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Receiver used in this training 

1. u-blox GNSS receiver (M8P or M8T) 

2. Trimble NetR9 

u-blox M8P 

u-blox M8T 

Trimble NetR9 



You can purchase M8T 

Åhttp:// www.csgshop.com/product.php?id_product=205 

 

http://www.csgshop.com/product.php?id_product=205
http://www.csgshop.com/product.php?id_product=205


Some Data used in Practice  

Static raw data set (24h) 

 - u-blox M8T (ref/rover) + Trimble/NovAtel ant.  

 - Trimble NetR9 (ref)  Trimble ant. 

Static raw data set (1h) 

 - u-blox M8P (ref/rover) + Trimble/NovAtel ant. 

 - Trimble NetR9 (ref/rover) + Trimble/NovAtel ant.  

Kinematic raw data set (0.5h) 

 - u-blox M8T (ref/rover) + Trimble/NovAtel ant. 

 - Trimble NetR9 (ref/rover) + Trimble/NovAtel ant.  



RTK DEMO 

ÅBoth reference station and rover station are installed 
on the rooftop of our building. 

Å¦ǎƛƴƎ ǘƘŜ άRTKLIBέ ŀƴŘ άinternetέΣ ǿŜ Ŏŀƴ ŎƘŜŎƪ w¢YΦ  

ÅYou will learn why the cm-level navigation can be 
achieved by RTK-GNSS through this class. 

Trimble NetR9 u-blox M8P 



RTK performance 
12h, rooftop, our building 

RTK : mm level 

Same scale 



  
Carrier-Phase-Based 

Positioning with GNSS 



GNSS Signal Structure 
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GNSS Signal Specifications 
Carrier Freq (MHz) Code Modulation Data Rate GNSS 

L1/E1 1575.42 

C/A BPSK (1) 
50 bps GPS, QZSS 

250 bps QZSS (L1-SAIF), SBAS 

P(Y) BPSK (10) 50 bps GPS 

L1C-d/p MBOC (6,1,1/11) -/100 bps GPS (III-), Galileo 

L1C-d/p BOC (1,1) -/100 bps QZSS 

L1 1602+0.5625K C/A BPSK 50 bps GLONASS 

L2 1227.60 
P(Y) BPSK (10) 50 bps GPS 

L2C BPSK (1) 25 bps GPS (IIRM-), QZSS 

L2 1246+0.4375K C/A BPSK 50 bps GLONASS 

L5/E5a 1176.45 
L5-I/Q BPSK (10) -/100 bps GPS (IIF-), QZSS 

E5a-I/Q BPSK (10) -/50 bps Galileo 

E5b 1207.14 E5b-I/Q BPSK (10) -/250 bps Galileo 

E6/LEX 1278.75 
E6-I/Q BPSK (5) -/1000 bps Galileo 

LEX BPSK (5) 2000 bps QZSS 



Spreading (PRN) Code 

1 2 3 4 5 6 7 8 9 10 

1 2 3 4 5 6 7 8 9 10 /10 

GPS C/A Code Generator 

G1 Generator 

G2 Generator 

C/A 

Auto-correlation function Cross-correlation function 
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Carrier/Code Tracking in Receiver 

Correlator Sʅ 

RF-
Frontend 

Code NCO 

Carrier
NCO 

Correlator 

Local 
Oscillator 
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DLL 
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Pseudorange, 
Navi-Data 

Carrier-Phase, 
Doppler-Freq 

CD˒  

Range 

Baseband Processor 



Pseudo-range (Code-phase) 

At Satellite 

At Receiver 
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The pseudo-range (PR) is the distance from the 
receiver antenna to the satellite antenna including 
receiver and satellite clock offsets (and other 
biases, such as atmospheric delays) (RINEX 2.10)  

Definition: 

Time by Satellite Clock (s) 

Time by Receiver Clock (s) 

(m) 



Carrier-Phase 

Received Satellite Carrier: 

Local Reference Frequency: 

Carrier Beat Frequency: 

)( ss tf

)( rr tf
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... actually being a measurement on the beat 
frequency between the received carrier of 
the satellite signal and a receiver-generated 
reference frequency. (RINEX 2.10)  

Definition: 

s s

r r Nf f f= - +

(cycle) 



How about accuracy (Code) ? 

GPS L1-C/A : 1chip (293m) 

With the aid of ñloop filtering + correlator characteristicò,  

we try to estimate the code measurements 

approximately desi-meter level (- 1m). 

Real correlator samples (40MHz) 



How about accuracy (Carrier) ? 

With the aid of ñloop filtering + correlator characteristicò,  

we try to estimate the carrier-phase measurements 

approximately mm meter level. 

I phase and Q phase (GPS L1-C/A) I phase correlation value Ą Navigation data 



Code vs Carrier-Based Positioning 
Standard Positioning 

(code-based) 
Precise Positioning 

(carrier-based) 

Observables 
Pseudorange 

(Code) 
Carrier-Phase +  
Pseudorange 

Receiver Noise 30 cm 3 mm 

Multipath 30 cm - 30 m 1 - 3 cm 

Sensitivity High (<20dBHz) Low (>35dBHz) 

Discontinuity No Slip Cycle-Slip 

Ambiguity - Estimated/Resolved 

Receiver Low-Cost (~$100) Expensive (~$20,000) 

Accuracy 
(RMS) 

3 m (H), 5 m (V) (Single) 
1 m (H), 2 m (V) (DGPS) 

5 mm (H), 1 cm (V) (Static) 
1 cm (H), 2 cm (V) (RTK) 

Application Navigation, Timing, SAR,... Survey, Mapping, ... 



Pseudorange Model 
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Carrier-Phase Model (1) 
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Carrier-Phase Bias Other Correction Terms 

Carrier phase measurement is 

accumulated Doppler frequency. 



Carrier-Phase Model (2) 
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: Satellite Antenna Phase Center Offset 

: Satellite Antenna Phase Center Variation 
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: Phase Wind-up Effect 
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s
rN : Integer Ambiguity 

0,rf : Receiver Initial Phase 
s
0f : Satellite Initial Phase 
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: Receiver Antenna Phase Center Offset 

: Receiver Antenna Phase Center Variation 

Other Correction Terms: 

(cycle) 
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Phase Wind-up Effect 



What happens in carrier-phase ? 

Basically, ñcode-carrierò indicates the code multipath errors (+ionosphere effect) 

Turn table rotates 33.3333é/min. 

It means that the number of rotation was 1077.22. 

Converting to ñmeterò of L1-C/A, 1077.22*0.19é = 204.98 m 

204.98/1939 s = 0.1057m / turn  have to be compensated in carrier-phase. 

32.62 min. 

204.5 m 



After compensation, 

You see code multipathé 



Antenna Phase Center 

ÅThe GNSS measurements are referred to the so-called 
antenna phase center. The position of the antenna phase 
center is not necessarily the geometric center of the antenna. 
Indeed, it is not constant, but it depends on the direction the 
radio signal coming in.  

Source: Navipedia 



DD (Double Difference) 

Receiver u Receiver b 

Satellite i Satellite j 
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Baseline 

(short Baseline and same antenna type) 

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

diary200608.htm 

time difference between u and b 

satellite clock changesé 



Baseline Processing 
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Solution (Static/Float): 

Nonlinear-LSE: 

br : Fixed Base-Station Position 

It is similar to the single point positioning except for KF 



Effect of Baseline Length 
BL=0.3 km BL=13.3 km 

BL=32.2 km BL=60.9 km 

RMS Error: 
E: 0.2cm 
N: 0.6cm 
U: 1.0cm 
Fix Ratio: 

99.9% 

RMS Error: 
E: 2.2cm 
N: 2.4cm 
U: 10.6cm 
Fix Ratio: 

94.2% 

RMS Error: 
E: 10.0cm 
N: 12.0cm 
U: 30.2cm 
Fix Ratio: 

64.3% 

RMS Error: 
E: 14.0cm 
N: 14.8cm 
U: 26.7cm 
Fix Ratio: 

44.4% 

: Fixed Solution : Float Solution) (24 hr Kinematic 



Integer Ambiguity Resolution 

ÅObjectives 

ïMore accurate than float solutions 

ïFast converge of solutions 

ÅMany AR Strategies 

ïSimple Integer rounding 

ïMulti-frequency wide-lane and narrow-lane generation 

ïSearch in coordinate domain 

ïSearch in ambiguity domain 

ïAFM, FARA, LSAST, LAMBDA, ARCE, HB-L3, Modified 
Cholesy Decomposition, Null Space, FAST, OMEGA, ...  

 



ILS (Integer Least Square Estimation) 
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LAMBDA 

ÅILS Estimation with : 
ïShrink Integer Search Space with "Decorrelation" 

ïEfficient Tree Search Strategy 

ïSimilar to Closest Point Search with LLL Lattice Basis Reduction 
Algorithm 
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Teunissen, P.J.G. (1995) 
The least-squares ambiguity decorrelation adjustment: a method for fast GPS 
integer ambiguity estimation. Journal of Geodesy, Vol. 70, No. 1-2, pp. 65-82.  



Performance of LAMBDA 
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: without decorrelation 

(Pentium 4 3.2GHz, Intel C/C++ 8.0) 



RTK (Real-Time Kinematic) 

ÅTechnique with Baseline Processing 

ïReal-time Position of Rover Antenna 

ïTransmit Reference Station Data to Rover via Comm. Link 

ïOTF (On-the-Fly) Integer Ambiguity Resolution 

ïTypical Accuracy: 1 cm + 1ppm x BL RMS (Horizontal)  

ïApplications:  
Land Survey, Construction Machine Control, Precision 
Agriculture etc. 

 

Reference 
Station 

Rover 
Receiver 

Communication Link 



RTK Application (1) 



RTK Application (2) 

http://www.drotek.com http://www.emlid.com 



GNSS TSUNAMI BUOY 

South Iwate buoy 

Å10km offshore 

ÅDepth 200m 

14Ḳ46 Earthquake 

14Ḳ53 First detected Tsunami motion 

15Ḳ12 Tip of Tsunami wave 

Unstable data due to earthquake 
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Source: Port and Airport Research Institute  

GPS
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309m



Smart Construction 

ÅComputer aided construction 

 



Precision Farming 

ÅPrecision farming resolves the issue in decreasing 
farm family 

* Agricultural management 

* Low cost receiver 

* Amateur can control 

* Improvement of harvest 

* Improvement of quality 

* Autonomous helicopter 



Quality of Big data 

ÅRoad condition monitoring 

ÅTraffic information in big disaster 

Accuracy improves the quality of Big data 



Autonomous car with precise map 

* Autonomous car 

* Smart control 



Recent Test : RTK on the wall 
E,N series 

Horizontal 

Moves antenna close to the wall 

Monitoring for 

structure deformations 



Recent Test : Running 

Horizontal 

Height series 



Network RTK (NRTK) 

ÅExtension of RTK 

ïRTK without User Reference Station 

ïSparse Networked Reference Stations 

ïCorrection Messages via Mobile-Phone Network 

ïFormat: VRS, FKP, MAC, RTCM 2.3, RTCM 3.1 

ïServer S/W: Trimble GPSNet, GEO++ GNSMART, ... 

ïNTRIP Networked Transport of RTCM via Internet Protocol 

ÅNRTK Service in Japan 

ïGEONET: ~1200 Reference Stations by GSI 

ïNGDS, JENOBA, Terasat 



Concept of NRTK 

Source: GEO++ 



Relationship between Errors 

Several interpolation algorithms 



Japanese GEONET 

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



Actual Steps of RTK 

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

 

1. DŜƴŜǊŀǘƛƴƎ άŘƻǳōƭŜ ŘƛŦŦŜǊŜƴŎŜέ 

2. CƛƴŘƛƴƎ άƛƴǘŜƎŜǊ ŀƳōƛƎǳƛǘƛŜǎέ 

3. Baseline processing 

 



1. DD (Double Difference) 
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Baseline 

(short Baseline and same 

antenna type) 

Memo for Misra & Enge: 

http://gpspp.sakura.ne.jp/ 

diary200608.htm 

Without reference station, 

it is impossible to remove ñreceiver  

And satellite clock errorò completely ! 

Generate new observation  

which means double difference. 

Why do we say the  

baseline limitation of RTK ? 

(10-100 km or more) 

It strongly depends on  

each RTK engine ! 



2. Integer Ambiguity Resolution 

ÅOnce you can resolve integer N in carrier phase double 
difference, you get accurate position about 1 cm.  

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

ÅCode-phase is noisy (1 m-) but absolute distance 

ÅCarrier-phase is accurate but includes integer ambiguity 
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3. Test results on the rooftop 
- double difference of 10 m baseline- 

1. 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 ?  
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Unit is meter in y axis Unit is meter in y axis 



4. (Carrier DD) - (Code DD)  

The unit is meter The unit is cycle 

Probably, we guess the integer ambiguity between  

PRN16 and PRN8 is about - 40 ? 

In fact, the average of this right results was - 41.3 

Divided by wavelength 

0.19029 mé (L1) 



5. What is the correct ambiguity ? 

ÅάLƴǘŜƎŜǊ ƭŜŀǎǘ ǎǉǳŀǊŜ ƳŜǘƘƻŘέ ǘŜƭƭǎ ǳǎ άς пнέ ƛƴ ŀ ǎƛƴƎƭŜ 
epoch ! 

ÅIf you know the 3 or more ambiguities, you can estimate 
the user position with the level of carrier phase because 
only 3 unknowns remains. 

ÅThen, (dx, dy, dz) can be estimated and finally, 

Å(X_user, Y_user, Z_user) = (X, Y, Z) + (dx, dy, dz) 
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(X, Y, Z) 

Reference sta. 

(X_user, Y_user, Z_user) 



Std. = 2.8 mm  Std. = 4.0 mm  Std. = 3.4 mm  

6. Test results (dx, dy, dz) 



7. Convert to horizontal positions 

I am repeating myself, RTK tells you only dx, dy, dz. 

You have to decide the precise reference positions ! 

(X, Y, Z) 

Reference sta. 

(X_user, Y_user, Z_user) 

Enlarged view of the very small plot 

shown in the bottom-right corner. 



Difference between expensive and 
low-cost receiver 

Survey-grade receiver Low-cost receiver 

Cost 100,00  $100  

Multiple GNSS Perfect BeiDou or Glonass 
Other are OK 

Multiple Frequency Perfect L1/B1/E1/G1 only 

Number of channel 400-500- -100 

RTK (short baseline) + open sky Perfect Almost perfect 

RTK (over 20 km baseline) + open sky Almost perfect up to  
100 km or more 

Impossible 

RTK under mid obstructed area (short) Almost perfect May be difficult 

RTK under dense obstructed area 
(short) 

Sometimes not good Difficult 

Accuracy of fixed position + open mm Ҧ 

Accuracy of code position + open Deci-meter 1-2 meter 



PPP (Precise Point Positioning) 

ÅFeature 

ïwith Single Receiver (No Reference Station) 

ïEfficient Analysis for Many Receivers 

ïPrecise Ephemeris 

ïConventionally Post-Processing 

ÅApplications 

ïGPS Seismometer 

ïGPS Meteorology 

ïPOD (Precise Orbit Determination) of LEO Satellite 

ïPrecise Time Transfer 



Static PPP vs Kinematic PPP 

Static PPP 
Station: GEONET 0837 

2009/1/1-2009/12/31 
Interval: 1day 

Kinematic PPP 
Station: IGS CONZ (Chile) 

2010/2/27 6:28-6:45 GPST 
Interval: 1 s 

20cm 5cm 

Magnitude of 8.6 



PPP Applications 

Automated Farming 

Offshore 
Construction  

Autonomous  
Driving 

Weather Forecast 

Tsunami Warning  Mining Machine 
Control 



RTK vs. PPP 
RTK Real-Time PPP 

Coverage 
Local/Regional 

(< 1000km) 
Global 

Typical 
Accuracy 

1-3 cm HRMS 
2-10 cm, much depending 

on orbit/clock quality 

Effect of Ref 
Movement 

Hard to separate ref and 
user movement 

Less effect by distributed ref 
stations 

System 
Complexity 

Simple, 
at least one ref station 

Complicated, 
need many ref stations 

Latency of 
Corrections 

~ 1 s 5  ~ 25 s 

Biases Basically cancelled by DD Need careful handling 

Which is better depends on AP requirement and technology level.  
RTKLIB offers both. They are user-selectable by option settings. 



Error source mitigation (Typical) 

Source/Error SPP DGNSS RTK PPP 
Satellite clock model 

1 m (rms) 
Ҧ 0.0 m 0.0 m 0.01 ς 0.1 m 

Satellite ephemeris 
1 m (rms) 

Ҧ 0.0 m 0.0 m 0.01 - 0.1 m 

Ionospheric delay 
2-10 m (zenith) 

× 3 at 5°  

1 - 2 m (zenith) 0.1 - 0.2 m 0.01 m 0.01 m 

Tropospheric delay 
2.3-2.5m (zenith) 

× 10 at 5°  

0.1 - 0.5 m 
(zenith) 

0.1 - 0.2 m 0.01 m 0.01 m 

Multipath (open sky) 
Code : 0.5-1 m 
Carrier : -1 cm 

Ҧ Code Ҧ Code Ҧ Carrier Ҧ Carrier 

Receiver Noise 
Code : 0.1-0.5 m 
Carrier : 1-2 mm 

Ҧ Code Ҧ Code Ҧ Carrier Ҧ Carrier 

Finallyé 2-3 m - 1 m - 1 cm - 10 cm 



RTK and PPP 

Reference station 

Instantaneous position 

Continuous communication 

Continuous communication  

through satellite 

Wait for 5-30 minutes 

10-100km limitation 
No limitation 



!Ŏǘǳŀƭ ǇŜǊŦƻǊƳŀƴŎŜΧ 
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Accuracy (95%) 

SPP  1.36m 

DGNSS  0.44m 

RTK  3 mm 

PPP  :  3.4 cm  

PPP 

RTK 

SPP 

DGNSS After convergence 


