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Abstract

The Positioning Accuracy of Long Baseline Code-DGPS and

Carrier-Phase-DGPS

Shinya Okamoto
Tokyo University of Mercantile Marine

Relative positioning improves the positioning accuracy of a user station using the correction data of a
reference station of which position coordinates are known. The atmosphere in the signal propagation
path has effects on the measurements of the GPS signal. It causes the errors on the measurements and
positioning error. In relative positioning, when the baseline length between the reference and user
stations is short, the propagation paths of GPS signal are almost equal. And the errors in the
atmospheric measurements are almost common to the GPS signals in both paths. Therefore, the errors
are cancelled in the signals by the relative positioning and the highly accurate positioning is available.
However, the errors cannot be canceled, as the difference of the errors becomes larger between the
signals observed at the reference and user station with the increase of the baseline length.

There are two kinds of methods in relative positioning. One is that of using C/A-code, called
Code-DGPS. The other is by Carrier-phase measurements, called Carrier-phase-DGPS. The objective
in this paper is to investigate the atmospheric effects on the positioning accuracy due to the change of
the baseline length.

In the case of Code-DGPS positioning, the experimental data is used on the electronic reference
point, operated by Geographical Survey Institute. There are about 1,000 points in Japan. The data at
Chiba-Ichikawa reference point are used for the reference. 12 points, extended mainly to northward, are
chosen as user points. Code-DGPS method uses the pseudorange for correction. First, Code-DGPS
positioning was performed for every user point. As baseline length becomes longer, the positioning
accuracy deteriorates. Second, the atmospheric delays from the pseudorange measurements are
corrected at both the reference and user station. The correction of the ionospheric delay is estimated
from the dual frequency pusedorange and carrier phase measurements. The correction of the
tropospheric delay is estimated from the Saastamoinen Model. It is found that Code-DGPS positioning
accuracy can be improved by the correction of ionospheric and tropospheric delay.

In the case of Carrier-Phase-DGPS positioning, positioning is carried out by the data between the
fixed reference station and 5 user stations. In order to resolve the integer ambiguity in Carrier-Phase
measurements, OTF (On the Fly) algorithm is used. The characteristic of the algorithm is to resolve the
integer ambiguity quickly. From L1 and L2 Carrier phase measurements, a new signal can be created,
called wide-lane. It is very useful to resolve integer ambiguity. As baseline length becomes longer, the
positioning accuracy deteriorates same as Code DGPS. And in the case of only L1 measurements,
integer ambiguity was not correctly resolved at the user points of the 20.996km and 45.788km of
baseline length. The residual of double-difference of measurements fluctuates severely as baseline
length becomes longer. It is found that the fluctuation of the residual is generated mainly by difference
of ionospheric delay in the double-difference between the reference and user station.
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4-1

RINEX

SSSS
ddd 11 n
f m
Yy
t
2 OBSERVATION DATA G (GPS) RINEX VERSION / TYPE
Convert 11-Dec-03 20:12 PGM / RUN BY / DATE
MARKER NAME
OBSERVER / AGENCY
NovAtel GPSCard REC # / TYPE / VERS
ANT # / TYPE
0.0000 0.0000 0.0000 APPROX POSITION XYZ
0.0000 0.0000 0.0000 ANTENNA: DELTA H/E/N
1 1 7 G1 G 2 G 3 G 4 G5 G 6 G 7WAVELENGTH FACT L1/2
1 1 7 G 8 G9 G10 G11 G13 G14 G15WAVELENGTH FACT L1/2
1 1 7 G16 G17 G18 G20 G21 G623 G24WAVELENGTH FACT L1/2
1 1 7 G25 G26 G27 G28 G29 G30 G31WAVELENGTH FACT L1/2
6 C1 L1 D1 P2 L2 D2 # / TYPES OF OBSERV
1 INTERVAL
2003 12 10 02 00 0.000000 GPS TIME OF FIRST OBS
2003 12 11 02 00 0.000000 GPS TIME OF LAST OBS
LEAP SECONDS
END OF HEADER
03 12 10 02 00 0.0000000 0O 9G16G 6G30G25G14G 2G21G 1G 3
21278478.508 8 111819207.305 8 -1201.477 8 21278475.922 3 87131877.027 3
-936.516 3
22221847.766 6 116776616.875 6 2254.680 6 22221847.102 2 90994751.766 2
1756.586 2
24118538.195 4 126743738.566 4 2917.398 4 24118536.234 9 98761372.094 9
2272.996 9
20472352.453 9 107582938.813 9 -378.727 9 20472349.922 4 83830860.000 4
-295.391 4
23187401.367 6 121850541.902 6 3565.711 6 23187401.891 1 94948434.066 1
2778.184 1
23325288.273 5 122575268.563 5 -1746.258 5 23325289.430 1 95513229.230 1
-1361.039 1
24353028.086 5 127976029.793 5 -2337.883 5 24353026.789 1 99721576.430 1
-1822.063 1
23991626.016 5 126076844.516 5 -2821.445 5 23991627.883 1 98241694.660 1
-2198.828 1
24084565.359 5 126565299.191 5 -3719.758 5 24084571.125 1 98622327.137 1
-2898.840 1
03 12 10 02 00 1.0000000 O 9G16G 6G30G25G14G 2G21G 1G 3
21278249.977 8 111818006.273 8 -1201.363 8 21278247.344 3 87130941.160 3
-936.438 3
22222276.945 7 116778872.078 7 2254.949 7 22222276.227 1 90996509.070 1
1756.809 1
24119093.445 4 126746656.254 4 2917.574 4 24119091.438 9 98763645.633 9
2273.098 9
20472280.461 9 107582560.613 9 -378.395 9 20472277.789 4 83830565.301 4
-295.176 4
23188080.000 6 121854107.992 6 3565.637 6 23188080.750 2 94951212.840 2

4-1 Observation Data File
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2 NAVIGATION DATA RINEX VERSION / TYPE
CCRINEXN V1.4.3 UX ANONYMOUS 03-APR- 3 18:49 PGM / RUN BY / DATE
.2980D-07 .1490D-07 -.1788D-06 -.5960D-07 I0ON ALPHA
.1331D+06  .1638D+05 -.2621D+06  .3277D+06 I0ON BETA
-.124344978758D-13 -.465661287308D-08 319488 1212 DELTA-UTC: AO,A1,T,W
END OF HEADER
2 3 41 0 0 .0 -.900235027075D-04 -.648014975013D-11 .000000000000D+00
.730000000000D+02 .568750000000D+01 .479627138006D-08 -.152949363631D+01
.610947608948D-06 .226758009521D-01 .124573707581D-04 .515386214638D+04
.172800000000D+06 .430271029472D-06 -.507603812536D-01 .469386577606D-06
.932848821881D+00 .120093750000D+03 -.182995805038D+01 -.804783528707D-08
.107147320530D0-10 .1000000000000+01 .121200000000D+04 .000000000000D+00
.100000000000D+01 .000000000000D+00 -.186264514923D-08 .730000000000D+02
.165618000000D+06 .000000000000D+00 .000000000000D+00 .000000000000D+00
3 3 4 100 .0 .117732211947D-03 .318323145621D-11 .000000000000D+00
.480000000000D+02 .732812500000D+02 .552237278129D-08 .146812311400D+01
.370852649212D-05 .433082890231D-02 .495463609695D-05 .515373583984D+04
.172800000000D+06 -.745058059692D-08 .102309634352D+01 .428408384323D-07
-930659989221D+00 .265500000000D+03 .534350879208D+00 -.874572148035D-08
.493949159353D-09 .100000000000D+01 .1212000000000+04 .000000000000D+00
.000000000000D+00 .000000000000D+00 -.419095158577D-08 .480000000000D+02
.165618000000D+06 .000000000000D+00 .000000000000D+00 .000000000000D+00
4-2 Navigation Data File
O 4-1
END OF HEADER
TYPES OF OBSERV
Cl L1(C/A ) (m)
L1 L1 cycle D1 L1 Hz P2 L2 P
(m) L2 L2 cycle D2 L2 Hz 4-1
1 12 2
6
4-1 G GPS
G GLONASS R S
3 LLI =Loss of Lock
Indicator 0 1 1
5
N O
) END OF HEADER N
4-2 2 7200
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4-2 N

IODE
sin  (m)
(radians/sec)
(radians)

cos (radians)

sin  (radians)
(sart(m))

(sec of GPSTIME)
cos (radians)

(radians)

sin _(radians)
(radians)

cos (m)
(radians)

(radians/sec)

(radians/sec)

L2
GPS
L2 P
(m)
(sec)
3
Precision 2
4-3 4-3 4
4
4-3(b)
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4-3

4.3.2 2drms
GPS
2drms
2 X’y
Gy er
2 2
X X
e N B
o, o, 0, O,
2
_ O-Xy
I‘Xy—
0,0,
(4-1) C
P C
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C
P=1-exp —— (4-3)
2
P 95% C 6
o,-C,~0 ry=0 4-1
xX*+y*=Co° (4-4)
P 50% C (1.1774)? 117740 50%
50% CEP Circular
Error Probable drms X y
drms =./o” +0§ =20 (4-5)
CEP=1.1774c=0.833drms (4-5) 2 (4-4) Co? C/2 drms?
C=6 1.73drms  95% Co? 2drms 2 C=8
P=98.16% X y 2drms 95.45%
2drms 95.45% 98.16%
Xy
=o, =o, (4-5)
drms 2 2drms
2drms  95%
4.4 DGPS
44.1 DGPS
DGPS
1000
2
RINEX 30
4-4
4-3 4-4 DGPS
10 2003 1 1 2 1 3 6 4 1 5 1
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4-3

ECEF ENU
number [ name X(m) Y(m) Z(m) lat(degree) lon(degree) hight(m)
-3967874.238 | 3340981.697 | 3699025.218 | 35.6754640 | 139.9023540 43.52
-3957464.031 | 3342799.764 | 3708461.058 | 35.7802150 | 139.8128120 44.62
-3967565.865 | 3305364.534 | 3731046.242 | 36.0313404 | 140.2024441 70.99
-3967501.742 | 3273309.457 | 3759080.679 | 36.3443706 | 140.4763331 7161
-3916664.462 | 3281901.405 | 3804607.118 | 36.8542356 | 140.0392562 242.37
-3953394.668 | 3212548.486 | 3825554.241 | 37.0907146 | 140.9025157 208.46
-3935966.91 | 3186531.257 [ 3864562.879 | 37.5336934 | 141.0066112 53.63
-3891533.193 | 3156457.033 | 3933199.591 | 38.3174878 | 140.9541854 73.55
-3886464.022 | 3058560.513 | 4014213.965 | 39.2535197 | 141.7980435 99.96
-3836953.088 | 3020566.82 | 4089384.757 | 40.1334499 | 141.7890969 91.91
-3767550.308 | 3011046.579 | 4159800.216 | 40.9682449 | 141.3679628 59.72
-3654389.853 | 2951359.488 | 4300732.703 | 42.6678782 | 141.0749528 423.75
-3628791.729 | 2893595.381 | 4360326.298 | 43.4046823 | 141.4311721 76.16
4-4

number name | baseline (km)

14.167

47.896

90.478

131.379

180.871

228.639

307.758

430.968

521.715

601.083

782.387

867.439

4.4.2 DGPS
5 1 DGPS 4-5 4-16
(@) (b) 2
(a) (m) (m) (a)
(b) GPSTIME(s) (m) 0
11 59 30 24
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E
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S
0
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=
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North error (m)
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= 0.375m
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9
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E —5,—‘21 q | 1 f
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-6 -3 0 3 6 GPSTIME (s)
East error (m)
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2drms = 2.715m = 2.363m
= 3.337m = 1.024m
= 0.506m
4-16 867.439km (a) (b)
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2drms 4-17 4-5
4-18  4-6
3-0 2d
rmsx>|<
2.5 X
A
X A N
2.0 > \
% A height
£ 1.5 4
. X A
x X °
1.0 )R)K XK X a 4 ® hd AN
) A ® latitude
aad o * ]
5 "
0.5 gegns S - (] = = \
longitude
0-0 | | | |
0 200 400 600 800 1000
(km)
4-17 5 1 2drms
4-5 5 1 2drms
(m)
number |baseline (km) latitude longitude height 2drms(m)
14.167 0.370 0.316 0.702 0.974
47.896 0.377 0.377 0.705 1.065
90.478 0.375 0.314 0.729 0.979
131.379 0.513 0.367 0.988 1.261
180.871 0.441 0.316 0.870 1.084
228.639 0.543 0.366 1.055 1.311
307.758 0.594 0.368 1.133 1.398
430.968 0.740 0.425 1.446 1.707
521.715 0.855 0.462 1.607 1.943
601.083 0.939 0471 1.786 2.101
782.387 1.151 0.544 2.195 2.546
867.439 1.230 0.575 2.363 2.715
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0.702m

4.0
35 Iatitude\x.
3.0 ®
2.5
° height
- 2.0 ° /
1.5 L J
0.5 o @ A 'y 2 =
’ ¢ A ‘ ﬁ [ ] " " \
00 @R 1w ' ' : -
longitude
-0.5
0 200 400 600 800 1000
(km)
4-18 5 1
4-6 5 1
ERROR(m)
number |baseline (km) latitude longitude height
14.167 0.080 0.074 -0.027
47.896 0.156 0.035 0.057
90.478 0.399 0.162 0.110
131.379 0.540 0.050 0.273
180.871 0.600 0.241 0.391
228.639 0.866 0.236 0.428
307.758 1.154 0.253 0.546
430.968 1.451 0.502 0.638
521.715 1.839 0.562 0.731
601.083 2.232 0.410 0.839
782.387 2.999 0.375 1.319
867.439 3.337 0.506 1.024
4-5
0.37m 0.316m
1m DGPS
867.439km
1.23m 0.575m 2.363m 3
34 2
3.3 1.8
2
2drms 0.974m
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2.715m 2.8
4-6 4-6
0.08m 0.074m -0.027
10cm 3.337m
0.506m 1.024m

870km
Im 0.5m 131km 0.54m
300km 1.154m
2
4-19 4-7 6 4-20
4-8 6
3.5
2drms —
3.0 X
2.5 » R
X A_
_ 20 A . 4 ~height
1.5 » » X X X A ® o
1o kax, st * . 9—\I-a{—|~tude—
4 4 e ® ° * ] =
0.5 —* 7 ) - ] |
aefge =t - FRIongitude
0.0 ' ' ' '
0 200 400 600 800 1000
(km)
4-19 6
4-7 6
(m)
number |baseline (km) latitude longitude hight 2drms(m)
14.167 0.394 0.328 0.784 1.025
47.896 0.548 0.375 1.011 1.329
90.478 0.419 0.332 0.811 1.070
131.379 0.534 0.374 0.967 1.304
180.871 0.570 0.398 1.085 1.390
228.639 0.629 0411 1.167 1.502
307.758 0.683 0414 1.174 1.597
430.968 0.839 0.499 1477 1.952
521.715 0.955 0.537 1.684 2.191
601.083 1.043 0.533 1.748 2.343
782.387 1.453 0.621 2.146 3.160
867.439 1.325 0.614 2.293 2.920

43



4-7 6 5 1
DGPS
4-8 5
3.0
latitude ¢
2.5 =3
2.0
. -
L5 ,height
= ° [ ] A
1.0
. ° A A
0.5 A A ‘ n - u
’ L g =
) i. ,\
0.0 |, 1 1 1 1 y
longitude
-0.5
0 200 400 600 800 1000
(km)
4-20 6
4-8 6
ERROR(m)
number |baseline (km) latitude longitude hight
14.167 0.048 0.044 -0.054
47.896 0.065 0.153 0.161
90.478 0.282 0.210 0.102
131.379 0.375 0.093 0.370
180.871 0.321 0.297 0.339
228.639 0.671 0.329 0.552
307.758 0.875 0.347 0.591
430.968 1.184 0.600 0.671
521.715 1.276 0.706 0.796
601.083 1.809 0.541 0.776
782.387 2.406 0.512 1.128
867.439 2.790 0.644 0.897
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DGPS

4-9 6
2
4-9
3
3 4-9 3-D
4-9
latitude longitude height
3-D 0.98 0.98 0.99
0.98 0.73 0.32
3-D 0.99 0.87 0.93
0.99 0.95 0.42
4-9 3 0.8
DGPS
0.32 042
0.98 0.99
0.73 0.95
443 DGPS
DGPS DGPS
3
DGPS
2
(3-5)
po =t +c(5t,, —5t )+ (1, Al )+(T, - AT, )+,
if 1, =Al, T, =AT,
then
Py =T, +c(5tu'n —§ts)+ &,
I (m T
(4-6) DGPS
DGPS
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441

DGPS
441 441
(4-6)
L1 L2
(2-37)
(2-38) Saastamoinen Model
4-10
4-10
hPa
1 5.8 1015.8 50
2 6.1 1015.2 51
3 8.9 1015.7 57
4 144 1014.6 62
5 18.7 1012.0 66
6 21.8 1009.4 73
17.15-T —4684
e =6.108x 1 xexp 4-7
100 T -38.45
p hPa TK
444 DGPS
5 1 DGPS 4-19 4-30 4-5 4-16
2drms 4-11
4-12 0 11 59 30 24
4-19 4-30 (a) 4-5 4-16 (a)
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4-19  4-30 (a) DGPS
(4-6)
(b)
4-11 5 1 2drms
(m)
number |baseline (km) latitude longitude height 2drms
14.167 0.378 0.321 0.708 0.992
47.896 0.403 0.361 0.768 1.082
90.478 0.371 0.330 0.711 0.993
131.379 0.529 0.351 1.028 1.270
180.871 0.395 0.313 0.784 1.007
228.639 0.443 0.402 0.872 1.196
307.758 0.463 0.347 0.880 1.157
430.968 0.646 0.428 1.208 1.550
521.715 0.632 0418 1.182 1.516
601.083 0.712 0421 1.264 1.655
782.387 0.922 0.582 1.603 2.182
867.439 0.980 0.545 1.752 2.242
4-12 5 1
ERROR(m)
number |baseline (km) latitude longitude height
14.167 0.062 0.206 0.008
47.896 -0.016 -0.066 -0.14
90.478 0.121 -0.045 -0.09
131.379 0.165 0.007 0.35
180.871 -0.058 -0.186 -0.10
228.639 0.120 -0.190 -0.24
307.758 -0.049 -0.245 -0.27
430.968 -0.134 -0.344 -0.69
521.715 -0.146 -0.257 -0.45
601.083 -0.132 -0.341 -041
782.387 0.016 -0.275 0.19
867.439 0.089 -0.279 -0.16
0.98m im
1.8m
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4-12 4-11
441
3.337m 0.089 3m
1.024m -0.16m Im
4-13 6 4-14 6
441 4-31 4-32
4-13 6 2drms
(m)
number |baseline (km) latitude longitude height 2drms
14.167 0415 0.345 0.895 1.079
47.896 0.470 0.376 0.965 1.204
90.478 0418 0.341 0.879 1.079
131.379 0.520 0.374 1.040 1.281
180.871 0.568 0.442 1.153 1.439
228.639 0.483 0.388 0.902 1.239
307.758 0.478 0.354 0.953 1.191
430.968 0.711 0.474 1.238 1.708
521.715 0.659 0.447 1.252 1.592
601.083 0.719 0.468 1.322 1.716
782.387 1.034 0.619 1.673 2410
867.439 0.986 0.611 1.788 2.320
4-14 6
ERROR(m)

number |baseline (km) latitude longitude height

14.167 0.047 0.154 -0.025

47.896 -0.069 0.000 -0.13

90.478 0.032 0.014 -0.22

131.379 0.069 0.016 0.29

180.871 -0.176 -0.133 -0.32

228.639 0.047 -0.172 -0.18

307.758 -0.116 -0.232 -0.26

430.968 -0.045 -0.237 -0.44

521.715 -0.221 -0.270 -041

601.083 -0.171 -0.323 -0.40

782.387 -0.142 -0.269 0.18

867.439 0.003 -0.269 -0.05
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4-29 km (m) (a)
(c) (4-6)
200km
DGPS
(4-6)
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4-30 (km) (m)
(@) (b) (c)
0.5m( )
(4-6)
DGPS 4-15
4-15 DGPS
latitude longitude height
3-D 0.94 0.92 0.93
0.95 0.56 0.45
3-D -0.41 -0.84 -0.04
-0.4 -0.9 0.58
3 3-D 0.9
0.95 0.56
0.45 DGPS DGPS
4-29 DGPS
3 3-D -0.41 -0.84
-0.04 DGPS 4-9
DGPS 0.87
DGPS
45
DGPS
441 DGPS
4.4.3
10<=
4
DGPS DOP
DGPS
100km
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100km
DGPS

1200 10km
DGPS
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5.1
GPS
3
5.2
521
GPS
1 1
L1

C/A

L1

2mm

DGPS
Carrier Phase
mm cm
5-1

5-1
GPS
L2 2 L1 1,575.42MHz L2
L1 0.19m L2 0.24m
1 100
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GPS 0.01

i L1 ", cycle
g = 22170+ £ (51, 5t )+ NG+ 5l -1
ALl Ll (m) r - (m) ||_1 Ll
(m) T, L1 (m) f, L1 (MHz) ot, s
ot (s) N, L1 cycle =,
cycle i
m cm
Integer Ambiguity
1 0.01
Integer Ambiguity
Resolution
DGPS
522
(5-1) DGPS
5221 Single Difference
[ J
5-1

= =)= (1O =1 O) O 70N+ £[(5t, - 51, ) (51D = 5tD)] (5-2)



u r
(5-2)
(5-2)
(5-2)
¢L(|I—)r = 2’_1 ’ r-u(i—)r + f '5tu—r + NL(II—T + gLEi—r (5_3)

GPS 2 (p(n)

b
. R —E (I8 %
1

n
m [()) (m)
@,
5-4 (5-4)
5-2
A =4 -4
= 2 = ™) (10 = ) (10 )] 4 £ (51, - 51, )~ (51 - 5t (5-4)
RN

= 2 e T g st N o

5222 Double Difference
5-3 2
2 GPS @™,
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5-3

g =

(5-5) n m
(5-5)
(5-5)
4
5223
GPS L1 L2
P?

oV =g,-4% +g, )

01 92 91 0z
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(5-6)



01 02

[ ) Wide Lane
®, (5-6) 9 =1g¢g,=-1

#" =dl )

A

w

£ =fi —86.3cm
(5-9) L1
N,

Nw = NLl - NLZ

01 02
L1 0.28

5.2.3 FLOAT

1

Wide Lane

f,  (5-7)

f, = f_ — f,, =1575.42MHz —1227.6MHz = 347.82MHz

L2

FLOAT
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(5-7)

(5-8)

(5-9)

(5-10)



t i i X(i)(t) y(i) (t) z(® (t) x0 (t) y(i) (t) z0 (t)

1 Xr yr ZI’ XU yLI ZU
RO®) = (X)) - x, f +(yOt) -y, ] + (@) -2, f (5-11)
k i1 m r u R -
(5_11) (p(i_l)u—r

. : 5-12
RI(0)= RO()-RY() o
RI(t)=RI(t)-RM(t)

A (m) (5-12) svn svn-1
svn-1 Xo Yu Z4 3 svn+2
2
2> svn-1 2
(5-12)
2-gm DO+ RV = RI(t)+ 4N (5-13)
0
(5-13) Y(t)
Y () =R )+ AN (5-14)
(5-14)
2
1
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Xy o1 = Xy T AX

u,n+1
yu,n+l = yu,n + Ay
(5-14)
Zu,n+1 = Zu,n +Az
N =N +AN
n n=0 n
(5-14) Yu(t) YO (1)
Y0 =R )+ 2N,
i 2 i 2 i 2
:{\/(X( )(t)_xn,u) +(y( )(t)_ynu) +(Z( )(t)_zn,u) (5-15)
PO -x, ] +(y90)-y,, ) +(4)-z,) t+2-NY
n,u y yn,u n,u nu-r
Y00 (t) YU (t) YD (1)
AY () =Y ()Y, () (5-16)
XI‘I‘U yn,u Z|’1,LI N(i_l)u—r Y(i_l)l‘l(t)
Y,(i_l)n(t) Xn,u yn‘u Zn,u N(i_l)u—l’
(i) (t)= 6Ynf(-_1)(t) _ X(i)(t)_ Xou x<1)(t)— Xn
: o RO.0 R0
i Y0 (YO-v YUO-Y..
/Bn (t) - =7 (i) N @)
ay Rn u-r (t) Rn,u—r (t)
_ (5-17)
(i—1)(t)_ aYn,(l_l)(t) — Z(I)(t)_ Loy . Z(l)(t)_ Loy
" oz RU.(®)  RU.L()
aan (i-1) (t )
TN
Xn,u yn,u an.l
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AY D (t) = (1) Ax+ i) Ay + I (t)- Az + 4 - AN Y (5-18)

A -r

FLOAT t o te 12 )
s+1 2s (5-18)
ar(,z_l)(o) ﬂ(Z—l)(O) }/,(12_1)(0) 10 0
ayP0) pEY0) 7EP0) 0 4 0
6| a0 A0 20 0 0 0 -
e AT ) 4 o 0
a ) BEND) A0 0 2 0
o) A7) ) 0 0 0 e 2

AY.2(0
Avn@-l)go; >
n : Ay
: Az
(s-1)
sy —| A0 AX =| AN
AYn(Z_l)(t) (3-1)
AN
AYS(t) -
: AN (s-1)
AYE0)
2s 5-18
N =G X (5-19)
é)( _ (GT .G)_l -GT -éY (5—20)
(5-19) (5-20)
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5-4 FLOAT

O O O oo

ioning
)
OU‘I-bOONHOHNOO-bU‘I

Error (m)

Posi

5-4 FLOAT ( )
5-4 30m
5-5
FLOAT
1
S o
MEQHHzZL-TH <) o
[IE/EFLEL f'_a’ ;
1 4
g .:m'
oW P e Wik kO
; W T omomiitmicx oM
5-5
524 FIX
FLOAT FIX
FLOAT
DGPS
t 4
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5-5 (5-13)
N (5-14)
Y (9 (t) = RV (t) (5-21)
(5-21)
AY 1) = a7 (t)- Ax+ pI()- Ay + 7 () Az (5-22)
FIX t s+1
(5-22) s
a2 ) AU A AY(t) ™
ol A |, ] L (3
. . AZ
A0 A0 ) e
FIX (5-20)
57  FIX FLOAT
0.5
~ 0.4
\: 0.3
S 0.2
4 0.1
o [t s s PP g P
£-0.1 [
‘s -0.2 1
'g -0.3
£ 0.4
-0.5
Q B \9@0 S /\\&@
5-7 FIX ( )
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5.3

FLOAT
OTF On The Fly
OTF
OTF DOP 4
1 OTF
5
START
\ 4
A\ 4
n
else
n=0
n=1
A\ 4
END
5-8 OTF
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OTF 5-8
N(i-l)u_r
i-1
N2 = (¢(il) _ P.E'_r)j
u-r u-r /1
RoundOff
e, RoundOff
p(i‘l)u r (p(i—l) -r
NO-D, - NOD
Ny (i-1 i-1) _ ay(i-1
NP ko <N <N 1 ko
o NGB k 2 3
(o} p(i_l)u r (p(i_l)u r c)_p o_cp
i 2 2
o=.l0 ,TOo,
(5-24)
50cm k=3 99 N, #+150cm
86cm +2 172cm
5 OTF
5% 125 19cm L1
152cm 17° 4913
1
5-5
2
XZ
v

V(j_l) = (¢£51) - ngi;l) )R doff (¢££1) - ngi;l))
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95

L1

99

(5-23)

i-1
NG )u_r

(5-24)

(5-25)

FIX

(5-27)



VIV > 281, (5-28)

C df (o
Xa df x? 5-1 X?
C
5-1 Xx?
2 1 o | osw | 99w
C=20, - (5-29) 1 3.8415 | 6.6349
1 5 2 5.9915 | 9.2103
3 7.8147 | 11.345
4 9.4877 | 13.277
5 11.071 | 15.086
DGPS
DGPS
DOPx<o
X, = X,[>k-DOP-o (5-30)
(5-30) X, DGPS X
| 3 DOP
GDOP DOP  HDOP
1
1
OTF
(5-27) 1
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6.1
DGPS
5 OTF
6.2
6.2.1
6-1
5
6-2
6-2 6-2
2003 12 10
11 12 11 11 24
1
2
L1 L2 2
50
15=

RINEX

DGPS
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cm

OTF

FIX

6-1

6-1




6-
name GPS Receiver
JAVAD LegAnt2 NovAtel OEM4
JAVAD LegAnt NovAtel OEM3
NovAtel gps600 NovAtel OEM3
NovAtel gps600 NovAtel OEM4
NovAtel gps600 NovAtel OEM4
NovAtel gps600 NovAtel OEM4
- W B
|||H|{"°~ . H.'_:n
)
w
sl /}me s
FiC L b T Y
-0 «_‘._f;\‘l_ gf1,u%
" ]
]
o 5 R
LB <]
weRs

6-2

6-2
baseline (km) x(m) y(m) z(m) latitude (degree) |longitude (degree)] hight(m)
-]-3961915.611] 3348989.197 | 3698205.341 | 35.66626007 139.79231569 | 60.241
0.029]|-3961906.840] 3348973.009 | 3698227.962 | 35.66651583 | 139.79238970 | 59.498
5.959]-3961240.991] 3353725.883 | 3694652.346 ] 35.62687447 139.74757476 | 57.087
8.260]-3955598.427] 3353638.461 | 3700795.644 | 35.69477756 139.70802985 | 94.750
20.996]-3947716.153] 3364403.122 | 3699479.354 | 35.68006254 139.56102360 | 111.569
45.788]-3977834.945] 3370978.818 | 3661332.397 | 35.25774795 139.72070485 | 136.071
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6.2.
6.2.

North Error (m)

North Error (m)

JAVAD

2
2.1
6-3 6-7
A B
(m) B
0.2 T T
| |
| |
1
0.1 1
| |
| |
1
0 1
| |
1 1
| |
-0.1 | |
| |
| |
1 1
| |
-0.2
-0.2 -0.1 0 0.1 0.2
East Error (m)
A
2drms = 5.4cm
= 19cm
= 0.1cm
6-3 29m
0.2
|
|
1
0.1
|
|
1
0 1
|
1
|
-0.1 !
|
1
0.2 ‘
-0.2 -0.1 0 0.1 0.2
East Error (m)
A
2drms = 5.0cm
= 4.3cm
= -5.6cm
6-4 5.959km

Pinnacle
24 DGPS

GPSTIME(s) (m)

Height Error (m)

Height Error (m)
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0.4
0.3
0.2
0.1

0 K
-0.1

-0.2

-0.3

-0.4
266400 286400 306400 326400 346400

GPSTIME (S)

= 3.9cm
= -3.4cm

0.4

0.3
0.2

0.1
0
-0.1

-0.2

-0.3

-0.4
266400 286400 306400 326400 346400

GPSTIME (S)

= 3.8cm
= -4.7cm



North Error (m)

North Error (m)

0.2

0.4
0.3
0.2

0.1

o iR

-0.1

North Error (m)
Height Error (m)

-0.2
-0.1 -0.3

-0.4
266400 286400 306400 326400 346400

-0.2 GPSTIME (S)
-0.2 -0.1 0 0.1 0.2

East Error (m)

2drms = 5.5cm = 4.0cm
= 3.1cm = 0.2cm
= -3.0cm

6-5 8.26km

0.4

0.3

0.2

0.1

-0.1

-0.2

Height Error (m)

-0.3

-0.4
266400 286400 306400 326400 346400

GPSTIME (S)

-0.2 -0.1 0 0.1 0.2
East Error (m)

2drms = 8.3cm = 5.9cm
= 2.3cm = 3.1cm
= -1.9cm

6-6 20.996km

0.4
0.3
0.2
0.1

-0.1

Height Error (m)
o

-0.2

03—

-0.4
266400 286400 306400 326400 346400

GPSTIME (S)

East Error (m)

2drms = 11.9cm 8.5cm
= 5,5cm = 0.4cm
= -0.8cm

6-7 45.788km
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29m 6-3A B
2drms  5.4cm 3.9cm
1.9cm 0.1cm -3.4cm FIX FIX
29m 86,400 86,108 FIX 99.6%
6-4A 5.959km
2drms  5cm 3.8cm 29m
4.3cm -5.6cm -4.7cm 4
DGPS
86,154 85,832 FIX 99.6
6-5A 8.26km 2drms  5.5cm 6-5B
4cm 3.1cm -3cm 0.2cm
85,110 84,366 FIX 99.1
6-6A 20.996km
6-6B 2drms  8.3cm
5.9cm 2.3cm -1.9cm 3.1cm
84,848 84,274 FIX 99.3
6-7A 45.788km
29 2drms
11.9cm 8.5cm 55cm -0.8cm 0.4cm
86,400 77,421 FIX 89.6
2drms 6-3
6-4
6-3 2drms
cm
- - - (cm) - 2drms(cm)
baseline (km) latitude longitude height
1 0.029 2.2 1.7 3.9 54
2 5.959 2.0 1.5 3.8 5.0
3 8.260 2.2 1.6 4.0 55
4 20.996 3.2 2.6 5.9 8.3
5 45,788 4.9 3.3 8.5 11.9
6-4
average(cm)
baseline (km) latitude longitude height
1 0.029 1.9 0.1 -3.4
2 5.959 4.3 -5.6 -4.7
3 8.260 3.1 -3.0 0.2
4 20.996 2.3 -1.9 3.1
5 45.788 5.5 -0.8 0.4
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6.222 L1

L1
L1 L2 P P
¢L1:}“ﬁ'r+ NLl
-1 (6_1)
¢|_2 :ﬂ'LZ'r+ NL2
(6-1)
(6-1)
A A
N,-Z2N,=¢,-2‘2¢ (6-2)
L1 A L2 L1 A, L2
Ny
Ny =N, =N, (6-3)
(6-2)
-1
A A A
N . =|22_1 2N — 4Lz 6-4
L1 [/1'_1 ] (/,LLI w ¢L1 /ILl ¢L2j ( )
L1 (6-4)
(6-4) OTF
6-8 6-12 L1 A
B C (cm)
GPSTIME(s)
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=] ~
= =
e g
fm &
2.3 Wi
1 o=0.4cm =2.2cm
-5
266400 288000 309600 331200 352800
GPSTIME (S)
=
N
S
e
=
w
b=
=]
£ -6 — —
3 a=0.7cm =2.7cm
-10
266400 288000 309600 331200 352800
GPSTINE (S)
6-8 29m L1
10
9
~ 38 ~
& g
S 6 -
g5y £
w 4 4 ]
< -
£ 3f 8
2 i
1
0 . .
266400 288000 309600 331200 352800
GPSTIME (S)
10
8
s 6
~ 4
5 2
=
w
b=
[=2]
3
266400 288000 309600 331200 352800
GPSTIME (S)
6-9 5.959km L1
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A o=0.3cm =0.1cm

-5

266400 288000 309600 331200 352800

GPSTIME (S)
B

2drms=0.9cm

0 T T T

2| o=0.5cm =-5.3cm

-10
266400 288000 309600 331200
GPSTIME (S)
B
2drms=1.8cm

352800



North Error (cm)

266400

288000 309600

GPSTINE (S)

331200

352800

g
5
£
w
2
(=]
E
-6 o=1.9cm =5.0cm
-8
266400 288000 309600 331200 352800
GPSTIME (S)
6-10 8.26km
10 T
8 ! f i
6
4
2

North Error (cm)

266400 288000 309600 331200 352800
GPSTIME (S)
A
20 I
wsly i, K. Mo
AR TR Y ;V\t'n b s
T: 8T }A“ ‘tﬂ ,’ ik ; E»
e L U | . LT
5 _O l T (34 f T , T _;l’
2 AT f ! T Ty
gl i ! ¥
Py ! o=8.9cm :5.7cm§5
20 . i
266400 288000 309600 331200 352800
GPSTIME (S)
C
6-11 20.996km

East Error (cm)

L1

East Error (cm)

L1
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266400 288000 309600 331200 352800
GPSTIME (S)
B
2drms=2.6cm
s r, F
6 I | u._ﬁ I f— 4] Ml
4 .J‘ ! é‘ xi
I iﬁ‘ﬁ ! !
o H oy fﬁr T fQ; —
2 ¥ — ¥ f’
-4
-6
8t o=3.6cm =2.7cm
-10
266400 288000 309600 331200 352800
GPSTIME (S)
B

2drms=12.1cm



%

a

1

|

v

{
i
!

North Error (cm)
o

il
g 1
i

East Error (cm)
o
>

L G:7.50m-

=4.9cm

e
v

t

266400

288000 309600

GPSTINE (S)

331200

o=8.0cm

-:04cm

352800 266400 288000

309600 331200

GPSTIME (S)

_
.
D —
FS
e T

Height Error (cm)
o

lo=21.9cm .

=3.3ch ' Ll

o

266400

6-8

85,999
6-9
1.5cm
86,154
6-10
1.9cm
85,110

288000 309600

GPSTIME (S)

331200

6-12

29m
2.2cm

352800

45.788km L1

0.9cm
FIX

2drms
0.1cm 2.7cm

99.5%

5.959km

2drms  1.8cm

45cm -5.3cm -0.4cm

2drms=21.9cm

FIX

82,524
8.26km

80,456

2drms

6-5

2.4cm

6-5

95.8%

2drms

-1.3cm -5cm
94.5%

2.6cm

6-6

2drms

FIX

352800

0.7cm
86,400

(cm)

baseline (km)

latitude

longitude

height

2drms(cm)

0.029

0.4

0.3

0.7

0.9

N

5.959

0.8

0.5

1.5

1.8

8.260

1.1

0.7

1.9

2.6
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6-6

average(cm)
baseline (km) latitude longitude height
1 0.029 2.2 0.1 2.7
2 5.959 4.5 -5.3 -0.4
3 8.260 2.4 -1.3 5.0
10km 6-8 6-9 6-10 2
6-11 20.996km 6-12 45.788km
6-12C
271250 270880 370 25cm
6-11 6-12
6-11 6-12 84,848 46,333
FIX 54.6% 86,400 21,962
FIX  25.4% OTF
6-11 6-12

79



6.3

6.2
L1 20.996km 45.788km
6-2
(5-5)
R =70 Ry -R)- 27 (R -R})
R (m)
(m) (6-5)  (5-5) AT B
(6-5)
i-1 -1 i-1 i-1 i-1 i-1
ADY = 7t (1P AT NG 4l
AD
N AD
E
6-6 10 L1 L2
6-6 IY,, lono lono cycle
i) _ 21 Y4 0) (.)) ((1) (1))}
lond™? =2 {10 —10) (10—
Im L1 L2
6.2 1 GPSTIME266,400
3,600
30° 45° 2 17 32° 1
3 40°  17° 6 5 25
6-17 16 AD  lono
L1 6-18  6-22 AD lono
0
GPSTIME L1
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(6-5)

(5-5)

(6-6)

(6-6)

AD

(6-7)

269,999

50<= 16

15= 40<
6-13
16



0.10
0.08
0.06
0.04
0.02

-00 g W R '~'wmw;' gt

-0.02 P v

b A WALV
—882 AD o©=0.01cycle lono o©=0.01cycle
-0.10

AR SRS

ERROR (cycle)
o

266400 267600 268800 270000
GPSTIME (s)
6-13 29m AD lono

.10
.08
.06
.04
.02
.00
.02
.04
82 AD o©=0.03cycle lono o©=0.02cycle
.10
266400 267600 268800 270000

GPSTIME (s)
6-14 5.959km AD lono

ERROR (cycle)

e e TN s S "

AD o©=0.01cycle lono o©=0.01cycle

ERROR (cycle)

266400 267600 268800 270000
GPSTINE (s)

6-15 8.26km AD lono

SO
-oigg "'P‘?pf:f' — ‘

-0.04 '
-883 AD o©=0.03cycle lono ©=0.02cycle
-0.10

266400 267600 268800 270000

GPSTINE (s)
6-16 20.996km AD lono

jelelojaNele)]
o
N

ERROR (cycle)

0.30
0.24
0.18
0.12
0

.06 : et =
50 M
-0.06 et y
-0.12 AD o=0.11cycle

-0.18 T
ggg lono o=0.11cycle
| 266400 267600 268800 270000

GPSTINE (s)

ERROR (cycle)
o

6-17 45.788km AD lono
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ERROR (cycle)

ERROR (cycle)

Lo
OO OO O0OO0OO0COOO0O O

ERROR (cycle)

ERROR (cycle)

Lo
OO OO0 O0COOOOOOoO

ERROR (cycle)

-0
-1

.10
Sl AD o©=0.02cycle lono ©=0.02cycle

MW'» "Wdw’n‘f‘VMMﬂM*w“"}ﬂ'-M‘w>f’

.06
.04
.02
.00 ‘,-‘l
.02 1 1A
o MWM L

.06 o
.08
.10

.04
.08
.12 AD o©=0.05cycle lono o©=0.06cycle
.16

.20

. "‘\ T |
.00 — H‘ ‘ MMWM AT~
.04 r W N

.08 y

12

ég AD o©=0.05cycle lono o©=0.04cycle

.12
.18
.24
.30

266400 267600 268800 270000
GPSTIME (s)
6-18 L1 29m AD lono

20
16
12
08
04
00

266400 267600 268800 270000
GPSTINE (s)
6-19 L1 5.959km AD lono

20
16
12 —
08

04 o

266400 267600 268800 270000
GPSTINE (s)
6-20 L1 8.26km AD lono

30
23 AD o=0.11cycle lono ©=0.08cycle

18 *tqf"”n,.r
12

06 ol R N

. a— Y

06

266400 267600 268800 270000
GPSTINE (S)
6-21 L1 20.996km AD lono

.00
.80
.60
.40
.20
.00
.20
.40 7

gg AD o©=0.38cycle lono ©=0.38cycle
.00
266400 267600 268800 270000

GPSTINE (s)

6-22 L1 45.788km AD lono
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6-13 6-17 AD lono

6-13 29m #+0.05
4.3cm 6-17 45,788km
0.3 25.8cm
6-18 6-22 L1 lono
6-13 29m
+0.1 1.9cm
6-22 45,788km 1
L1
L1 cm L1
OTF
L1
6.2
6-7 5 AD 6-8 lono
6-9 5 L1 AD 6-10 L1 lono
6-7

D(cycle)

|base|ine (km),
prn =16] pm=6 | prhn=3 | prn=2] prmn=1

1 0.029] 0.01 0.03 0.03 0.02 0.03
2 5959] 0.03 0.03 0.04 0.03 0.03
3 8.260] 0.01 0.03 0.03 0.02 0.02
4 20.996] 0.03 0.04 0.06 0.04 0.05
5 45.788] 0.11 0.09 0.20 0.11 0.09
6-8 lono
|base|ine (km) lono(cycle)

prn=16] prn=6 | prn=3 ]l pmm=2| prn=1
0.029] 0.01 0.01 0.02 0.01 0.02
5.959] 0.02 0.02 0.02 0.01 0.02
8.260] 0.01 0.02 0.02 0.02 0.01

20.996] 0.02 0.03 0.03 0.03 0.03

45.788] 0.11 0.09 0.22 0.11 0.08

021 EEN (8] ) [ o
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6-9 L1

|base|ine (km), D(cycle)
prn=16] prn=6 | prn=3 ] prm=2 | prn=1
1 0.029] 0.02 0.05 0.02 0.02 0.02
2 5.959] 0.05 0.04 0.08 0.05 0.07
3 8.260] 0.05 0.05 0.06 0.05 0.05
4 20.996] 0.11 0.08 0.14 0.12 0.13
5 45.788] 0.38 0.29 0.67 0.37 0.38
6-10 L1
|base|ine (km), lono(cycle)
prn=16] prhn=6 | prn=3 ] prn=2 | prn=1
1 0.029] 0.02 0.05 0.05 0.04 0.06
2 5.959] 0.06 0.06 0.09 0.05 0.06
3 8.260] 0.04 0.07 0.06 0.05 0.05
4 20.996] 0.08 0.10 0.12 0.11 0.11
5 45.788] 0.38 0.30 0.71 0.38 0.28
lono
L1 L1
L1
1 0.28 5
L1
L1 0.28
6.4
29m 45.788km 5
L1 L2 FIX
45.788km
L1 20.988km

L1
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OTF

DGPS
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71
DGPS
4 DGPS 6
14.167km 2drms 1.025m
0.048m 867.439km 2drms 2.92m
2.79m 3 58
14.167km
867.439km 2drms  2.93m -0.05m
DGPS
DGPS
6 DGPS
5 L1 L2
L1 2
29m 2drms 5.4cm
45.788km 2drms  11.9cm 2
L1 29m 2drms  0.9cm
45.788km
L1
8.26km
L1
L1 L1
OTF
OTF
20.996km  45.788km L1
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