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Pseudo-range Model

(3) Satellite

PS=cr Clock Bias
=c(t, —-t°) (1
—c((t +dt)—(t° +dT*) + &, Ge,;’:;;:"“
=c(t —t*) +c(dt, —dT*) + &, Iono(s‘:a)here
=(p, + 1, +T°)+c(dt, —dT>) + &, (5)
=p, +c(dt, —dT*)+1"+T° + ¢, Troposphere

M @ @ @ (65 (6) (2)Received .,

Clock Bias

(6) Multipath +
Receiver Noise + Other
Errors

The reason why we call “pseudo-range” is from (2).
How many unknown parameter do we have ?




X, V, z, receiver clock offset

Satellite and
receiver clock
display: Oms
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Signal transmission (start time)

W

Satellite and
receiver clock
display: 67 3ms

Oms
b ~,’J.’ 75ms /,:\3 25ms
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w 50ms =

{p(k)]: Pseudoranges (measurements)
{(x{k), yAk), Z(K))}: Satellite positions (known)

p®) =[x E-x ¢ (y-y )+ (2K-2% ~ b
k=1,2,.,K

If K = 4, solve for user position (x, ¥, z),
and receiver clock bias b
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» Satellite clock is
corrected using
1 navigation data.

Fortunately, receiver
clock offset is same
for all satellites.

» Therefore, unknown
variables should be
solved are x, y, z and
receiver clock offset.
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What is receiver clock offset ?
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Single Point Positioning

» Using the code measurements only to compute the absolute position
of the receiver in the ECEF system.

» Satellite clock can be corrected using navigation data.

» Fortunately, receiver clock offset is same for all satellites.

- Other measurement errors are assumed
negligible, being absorbed in parameter of the

receiver clock error. < " N /%

» Therefore, there are 4
unknown parameters
here.They are three range
components X, Y, z and the
receiver clock error.

{p(k’ }: Pseudoranges (measurements)
{(x(k), k) Z(k)y}): Satellite positions (known)

- LSE is used to computed

the unknown parameters.
7

) :\/[x(k)—x)z + (yR-yfP s (20-2% — b
k=1,2,...,.K

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



Single point positioning at Mt. Fuji
(6/1/2010)
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Blue : Stand Alone Positioning
Red : Stand Alone Positioning without lono and Tropo Estimation



Demonstration of SPP

» Excel is used.



Doppler Effect
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One dimension is assumed. Right direction is positive. +
» Receiver is set in the car.
CS—V
. . -I: _ f 0]
» Received frequency is obs — s
CS—V,

» “cs” is speed of light.

» Doppler frequency “fy” is equal to “f_, . —f._ ..~

» FLL (frequency lock loop) tries to estimate “f;".

¢ 9 ¢¢

» Once we can estimate “f5”,“v_"” can be resolved.
10
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Velocity Estimation

» Velocity estimation in GPS is just same as shown in the
previous slide.

» The differences are as follows.

* 3 dimension velocity (v
estimated.

* Frequency in the receiver is based on on-board
clock.

«,Vy,Vz) have to be

» 4 unknown variables (v, v, v,f,) have to be estimated
using at least 4 visible satellites. DOP is also important.

» Velocity estimation is same as position estimation.



Image of Velocity Estimation
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* 4 relative velocities are needed S
to estimate car velocity (+f_,). i

Z &' *The accuracy of car velocity depends

@%% on the accuracy of satellite velocity and
= received frequency estimation.

(vx, vy vz) +fc|k
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Performance of GPS based Velocity

Velocity in static condition

(m/s)

-
=
o

-0,05

Latitudinal

Longi;GdinaI (m/s)

std = 1.6 cm/s

Accuracy in terms of frequency
GPS LI wavelength = |9cm
IHz : [9cm

0.IHz : 1.9cm

Accuracy in terms of satellite velocity
sv_vel [t]=(sv_vel [t+]-sv_vel [t-1])/2
based on ephemeris parameters
Accuracy is quite good.



Moving Platform
"""""""" (Koto-ku Ariake)

* Origination : 0,0
* Velocity was accumulated.
* Data Rate : 5Hz

* Period : 650 sec

* Receiver : NovAtel OEM6
\ * Left and right rounds : 6 times

* End point :36.76m,-62.91m
 RTK:35.75m,-65.18m
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Improved GPS (relative positioning)

» DGPS and RTK are powerful method for error
mitigation.
» DGPS uses the fact that the most of error sources

change slowly in the time domain if the distance
between reference and user is approx. within 100km.

» Please remember that differential technique provides
only vector solution from base station to the target
position—2>precise position of base station should be
prepared.

0.2 (o) cn e s
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o (Xref 'Y ref ’Zref)
Target position

Base station



ORI= 35.666342230° 139.792210090° 59.7350m

N AVE=E:-0.2368m N: 1.1001m U:-0.6957m
STD=E: 0.7813m N: 0.8869m U: 1.8977m

+RMS=E: 0.8164m N: 1.4131m U: 2.0212m 2D: 3.2639m

RTK performance
12h, rooftop, our building

35.666342230° 139.792210090° 59.7350m
E=E:-0.0160m N:-0.0395m U: 0.1039m
0 0.2253m N: 0.2461m U: 0.3594m

RMS=E: 0.2259m 493m U: 0.5689m 2D: 0.6728m

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

RTK : mm level

Same scale

50 cm



Image of DGPS

sa2 g sas fop . Determination of the correc
Sat. 1 st4 Zop  tion values at the reference
A VN S v :
&5 o station

»  Transmission of the correcti
| on values from the reference
station to the GPS user

w_l.r', ’Beme T -~ i\. \.I-, I_,._
GPS reference station " %Chur
GPS receive

» Compensation for the deter
mined pseudo-ranges to
correct the calculated
position of the GPS user

W7

Correction [prn] = Pseudo-range[prn] — True-range [prn]



DGPS mitigates ...

Potential error size Error mitigation using
DGPS

Satellite clock model 2 m (rms) 0.0 m
Satellite ephemeris 2 m (rms) along the LOS 0.1 m (rms)
prediction
lonospheric delay 2-10 m (zenith) 0.2 m (rms)
Obliquity factor 3 at 5°
Tropospheric delay 2.3-2.5m (zenith) 0.2 m (rms) + altitude
Obliquity factor 10 at 5° effect
Multipath (open sky) Code : 0.5-1 m —
Carrier : 0.5-1 cm
Receiver Noise Code :0.25-0.5 m (rms) —

Carrier : [-2 mm (rms)



— Limitation of DGPS
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Reason for Accuracy Deterioration

» The main reason for the accuracy deterioration is
atmospheric errors.

» For example, the tropospheric errors between Tokyo and
Sapporo will be different (due to the difference of satellite
elevation). The amount of error depends on the elevation

angle.
» Normal DGPS doesn’t take into the above error account at
all.

20



RTK (Real Time Kinematic)
- The concept of RTK is same as DGPS.

- RTK uses carrier phase measurements. DGPS uses
pseudo-range measurements.

- GPS receiver is able to measure |/100 of wavelength of
LI frequency (19 cm).

- If you have high-end receiver, you know your position

within |-2cm accuracy as long as you have 5 or more
LOS satellites.

21



Real-time Kinematic

* Technique with Carrier-based Relative Positioning

22

— Real-time Position of Rover Antenna

— Transmit Reference Station Data to Rover via Comm. Link
— OTF (On-the-Fly) Integer Ambiguity Resolution
— Typical Accuracy: 1 cm + 1ppm x BL RMS (Horizontal)

— Applications:

Land Survey, Construction Machine Control, Precision
Agriculture etc.

Reference
Station

A

Communication Link
—_— N T

=

Rover
Receiver




BL=0.3 km
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Network RTK (NRTK)

» Extension of RTK
RTK without User Reference Station
Sparse Networked Reference Stations
Correction Messages via Mobile-Phone Network
Format: VRS, FKP, MAC, RTCM 2.3, RTCM 3.1
Server S/W:Trimble GPSNet, GEO++ GNSMART, ...
NTRIP Networked Transport of RTCM via Internet Protocol

» NRTK Service in Japan

GEONET: ~1200 Reference Stations by GSI
NGDS, JENOBA, Terasat



Concept of NRTK

Network of Individual Reference Stations

To cover a large area with single reference stations to run RTK, we
need multitude of points and still we have huge gaps between the
points.

The Solution is Network RTK (NRTK)!

The same area is covered with much less number of points using the
Network RTK concept. All the area is covered with no gaps.

Accuracy, Reliability, Availability
Good me====  wwmm Bgd

2 Accuracy, Reliability, Availability
Source: GEO++ Googmm=== === Baq



9.

Relationship between Errors

NTRK error surtace
; (plane tor 3 stations)

/ﬂeﬂ

P
Error . /
e17o1 at
error at o
Refl rover ¢rror at
Ret3
Rover
Distance ]

Several interpolation algorithms

Source: GEO++



Actual Steps of RTK

» After this summer school, please check the followings
regarding the process of RTK to deepen your
understanding !

I. Generating “double difference”
2. Finding “integer ambiguities”

3. Baseline processing



1. DD (Double Difference)

@y, = A4y~ 4) -~ (8) -
= pub +C(dt

#))

=pd — 10 4TV 4 AND +d) + ¢,

dt! =dtd —dt) =0, a7 =dTl —dT ) ~0

B, = (o — )+ Ni) — (o — b + N§) — (A0 — ¢4 +

—dT ) =12 +T) + AN +dY + ¢,

Without reference station,

it is impossible to remove “receiver
And satellite clock error” completely !
Generate new observation

which means double difference.

N+ (do — a4 +NJ) = NIy

Why do we say the

(short Baseline and same

antenna type)

i _
Iub—l

boxoTU =7 71 20dl =gl _dl ~
—lip =0Ty = Tup =Ty = 0,y = dyp —dyp =

baseline limitation of RTK ?
(10-100 km or more)

It strongly depends on

Satellite | @

%

each RTK engine !

j % Satellite j

Receiver u

Baseline

Receiver b

Memo for-Misra & Enge:
http://gpspp.sakura.ne.jp/
diary200608.htm



2. Integer Ambiguity Resolution

svl sv2  .svl sv2 svl sv2
I:)rov_ref o rrov_ref +‘9p,rov_ref

svl sv2  .svl sv2 svl sv2
¢rov_ref o r-rov_ref ++ g¢,rov_ref

» Once you can resolve integer N in carrier phase double
difference, you get accurate position about | cm.

» It can be imagine that the pseudo-range (code) accuracy is
quite important.

» Code-phase is noisy (I m-) but absolute distance

» Carrier-phase is accurate but includes integer ambiguity



3. Test results on the rooftop
- double difference of 10 m baseline-

0 -9

437300 437400 437500 437600 437700 437800 4379500 4338000 438100 438200 437300 437400 437500 437600 437700 437800 437900 438000 438100 438200
-1 -10

-2 -11

ey ' -12

-4 d -13 ///

-5 , -14

-6 { ‘ -15

Ky J -16

-8 -17

|. Reference satellite GPS PRN 16
and target satellite is GPS PRN 8
2.Which is code-phase double difference ?
3. If you subtract from right to left, what happen ?

svl sv2  .svl sv2 svl sv2
I:)rov_ref o rrov_ref +gp,rov_ref

svl sv2  .svl sv2 svl sv2 svl sv2
¢rov_ref o r'rov_ref + |\Irov_ref T& ,rov_ref




4. (Carrier DD) - (Code DD)

0

-25

437300 437400 437500 437600 437700 437800 437900 438000 438100 438200 437300 437400 437500 437600 437700 437800 437900 438000 438100 438200

-2

-4

-6

-8

-10

-12

-30

-35

-50

-55

The unit is meter Divided by wavelength The unit is cycle
0.19029 m... (LI)

Probably, we guess the integer ambiguity between
PRN 16 and PRN8 is about - 40 ?
In fact, the average of this right results was - 41.3



5. What is the correct ambiguity ?

» “Integer least square method” tells us “— 42" in a single
epoch !
» If you know the 3 or more ambiguities, you can estimate

the user position with the level of carrier phase because
only 3 unknowns remains.

» Then, (dx, dy, dz) can be estimated and finally,
» (X user,Y user,Z user) = (XY, Z) + (dx, dy, dz)

Satellite | §Q

2 Satellite |
svl sv2 _ _.svl sv2 svl sv2 ¢Li1
P r

gy
rov_ref — “rov_ref +gp,rov_ref

Receiver U /N< Receiver b
¢sv1_sv2 _ r.svl_sv2 gsvl_svz Baseline
rov_ ref rov_ ref ¢,rov_ref
(XY, Z)

(X _user,Y_user, Z user)

# 0

Reference sta.



Reference

0 , , , 11.05 Pole Earth
_fajaoo 437400 437500 437600 437700 437800 437900 438000 438100 438200 11.048 Center
11.046
2 11.044
3 11.042
-4 11.04
5 11.038 4
-6 11.036 x
7 11.034
8 11.032 : : . * : - . -
437300 437400 437500 437600 437700 437800 437900 438000 438100 438200 Reference
= —distance meridian ECEF
—dx —dy —dz
-7.955 -2.26 T -7.28 T T
437300 437400 437500 437600 437700 437800 437900 433000 438100 438200 437300 437400 437500 437600 437700 437800 437900 438000 438100 438200 437300 437400 437500 437600 437700 437800 437900 433000 438100 438200
7.96 -2.265 _7.285
-2.27 729
-7.965 2275
-7.295
7.97 -2.28
-2.285 73
-7.975 S 7305
-7.98 -2.295 -7.31

—dx —dy

Std.= 2.8 mm Std.= 4.0 mm

—dz

Std. = 3.4 mm



7. Convert to horizontal positions

-8.63
6.86 6.87 6.88 6.89

-8.64

-8.65

Enlarged view of the very small plot
shown in the bottom-right corner.
8.66
| am repeating myself, RTK tells you only dx, dy, dz.
You have to decide the precise reference positions !

9

(X _user,Y_user,Z user)



RTKNAVI demonstration

» SPP
» DGNSS
» RTK-GNSS



QZSS correction Services

» See the actual performance
» GNSSTUTOR A F



Japanese GEONET

GEONET STATIONS MAP |

HHL 13 10-30kmF2E LIN D fE R

al red

‘(http://terras.gsi.go.jp/ja/index.htm)




Application of RTK

(ground surface movement)

@)

Y
L Y

- e = Aftershock
B S (M 7.5)
et s R '
= P 2 N e e e i

R , Aftershock(M 7.7)

e Mainshiock(M 9.0) |

NG e - R A
I .‘.-.'4.:" ".?4 2m :
T PR 4T «—— Horizontal Disp.
.| o 100 km
38 144 145

139 140 14 142 143

After the main shock of the March
201 | Tohoku Earthqugke, GSI tried to
get initial results of ground surface
movements detected by GEONET,
which consists of 1,240 GNSS-based
control stations and the central
analysis unit. After a week, it revealed
that Oshika station, close to the
epicenter of the main shock, moved
5.3 m eastward and subsided 1.2 m,

the largest movement ever observed
by GEONET.

by Coordinates and EPS Letter



GPS buoy outline | App]_]_cat]_()n Of RTK

o ~ (Tsunami detection)
Base St.%: ;2: . : : : I |
buo ' = - = - S
i y% = §5 .h ............................
4 F o 1
L SN SN N SO S A §

South Iwate buoy ) S— H ______ A\
| Okm offshore 0 ‘l, i - -
Depth 200m j

/ M::E’UT
|4:46 Earthquake
|4:53 First detected Tsunami/moeio/n

15:12 Tip of Tsunami wave

by Port and Airport Research Institute
39



Smart Construction




Precision Farming
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Quality of Big data

» Road condition monitoring
» Traffic information in big disaster

Tille LIFELINES mitiaconms rMoRs

Accuracy improves the quality of Big data



Autonomous car with precise map

* Autonomous car
* Smart control



Altitude determination for boat

Height Determination of Small Boat on the Sea (1 hour)

37.04
37.02
37
36.98
36.96
36.94
36.92
36.9
36.88
36.86

36.84
536400 536900 537400 537900 538400 538900 539400 539900

GPSTIME (s)

Ellipsoidal Height (m)
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Tsunami Detection
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Wide a RTK / PPP can be used




DPS (Dynamic Positioning System)

Graphic Guide
5803 ] A8l

REREMTRNDBLT

8 £ RIS BBHELRFDPSS |

(BRI SR 7 L) ¢ Ve O
{ %, rh‘,.‘ 7 "

numucl o l ‘ﬂ{!{"‘l 0P ‘ mu] munl i I uﬁ?ﬁw[ ilx ]

*Wide Area RTK / PPP / DFMC SBAS can be used
*50 cm (2drms) is required.
*DPS is the key technology for autonomous Ship



http://www.jamstec.go.jp/chikyu/magazine/j/graphic/no12/img/pic05_up.gif

Recent Test : Running
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Difference between expensive and low-

cost receiver

Cost
Multiple GNSS

Multiple Frequency
Number of channel

RTK (short baseline) + open sky
RTK (over 20 km baseline) + open sky

RTK under mid obstructed area (short)

RTK under dense obstructed area
(short)

Accuracy of fixed position + open

Accuracy of code position + open

Survey-grade receiver

$ 100,00~

Perfect

Perfect
400-500-

Perfect

Almost perfect up to
100 kmm or more

Almost perfect

Sometimes not good

mm

Deci-meter

Low-cost receiver

$100~

BeiDou or Glonass
Other are OK

LI/BI/EI/GI only
-100
Almost perfect

Impossible

May be difficult
Difficult

-

-2 meter



PPP (Precise Point Positioning)

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

» We switch from relative positioning to point positioning.
Base station is not required.

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

X,Y ,Z)
Sl
OO

Target position

ref ’Yref ’Zref)

e station



PPP mitigates...

m Potential error size Error mitigation

Satellite clock model 2 m (rms) Centimeter level precise
satellite clock

Satellite ephemeris 2 m (rms) along the LOS  Centimeter level precise
prediction satellite position
lonospheric delay 2-10 m (zenith) Dual-frequency can
Obliquity factor 3 at 5° mitigate it completely
Tropospheric delay 2.3-2.5m (zenith) Precise model with
Obliquity factor 10 at 5° centimeter level
Multipath (open sky) Code : 0.5-1 m Carrier-phase is used

Carrier : 0.5-1 cm

Receiver Noise Code :0.25-0.5 m (rms) Carrier-phase is used
Carrier : [-2 mm (rms)
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Actual performance...

° OmniSTAR-PPP (=821
° OmniSTAR-PPP (52
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RTK and PPP

RTKA =
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Reference station

Continuous communication

Instantaneous position

| 0-100km limitation

Continuous communication
through satellite

Wiait for 5-30 minutes
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Precise Point Positioning Test using
commercial service

» 30 minutes static and |5 minutes kinematic
» Trimble SPS855+RTX (PPP) option
» Comparison with RTK results

» Omni-star was used

35.656

139.778 139.78 139.782

Horizontal plots at Harumi Area



Altitude Comparison between
RTK and RTX (PPP)

Red : RTK-GNSS
Blue : RTX using GPS/GLONASS

Static Kinematic

A

HAHUZEDMAODCALEIHRDL AL
(LEBEXYBEREIOYIMNBHE)

276500 277000 277500 278000 278500 279000 279500 280000

The accuracy was maintained within several centi-meters after |15 minutes
of power on. Small bias (about 10cm) was deduced from other reason.
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PPP Positioning Results of Height for SHIP

» 2015.7.25. (Tokyo ~ Ogasawara)
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What is RTCM ?

» The standard for differential global navigation satellite
system was defined in RTCM Special Committee 104 and
its current version is Version 3. RTCM standard for
differential global navigation satellite services are
communication protocols between reference stations and
mobile receivers which allow very high accurate positioning,
when compared with positioning system without
augmentation.



What is NTRIP ?

» The NTRIP was also defined in the RTCM Special
Committee 104. NTRIP stands for “Networked Transport
for RTCM via Internet Protocol”. It is based on Hypertext
transfer Protocol version 1.l and the intention is to

disseminate differential correction data through the
internet.

https://igs.bkg.bund.de/index/index



