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Fig. 1.1 LOS and NLOS satellites in urban canyon.
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Fig. 1.2 Infrared Omni-Directional Vision.

Fig. 1.3 Zenith view by IR-ODV. Fig. 1.4 NLOS sat. detection.
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Table 1.1 Specification of GNSS receivers.

Receiver name DELTA-G2T

Provider JAVAD

Max. tracking Channel 216

Signal type
GPS L1 L2

GLONASS G1 G2

b.

NLOS

RMS 2[cm] 2

R Rover k
k

R (1.1)

k
R

k
R

kkk
R

k
R )( tcTIr (1.1)

k
R r

k
R

I
k

T
k

tR
k

k
R

(1.2)

B Base k
k

B



9

50[cm]

R
k

R B
k

B

R
k

R

(1.3) B
k

B R
k

R

k
BR

k
BR

k
B

k
R r

k
BR r

k
B r

k
R tBR

tB tR
k

BR
k

B
k

R

R B k Ik Tk tk

(1.4) l (1.3)

(1.5) (1.4) (1.3)
kl

BR

l

kl
BR

k
BR

l
BR r

kl
BR r

k
BR r

l
BR

kl
BR

k
BR

l
BR

(1.5)
kl

BR

r
kl

BR
kl

BR (1.6)
kl

BR

kl
BR R B k l

R k
k

R (1.6)
kl

BR R k
k

R

k

k
B

k
B

kkk
B

k
B )( ttcTIr (1.2)

k
BRBR

k
BR

k
BR tcr (1.3)

l
BRBR

l
BR

l
BR tcr (1.4)

kl
BR

kl
BR

kl
BR r (1.5)

kl
BR

kl
BR

kl
BR r (1.6)



10
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GPS time is 133178 sec GPS time is 134978 sec GPS time is 136778 sec

(a) Satellite movement on IR-image at GPS time

(b) C/N ratio and multipath error

Fig. 1.5 C/N ratio and multipath error of PRN 5 satellite (LOS satellite).
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GPS time is 197978 sec GPS time is 199778 sec GPS time is 201578 sec

(a) Satellite movement on IR-image at GPS time

(b) C/N ratio and multipath error

Fig. 1.6 C/N ratio and multipath error of PRN 11 satellite (NLOS satellite).
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Fig. 2.1 Real ambiguity. (Single positioning).

Fig. 2.2 Integer ambiguity. (Differential positioning).
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Table 2.1 Wide lane signals of GPS.

Used signal Carrier frequency Wave length Signal name

MHz m

L1 only 1575.42 0.190

L2 only 1227.60 0.244

L5 only 1176.45 0.255

L1-L5 398.97 0.751 middle lane

L1-L2 347.82 0.862 wide lane

L2-L5 51.15 5.861 extra wide lane
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Step 4 : step 3
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Step 6 : step 5 L1
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GNSS

GNSS GNSS

GPS GLONASS Galoileo BeiDou QZSS

GNSS ISB: Inter System Bias

GPS

GPS (39) NAVSTAR/GPS NAVigation

System with Timing And Ranging / Global Positioning System

GPS 24 0.5

11 58 26,560[km]

inclination angle 55[deg] A F 6 4

2014 8 32

4

8

GPS

SPS Standard Positioning Service)(40)

DOD Department of Defense PPS

Precise Positioning Service)(41) PPS

GPS 1 L1 Link 1 2 L2 Link 2

5 L5 Link 5 L RF radio frequency

L 1[GHz] 2[GHz] UHF

Ultra High Frequency L1 L2 L5 2.2
(42)(43)(44) SPS L1 L2 L5

L1 L1C/A /

C/A Coarse/Acquisition code GPS

L2 L2CM civil-moderate L2CL civil-long

L2C L2 C

P L2

L5 L5

GPS

PPS P(Y) Precision code

2.2 wave length

chip rate chip length , code sequence time

GPS

ephemeris )

almanac
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50[bps]

BPSK Binary Phase Shift

Keying)

Table 2.2 GPS signal specifications.

Band name L1 L2 L5

Frequency MHz 1575.42 1227.60 1176.45

Wave length m 0.190 0.244 0.255

Signal name L1C/A L1P(Y) L2P(Y) L2CM L2CL L5

Chip rate Mbps 1.023 10.23 10.23 0.5115 0.5115 10.23

Chip length Chips 1023 15345000 15345000 10230 767250 10230

Code sequence time 1 [ms] 7 [day] 7 [day] 20 [ms] 1.5 [s] 1 [ms]

GLONASS

GLONASS Global'naya Navigatsiononnaya Sputnikovaya Sistema
(45) C/A P

SPS PPS GPS GLONASS GPS GNSS

GPS GPS CDMA

GLONASS FDMA

GPS PRN GLONASS FDMA

PRN

GLONASS

G1 ch fch[MHz] (2.60)

6,,1,0,1,6,7MHz5625.01602ch chchf (2.60)

IFB: Inter Frequency Bias

GLONASS 24

0.5 11 15 8 25,510[km]

64.8[deg] 3 8
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Galileo

Galileo GNSS

GPS

Galileo 27 2014 8

4 14 4 10

29,994[km] inclination

angle 56[deg] 3 (46)

BeiDou

BeiDou (47) BeiDou

GPS

QZSS

(QZSS Quasi-Zenith Satellite System)
(48)

GPS 2014 8 2010

9 QZSS 2010

7
(49) QZSS GPS QZSS

GPS

QZSS 1

23 56 42,164 [km] inclination

angle 43[deg] 2.3 8

apogee QZSS

70[deg] 8[h]

QZSS

QZSS GPS GPS 1

GPS Availability enhancement

QZSS GPS Block III

QZSS GPS Block III 2.3

extra wide lane (37)

QZSS GPS Performance

enhancement GPS

QZSS
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GPS

L1-SAIF L1-Submeter-class Augmentation with Integrity Function

LEX L-Band Experimental Signal LEX

(50)(51)(52)(53)

L1-SAIF 0.5 1[m]
(54)

QZSS GPS
(55)

Fig. 2.3 QZSS orbit ground tracks.

Table 2.3 GPS and QZSS signal specifications.

Satellite system QZSS GPS

L1
Civil

L1C/A L1C/A

L1C L1C

Military L1P(Y)

L2
Civil L2C L2C

Military L2P(Y)

L5 Civil L5 L5

Performance enhancement
L1-SAIF

LEX
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ISB

GNSS GNSS GNSS

ISB

ISB GNSS GNSS

ISB

ISB ISB

ISB

ISB GNSS

GNSS ISB

NLOS

NLOS

NLOS

NLOS

NLOS

NLOS

direct signal

reflected signal

shielded NLOS

diffracted signal

multipath signal

50[m]
(56)



38

1 1/4[cycle] L1

5[cm]

SIGN line-of-sight signal

multipath signal + (2.61)

coscos AASIGN (2.61)

A amplitude of line-of-sight signal

carrier phase of line-of-sight signal

amplitude attenuation of multipath signal

shifted phase of multipath signal

(2.62) (2.63)

cos)cos1(sin

coscos1sinsin

22
A

AASIGN
(2.62)

cos

sin
arctan

1 (2.63)

(2.63)

<1

=90[deg]

1/4

LOS NLOS

NLOS LOS
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. NLOS

NLOS

NLOS

GPS NLOS

NLOS

GPS NLOS

GNSS NLOS

NLOS

70[deg]

NLOS 70[deg]

NLOS

70[deg]

NLOS

NLOS

2

NLOS
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GNSS NLOS

NLOS GNSS

NLOS

NLOS

NLOS 1.2

NLOS

1.2 Primary mirror Secondary mirror

1.3

NLOS

NLOS

i) NLOS

70deg 70[deg]

LOS

ii) NLOS

LOS

NLOS

3.1

Fig. 3.1 NLOS sat. detection on support parts.

Support part of
secondary mirror

Sky area

Obstacle area

Secondary mirror

Support parts of
secondary mirror

LOS satellite

Both sides
are

sky area

NLOS satellite

One or both sides
are

obstacle area
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a.

GNSS NLOS

NLOS GNSS

GPS GLONASS 3.2

Ground control point

GNSS 3.3

NLOS

GPS GNSS

NLOS LOS 3.2

Reference path

GPS 2[cm]

5[cm]

10[cm]

b.

GPS 3.4 NLOS

GPS

NLOS LOS GPS

3.1 RMS

3.4 3.1 GPS NLOS

NLOS

NLOS

GPS GLONASS GNSS

3.5 3.1 RMS 3.5 3.1

GNSS NLOS

RMS GPS

NLOS

NLOS

NLOS

NLOS
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Fig. 3.2 Environment of evaluation test for NLOS sat. detection.

Fig. 3.3 NLOS satellites detection for GPS and GLONASS.

Ground control points
Reference path

Reference path

Ground control point

B

B

A

A

60 m

GPS satellite
GLONASS satellite

Invisible satellite

GPS satellite
GLONASS satellite

Invisible satelliteNLOS satellite

GPS satellite
GLONASS satellite
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Fig. 3.4 Positioning residual of GPS.

Fig. 3.5 Positioning residual of GPS and GLONASS.

Table 3.1 Distance residual of NLOS satellites detection.

Satellite systems
Horizontal RMS of distance residual m

Using all sat. Using only LOS sat.

GPS 1.56 3.89

GPS and GLONASS 1.17 0.72

410312 410362 410412 410462 410512 410562
0

2

4

6

8

10

GPS time s

Before satellite exclusion

After satellite exclusion

Before NLOS sat. exclusion

After NLOS sat. exclusion

410312 410362 410412 410462 410512 410562
0

2

4

6

8

10

GPS time s

Befor satellite exclusion

After satellite exclusion

Before NLOS sat. exclusion

After NLOS sat. exclusion
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NLOS

K-means (58)(59)(60) K-means

6 3.6

K-means 3.7

RGB

RGB

Lab Lab L

a b K-means ab

Fig. 3.6 Fish-eye camera image. Fig. 3.7 Clustering image by K-means.
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NLOS

3.7

NLOS

SIFT

3.7 3.8

3.8

3.9 3.9

NLOS

Fig. 3.8 SIFT points image. Fig. 3.9 Detection sky area and NLOS satellites.

LOS Sat.

NLOS Sat.

NLOS Sat.

LOS Sat.
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a.

NLOS

3.10

3.11

Fig. 3.10 Evaluation test course.

(Gray buildings © 2008 ZENRIN, Google earth)

Fig. 3.11 Fish-eye camera and IR-ODV on evaluation test car.

Camera unit
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b.

2014 6 23 17 500[m] 10[Hz]

872

(3.1) Rarea

%100
)(

all

camodvall
area

S

SSS
R (3.1)

Sall

Sodv 1 0

Scam 1 0

Rarea

c.

Rarea Rarea

3.12 3.12

Rarea 40~50% 80%

85, 86, 90, 95% 3.13~ 3.16

(a) (b)

(c) (a) (b) (a) (b)

(c)

(d)

3.13 80%

3.15 3.16 90 95% (b) (d)

3.14 86% (a) (b)

Rarea 86.9% 3.12

86.9%

86.9% 872 792 90.8%

Rarea 90.0%

90.8% 90.0%
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NLOS

10%

Fig. 3.12 Histogram of area matching ratio.
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Fig. 3.13 Result (Rarea=85%).

Fig. 3.14 Result (Rarea=86%).

(c) Sodv Scam (d) Original image

(a) Obstacle reference (b) Obstacle from camera

(c) Sodv Scam (d) Original image

(a) Obstacle reference (b) Obstacle from camera
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Fig. 3.15 Result (Rarea=90%).

Fig. 3.16 Result (Rarea=95%)

(c) Sodv Scam (d) Original image

(a) Obstacle reference (b) Obstacle from camera

(c) Sodv Scam (d) Original image

(a) Obstacle reference (b) Obstacle from camera
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4.2

Cr (4.7)

2j,i
BR,

2j,i
BR,

a

a-

5.0

0,1N

a

Cr

(4.7)

N(0,1) 0 1 a

0.5[cycle] a (2.25)

Cr

N(0,1) �a a (2.25)

4.2

4.2

4 95.7%

4.3 3

3

68% 4

3 3 4 2

4.3 69.9%

Table 4.1 Wide lane signals.

Used signal Carrier frequency Wave length Standard deviation

MHz m m

L1 only 1575.42 0.190 0.0095

L2 only 1227.60 0.244 0.0122

L5 only 1176.45 0.255 0.0127

LEX only 1278.75 0.235 0.0112

L1-L5 398.97 0.751 0.0531 middle wide lane

L1-L2 347.82 0.862 0.0608 wide lane

L1-LEX 296.67 1.011 0.0715 new signal

LEX-L5 102.3 2.933 0.2075 new signal

L2-L5 51.15 5.861 0.4144 extra wide lane

LEX-L2 51.15 5.861 0.4148 new signal
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Table 4.2 Sample of wide lane method with 4 signals.

Step Used signal (N) ( ) Wave length ratio of accurate AR

cycle m m %

1 L2-L5 0.178 0.4144 5.861 99.51

2 LEX-L5 0.150 0.2075 2.933 99.92

3 L1-LEX 0.211 0.0715 1.011 98.21

4 L1-L2 0.097 0.0608 0.862 100.00

5 L1-L5 0.095 0.0531 0.751 100.00

6 L5 only 0.214 0.0127 0.255 98.04

7 L1 only 0.083 0.0095 0.190 100.00

Total 95.73

Table 4.3 Sample of wide lane method with 3 signals.

Step Used signal (N) ( ) Wave length ratio of accurate AR

cycle m m %

1 L2-L5 0.178 0.4144 5.861 99.51

2 L1-L2 0.483 0.0608 0.862 69.91

3 L1-L5 0.095 0.0531 0.751 100.00

4 L5 only 0.214 0.0127 0.255 98.04

5 L1 only 0.083 0.0095 0.190 100.00

Total 68.20

Table 5 Wave length of wide-lane signals.

(a) GPS wide-lane signals (b) QZSS wide-lane signals

Step Signal

Wave

Length

m

Accurate

AR ratio

%

Step Signal

Wave

Length

m

Accurate

AR ratio

%

1 L2-L5 5.861 99.5 1 L2-L5 5.861 99.5

2 L1-L2 0.862 69.9 2 L6-L5 2.933 99.9

3 L1-L5 0.751 100.0 3 L1-L6 1.011 98.2

4 L5 0.255 98.0 4 L1-L2 0.862 100.0

5 L2 0.244 100.0 5 L1-L5 0.751 100.0

6 L1 0.190 100.0 6 L5 0.255 98.04

Totally accurate AR ratio 68.2 7 L2 0.244 100.0

8 L6 0.235 100.0

9 L1 0.190 100.0

Totally accurate AR ratio 95.7
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Fig. 4.1 ISB by BeiDou.

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0.2

0.25

0.3

0.35

0.4

0.45

time sec

Number 8

Number 11

Number 12

BeiDou PRN 8

BeiDou PRN 11

BeiDou PRN 12



60

ISB IFB ISB IFB

Open sky GPS

ISB IFB narrow sky

narrow sky GNSS

ISB IFB LMS

LMS

LMS

FIX 0.3

3 1 FIX ISB

IFB narrow sky GNSS



61

FIX FIX

Open sky

Narrow sky

Open sky

Narrow sky

Open sky 1[Hz] 60 Narrow

sky 1[Hz] 30

4.2 30[m]

open sky 150[m] narrow sky

4.3 4.4

4.5 4.6

Trimble NetR9

Trimble Trimble Zephyr Geodetic 2 Antenna

4.4 4.5

GNSS

RTKLIB(61)

RTKLIB

Open sky 2[mm]

Narrow sky 1[cm]

Open sky

Narrow sky

RTKLIB

RTKLIB GPS

QZSS



62

(a) Positioning place.

(b) Sky image.

Fig. 4.2 Base station.

Antenna

N
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(a) Positioning place.

(b) Sky image.

Fig. 4.3 Open sky evaluation test environment.

Antenna

N
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(a) Positioning place.

(b) Sky image.

Fig. 4.4 Narrow sky evaluation test environment.

Antenna

N
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Fig. 4.5 GNSS antenna. Fig. 4.6 GNSS receiver.

Table 4.4 Specification of GNSS antennas.

Antenna model
Zephyr Geodetic 2

Antenna

Provider Trimble

Size mm 343 343 76

Weight g 1360

Gain without cable dB 50

Table 4.5 Specification of GNSS receivers.

Receiver name NetR9

Provider Trimble

Max. tracking Channel 440

Signal type

GPS L1 C/A L2C L2P L5

QZSS
L1 C/A L1C L1-SAIF L2C L5

LEX

Galileo E1 CBOC E5A E5B E5AltBOC

BeiDou B1 B2 B3

GLONASS G1 G2
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Fig. 4.7 Satellites potision (Open sky).

Fig. 4.8 Number of LOS satellites.
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Fig. 4.9 Positioning error by proposed method and RTKLIB.

Table 4.6 Positioning error by proposed method and RTKLIB.

Method Proposed RTKLIB

Solution Measure Direction Error mm Error mm

FIX

STD

East 9.8 2.6

North 5.3 3.4

Altitude 13.8 7.9

RMS

East 15.0 2.6

North 6.2 3.6

Altitude 36.3 8.1

Horizontal DRMS 16.3 4.5

Table 4.7 FIX and AR success ratio by proposed method and RTKLIB.

Method Proposed RTKLIB

FIX ratio % 99.9 100.0

AR success ratio % 100.0

-0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
-0.025

-0.02

-0.015

-0.01
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0.02

Eastward error m
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RTKLIB



69

Narrow sky

Narrow sky

4.10 4.12 Narrow sky

NLOS

4.10

NLOS

k-means

4.11 4.12 4.11

NLOS GNSS

4.13 4.14

4.10 4.12 LOS

4.8 Open sky LOS

4.13

GNSS GNSS 4.12

4 GNSS

4.14 4

RTKLIB East-North

4.15 4.16

4.8 4.8 RMS

42[mm] Narrow sky FIX

RTKLIB 0%

FIX 92.7% LMS

98.3%

1.7% FIX 4.15

outlier FIX FIX



70

Fig. 4.10 Satellites potision (Narrow sky).

Fig. 4.11 Obstacles detection by fish-eye camera.
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Fig. 4.12 Number of LOS satellites.
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Fig. 4.13 Number of positioning satellites in conventional Multi-GNSS.

Fig. 4.14 Number of positioning satellites in the proposed multi-GNSS.
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Fig. 4.15 Positioning error by proposed method and RTKLIB.

Fig. 4.16 Positioning error by proposed method.
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Table 4.8 Positioning error by proposed method and RTKLIB.

Method Proposed RTKLIB

Solution Measure Direction Error mm Error mm

FIX

STD

East 24.2 434.5

North 30.3 424.7

Altitude 136.9 924.3

RMS

East 26.8 1626.6

North 32.1 860.6

Altitude 182.7 1001.5

Horizontal DRMS 41.9 1842.8

Table 4.9 FIX and AR success ratio by proposed method and RTKLIB.

Method Proposed RTKLIB

FIX ratio % 92.7 0.0

AR success ratio % 98.3

GNSS GNSS

QZSS

QZSS

LEX

ISB

Open sky

Narrow sky Open sky

Narrow sky NLOS

NLOS Narrow sky

Narrow sky

RMS: 4.2[cm] FIX : 92.7%
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