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University and Laboratory

* Tokyo University of Marine Science and Technology
 Marine Technology and Marine Science

* Information and communication engineering laboratory
(GPS/GNSS lab.)
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Research Subjects at our lab.

« Automobile navigation * Static and Kinematic Precise Positioning

Multipath mitigation
Software GNSS
GNSS simulation using 3D map

* Ship navigation

* Railway navigation

* Machine control

* Pedestrian navigation Indoor positioning

e Survey Precise orbit determination

 UAV applications
* GNSS Simulation

GNSS/other sensors integration

Applications Technologies behind applications

If you are interested in GNSS,
we are welcome for your join our school.
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Error Sources on the GNSS measurements

Broadcast : -5 ns (rms)

Satellite clock errors :
> 0,’0 Precise: -75 ps (rms)
" , , Broadcast : -2 m (rms
0:0 3 Satellite orbital errors . (rms)
Precise: -5 cm (rms)
Ionosphere
S et , lonospheric errors 2-10 m (at zenith direction)
. e 2.3-2.5m (at zenith
v | : Multi Path Error ropospheric aciay direction)
':-_-. o Rx Clock Error

Code : 0.5-1 m
Carrier : -5 cm

Code : 0.25-0.5 m (rms)
Carrier : 1-2 mm (rms)

Multipath (open sky)

Receiver Noise



Improved GNSS (relative positioning)

* DGNSS and RTK are powerful method for error mitigation.

* They use the fact that the most of error sources change slowly in the
time domain if the distance between reference and user is approx.
within 10-100km.

* Please remember that differential technique provides only vector
solution from base station to the target position = precise position
of base station should be prepared.

» (Xref 1Y ref 'Zref)
Target position

Base station



PPP (Precise Point Positioning)

* We discussed about relative positioning to cancel the common errors.

* We switch from relative positioning to point positioning. Basically base station
is not required for users.

* We need to consider the measurement errors more in details if we want to
have centimeter-level accuracy in the point positioning.

ref 1Y ref 'Zref)

Target position

e station



SPP, DGNSS, RTK, PPP (open sky)

DGNSS 1H
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0.01

°0.005

0.01

Accuracy (95%)

SPP . 1.36m

DGNSS . 0.44 m
RTK . 0.003 m
PPP : 0.081 m

ORI= 35.666334370°N 139.792201700°E 59.7550m
AVE=E: 0.0159m N:-0.0074m U: 0.1114m

STD=E: 0.0261m N: 0.0314m U: 0.0895m

RMS=E: 0.0305m N: 0.0323m U: 0.1429m 2D+ 0.088%m

MADOCA-PPP 24H
(after conversion)




Different environments for GNSS

J1RDIATIINNY

Tunnel and indoor
1. Impossible...
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Countryside LR B
1. cm-level TANS J' .
2. Low-cost ;

1. Decimeter-level
2. Low-cost
3. Multi-sensors

It is important to switch algorithm smoothly
depending on the condition...



Typlcal Cha raCteriStiCS Only RTK requires near base station

Error/service SLAS CLAS
(DGNSS) (PPP-RTK)

Sat orbital O
Sat clock O O
Not separated Not separated
lono O /\ (next)
Tropo O
Convergence Instant Instant -1 min. 15-30 min.
Coverage Japan ALl la) 1 SEL, Japan No limitation

50 km

Measurements Code Carrier Carrier Carrier
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* In some regions, GNSS CORS networks |
are so well developed and dynamic that |

they have a more prominent role than
the existing classical passive geodetic
infrastructure in reference frame
determination or monitoring.

* Even commercial company started to
install many base stations for precise

LI

positioning services. e |

* |t means that GNSS based L | owE |, E —
survey/navigation has a potential for T ‘
more reliable/safety applications AR TETEET  EUVEEL I

125° 1307 135 140° 145°



Ichimill (SoftBank starts RTK service in 2019)
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Japanese territory (land) : 378,000 km?
378,000/3,300 = 114 km?
Very dense

GNSS + LTE + internal Ant.
All you need is switching on...

About S50/month. We can use
RTK in everywhere in Japan as
long as Softbank LTE is available.

The advent of very good low-
cost multi-GNSS dual-frequency
GNSS receiver.

Strong RTK engine !



Pro Pilot 2.0 and Eyesight X

Nissan and Subaru for now.
* CLAS service is used.
* Precise 3D MAP is used.
* This map has been generated using RTK.

LEVORG



QZSS Overview -System-
Ranging Signals of QZSS

: Frequency : e QZS-1 |QZS-2/4| QZS-3
Signal MHz Service Compatibility 630 | 1650 | GEO
L1C/A Positioning Complement GPS | Vv v v

L1C Positioning Complement GPS | Vv v v

- DGPS
L1S 1575.42 Augmentatlon(SLAS) (Code Phase Positioning) d d v
Messaging Short Messaging| Vv v v
L1Sb Augmentation(SBAS) |SBAS (L1) Service| - - v

L2C | 1227.60 Positioning Complement GPS | Vv v v
L5 1/Q 1176.45 Positioning Complement GPS | Vv v v

L5S | Experimental(L5 SBAS) | L5 SBAS (DFMC) - v v

: PPP-RTK
L6D 1278.75 Augmentatlon(CLAS) (Carrier Phase Positioning) v v v
' - PPP, PPP-AR _
L6E ExperlmentaI(MADoc:A) (Carrier Phase Positioning) v d

Provided by CAO



SLAS Service

| Service Area of SLAS

| Accuracy of SLAS

monitoring station:*>™

Sapporo

Sendai 40N
Hitachi-ohta
Komatsu

Kobe

Hiroshima
Fukuoka 30N
Tanegashima ,.
Amami 25N
Itoman
Miyako-jima 20N
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Chichi-jima 15N tw : — . : . :
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Service Area is the area surrounded by the red line.
The left-axis is latitude, and lower-axis is longitude.

positioning errorm(95%)

horizontal

: Remarks
vertical

<10m

EL mask : 10°
<2.0m User range error caused by user’s receivers
and user’s situation : 0.87 m(95%)




| East/North v | 10-Second Positions v | — | [ Use position monitoring reference

East/North: North 6=0.202 East 0=0.276, RMS(2D)=0.451 [m]
Ref Lat 35° 39' 58.80362" N, Lon 139° 47" 31.92475" E

1.5 ==
35.6663343 139.79220132 X Ref
1 Xoomst
0.5
E
< 0
s | {
© -0.5
]
a
-1 :
Trimble NetR9 (TUMSAT)
e 6/3/2021 24H
-2 I I I I I QEQ sJ sJ )

RS

}9 Delta East [m]




u-blox F9P (TUMSAT) XE{EISF3MR L Y B

Lat=35.66634193, Lon=139.79220106. Hight=59.81

E-W (m) ORI= 35.666341925°M 139.792210643°E 59.8132m
6/ 13/ 2021 24H ) B

U > T ILT T F +u-blox FOPS{E 14
SLASH|fZZR : 100%

AVE=-0.0653m STD=0.2512m RM5=0,2595m

I X . AVE=0.2771m 5TD=0.5297m RMS=0. 5978m

Py
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Cycle 24 Sunspot Number (V2 0) Prediction (2016/10)

300 | | | | I ] ] ] I ] ] | | | | 1 | ] ] ] I ] ] ] ] I | 1 | |
B 250 ABESHoHE (1980~)
200 —
100 — —
n Y I 1 1 1 1 I I | I 1 1 I 1 1 1 | I l i j I 1 1 1 1 I 1 | ?ﬂl s et | S
1985 1990 1995 2000 2005 2010 2015 2020

Hathaway NASA/ARC




CLAS Service

Centimeter Level Augmentation Service: CLAS

® Carrier phase positioning, PPP-RTK
® RTCM SSR uses for OSR calculation

’---------~

U4
[ Ground Segment ® H 6.0 cm (95%), V 12.0 cm (95%)
I ® Domestic, land service
|
|
: _ \% | Centimeter class Augmentation
| Data L6 (2000 bps
I Aijmn} b
| "GNss Earth 21
I' Observation |
I Network ! l I”' i
I (GEONET) |
| Augmentation |
| Data Generation I
\

/

,’ Precise Survey |T Construction IT Agriculture

L N Ry

Real-time Users (cm level accuracy)



CLAS : Core AsteRx4 (TUMSAT)
6/13/2021 24H

k7' 7 > T F + CORE AsteRx457{= 14
FixZ2 : 99.6%

2m

NI RAR D E(ED H6cm
(ARG E 95%1E)

02:00

04:00

06:00

KEMEIIRBRF LY BH
Lat=35.66634193, Lon=139.79220106. Hight=59.81

ORI= 35.666341925°N 139.792210643°E 59.8132m
AVE=0,0029m STD=0.0125m RM5=0.0128m

Hanews

AVE=-0.00568m STD=0.0132m RM5=0.0149m

AVE=0.0028m STD=0.0383m RM5=0.0384m

1
0g:00 10:00 12:00 1400 16:00 18:00 20:00 22:00 00:0



Test results at real construction site
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RTK results (horizontal)

ORI= 35:376377600°M - 139.018129400°E 373.5135m
AVE=E:293,0869m M:-15.4351m U:-44, 1454m
STD=E:34.8432m N:35.0797m U: 1.7475m

RMS=E:295, 1502m N:38.7539m U:44, 1809m 2D:535, 3687m
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RTK results (LLH)

E-W (m)
250

200
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N-5 (m)

100
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&0

U-D {m)
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37600375
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05:45
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CLAS
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omparison between RTK and CLAS

E-W (m ORI= 35.376045874°N 139.021743119°E 329.2513m
AVE=-0.0028m 5TD=0.0084m RMS=0.0085m

0.06

N-5 (m) AVE=-0,0071m 5TD=0,0093m RM5=0.0117m

. -

0.20 | UD {m) AVE=-0.0530m STD=0.0277m RMS=0.05%8m

01:30 01:45 02:00 02:15 02:30 02:45 03:00 03:15 03:30 03:45 04:00 04:15 04:30 04:45 05:00 05:15 05:30 05:45 06:00



MADOCA-PPP (GPAS)

GPAS aspires to be a company that contributes to the realization and prosperity of a safer,
more secure and more comfortable society by providing highly accurate positioning services
at anytime and from anywhere in the world.

Precise GNSS
Augmentation Service

CpaAs

Providing Precise Satellite
Orbit and Clock Correction
Augmentation Message
5
e
&
"

y \

Without Augmentation With Augmentation

5@' :

Pl Accuracy: Accuracy:
&> - RS by tho om

General GNSS Positioning Augmented GNSS Positioning

Positioning error of over 1m due to satellite Position accuracy available by the cm with
orbit and clock error. orbit/clock correction applied.

By applying an augmentation message of precise satellite
orbit and clock correction, a centimeter-class GNSS
positioning accuracy can be achieved.

Automobile

\
\hgii‘cungal Equipment

(45 )

Message providing via the internet

GPAS augmentation service is available at anytime and from anywhere in the world via
the internet.



PPP : u-blox FOP (TUMSAT)
6/13/2021 24H

u-blox FO9P+GPAS PPP correction

ORI= 35.666334400°N 139.792201307°E 59.7460m
AVE=E: 0.0440m M:-0.0124m U: 0.0642m

STD=E: 0.0303m N: 0.0248m U: 0.0552m

RMS=E: 0.0534m N: 0.0278m U: 0.0847m 2D: 0.1204m

After convergence
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0.05% -

0,00 4
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0.05
*

0.00 ‘
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Lat=35.6663344, Lon=139.7922013. Hight=59.746

E-W (m) ORI= 35.666334400°N 139.792201300°E 59.7460m
AVE=0.0446m STD=0.0303m RM5=0.0539m

N-5 (m) AVE=-0.0124m STD=0.0248m RM5=0.0278m

U-D (m) AVE=0.0642m STD=0.0552m RM5=0.0847m

00:00 02:00 04:00 06:00 0g:00 10:00 12:00 1400 16:00 18:00 20:00 22:00 00:0



RTKNAVI PPP

-how to set-

mapocA | GPAS ntrip
Server | Laster

GNSS

Antenna @biox zED-FOP

micro USB

WiFi-router
or Your
smartphone

u-blox

oblox

ZED-F9P

RTKNAVI

RTKPLOT

JAXA MADOCA
RT Product

Options Options
Settngl Setting? Oufput Siatstics Posiiorss Flles  Misc Setting] Settingl Output Stabstics Positions Files  Misc
Fositioning Mode PRF Kinematic Integer Ambiguity Res (GPS/GLOBDS) OFF v | OFF ON
Frequencies [ Filter Type Li#2 Forward Mn Rabo to Fix Ambiguity
Elevation Mask (%) / SNR Mask (dbHz) 15 v Min Confidence / Max FCB to Fix Amb 7099 .
Rec Dynamics / Earth Tides Correction OFF sohd Min Lock / Elevation (%) to Fix Amb 0
Ianosphere Correction lono-Free LC Min Fix / Elevation (%) to Hold Amb 0
Troposphere Gorrecion S—— Outage to Reset Amb | Slip Thres (m) 5 0.050
Satelite Ephemeris /Clock Brouccast 355 APC Max Age of Diff (s) / Sync Solution 30.0 oFF
[ 5at pov [ Rec PV B4 Phiwl [JRejEd []RAIMFDE [ OBCorr Reject Threshold of GDOR Innav (m) .E'-IJ.IJ '3,:,',:'
Excluded Satelites (+PAN: Induded) I Max = of AR [ter/# of Silter Tter n IEt
Mers FGo [Jeslleo (F1Qzss [(]sBAS []BeiDou []RNSS Baseline Length Constraint (m ' o
Load Save oK Cancel Load Save ox Cancel
Opticns Options
Settingl Settng? Output Sialistcs Positions Fles  Misc Settingl Settng2 Output Statistics Fostons Fles  Misc
Measurement Errors (1-sigma) i i Rower
Code [Carner-Phase Error Ratio L1112 1000.0 1w0p.o Latfl onfHeight (deg/m)
Carrier-Phase Error a-+h/sinBl {m) .D.MH -|:|.|:JE|3 $0,000000000 0. 000000000 -§335367.6285
Carrier-Phase Error/Baselng (m/ 10km) 0,000 ) -] Antenna Type (= Auto) Delta-£/N/U (m)
Doppler Frequency (Hz) I1.000 i0V703666.R2 v [[0.0000 |0.0000 0.0000
Process Noises (1-sigmasart(s]) ' e
Receiver Accel Horiz/Vertical (m/s2) [1.00E401 | 1.00E401 Lat.onfHeight (deg/m)
Carrier-Phase Bias (cyde) Looc0d 35872988910 138.389670141 1005.5217
Vertical Tonaspheric Delay (m/10km) i'_.I]':lE-lZIE Aritenns Type (- Aute 50000 10.0000 o000 B
Zenith Tropospheric Delay (m) 1.00E-04 Station Postion Fie
Satelite Clock Stabiity (s/s) |5.00E-12 B
Load Save K Cancel Load Save oK Cancel




MADQOCA PPP Performance evaluation
in Asia and Oceania

* The first objective is to evaluate real After 15 min., we can get 10
MADOCA PPP performance in several cm accuracy. With new
. . . ) method, we can shorten the
countries in Asia and Oceania. time and PPP-AR is possible
* Receiver is multi-GNSS receiver . /
manufactured by Magellan Systems Japan. HeEll e i 1

 The second objective is to find the potential GPS * GLONASS * QZSS
. . Precise orbit and clock
users of PPP in these countries.




Issues in sea and undeveloped area

&7y § Q.'Q A2 \\\&%

It is difficult to use cm-level accuracy on the sea and
undeveloped areas without controlled base stations.

. 4

(z

No limitation in baseline 20km~30km (RTK)
H



Outline of locations

Locations (Time) =

L o N LA TREAS
TUMSAT JAPAN (August 2019) -
Chula Thailand (August 2019) =@ o Q 74:»_-,,:*?;,,.;

UOP Philippine (August 2019)

MJIIT Malaysia (Nov. 2019) o s et G
Curtin Australia (Nov.2019) — .“;‘;;.;,;; ““““““““““““““““““““““““““““““““
UOI Indonesia (Dec. 2019) iV Mo
Singapore : (Feb. 2021)

Vietnam - ()

A-ZABU7P

9 b B o B e



1,Apr,2020,real time (Thailand)

1.V
E-W (m) ORI= 13.735990769°N 100.533935886°E 74.2980m

0.5 AVE=-0.0243m STD=0.0290m RMS=0.0379m

0.0
-0.5
-1.0
N-S (m) AVE=0.0040m STD=0.0326m RMS=0.0329m
0.5
0.0
-0.5
-1.0
U-D (m) AVE=0.1150m STD=0.1256m RMS=0.1703m
0.5
0.0

-0.5

-]UB:OO 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:(



m Average absolute horizontal error for each countries (April)
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m Horizontal STD for each countries (April)
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About this site

This site is mainly for students/beginners who learn basic of GNSS including
precise positioning. We will update the experiments at least once a month in
"Report". If it is difficult to modify RTKLIB by yourselves, please check

"RTKcore". In addition, performance of MADOCA PPP in several countries are

updated in "MADOCA PPP".

TopPage

RTKcore g

News

GNSS TUTOR is updated (1/14/2020).

Q e
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GPS/GNSSHIZEE v




Comparison between low-cost and high-end
kinematic mode : GPS/GLO/QZSS (IGS final), TUMSAT

Coor\_F9P _
05 LU T T
; U RMS=0.202m, STD=0.202m,95%=0.095m
0.4 F *  N.RMS=0.114m,STD=0.114m.95%=0.026m |
: *  ERMS=0.028m,STD=0.027m,95%=0.040m
0.3 H

NEU Err (m)

N FOp

-0.5

Time (h) 2019/10/17

6 8 10 12 14 16 18 20 22 24

NEU Err (m)

0.5

04r

03

Coor_1222

U,RMS=0.098m,STD=0.087m,95%=0.183m
N,RMS=0.063m,STD=0.059m,95%=0.072m |
E,RMS=0.058m,STD=0.041m,95%=0.098m

10 1 20

Time (h) 2019/10/17




SLAS/CLAS/MADOCA comparison
at the same time



Brief test at Iwaki farm

RTK vs. SLAS/CLAS/MADOCA-PPP £PS.703.GCGHY

5m

\ 4

Lighthouse{E#% | MADOCA-PPP

4 splliter

DC Truth

FOP(rawx) AsteRx4 52

5Hz
CLAS




Test environment

Plow a field for soybeans

7oALY N -
Loy N | 10-20cm required

=112 E= T 228 P

SPP X

SLAS A\

/ A
// ,,‘\\., Temporal base station
AN

i €

! cLAs/MADOCA O

| B
/i

Y

https://agri-info-désign.com/agribus-navi-Z/



Post-processed RTK
Fix rate : 100%

.......
ooooooo
+++++++
p -
.
e
+
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o
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-
+
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+
4.

Origin : base station was set.

RTKLIB_b33 TV 7 7 L > R E & £ Rk (F#IT S - GQEB. 15, 35dB. Fix and Hold)
FENTIFE © 552992457 ~6/KF11907 (GPSTIME)



SLAS 100%

5m

Horizontal errors

LLH
errors

AVE=E: 0.2216m M:.0,1075m U: 0. 3531m
STD=E: 0.1635m M: 0.2070m U 0.3735m

1.0
E-w {m) ORI= 356.823583304°M 140.011694839°E 230.6488m

E=0.2216m STD=0, 1635m RM5=0, 2754m

-0.5
-1.0

N-5 (m) AVE=0.1076m 5TD=0, 2070m RMS=0, 2333m
0.5
0.0 ¢ W 7

K 5
a5t

-1.0
U-D (m) M AVE=0.3631m 5TD=0.3735m =0.5209m
1
0 Jﬂ"‘i

05:30 05:35 05:40 05:45 05:50 05:55 06:00 06:05 06:10




AVE=E:-0.0005m M:-0,001%m U: 0.04502m
STD=E: 0.0081m M: 0.0114m U 0.0346m

C L Q S RM5=E: 0.0061m M: 0.0116m U: 0,0578m 20: 0.0202m

Horizontal errors

Fix rate - 100%

ey,
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Horizontal errors
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CLAS at highway(continuously about 100 km)
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Do you have any questions ?

nkubo@kaiyodai.ac.jp



mailto:nkubo@kaiyodai.ac.jp

PPP-RTK and PPP-AR

 First of all, CLAS is assumed one of the PPP-RTK method.

e As you can see slide 10, both CLAS(PPP-RTK) and PPP are same in that error
sources are separated such as precise sat clock, precise orbit, and
atmospheric errors. It is called SSR (state space representation). As for
normal DGNSS/RTK, it is called OSR (observation space representation).

* Then, PPP-RTK normalé?/ uses double-difference technique to resolve carrier
phase ambiguities. And last, PPP-RTK resolves ambiguities. Therefore, we see
FIX or not FIX in PPP-RTK.

* On the other hand, PPP does not use double-difference technigue. We will
wait for convergence of errors especially for ionospheric error. Therefore,
wee don’t see FIX or not FIX in PPP.

 However, PPP also can resolve carrier phase ambiguities with FCB (fractional
cycle bias) and it is called PPP-AR. If we have better estimated ionospheric
errors, convergence time is greatly reduced.

 PPP-RTK and PPP-AR have different apEroaches into ambiguity resolution
but it seems to be the performance of both will be close.




