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What is GNSS?

L5/E5/B2/L3

L2 L6/E6/B3

5K F

(; ’ THE UNIVERSITY OF TOKYO

L1/E1/B1

* GNSS or Global Navigation Satellite System is an acronym used to represent R N
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GLONASS STATUS

Multifunctional Space

Geostationary space vehicles
Relay System “Luch”

Total 3sv
) Operational 28V
Maintenance 18V
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Global Roscosmos ground station
network

48 stations in Russia

13 stations abroad

Regional and local augmentations
77 stations of the Ministry of Transport

71 stations of the Federal Service for State
Registration, Cadaster and Cartography

Fundamental facilities

1 cold-atom optical frequency reference e
73 stations of the national fundamental astronomic ar

geodetic ne(wk

Ground segment
System Control Center
The network of measurement stations

The constellation continuously
provides global PNT services
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CORRECTIONS

INTER-SATELLITE
LINKS
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ACCURACY

NEW ONBOARD

DEVELOPMENT OF
GLONASS

ROSCOSMOS GLOBAL SATELLITE
STATION NETWORK CLOCKS
ENLARFEMENT

INNOVATIVE DEVELOPMENT

GLONASS-K2

AUGMENTATIONS &

CHANNELS TO

CONVEY UPTODATE

INFROMATION TO

DOMESTICALLY TRANSITION TO USERS
DESIGNED RESILIENT -

MULTIFREQUENCY NAVIGATION

RECEIVER RECEIVERS . e

INTERFERENCE
MOMNITORING AND
CONTROL SYSTEM

MODELS OF GLONASS SIGNAL
TROPOSPHERIC AND IONOSPHERIC
DELAYS INTRODUCED INTO ICDs.

- —
AVAILABILITY

These slides were taken from ICG Website. Please refer the original presentation material at

ROSCOSMOS

e e (availability — 99.997%) e~ -~ L |
Th ek of e s e St == . g
> 26 SV > 46/56
updated 07.09.2021 - 5
‘A) GLONASS DEVELOPMENT ROADMAP QA) ‘ GLONASS CONSTELLATION MODERNIZATION
ROSCOSMOS

MORE
COMPETITIVE
GLONASS

= Non-pressurized platform
= > 10 years lifetime

\ HIGH-ORBIT GLONAS S

DEPLOYMENT

= FDMA signals: L1, L2

= CDMAsignals: L1,L2, L3

* Radio inter-satellite links

=  Two-way/one-way onboard laser
ranging equipment

= Optical inter-satellite links with high

GLONASS-K2 data rate GLONASS-K2
NA3L = COSPAS — SARSAT payload N 24L and further
i Launch Launch
L 2022 - — -
‘ Onboard clock stability 0,5...1x10-14 |— 2024 N

https://www.unoosa.org/documents/pdf/icg/2021/1CG15/01.pdf

/ New Passive H-maser

I = (One common navigation antenna I
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Satellites - Skyplot
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We do not have BeiDou data in Kualalumpur and Ho Chi Minh stations because of license limitation in the receiver
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GPS Skyplots: Tokyo, Jakarta and Maputo

Tokyo Base-Station Jakarta Base-Station Maputo Base-Station
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Lots of Opportunities for these GNSS Applications.....

Pay-As-You-
Drive \ \
\ Precision
Legal & Law "\ [olles A \ / Farming
Enforcement '§ ' y/ Emergency & "\ Al
ITS / ADAS '\ / Safety Services o
\ Sol, e-Call — Health

Agriculture

Geo-Fencing

Auto-Driving 3 ‘
vav/vax /4 | ERA-GLONASS /4 Services

/
\\\Early Warning/} ' People Flow

Geo-Security

A lllegal Fishing /4

7/ Tax Collection , Timing "\ LB
f Applications "\ | Game

Telecom :
Alternate for ., W \ . ) y Entertainment
Fuel Tax / Secured . Finance 7 / N Advertisement
Collection /4 Transportof "\  Robotics / Scientific

Dangerous YA Power Grid Y/ Applications '\ Marketing

Goods ) . - Space Weather
Supply-Chain \ VLBI

Insurance

WELEEUENY
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GNSS for Precise Farming e

| H@- i i |
i O E i
v Y & ¥
Before and after seedling, the tractor has to irrigate, put | e \‘[
fertilizer and spray pesticides where there are plants. [ ]
If they are put far from the plant, it will affect the yield. P’ 4/ )4 \l/
This requires few centimeter level of accuracy so that the & V é \{/
tractor can automatically perform the job at different ¥ \l/ \\(/ e
stages of plant growth and harvesting. | 4{/ V
'Y 'Y
GNSS is a core system to provide this level of accuracy. | | |
[ [ » v
| | |
y ¢ 5 t

S -
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Road Pricing : ERP to ERP 2.0 (Singapore)
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ERP =» ERP2.0

ERP is based on Gantry System
Requires construction of huge structures

€ Traffic Speed O &\ Incidents/Alerts O [® Camera

GERERP O G@PGS

e.g. Orchard Q [ > > > 4
Select Camera Location - s e
Select ERP Location - %: & \, 3 SereTun] ) g TN
ERP 2.0 is based on Satellite System (GNSS) ST o) S o
< e 5 L4 o
.zw;‘:ﬁ " e -
L 1
. = t(/J. """é:_‘s'h" - . , 5"";‘":”‘ \ /
L < mﬁ o
[
L
/ [ JUTH)
N +
Source: https://onemotoring.lta.gov.sg/content/onemotoring/home/driving/traffic_information/traffic-smart.html e\ = B |t cta ©ccnulor,Snpors Lo sty
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Dynamic Road Pricing (DRP) based on GNSS

Dynamically charge for road usage

* Pricing is variable and based on
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Road Pricing

Road Pricing Road Pricing
+ Distance, time, location, Time: 07-51:48 ote ooasa70mm ” Vo @‘)
L ong-!_ud?' 103.84491917°E . -i
* Vehicle type, lane and occupancy Road: Penang Road Fix hper DGPS ReLs : »
. Satellites: 19 5 ult kafé
+  Traffic congestion condition Rate U0 -0 3
Trip Length: 1.049km " A
. ) 330 e £
* Reward road users for using alternate routes to Trip Charge: $0.10 _ s ©
A GPRd ; 7
avoid congested route Total Distance Travelled: 4.861km O\ e ‘"
e =] Plaza Sinaaoura @ PoMoa {
. . e . . Total Charge: $0.48 - ° . $0.10/km
* Payback the drivers who help to minimize traffic “ . ; 8 heistana®  penang Road o
Congestion Auth Status: OK e . S S N Dhub:’iul@ a [lhess
aptivate Escape Rooms @ Al
. \ flor o ] g Ay
* No Physical Toll Gates \ 3 ura Japanese
. . . ° 2 B3 National Museum (&)
* GPS-based system is used for Location, Distance and __ Chuchof the @ - N
Lane OCcCuU pat|0n o . " ri Thendayuthapani 1 Fort Canning Green o
Temple 3z % Wk \ Y
* Can be implemented on any road section @ iaj foncimng | 1< @
[ o (_g ar A
* Not limited to only highways, express ways or toll roads . 2 R . & +Pe
H . " A If 5
* Global Seamless Implementation sop I ‘ I [ |I II I ik ©  rorcoming R S\ | Chutch o == 1o
. Bytes Received: 484729 % & 6 & 8 & ® Google =] Liang Court, K
* The same system can be implemented globally " " a . " Y . " o
. . Dashboard Skyplot Map Dashboard Skyplot Map Dashboard Skyplot Ma
» The same In-vehicle device can be used globally = £
o @ 4 5] @ | o @ <
¢ Single system for smooth cross-border operation
* Once a border is crossed, charging or rewarding rates can

be updated automatically
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Fishing Boat Monitoring

Fisheries Industry of Pakistan: Business Report — Ravi Magazine

Fishing boats in Bali, Indonesia https://www.ravimagazine.com/fisheries-industry-pakistan-business-report/

» Monitoring of Fishing Boats is necessary to fishing industry.
» This will help the fishermen to generate more income in long-term.
» Over-fishing, lllegal fishing shall be stopped to protect marine ecology and bio-diversity.

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 10
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New Market and Business Opportunities

Asia-Pacific will continue to account for more than

half of the global GNSS installed base

Russia and Non-EU 28
(Non-EU28 Europe)

2019 2029 -
k 2019 2029
Value % Value % ﬁ == =
Installed Base 07bln 110 10bln 110 e I
Revenue (€) 384bin 255 653bin  20.1 L"Sta"Ed Ens I5 E:” g0y bbl'l‘ sk
Devices per capita v o » evenue (€) 97bln 64 163bln 50
v Devices per capita 1.1 1.5
v
-y .J
2019 2029 . - 2019 2029
Value % Value % tlv ! }Q Value % Value %
Installed Base 1.0bln 159 15bln 152 Installed Base 34bln 532 5.1bln 535
Revenue (€] 403bin 267 922bin 284 Revenue (€) 460bln 305 106.0bln 327
Devices per capita 20 27 Devices per capita 0.8 1.1
: ]
[ outh Americe s arbean | T *|
\‘v__ 2019 2029 2019 2029 2019 2029
Value % Value %% Value Value Value % Value %
I Installed Base 06bln 97 09bin 93 Installed Base 6.4 bin 5.5 bin Installed Base 0.4 bin 63 0.7bin 75
r Revenue (€] 81bln 54 132bin 41 Revenue (€) 150.7 bin 3244 bin Revenue (€) 82bln 54 314bln 97 _
Devices per capita 1.2 1.6 Devices per capita 0.8 11 Devices per capita 02 04
Consumer The wearables market is on the rise, while dual-frequency and high accuracy are gaining tractionin Emergency Multi-constellation is the recognized paradigm by all major beacon manufacturers. Innovative
Solutions  smartphones. Leveraging the hardware as a platform, software and apps provide endless opportu- Response features such as Return Link and Remote Activation are on the rise.
nities to tailor the use of position to the needs of mass market users. - - - — N -
Rail Railways are in the process of digitalization and GNSS is part of the game. GNS5 based solutions for
Road As vehides become more intelligent and automated, and the Mobility-as-a-Service business expands, signalling applications will help reduce cost and enhance performance.
the industry faces the chall f introducing high-end GNSS soluti ket scale. .
= Industry faces the challenge of infreducing figh-en Folutions on @ massmarket scale Agriculture GN5S has become an integral part of smart, connected and integrated farm management solutions
Manned ICAC's Global Alr Navigation Plan (GANF) provides a roadmap for the deployment of new operational and a key driver for predsion farming across the whole crop cycle.
iati d technologies to i the global effici f ATM.
Aviation concepts and technologies to imprave the glabal efficlency o Geomatics The role of traditional GNSS surveying is transforming owing to the integration of emerging digital
Drones GNS55 is a key enabler for drones ensuring safe navigation and reliability for both consumer and com- data collection technigues, high-precision GMSS services, cloud computing and sensor fusion.
merdial applications. As the industry matures, the supply chain is becoming increasingly spedialised . ) - - - _ -~
and in some cases the operator role is absorbed into end-user organisations. Critical Erl_'lerglng parad|gms such a_s.'l'lr'n_e—as—a—semce (TaaS) and innovative .ap|:fl|cat|ons are expected to
Infrastruc-  drive growth in the GNSS Critical infrastructures segment. The market is stimulated by an increased
Maritime  The use of satellite-based augmentation systems is becoming the primary source of accurate posi- tures need for resilience and improved accuracy, as well as by regulation.

ticnina across the maritime and inland waterwav domains.

Source: Page 6 of GSA GNSS Market Report, Issue 6, 2019, European GNSS Agency (GSA)
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How does a GPS/GNSS Receiver Work?
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GNSS: How does it work?
Determine the Distance using Radio Wave

m
Oms Assume that the Satellite Transmits Signal at Oms.
25ms If Receiver receives the same Signal after 67ms,
Distance = 67x300,000 = 20,100Km
Oms
50ms

Satellite with a known position
transmits a regular time signal.

25ms

Distance = (Reception Time - Transmission time) X Speed of lig

Speed of Light: 300,000 km/s

2022/01/12 9:54 PM Slide : 13
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GNSS: How does it work?
Principle of Satellite-based Navigation

Receiver generates its own GPS signal similar to the signal

coming from the satellite for each satellite

=> Its called Replica Signal

=>» The Replica Signal includes PRN Code and Carrier Signal

=>» This Replica Signal is moved forward and backward to
match with the incoming signal

N\ 4

K k)2 k2 Y \' |

p _\/(x0 X))+ (vo—yE) +(z0—25) +¢ UL AN U AR LA
Codoto) LTI T

<>

If k > 4, solve for X, y, z and errors including clock bias & Al

Correlation between Incoming Signal and
Receiver Generated Signal

2022/01/12 9:54 PM Slide : 14
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Error sources

Satellite Orbit Error

V = 4km/s
Satellite Clock Error

)

lonospheric Delay

50 — 200Km ‘
)
)
7
7/
. //
Tropospheric Delay ye
10Km '//
7/

Multipath

'

Thermal Noise

@ Receiver Clock Error

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 15
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Pseudorange equation
|deal Case: po = c(ty — t5)
Real Case: p = po+ c(ét, — 8tg) + Iono + Tropo + Multipath + &

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

lonospheric Delay

Simplified Equation: p =po+ c(dt, —bts) + ¢

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 16
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Pseudorange model

Satellite

pz\/(x _ xS)Z + (y - yS)Z + (Z - ZS)Z + C(5t7’ - 5ts) + € 4 (xs; Vs, Zs)

Po Do

Where:

X, Y, Z : Unknown receiver position

delta tr: Unknown receiver clock error

epsilon : minimize this error by finding an optimal solution

(x,y,2)

Receiver

»
»

Range between satellite and receiver

» |In order to solve the above equations, we need “n” simultaneous
nonlinear equations from “n” pseudorange observations.

» We need at least 4 independent observations in order to
determine 4 unknown parameters, X, y, z and receiver clock error.

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 17
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GPS L1C/A Signal Structure (Satellite Side)

sl

L1 Carrier, 1575.42Mhz
Carrier Signal

oI
[Té’z‘é'ﬁﬁi} +(cara0)—— NN ™ O™
: PRN Code, 1.023Mhz

Atomic Clock PRN Code
Rb or Cs Clocks

x1/204600

Navigation Data, 50Hz
Navigation Data

2022/01/12 9:54 PM
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L
N

[

O

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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L1 Band GPS Signal
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GPS L1C/A Signal Structure

 Carrier Signal
* |t defines the frequency of the signal

* For example:
e GPSL1is1575.42MHz, L2 is 1227.60MHz and L5 is 1176.45MHz

* PRN Code

* Necessary to modulate carrier signal
* Used to identify satellite ID in the signal
* Should have good auto-correlation and cross-correlation properties

* Navigation Data
* Includes satellite orbit related data (ephemeris and almanac data)
* Includes satellite clock related information (clock errors etc.)
* Includes satellite health information

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 19
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GPS Antenna

Block Diagram of GPS Receiver

\ 4

Pre-Amp
LNA

v

A 4

Down Converter

AGC

Oscillator

A

Frequency

(Clock)

2022/01/12 9:54 PM

\ 4

Generator

v

A/D Converter

Replica Signal

Generator

\ 4

Acquisition

\ 4

Tracking

5K 5
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Navigation Data

A

Position Output
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GPS L1C/A Replica Signal at Receiver Side

v

L1 Carrier, 1575.42Mhz
Carrier Signal

> »
» »

Receiver Il f il 1 Replica Signal
[ Clock } »x1/10 JLL T .

10.23Mhz

<

PRN Code, 1.023Mhz
PRN Code

2022/01/12 9:54 PM Slide : 21
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How does GPS Signal Look Like?
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Amplitude

h A b N B o kP N w A~ oa o~

Time-domain Plot of GPS IF Signal
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Frequency-domain Plot of
GPS IF Signal (Fourier Transform)
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Acquisition of GPS L1C/A Signal with Low Noise

Mormalized FPower

0
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Acquisition of GPS L1C/A Signal with Higher Noise

I and Q@ Amplitude

Tracking Output (I and Q Channels)
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PRN (Pseudo Random Noise) Code

* PRN Code is a sequence of randomly distributed zeros and ones that is one millisecond long.
* This random distribution follows a specific code generation pattern called Gold Code.
* There are 1023 zeros and ones in one millisecond.

* Each GPS satellite transmits a unique PRN Code.
* GPS receiver identifies satellites by its unique PRN code or ID.

* |t continually repeats every millisecond
* The receiver can detect where the PRN code terminated or repeated.
* A unique sequence of bits indicates start of a PRN code.

* It helps to measure signal transit time and compute pseudorange between the receiver and the satellite

* Its also called C/A (Coarse Acquisition) code in GPS

1ms /1023
—> |
Unique Sequence at the
start of the PRN code 0]1]0]1j0 01 1jOJ1j0 O
Ims
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Pseudorange (Code-Phase Measurement) - 1
Transmission

o RERE
Pseudorange = (Reception Time — Transmission time) x Speed of Light
Time
o; (XK, yk, Z¢) 2
. | . E S
; Signal propagation at the speed of light 8 Z §
Uiy, z
() Yy, 2 S
Reception gy e
About 20,000 km Time
v
Transit time

A

<\§§\)k
(\Q(“\\\‘\’\
At
¥

Wl \// f;f\

Y P
2022/01/12 9:54 PM

2 &
Yy y

A GPS receiver measures the signal transmission time
from the code phase at signal reception time.
Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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Pseudorange (Code-Phase Measurement) - 2

1-sequence of PRN Code is 1023 bits, 1ms long. ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
This corresponds to 300Km S
1-bit or chip corresponds to 1/1023 ms. ’

This is about 293m (say 300m) in distance.

In the receiver, signals are resampled at certain frequency, say 10MHz.

This means every chip will be further divided into 10 smaller chips.

If it is possible to detect code phase at 1/10 of this sampled chip, then range
measurement accuracy would be about 300/10/10 = 3m.

However, there are various types of noises and this accuracy may not be possible.

Normally, GPS L1C/A guarantees an accuracy within 10m. 2m
Thus, using Code-Phase (PRN code) measurement, the accuracy will be limited to few

2Zm
meters level. |
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Carrier-Phase Measurement — 1

Carrier-Phase measurement is done by counting the number of cycles coming from the satellite to the
receiver.

* However, there are many complexities in measuring total number of cycles (N) from the satellite to the
receiver.

* Thisis called integer ambiguity

 This is due to the fact that all cycles are the same and there are no headers to tell the receiver when a new cycle has
arrived after number of cycles as in PRN code.

* A PRN code has a header to tell the receiver that this is the beginning of the PRN code that is 1023 chips long.
* There are algorithms to solve this problem of ambiguity resolution.

* One complete cycle for GPS L1 band is 19cm long.
* Thus, if we can measure one wavelength, we can get 19cm accuracy
* If we can measure 1/10% of a cycle, we get about 2cm accuracy.
* Thus, Carrier-Phase measurement can provide centimeter level accuracy.

<— 19cm—>

2022/01/12 9:54 PM Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 26



CS i Center for Spatial Information Science % :E.l: j( %

The University of Tokyo (:_ ’ THE UNIVERSITY OF TOKYO

Code-Phase (PRN Code) vs. Carrier-Phase Measurement

WWW’WWWWWWWWWWHWHHH\HHHH‘HHHHHH\H‘HH\HHHHH‘HHH\HHHH

o

o o
8 8 8 8
M © =
(o]

i,
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19cm

Code-Phase Measurement Carrier-Phase Measurement

Measuring distance between the satellite and the receiver with a tape
that has distance markings but distance values are not written. We only
know that each distance marker is 19cm apart. So, we need to count at
certain point the number of cycles separately that’s coming to the
receiver. This is called integer ambiguity solving.

Measuring distance between the satellite and the receiver with a tape
that has distance markings as well as distance values written. So that we
can measure correct distance.

Only provide meter level accuracy Provides centimeter level accuracy
Simple and required measurement. It’s part of signal demodulation Counting of number of cycles (solving integer ambiguity) is not required
process. So this can’t be avoided. if carrier-phase based measurement such as RTK or PPP is not required.

2022/01/12 9:54 PM Slide : 27

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp



The University of Tokyo THE UNIVERSITY OF TOKYO

CSi Center for Spatial Information Science C ’ % :E.': j( ‘:?:é

How to Improve GPS 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

o5 -
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)

2022/01/12 9:54 PM

DGPS (Differential GPS)
Code-phase observation

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp

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
DGPS

Error Sources

Total
Satellite Orbit 2.0
Satellite Clock 2.0
lonosphere Error 4.0
Troposphere Error 0.7
Multipath 1.4
Receiver Circuits 0.5

0.0
0.0
0.4
0.2
1.4
0.5

Comments

Common errors are removed

Common errors are reduced

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

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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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

* Space Related Errors
* lonospheric errors
* Tropospheric erros

* Receiver Related Errors

* Receiver clock error
e Receiver circuit related

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 31
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High-Accuracy Observation Methods

* Basically three types of Observation
* DGPS (Differential GPS)

* Code-phase observation
* 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)
* Code-phase and Carrier-phase observation
* Does not require base-station

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 32
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Which Method: DGPS, SBAS, RTK, PPP?

10m
o im +— DGNSS __J_/,._-J SBAS
< [
© -
= R
3 e
()
<L
10cm - ¥
= 1 PPP
e =
_RTIK _~
- 5 /'
/__,/
1cm I I I
10km 100km 1000km 10,000km
Baseline

http://www.novatel.com/an-introduction-to-gnss/chapter-5-resolving-errors/

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp
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How to Remove or Minimize Common Errors?

Use Differential Correction

5

Recommended Base-length < 40Km

\ Send Observation Data to Rover
&\ for Real-Time Position g

Bas?'_Stat'on For RTK, both base and rover receivers need to
Antenna is installed at a use data from the same satellites User in the Field
Base-station Antenna position known-position (Either fixed or moving)

shall be known in advance Use RINEX data for post-processing
2022/01/12 9:54 PM
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CSi ey for Spatial Information Sence
How to Remove or Minimize Common Errors?
Principle of QZSS MADOCA and CLAS Services

QZSS

GPS
"(E‘ (%)
l[all2]
& 53
§ o
5§
O3
<<
S
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 : 35
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Low-Cost High-Accuracy Receiver Systems
RTKDROID, MADROID, MAD-WIN, MAD-t

2022/01/12 9:54 PM

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp

5K 5

C ’ THE UNIVERSITY OF TOKYO

\ GNSS +
RaspberryPi 4 MADOCA

Device

Receiver
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Objectives

MAD.,

* Develop Low-Cost High-Accuracy Positioning Systems (L-CHAPS) RT\(DRO\D
* System Integration of commercially available receiver or module
* For RTK and MADOCA

* Avoid use of computer to minimize the cost
* Use Single Board Computer (SBC)
* RaspberryPi, Arduino, Spresense
* Use Tablet or Smart-Phone
* Android devices are quite flexible and easier to use

* Develop Easy to Use System in Field
* A user without GNSS knowledge shall be able to use
e Self-understanding interface
 Suitable for remote operation and data logging
e Operate with mobile power-banks

* Promote GNSS and MADOCA Technologies Abroad through

* Lectures, Trainings, Seminars, Workshops and Events
* Joint Research and Joint Projects 5 @vio

‘ ZED-F9P
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GNSS Equipment for Education and Training

Low-Cost GNSS Receivers are necessary for promotion of GNSS technology to conduct lectures, trainings and pilot projects.
We need low-cost high-accuracy receivers in large quantities.
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Low-Cost High-Accuracy Receiver system

Development Cycle
\

DEC, 2016

RaspberryPi B

o .

Android Device
RTK / MADOCA / EWS / SAR
System
2022

What type of smart-phone
will emerge by 2025 ?

2022/01/12 9:54 PM

MAY, 2017 Low-Cost RTK

MAR, 2018

GNSS
Antenna
GNSS
Antenna
/' Tablet
GNSS RTKDROID
GNSS Raspberry Pi3B Fesshrer Ve':\P'Pl i ‘\
R |¢H“’1 T Internet
Internet ~ NTRIP
NTRIP Caster
Caster
Low-Cost MADOCA
17 MainWindow o X
g\ MADROID MADROID Comecionl) Swti: BREcxd

Time 2020-01-21 12:32:11
Latitude  35.80304075°
Longitude 139.93930585°
Altitude  93.466m
Solution  PPP
LatError 0.009m 1
Lon Error 0.003m -
AltError  0.003m ’ -

Enhancement of
474719457 34 34 39 35 42 41 39 26 3o AT Q. 44 AT 49

MADOCA Syste m G7 E G9 H!EEGZG%GZ?R?GRSGRBTGW G1 RBI&R?Q G22

2 0 2 1 Comected |

2 5 N

Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp

DEC, 2019

Size:W: 55x B: 55x D: 15 E
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Our Definition of Low-Cost High-Accuracy

T

Single or Dual Frequency Receiver
RTK $100 $300 - S600  Dual Frequency Antenna
RaspberryPi Device

Cost
Dual Frequency GNSS Receiver Low-cost MADOCA module is not
MADOCA  S$300  S$500-51,000 Triple Frequency GNSS Antenna yet available off-the-shelf
RaspberryPi Device Cost factor of Antenna

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

2022/01/12 9:54 PM Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 40
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niversity of Tokyo

Many Applications require
Low-Cost, Small-Size & Low-Power
Receiver System

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

Although the Normal Accuracy of GPS is about 10m,
why can we get Centimeter Level Accuracy?
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High-End Survey Grade Receivers

* Multi-frequency
* GPS
* GLONASS

* GALILEO
* BDS

* QZSS

* NAVIC

* Multi-system

* GPS, GLONASS, GALILEO, BeiDou, QZSS,

NAVIC, SBAS etc

* Price varies from S1, 000 to $S30,000 or

more

2022/01/12 9:54 PM

- L1/L2/L5

: L1/L2/L3

- E1/E5/E6

- B1/B2/B3

: L1/L2/L5/L6
: L5/S

L5/E5/B2/L3 L2
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L6/E6/B3 L1/E1/B1

1176.45 MHz 1227.6 MHz 1575.42 MHz
M-Cod

M-Code M-Code
i BOC(10,5) BOC(10,5) grst
i i BOC(1,1)
e ) |
‘ L5-Q L2 // /
BPSK(1

c-Q
TMBOC(6,1,4/33)

o— 1602.0 MHz
. GLONASS —=. GLONASS
S P-Code
= BPSK(5.11) BPSK(5.11)
@‘ GLONASS
C/A-Code C/A-Code
FDMA BPSK(0.511) BPSK(0.511)

1248.06 Mhz 1600. 995 Mhz

1176.45 MHz  1207.14 MHz
50 ARBOC(15,10) 5y

E5a-Q ESb-Q

1207.14 MHz

B2 (0S)
BPSK(2)

COMPASS
CPIl B2-Q (AS)
BPSK(10)

1176.45 MHz  1207.14 MHz

B2a.0(0s) AtBOC(1519) 5215 (05)
COMPASS,
cPil

BBBBB (0S) B2b-P (OS)

L2 1227.6 MHz

1176.45 MHz
i L5

azss /’/LSO

BPSK(10)
1176.45 Mhz
IRNS

RRRRRRR

20C 1575.42 MHz
117545M[-u 1202.025 MHz L20C 7r
L30C- BPSK(1) L10CI “ 1)
Boc(hi I l BOC(1 1
Pro L20CM L10CM
CDMA Ls0c-Q L30C-Q BOC(5,2.5) BOC(5,2.5)

1575.42 MHz
E1,E1
BPSK(S) CBOC(6,1,1/11)
BOC_.(15,2.5)
1268.52 Mhz 1561.098 MHz

B3-I(As_\
‘ K(10) (2)
ﬂq(‘s) B1-Q (AS)
BPSK(10) BPSK(2)

1575.42 MHz
126852 Mhz gag

B1-C
BPSK(10) MBOC(6,1,1/111)
B3-A(AS) B1
BOC(15,2.5) l l BOC(14,2)

1575.42 MHz

1278.75 MHz
LE.

IRNSS \I\
ES/L5 Band L2 Band

\/\ E6 Band \/\ E1/L1 Band
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Low-Cost Receivers

L1/E1/B1*
* Multi-System ="
e GPS, GLONASS, GALILEO, BeiDou, QZSS, SBAS etc 7 S
* Basically Single Frequency
e L1/E1/B1-Band gt
* Very soon: Multi-System, Multi Frequency, L1/L2 or L1/L5 lul,,uﬁ»";;_;;_
* Future trend for Mass Market System will be L1/L5 l"’“
* Some chip makers have already announced Multi-System, Multi-Frequer P
GNSS Chips for Mass Market )M
* Low Cost: Lk~
* Less than S300 (Multi-GNSS, L1 Only) including Antenna and all necessar
Hardware, Software
 Qur target is within $100 including everything. >

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

TYPE R1 Type A: Low-Cost, High-Accuracy Receiver System
Real-Time and Post-Processing, Base and Rover Mode

Tablet
RasPi

GNSS Antenna Rover

e

APP
Ver.: 1.0

Caster

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

NTRIP
Caster

2022/01/12 9:54 PM Dinesh Manandhar, CSIS, The Universi

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

y of Tokyo, dinesh@csis.u-tokyo.ac.jp
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Type — Al: GNSS Receiver with Android Device

GNSS Antenna Rover

RTCM for
Android .
GNSS Real-time
Receiver
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
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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)

2022/01/12 9:54 PM

10:35

\:0\ RtkDroid

Connection USB
Device o
Format ubx -

Processing Settings
Rover Mode Kinematic
Elevation Mask 10

ambiguity Res.  Fix and Hold

a Height (m)

0.0

NTRIP Settings

o

16:16

\,

&\ MADROID
UTC Time: 07:16:19

Latitude: 35.68971662° N
Longitude: 139.75281501° E
Ellipsoidal Height: 56.785m
Orthometric Height: 18.995m
Speed: 0.15 km/hr

Fix type: Fix RTK

Satellites in view: 15
Satellites in use: 15

PDOP: 1.9

HDOP: 1.1

I\VDOP: 1.6

330%8—
g

60 b, _—
®

3007

2405

START ROVER
) ] ™
Setup Status Skyplot
[ @ 4

46 46 46
43
38
I |
G G G G G G F
20 13 24 15 28 5 83

Setup

=
ull
Status

®

P

150°

48 R a8
42
37 37
II |
R R R R R R R R
85 84 67 78 77 69 68 s

/oo

N\
R

Skyplot

16:16

.
& 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 -
Setup Status
= ®

\,
RN
Skyplot
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MADOCA System: Direct from QZSS or Online Correction Data

GNSS Receiver + MADOCA Decoder

GNSS Receiver Only

QZSS
RN l EEE
11
P
G
"0’0(0/1’4
N “‘ * (J i
OF A 2/\z 0
® Y S \z N .’0’
e 20 |9
O , nl |\O O
* G, O ?
7 A Q
e 2 2 X

h 2 — S

2 o [e)] &

% | |"

0)6 (9
y
Antenna

GNSS / MADOCA PPP Position GNSS MADOCA PPP Position
MADOCA .
Receiver Processor Output Receiver Processor Output

Online MADOCA
Correction Data
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Platform / OS
GNSS Receiver

MADOCA Receiver

GNSS Receiver Data
Format

MADOCA Correction Data
Format (Satellite)

MADOCA Correction Data
Format (Online)

System Architecture

2022/01/12 9:54 PM

Center for Spatial Information Science

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

+ MADOCA Decoder (Windows)

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 Raspberry Pi 3B or 4B
+ MADOCA Decoder 2
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Low-Cost MADOCA Receiver Systems: Product Types
| wewn ] wes | MeeD

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
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MADOCA PPP Receiver System

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

COM Port: 1
GNSS Raw Dat
~» BaudRate : 115,200 — awbata

. l (GNSS Data)
>

Splitter Micro-USB COM Port : 2 Use this baud-rate to receiver
1A OIE) DREORIER ~»  Baud Rate: 57,600 MADOCA Data
(QZSS, L6) (MADOCA Data)
— (c—>
T /—éJ Antenna p N
R
% FIP GNSS Receiver .
T = /2/esB NS5 Data
\ . \_ J
l 4 \ —
MADOCA Decoder COM Port: 2
QZsSs Le MADOCA Data
. J
Size: W:55x B: 55x D: 15

GNSS Antenna
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MAD-WIN / MAD-PI User Interface

B ' MADOCA Demo 2020 — Ul B | MADOCA Demo 2020 — Ul B | MADOCA Demo 2020 — ] X
Caonnection Status Fecord Akout Exit Connection otatus Reoord Akout Exit Connection Status Record About Exit
Rover Time 2020-09-300112:24 13— 30 Device Windows M
® RX O Online Sotuo '[atitltidz ?gg?g;gg;gv Solution  2020-09-30.010212 nmea(365568)
. orlwg| Mo : Rowver 2020-09-30 010212 ub{ 2800936
Correction g't;t;{de E;§53m Correction 2020-09-30 010212 ubx(345038)
. i alution
(@ DX () Orline (MADOTA) Setun Lat Eror 0.074m Record O n/OfF
Processing Mode Lon Enor 0.132m
, , , Alt BError 0.075m
(® PPP-Static () PPP-Kinematic
Start/Stop ﬂﬁﬂ
G2 G6 GI G12G17G19R65
Connected - . Connected _ Connected
Log Files:

2022/01/12 9:54 PM
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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-WIN Data Observation

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

B MADOCA Demno 2020 - o
Connection Status Facond  About Bt
Rowver — o
B MainWindow — 4
ORX ®0riins Setim After three hours observation
Comect Connection Status Record Exit
Ti 2020-01-21 13:13:26 "
oK © Orline (MADDCA) Setup me s T
Latitude  35.90304075%
Procsssing Mode T MainWing > Longitude 139.93930597
. L 1 aimn Incow — - )
® PPP-Static O PPP-Kinematic After two hours observatioh Aiide 93,464
. Solution  PPP
i Statw Exit
Start/Stop Connection 5 Record | LatError  0.006m
Time 2020-01-21 12:32:11 — Lon Error  0.003m
Not Connected Latitude  35.20304075° Alt Error 0.002m

Longitude 139.93930585%

"7 MainWindow A Altitude  93.458m

fter few minutes observation

Solution  PPP 46 44 46
Connection Status Record Exit Lat Error  0.009m 39 .ﬁ ﬁ -
M Lon Error  0,003m =
Tme 20200121 10:32:02 S : G7 G8 GO 51151652052152352

Latitude  35.30304319° AltError  0.003m

Longitude 139,93931172°
Altitude  92.955m

Connected

Solution  PPP 47 AT 39 46 37 - 39 35 42 41
LatError  0.703m --- -
Lon Error  0.556m G _GE G9 G11G16G20G21G23G26G27 R76 R86 R8T G10 G1_R81G30R79G22

Alt Error  0.448m

Connected I

47 -50 42 43 4 4 37 41 42 -50
7 G11 J G21 G26 G27
G20 G

Connected I
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MAD-PI:MADOCA with RaspberryPi Device
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MAD-Pi has been tested with RaspberryPi-3B device
* It also works with RaspberryPi-4B - B - vavocs
* If the device does not work, please try with a different USB port rouch Scrcen Disiay [

GNSS +

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

A

damaged. =, =

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: | Re
Continuous operation of the device will generate heat. Keep Tme 2020005064310
the device in well ventilated area Latitude 3568971445

Longitude 139.75281602

* Do not keep the device in a closed box

Altitude  57.481

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

Raspberry-Pi device with Touch Screen

2022/01/12 9:54 PM Dinesh Manandhar, CSIS, The University of Tokyo, dinesh@csis.u-tokyo.ac.jp Slide : 52



