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Position @rTrimbIe. NetR9

5245K533
Position: Satellites Used:39 Dilutions of Precision:
Lat: 35° 39'53.79617" N GPS(9): 2,5 6,7 9 13,19 29 30 PDOP: 08
Lon: 139° 47" 31 91111" E GLONASS(7):.6,7,8, 16,21, 22, 23 HDOP: 0.4
Hagt: 61.115 [m] Galileo(B): 411,12, 14,19, 33 VDOP: 0.7
Type: Autonomous - >01,2,3,4,6,8, 9 13,14, 16 TDOP: 0.5
BeiDou(14): e o R ’
Datum: WGS-84 eiDou(14): 24 26, 27, 28
QZSS5(3): 193, 193, 199 Error Estimates(10):
Velocity: ] _ East: 0.268 [m]
East 0.00 [m/s] SR EE LEE LR North: 0.274 [m]
North: 0.00 [m/s] GPS (9): 2,9,6,7,9,13,19, 29,30 Up: 0.580 [m]
Up: 0.00 [mis] e Semi Major Axis: 0.275 [m]
Galileo (7): 4 11,12, 14 19 20, 33 Semi Minor Axis: 0.268 [m
Position Solution Detail: BeiDou (14): ;fgg ;ﬁzg 9,13, 14,16, Onentation:  167.7°
Position Dimension: 3D n oanE
755 (3): 193, 195, 199
Augmentation: GPS+GLN+GAL+BDS+QZ55 < ) ' '
Height Mode: MNormal .
R Clock:
Correction Controls: Off ecelver Hloc

GPS Week: 2068

GPS Seconds: 24038
PVT Offset: 0.00000 [msec]
Drift: 0.00000 [ppm]

Position
V | . Multi-System Clock Offsets:

e OClt)’ Master Clock System: GPS
Time GLONASS Offset:  -29.6 [ns

]
Galileo Offset: -2.4 [ns]
BeiDou Offset: -13.4 [ns]
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MarineTraffic: Global Ship Tracking Intelligence | AIS Marine
Traffic

» Flight Radar

Flightradar24: Live Flight Tracker - Real-Time Flight Tracker
Map



https://www.marinetraffic.com/en/ais/home/centerx:139.755/centery:35.637/zoom:13
https://www.flightradar24.com/37.6,35.55/4

Coordinate systems

- A significant problem to overcome when using a GNSS
system is the fact that there are a great number of
different coordinate systems worldwide.

- As a result, the position measured and calculated does
not always correspond with one’s supposed position.

- In order to understand how GNSS systems function, it is
necessary to examine some of the basics of geodesy.



A Demonstration of ECl and ECEF Coordinate System

Earth Centered Earth Earth Centered Inertial
Fixed Equatorial

Source: https://www.youtube.com/watch?v=DbYapFLJsPA ' gifs.com



https://www.youtube.com/watch?v=DbYapFLJsPA

What is Geoid ?
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Earth Macro image of the earth Geoid (exaggerated form)

- The Geoid represents the true shape of the earth;
defined as the surface, where the mean sea level is zero.

However, a Geoid is a difficult shape to manipulate when
conducting calculations.

12



World Geoid

http://principles.ou.edu/earth_figure_gravity/geoid/

Color Scale, Upper (Red) : 85.4 meters and higher;
. Color Scale, Lower (Magenta) :

> 13




Geoid Height in Japan

G@l@ http://surveycalc.gsi.go.jp/so O ~ B & X ” @ T4 RetE x ‘ l {0 S.g se3
I7AIUF) BEE) F=(V) BIUCADA) Y=UT) ~LT(H)

A4 FEEtE

YIRS TETrEESnT T akrz T EmEeAPE
AHE FEER
BEADZ A £2011+2000
| BE 36.103774792
| = 140.087855042

36.103774792

PAEEERN  =5v o Heamni |

40.118 m"

(18 - BEOEDOANMI(HERESE)]

#8FE 35" B 13.58925° —  35.103774792
FERE 1407 57 16.27815% —  140.087855042
ddd mm ss.s —  ddd.ddddd

i = l

m

» TUMSAT
364l m
» Narita
3524 m
» Mt. Fuji
42.50 m
» Osaka
3745 m



What is Ellipsoid ?

f_a-b
a

North pole
(| Rotation

Equatorial plane — L

long axis and short axis

South pole

» A simpler, more definable shape is needed when
carrying out daily surveying operations. Such a
substitute surface is known as an ellipsoid. A spheroid

is obtained like the above figure.
|5



Ellipsoidal Coordinates

7 A
(|2 North Pole

Equatorial plane

-
-

Y
>

Greemaich
Meridian

Ellipsoidal coordinates (®, A, h), rather than Cartesian coordinates (X, Y, Z)
are generally used for further processing. @ corresponds to latitude, A
corresponds to longitude and h to the Ellipsoidal height.



Datum, map reference system

P
Gﬂuﬂ“\i ‘
Customized ‘ % Each country has developed its own
ellipsoid ~ ---==" % customized non-geocentric ellipsoid as a
for country A ] ©

: reference surface for carrying out
.. Customized Surveying operations.

ellipsoid
for country B

Geoid (exaggerated shape)

Earth

F
Deflection of
the Vertical ~~ ~==~}i1 An ellipsoid is well suited for describing

the positional coordinates of a point

I',I_:::L________ o
- "fjtq in degrees of longitude and latitude.
/__E ‘ -

— _____ Ellipsoid

_Geoid

Ellip}'sodal Height = Undulation (H) + Geoid Height (N)



Worldwide reference ellipsoid WGS-84
(World Geodetic System 1984)

(D North Pole » GPS adopts thisWGS-84
as a coordinate system.

» The WGS-84 coordinate
system is geocentrically
positioned with respect to

oot the center of the Earth. Such

a system is called ECEF
(Earth Centered, Earth Fixed)

» The WGS-84 is a three-
dimensional, right-handed,
Cartesian coordinate system.

Equatorial plane

Y <

Parameter of WG5-84 Reference Ellipsoids

Semi major axis a (m) Semi minor axis b (m) Flattening (1: ...}

B,378,137.00 B,356,752.31 298,257223563

18



Ellipsoidal Height (GPS)
= Geoid Height + Orthometric Height

\ Geoid = 36m (MSL)

24m GPS Height = 60m

Height Determination of Small Boat on the Sea (1hour)
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36.84
536400 536900 537400 537900 538400 538300 539400 539900

GPSTIME (s)

WGS84 Ellipsoid




Tide Observation

GNSS Antenna




RTK at Pontoon

- 24 hours Height Variation at Pontoon

38.75
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51 Geoid was not the average of the tide variation here...



Average ocean level over 10 years
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Trend - 01_Aburatsubo
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How about GLO, GAL, BeiDou ?

» Each navigation system uses the different coordinates
system, but the coordinates for Galileo and BeiDou are
quite similar to VWGS84.

» GLONASS adopts PZ-90.02.We need to consider the
difference if we combine GPS and GLONASS.

24



Quiz

» Calculate the distance (mm level) between the following
two surveyed positions.

#| 35.6662474,139.7923025
#2 35.6662475, 139.7923025

seventh decimal place

25


http://vldb.gsi.go.jp/sokuchi/surveycalc/surveycalc/bl2stf.html

Distance per degree of longitude

Distance (very
roughly)

Equator 11 km
Tokyo 91 km
Hokkaido 80 km

Siberia 38 km



Satellite Position Estimation

» Two critical things in GNSS. Satellite position and range
measurement.

» There are two methods in the satellite position
estimation. One is based on almanac (| km accuracy)
data. The another one is based on ephemeris (Im
accuracy) data. These are the parameters to estimate
satellite position.

» Speed of GPS satellite is about 4 km/s.

NLITI A ADFERITACEZBFBEEIORESN, TENEFTI—FKT S,
FORRIZGRHEERNDELD T, TNHYDZERENVE,
AGPSTIE, CHOFHREEFTEHETRETE., I <CICAGITES

27



Satellite position and Range

{p(k}}: Pseudoranges (measurements)
(xR k) ZKk)y): Satellite positions (known)

0 TP P (O
k=1,2,....K

If K= 4, solve for user position (x, y, z),
and receiver clock bias b

28



Keplerian Elements

» Epoch (time)

/>Semi-major Axis (km) \

» Eccentricity

» Inclination (radian)
» RAAN (Right Ascension of Ascending Node) (radian)
» Argument of Perigee (radian)

K»Mean Anomaly (radian) /

29



Kepler’s first law

Perigee

» The Apogee expresses the
furthest point of an
elliptical orbit from the

e canter of the Earth.
e o semimajor ais > The Perigee is the closest
| point of the orbital ellipse
& sae to the Earth.

Apogee b2
‘Semi-major axis and Eccentricity €= /1—
30 <:> C:)

d



Kepler’s second law

31

Satellite

ifTv_ 1=Tv 2,
then A_1=A_2

» The second law states that:
“A line joining a planet and
the sun sweeps out equal
areas during equal intervals
of time”

» For satellites this means
left figure.



Kepler’s third law

1

— is constant for all planets.

3
a

P = orbital Period, a = semi-major axis of the orbital ellipse

[
h = 3/3.9860042 e 10" 2

'\‘I

11-"

=

( P )
\ 2T

[m]

R.: Radius of the Earth (6378.137km)
P: orbital period of the satellite around the Earth

32

- This law states that

the squares of the
orbital periods of
planets are directly
proportional to the
cubes of the semi-
major axis of the
orbits.



Orbital Plane

» Inclination:the angle between orbital plane and

equatorial plane

» Right Ascension of Ascending Node: the geocentric
R.A. of a satellite as it intersects the Earth's equatorial
plane traveling northward (ascending)

33
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Perigee

Equatorial plane

Inclination

®



Direction of a semi-major axis

» Argument of Perigee:the angle between the perigee
and the orbit's RAAN

Perigee

Argument of perigee

®

Equatorial plane

Inclination

34



Satellite position on orbital plane

» Mean anomaly : relating position and time for a body
moving in a orbital plane

Perigee

Argument of perigee .
Equatorial plane

Inclination

35



Almanac

dktrkdkd MWeek 424 almanac for PRN-01 ***%xxak

IEE s L
Health: 0oo

© |Er )5 [l 8 2l il 2l Sl
[ime of Applicability(s): 405504 .0000

¢ e = e e 0D.9911766052
Rate of Right Ascen(r/s): =0.7417338788E-008
SQRT[AY  (m 1/2): S5 El L EnlEIsllE

Faleglnis EEEism et Tealk | meell 5 Sl LG DiGiarse, S jEa i

BBB®®

Argument of Perigee(rad)]: -1.812852621

Mean Ancm{rad) : e I BN e e e e ]
AfO(s) - B SR BRI B S = 0 )
Af]l (s/5)]) : 0.3637978007E-011
weel: 424

» The current Almanac/Ephemeris Data can be vi
ewed over the internet.

» Accuracy
Almanac: 100-1000m |week

36 Ephemeris: [-2m 2hours




Ephemeris

» All receivers positioning engine uses Ephemeris. Almanac is
used for rough estimation(ELE/AZI).

» Ephemeris = Almanac + Perturbation

» 16 coefficients

» Calculating satellite position based on several equations
shown in ICD(interface control document) is very simple.

» Accuracy : |-2m, 2 hours life for GPS

37



Perturbation

» Perturbation is the complex motion of a massive body
subject to forces other than the gravitational attraction of
a single other massive body.

|. Non-spherical gravitational potential of earth
2. Resistance from atmosphere
3.Attraction from sun and moon

4. Solar radiation pressure

38
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Image of using Ephemeris
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\ “““ ‘ L4 Parameters changes every 2 hours with IODE.

Broadcast

\ [ |
Ephemeris uplink (prepared several days ago)

\ QEIP

User segment

Control Station
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Real Ephemeris Errors
(based on precise orbit data)

» Precise orbit data (-lcm) also can be obtained over
the internet (IGS http://www.igs.org/).

Epeheris Errors (x,y,z)
2
- Xin ECEF
L + Y in ECEF
1 - Zin ECEF
E " &*ww o
v
§ ¢ /Q\
S 0.5 e S / /W
1 /
1.5
-2
0 2000 4000 6000 8000 10000
GPSTIME (s)
40



http://www.igs.org/

Elevation, Azimuth

LF7 Satellite

South Observer . North

45°

Reference Plane

- The Elevation describes the angle of a satellite relative
to the horizontal plane.

- The Azimuth is the angle between the satellite and true
North.

41



Receiver Status - Position

Position:

Lat: 35° 39' 56.62248" N
Lon: 139° 47' 31.92186" E

Haot: 58.733 [m]

Type: Autonomaous

Datum: WGE5-84
Velocity:

East: -0.01 [m/s]
Morth: 0.00 [m/s]
Up: -0.02 [m/s]

Position Solution Detail:

Position Dimension: 3D
Augmentation: GPS+GLN+GAL+BDS+QZ7ZS5S
Height Mode: Normal
Coarrection Controls: Off

How to read the receiver status

2017-08-16T01:45:21Z (UTC)

@:Tfiﬂlbleﬁ 524';?(?39320

Satellites Used:34

GPS5(11): 1,3,7,8,10, 11,16, 22, 27, 28, 30
GLONASS(8). 5,6, 7,10, 11,12, 21, 22
Galileo(5): 11,12, 18, 19, 24

BeiDou(9): 1,2,3,4,7,8 10,12, 13
QZ55(1) 193

Satellites Tracked:36
GPS (11): 1,3, 7,8, 10, 11,16, 22, 27, 28, 30
GLONASS (8): 5,6, 7.10, 11,12, 21, 22

Galileo (6): 11,12, 18,19, 20, 24
BeiDou (9): 1,2,3,4,7,8,10, 12,13
QZ5S (2): 183, 194

Receiver Clock:
GPS Week: 1962
GPS Seconds: 265539
Offset: -0.01435 [msec]
Drift: -0.43858 [ppm)]

Multi-System Clock Offsets:

Master Clock System: GP5
GLOMASS Offset: -10.9 [ns
Galileo Offset: -1.5[ns
BeiDou Offset:  -50.4 [ns

GLONASS Drift: -0.023 [ns/s
Galileo Drift: 0.027 [ns/s

]
]
]
]
]
BeiDou Drift: 0.033 [ns/s]

Dilutions of Precision:

FDOP: 0.9
HDOP: 0.5
WDOP: 0.8
TDOP: 0.5

Error Estimates(1o):

East

North

Up

Semi Major Axis
Semi Minor Axis

Crientation:

- 0.435 [m]
- 0.526 [m]
~1.003 [m]
- 0.540 [m]
- 0.418 [m]
20.4°



How to get satellite positions

» GNSSView
» Almanac
» TLE



Quiz

Horizontal Plots
Two figures are RTK results of small ship (Yayoi).
You can see the height variation.
Please tell me why there was the variation
in altitude direction.

2013/12/4 9:00-11:00 35.6 '\

35.65

Ellipsoidal Height (m)

259200 261000 262800 264600 266400 35.45

< 2 hours >



Why we learn measurements and errors ?

» Needless to say, ‘position, velocity and time” are
important for users.

» The ability to improve final performance of the above
outputs strongly depends on how can we estimate or
possibly mitigate measurements errors.

» Measurements errors strongly depends on the
environment and receiver performance.

45



Pseudo-range (Code-phase)

Definitio

n: The pseudo-range (PR) is the distance

PS=cr = C(t_ B t—s,) from the receiver antenna to the satellite
r ' antenna including receiver and satellite
(m) clock offsets (and other biases, such as
atmospheric delays) (RINEX 2.10)

-
®At Satellite ! =L —7 Time by Satellite Clock (s)

AL B T DU bt o tog i Uiy et Lo e o ol

@At Receiver L Time by Receiver Clock (s)

LA TR T UL WL LU LU

GPS/QZSS/GALILEO/QZSS— CDMA (code division multiple access)
GLONASS—FDMA (frequency division multiple access)



Carrier-Phase

Definition:
... actually being a measurement on the beat

S _ s N frequency between the received carrier of
b =¢ —¢+ he satellite signal and a receiver- d
the satellite signal and a receiver-generate

(cycle) reference frequency. (RINEX 2.10)

Received Satellite

c] .i. ¢S@S%Qt\

TR

Carrier Beat s s
# =4 —¢+N

Local Reference _ W
¢ (t;)

N

N

PRI ANNANAAT R




Real Pseudo-range Measurements

23700000
GPS PRN30
23650000

23600000

23550000

Range (m)

23500000

23450000
465300 465400 465500 465600 465700 465800 465900 466000

GPSTIME (s)

-186km / 10min 2> -309m/sec

48



Code vs Carrier-Based Positioning

Standard Positioning
(code-based)

Precise Positioning
(carrier-based)

Observables Pseudorange Carrier-Phase +
(Code) Pseudorange
Receiver Noise 30 cm 3 mm
Multipath 30cm-30m | -3 cm
Sensitivity High (<20dBH?z) Low (>35dBHz)
Discontinuity No Slip Cycle-Slip

Ambiguity - Estimated/Resolved

Receiver Low-Cost (~$100) Expensive (~$10,000)

Accuracy 3 m (H),5 m (V) (Single) 5 mm (H), | cm (V) (Static)
(RMS) | m (H),2 m (V) (DGPS) I cm (H),2 cm (V) (RTK)

Application

Navigation, Timing, SAR,...

Survey, Mapping, ...




Control Segment Errors

T~— S(H) BRCLEERE TR ER &L T,
RRARDREDZE

Predicted
orbit

Satellite

Line-of-sight skt

vector . . .
S(t) Satellite position at time ¢

S'(t) Satellite position at time fas
given by Navigation Message

. ]
GPS
receiver

€ y1.€a1, € EPhemeris errors in cross-track,
along-track, and radial directions
Earth center

XT, AT, R Cross-track, along-track, and
radial axes

50
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Satellite clock and ephemeris errors

Ephemeris/ Accuracy Real-time Update | Sample
Clock (RMS)
Navigation 1m/5ns @ 2hour
Ultra-Rapid 0.05m/3ns O 4/day 15 min
(predicted half)
Ultra-Rapid 0.03m/150ps 3-9 hours 4/day 15 min
(observed half)
Rapid 0.025m/75ps 17-41 hours | 1/day | 15/5 min
Final 0.025m/75ps 12-18 days | l/week | 15/5 min

IGS site (2009)




Precise Ephemeris

 Precise ephemeris Is based on actual tracking data that
are post-processed to obtain the more accurate satellite

positions.

« Commonly, precise ephemeris is available at a later date, I.e.
not in real time.

 The accuracy iIs at centimeter level (<2 cm).

NetWO rk Information

For example:
|IGS network

52



http://www.igs.org/network

[onospheric delay

The ionosphere is a region of ionized gases.
The state of the ionosphere is determined
primarily by the intensity of the solar activity.

lonosphere

The speed of propagation of radio signals in
‘K The ionosphere depends on the number of
nismeanionosphers  11€€ €lECtron in the path of a signal, defined as
NEORE 220 the total electron content (TEC): the number
of electrons in a tube of 1 m? cross section
extending from the receiver to the satellite.

I
!
{
!
]
!
!
]
]
!
i
!
i
!
i
1
i
!
!
!
i
!
i
!

i

The increased path length is accounted for in terms of a multiplier

of the zenith delay. The multiplier is called Obliguity Factor.

53



Broadcast Model

10 5
E
z 8 _ 4
S5 9
£ 6 8 3P
G Ay z
o 4 g 2k
o o]
% o)
2 2 1 |-
c fe—— A, —
! 0 | | | | 0 | | | | |
0 5 10 15 20 25 0 15 30 45 60 75 90
Local time (h) Elevation angle (deg)

The Klobuchar ionospheric model. Parameter values A2 and A4 are
selected by the Control Segment to reflect the prevailing ionospheric
conditions and are broadcast by the satellites.

For Galileo, NeQuick model will be used to estimate ionospheric errors.

54
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Accuracy evaluation of Klobuchar model
based estimates

Zenith lonospheric Delay (L1) at TSKB
2004/11/03 11/09

= (Y
(=] un
]

wun

lono-Delay (m)

! E H N N A L T H R
1% i P i [ i F i P i [ i PooFF PooE
- proveane b frasmassfisnsiageisnminrannring b -

i i i i i ¢ i i § § j y fy i & ‘j j i i j i j j j i

-1P1/3 11/4 11/5 11/6 11/7 11/8 11/9 11/10

lono-Delay Error (m)

Klobuchar Model — |GS TEC Final
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Tropospheric delay

» The GPS signals are also reflected by the lower part of
the earth’s atmosphere composed of gases and water

vapaor.

» The speed of propagation of GPS signals in the
troposphere is lower than that in free space and, therefore,
the apparent range to a satellite appears longer, typically
by 2.5-25 m depending on the satellite elevation angle.

» Water vapor density caries with the local weather and can
change quickly. Fortunately, most of the tropospheric
delay is due to the more predictable dry atmosphere.

AET DGFDBREITEENALE

57



Tropospheric models

» Saastamoinen model was derived using gas laws and
simplifying assumptions regarding changes in temperature
and water vapor with altitude.

» Hopfield model is based on a relationship between dry
refra_c_tlvn?/ at height h to that at the surface. It was derived
empirically on the basis of extensive measurements.

Obliquity factor is defined same as
lonosphere, but the value is
different because the height is
different.

30 degrees : 2
15 degrees : 4
10 degrees : 6
5 degrees : 10




Measurement Errors
(Receiver Noise and Multipath)

59

* Multipath refers to the phenomenon of a signal
reaching an antenna via two or more paths.

* The range measurement error due to multipath
depends on the strength of the reflected signal and
the delay between direct and reflected signals.

 Mitigation of multipath errors : Antenna or Receiver
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Error Sources on the GNSS measurements

Satellite Clock Error
Satellite Orbit Error
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Source: (https://www.kke.co.jp/en/solution/casestudy/gpsstudio-kaiyodai.html)



http://www.blackroc.com/284-2/?doing_wp_cron=1559147200.1859560012817382812500
https://www.kke.co.jp/en/solution/casestudy/gpsstudio-kaiyodai.html

Multipath Error

Image of strong multipath

GPS / QZSS / BeiDou / GLONASS
N

cos: cv- : 33. 947
G17: CL-: 47.0
G19: CL-: 48.0 ;

R18: CL-: 31.2
J01: CL- : 46.8
CO1: CL-: 34.2

cos-c- 352 LOS signal is
obstructed

Co9: CL- ; 30.2

LOSI |
NLOSS3

S
SNR=...45 40 .35 .30..25 <25 [dB-Hz]

LOS :line of sight

—

NLOS : non line of sight Lt



Pseudo-range errors depends on C/N,

I I I
\ — Standard receiver
1.75 -
E \ —— Advanced receiver
= 15
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o 125 \
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=
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0
20 40 &0 ao

Elevation angle (deg)

You can change Elevation angle to signal strength
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Single point positioning using pseudo-range
12h, rooftop, our building

. e T RI= 35.666342230° 139.792210090° 59.7350m
\ e o AVE=E:-0.2368m N: 1.1001m U:-0.6957m
STD=E: 0.7813m N: 0.8869m U: 1.8977/m
m e L m_ U L. Im " e m
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9.

GPS Measurement Errors

Potential error size Error mitigation using

single point

positioning
Satellite clock model 2 m (rms) —
Satellite ephemeris 2 m (rms) along the LOS —
prediction
lonospheric delay 2-10 m (zenith) |-5 m (single-freq.)
Obliquity factor 3 at 5° within Im (dual-freq.)
Tropospheric delay 2.3-2.5m (zenith) 0.1- m
Obliquity factor 10 at 5°
Multipath (open sky) Code :0.5-1 m —
Carrier : 0.5-1 cm
Receiver Noise Code :0.25-0.5 m (rms) —

64 Carrier : |-2 mm (rms)



Positioning Performance of GNSS

% Ephemeris errors should be considered...

(k) k) 7))
% Horizontal accuracy =
Measurements accuracy X HDOP

{p(k)}: Pseudoranges (measurements)
{(xtK), k) z(k)y}: Satellite positions (known)

ot == Py (-2 - b
k=1,2,..,K

If K = 4, solve for user position (x, y, 2),
and receiver clock bias b

, 65



What is DOP ?

(dilution of precision : DOP)

If the measurements errors are zero, the calculated user
position is true.

However, if the measurements include some errors, the
accuracy depends on measurement errors as well as the

geometry of satellites (=DOP).

51 S1
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Sky Views in two different places
(same constellation but different performance)

. . Yellow : Diffraction
Kaiyodai Red: Masking

+Reflection
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Quiz

» If you are in the very narrow street near the high-rise
buildings, what position errors will you see ?

Please ignore the green number.
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RTKNAVI demonstration



