — 30m

* But, what are your requirements?
* Types of Applications
* Accuracy Requirements

* Data Logging Methods
 Static Mode on a Tripod
* Dynamic Mode on a Car, Tractor or Machine?

e Real-Time or Post-Processing
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High-

* Multi-frequency
* GPS
* GLONASS
GALILEO
BDS
QZSS
NAVIC

* Multi-system

* GPS, GLONASS, GALILEO, BeiDou, QZSS,

NAVIC, SBAS etc

* Price varies from S3, 000 to $30,000 or

more

Center for Spatial Information Science

: L1/L2/L5
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End Survey Grade Receivers

L5/E5/B2/L3 L2 L1/E1/B1
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Low-Cost Recelvers

* Multi-System
* GPS, GLONASS, GALILEO, BeiDou, QZSS, SBAS etc

 Basically Single Frequency
e L1/E1/B1-Band
* Very soon: Multi-System, Multi Frequency, L1/L2 or L1/L5
* Future trend for Mass Market System will be L1/L5
e Some chip makers have already announced Multi-System, Multi-
Frequency GNSS Chips for Mass Market

 Low Cost:

* Less than $300 (Multi-GNSS, L1 Only) including Antenna and all
necessary Hardware, Software

e QOur target is within $100 or less including everything

*Note: Only one signal type from each system is processed
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e.g. GPS has L1C/A and L1C in L1, ,but only L1C/A is used in Low-Cost Receiver
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Our Definition of Low-Cost Receiver

* Price : S100 or less

e Accuracy : Better than 100cm
* Weight : 100g or less
(Without Battery)

1003
$100 x 100cm x 100g

Will it be possible?
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Many Applications require
Low-Cost, Small-Size & Low-Power
Receiver System

But, is it possible to get
High-Accuracy with Low-Cost Receivers?
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Question?

Although the Normal Accuracy of GPS is about 10m,
why can we get Centimeter Level Accuracy?
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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

50 cm grid T
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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Errors in GPS Observation (L1C/A Signal)

One-Sigma Error, m

Error Sources Comments
Total DGPS

Satellite Orbit 2.0 0.0 Common errors are
Satellite Clock 2.0 0.0 removed
lonosphere Error 4.0 0.4 Common errors are
Troposphere Error 0.7 0.2 reduced
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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How to Remove or Minimize Common Errors?

Use Differential Correction

TSN

[Xlerror = Xlknown = X]measured M Send Correction Data to Rover
A For Real-Time Position \
Base-Station  For RTK, both rover and base receivers Ré)sPr
Antenna is installed at a need to use the same satellites User in the Field
Base-station Antenna position known-position (Either fixed or moving)

shall be known in advance
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How to Remove or Minimize Common Errors?
Principle of QZSS MADOCA and CLAS Services

QZSS

GPS

o //
Correction Data: — Correction data for other satellites
Satellite Orbit Error of GPS and Other Satellites I,ﬂ. A. will also be brovided
Satellite Clock Error of GPS and Other Satellites ffui P
/ \
I Base-Station not required
Rover
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TYPE R1 Type A: Low-Cost, High-Accuracy Receiver System
Real-Time and Post-Processing, Base and Rover Mode

Tablet

GNSS Antenna Rover RasPi

/v
BT
Raspberry Pi 3B <«
~ - \ \

internet <
RTCM for NTRIP
RTK

APP
Ver.: 1.0

Caster

e Low-Cost RTK Receiver System

5K
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e

TYPE R2 Type B: Low-Cost, High-Accuracy Receiver System
For Post-Processing & Rover Mode Only

GNSS Antenna Rover

Raspberry Pi Zero w/WIiFi&BT

TYPE Al Type C: Low-Cost, High-Accuracy Receiver System

Real-Time and Post-Processing, Rover Mode Only

GNSS Antenna Rover

Android
Device

RTCM for

‘\ RTK

Internet

Type D: Low-Cost, High-Accuracy Receiver System

TYPEMA Real-Time and Post-Processing, Rover Mode Only

GNSS Antenna Rover RTCM and/or SSR
PPP-RTK

e.g. MADOCA Service

—

Internet

Android
Device

MADROID
Ver.: 1.0

MADOCA
Correction

Server
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Type — R1: GNSS Receiver with RaspberryPi-3B

Tablet

GNSS Antenna Rover RasPi
. / APP
Raspberry Pi 3B ar -

BT

N . r}lﬁ‘”’j \
WiFi

Base-Station
Data for RTK

GNSS
Receiver

Type R1:
Base or Rover Mode

Real-Time and Post-Processing RTK
Based on RTKLIB Engine
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Type — R2: GNSS Receiver with RaspberryPi-Zero/W

GNSS Antenna Rover

Raspberry Pi Zero
w/WiFi&BT

GNSS
Receiver

Type R2:
Rover Mode
Post-Processing RTK
Log Necessary Raw Data for Post-processing RTK
Based on RTKLIB Engine
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14

Slide : 14



CS i Center for Spatial Information Science ﬁ ;'?{- j( %

The University of Tokyo (; ’ THE UNIVERSITY OF TOKYO

Type — Al: GNSS Receiver with Android Device

GNSS Antenna Rover

RTCM for
Tablet .
GNSS RtkDroid ReaR"Ttl'(me
' APP
Receiver Ver.: 1.0 \
WiFi

Type Al:
Rover Mode
Real-Time and Post-Processing RTK
Based on RTKLIB Engine
Real-time processing in Android Device
APP: RTKDroid

GNSS Receiver Module

2021/1/28 Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp 15
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Screen Shots of RTKDROID and MADROID

Connect GNSS receiver to
Android device

(1) RTKDROID :
For RTK or PPK

(2) MADROID:
for MADOCA-PPP,
MADOCA-PPP/AR (future)

10:35 16:16
. . \
Q:O\ RtkDroid \\0\ MADROID
UTC Time: 07:16:19
Connection USB v Latitude: 35.68971662° N
: Longitude: 139.75281501° E
Device o ‘:J' Ellipsoidal Height: 56.785m
Orthometric Height: 18.995m
Format ubx - Speed: 0.15 km/hr
Fix type: Fix RTK
i . Satellites in view: 15
Processing Settings Satellites in use: 15
PDOP: 1.9
Rover Mode Kinematic - HDOP: 1.1
IVDOP: 1.6
Elevation Mask 10 > 330n'ss, =
Ambiguity Res.  Fix and Hold - o e
- eiaht 3007 L
[N o
(] / /e
[ g [
, M
NTRIP Settings DRI P
Address X
2005 N\ N\
\ S gz,;
A
or 210"~
2101
I oin
46 a 46 46
38
...... Mame IIII 33
START ROVER I
G G G G G G
20 13 24 15 28
-
) H \Q_’s o
Setup Status Skyplot Setup
[ @ 4 [ |

¥ S

42

I 37 37
R R R R
33 85 84 67
=
ull
Status

®

150°

SO 49 45
| I I I
R R R R R
7 69 68 79
N\,

/oo

RS
Skyplot

16:16

\,
NN

MADROID

Date: Sep 15, 2020

Time: 07:16:23

Latitude: 35.68971663°
Longitude: 139.75281501°
X: 54N 387152.640m E

Y: 54N 3950250.977m N
Ellipsoidal Height: 56.780m
Orthometric Height: 18.990m
Fix Type: Fix RTK

Speed: 0.09 km/hr

HDOP: 1.1

VDOP: 1.6

PDOP: 1.9

Satellites in View: 15
Satellites in Use: 15
Latitude Error: 0.065m
Longitude Error: 0.055m
Altitude Error: 0.028m

NMEA: 2020_09_15_16_08_35.txt(279KB)
RAW: 2020_09_15_16_08_35.ubx(2MB)

STOP RECORDING
o Y &
Setup Status Skyplot

] O <
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Low-Cost MADOCA Receiver Systems: Product Types
| wewn | wen | Meoe

Platform / OS

GNSS Receiver

MADOCA Receiver

GNSS Receiver Data
Format

MADOCA Correction Data
Format (Satellite)

MADOCA Correction Data
Format (Online)

System Architecture

Windows

Default : u-blox FOP
Other: Any dual-frequency Receiver

U-blox D9 only

UBX, SBF, RTCM3

UBX only

Online Services
from GPAS, UTokyo (Test Level)
UBX or RTCM3

Antenna

L1/L2 GNSS

Computer
(Windows)

+ MADOCA Decoder

RaspberryPi 3B or 4B
Default : u-blox F9P only

U-blox D9 only

UBX
SBF, RTCM3 (For online GNSS data)

UBX only
Online Services
from GPAS, UTokyo (Test Level)

Online Services
UBX or RTCM3

Antenna

L1/L2 GNSS aspberry Pi 3B or 4B
+ MADOCA Decoder D N

Android Device

Default : u-blox FOP
Other: Any dual-frequency Receiver

NA (MADOCA Online Correction Data only)

UBX

NA

GPAS Services,
RTCM3
UTokyo Online Service in the next release

Antenna

L1/L2 GNSS
+ MADQCA Decoder

Android
Device

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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MADOCA Low-Cost Recelver Systems

Type—A : MAD-1t

Type — B : MAD-WIN

Type - C: MADROID

Raspberry Pi 3B or 4B
g GNSS Receiver T

MADOCA
Correction
L1/L2 GNSS Receiver Data Server
+
MADOCA Decoder
GNSS
Antenna

WiFi - MADOCA
Correction

GNSS Receiver

L1/L2 GNSS Receiver Data Server
+
GNSS MADOCA Decoder
Antenna

N
A
GNSS Receiver ] -
MADOCA
J WiFi OF
Correction
L1/L2 GNSS Receiver Only S Qe

N~ e

e

H K ¢
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Use MADOCA correction
data from server if GNSS
receiver does not have
MADOCA decoder

Use MADOCA correction
data from server if GNSS
receiver does not have
MADOCA decoder

Use MADOCA correction
data from server

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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GNSS MADOCA Receiver and Antenna

GNSS and MADO;.—il

Receiver
L1, L2, E5b, L6 al
~ GPS, GLONASS,
>> GALILEO, BEIDOU,

55

Size: W: 55 x B: 55 x D: 15
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C Si Center for Spatial Information Science ﬁ ;'f{‘ j( %
Receiver System Architecture

GNSS Antenna L1/L2 Antenna

L1, L2, L5, L6 / \

' FIOP Receiver

GNSS Receiver
L1/L2/E5B

\ / COM Port: 1

— Baud Rate : 115,200

>. _.l_ (GNSS Data)

Micro-USB COM Port : 2
—— Baud Rate: 57,600

MADOCA (MADOCA Data)
DECODER

v

Splitter

(QZSS, L6)

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 20
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[ ]
ype A: MA

MADOCA PPP based on RaspberryPi / Dual Frequency Receiver + MADOCA Decoder
il

" RaspberryPi 4 with
Touch Screen Display.__

.

RaspberryPi 4 MADOCA
Device Receiver

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 21
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B MainWindow

Connection Status

Rowver
(@ RX
Correction

(@) DX

Processing Mode

(@) PPP-Static

— O >

Record Exit
() Online Setup
() Online (MADOCA) Setup

C:l PPP-Kinematic

Start/Stop

Connected

B MainWindow

Connection Status Record

Time 2020-01-21 10:07:20
Latitude -8.67568170°
Longitude 115.26015193°
Altitude  49.3549m

Solution PPP

Lat Error  1.306m

Lon Error  2.554m

Alt Error  0.909m

49
:: Ef 30

G1 G2 G14 32 G31

Connected

RET H':u':u R7G  G22 HE?’

The position accuracy improves to cm (10 — 30 cm) level after initialization time of about 15min.
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Type B: MAD-WIN

Receiver: Online receiver access in Kashiwa / Correction Data: MADOCA Receiver in Bali

i MeinWindewA fter few minutes observation O

Connection Status Record

Time 2020-01-21 10:32:02
Latitude  35.90304319°
Longitude 139.93931172°
Altitude  92.955m

Solution  PPP

Lat Error  0.703m

Lon Error  0.556m

Alt Error  0.448m

45 24 37 41 47

42 50 42 43

G11 G16 G20 G21 G23 G26

Connected

et

Exit

G27

7 MainWindow - After two hours observation ©

it

Connection Status Record

Exit

H K ¢

(; ’ THE UNIVERSITY OF TOKYO

Time 2020-01-21 12:32:11

Latitude  35.90304075°
Longitude 139.93930535° 30
Altitude  93.485m Connection Status Record
Solution  PPP G q Time 2020-01-21 13:113:26
Lat Error  0.009m Latitude  35.90304075°
Lon Error  0.003m 2}3{ Longitude 139,93930597°
AltError  0.003m Altitude  93.464m

Solution  PPP

Lat Error  0.00&m

47 47 3g 46 37 34 34 39 35 42 41 39 Lon Error 0.003m

Hnl - AlEror 0,002
G7_G& G9 G11G16G20G21G23G26G27 R76RS
Connected -
46 44 39 46 54 54 34 39 3
HEREmEE
G7 G8 G9 5113165205215235
Connected

= Meinwindow After three hours observation®

Exit

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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MAD-WIN and MAD-mt Screen Shots

B MADOCA Demo 2020 - O ®
Connection  Status Record  Akout Exit
Fowver
O REx ® Online Setup
Cormrection
O DX ® Online (MADOCA) Setup

Processing Mode

® PPFStatic O PPFinematic
Start/Stop

MNot Connected

Receiver and MADOCA Correction Data Setup Menu

B’ MADOCA Demo 2020 - O *

Connection  Status Record  About

Time 2020-09-23 02:54:33 330_————_30
Latitude 3590303835 ﬂ&an
Longitude 139 93930167 @iz A
Altitude  93629m 2
Solution  PRFP
Lat Error 0.164m
Lon Error 0.186m

Alt Ervor 0.087m

A

46 45 41 39
------------ ]

R66 _RG67 R68 R81 R8B2 R88B G30 G2 G5 G6 G9 G13 G17 G19

Connectad

B’ MADOCA Demo 2020 — O
Connection  Status FReoord  About

Device Wincows

Solution  2020-09-23 024844 nmeal229376)

Fower 2020-09-23 024644 ub{1944576)
Correction 2020-09-23 024844 ubx{198656)

Fecord On/Off

Connectad

MADOCA PPP Output Display

Log of MADOCA PPP Solution, Receiver Raw Data and
MADOQOCA Correction Data

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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Type C: MADROID / MADOCA PPP based on Android
Dual Frequency Receiver + Online MADOCA Data

2259 2259

%, MADROID <& MADROID O\ MADROID
Connection USS8 - Connection USB - Connection USB -
Device mwtoo‘h C) 3 P - 0 Device - o
Format ubx - Format ubx - Format ubx -
Processing Settings Processin Sbf Processing Settings
Rover Mode PPP-Static v | Rover Mode rtem3 v | Rover Mode Single v
Elevation Mask 10 v Elevation Mask 10 v Elevation Mask PPP-Kinematic v

o o PPP-Static
TWIVP6000 _|| TWIVP6000 _|| TWIVP6000
0.0 Q oo Q0 oo o
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
L] HH kN Lo HH kN Lo HH AN
o @ < <] @ < <] @ <
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Type C: MADROID / MADOCA PPP based on Android
Dual Frequency Receiver + Online MADOCA Data

1434

\,
% MADROID MADROID &0\ MADROID
| UTC Time: 0527.17 |
Connection USB v | Lattude: 3590202657 N

| Rongitude: 13993857286 € Date: Dec 25, 2019
‘ Elpsoidal Height 59 345m
| Orthometric Height: 21.385m

Time: 053417

Device u-blox GNSS receiver - (:) | Speed: 0,15 kmviw atitude: 35.90202310°
| Fox type: PPP
‘ Satelites in view: 13 Longitude: 13993857932
| etelnes in ues: 12 X: 54N 404216.762m E
POOP. 3.4
fRone X . ! HOOP i 8 Y: 54N 3973601.765m N
VDOP-3.0 N Ellipsoidal Height: 59.848m
Processing Settings 33 % Orthometric Height: 21.884m
R, Fix Type: PPP
Rover Mode PPP-Static - w0 0/ ‘g 4 N Speed. 0.11 kv
e ° HOOP: 1.9
. VDOP: 3.0
Elevation Mask 10 - i " Al PDOP- 3.5
e Satelines in View. 13
T ® " Satelites in Use: 13
1IVP6000 g ° Latitude Error: 0.191m
e L 2
L2 Longitude Error; 0.17Tm
NTRIP Settings 2 = Altitude Error: 0.104m
no* 0

madoca.ntrip-mgm.net

210

NMEA' 2019_12_25_14_28_19.1x1(201KB)
MDCO UBX: 2019_12_25_14_28_19.ubx{1M8)
START ROVER STOP RECORDING

o AN " & 5 »

Setup Status Skyplot Setwp Status Skyplot Setup Status Skyplot

o O] < ] ® < a O] <
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MADROID Screenshots
MADOCA PPP based on Android Dual Frequency Receiver + Online MADOCA Data

2259 2259
:\.\ MADROID MADROID t\O‘ MADROID

Connection USSB8 - Connection USB - Connection USB -
Device Bluetooth c) Device - c) Device -~ o
Format ubx A Format ubx - Format ubx -
Processing Settings Processin Sbf Processing Settings
Rover Mode PPP-Static - Rover Mode rtem3 v Rover Mode Single v
Elevation Mask 10 v Elevation Mask 10 - Elevation Mask PPP-Kinematic -
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MADROID Screenshots
MADQOCA PPP based on Android Dual Frequency Receiver + Online MADOCA Data
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MADROID TEST Results : Tokyo
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Date: Sep 15, 2020

Time: 07:16:23

Latitude: 35.68971663°
Longitude: 139.75281501°
X: 54N 387152.640m E
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Ellipsoidal Height: 56.780m
Orthometric Height: 18.990m
Fix Type: Fix RTK
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CS' meuesivotioe Pogition Data from MADOCA PPP (Y mebimsiormo

We walked straight along the concrete tiles (30cmx30cm) and
PPP results showed perfect straight line. Accuracy is about 15cm.
Receiver : F9 + Online MADOCA Correction Data
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Contact and Additional Information

* Homepage
* Main Page : https://home.csis.u-tokyo.ac.jp/~dinesh/
* Webinar Page : https://home.csis.u-tokyo.ac.jp/~dinesh/WEBINAR.htm
https://gnss.peatix.com/
* Training Data Etc  : https://home.csis.u-tokyo.ac.jp/~dinesh/GNSS Train.htm
* Low-Cost Receiver : https://home.csis.u-tokyo.ac.jp/~dinesh/LCHAR.htm

* Facebook : https://www.facebook.com/gnss.lab/
* Contact

e E-mail : dinesh@csis.u-tokyo.ac.jp

e Skype : mobilemap
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