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Kinematic GPS Positioning for Spacecraft Flying in Formation

Toshiaki TSUJII*!, Takeshi FUITWARA™*', Hiroshi KOYAMA **
Shoji YOSHIKAWA ** Masatoshi HARIGAE *'

Abstract
High-accuracy GPS positioning technology would facilitate formation flight and rendezvous docking of spacecraft, and
would make possible several new kinds of space mission. We investigated the feasibility of a relative navigation system for
spacecralt using GPS carrier phase interferometry. First, the visibility of GPS satellites from a spacecraft in low earth orbit
(LEO) was analyzed, and then error models of the GPS measurements were examined. Next, case studies of GPS kinematic
positioning using simulated GPS measurements were carried out, and positioning error propagation analyses were performed
when the polynomial approximation method was used. Centimeter-level positioning accuracy was achieved, though perfor-

mance was affected by ionospheric activity and multipath error.

Keywords: i (spacecraft), 7+ —A—3 3> 774 b (formation flight) , X7 i@z (relative navigation) ,
27 4 v 2 GPS (Kinematic GPS) '
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(300) 230 23 1.7 0.10 0.0051
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nl Y = n!
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KU LOHEDFZENYRE(ERERIHZ 5D, Th6DH b
oL LMENRRKEIVDIENILKDIETH 5, N+1KD
THIZ & By D WGEERERE Ay, DAL O Itz K1
KD XS IZFHRE NS

A NFL

1 Af (N+1)
max‘my\ l(t)’ ’
_ 4 (g)i‘*l (5-20)
(N+1)!

max ‘ Aypsa|=
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%55 J,HIZ X A EERE ((m])
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10 0.0040 0.00002
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d =5[km], T=1000[s], i == 90°
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HCPUEREL C,=1~2

Mk BRI (% 53) A/m =1~ 100 [m*/ton]
PNCT vy 1 = 1.327 X 10° [m*/s°]
HERE 1 re=1.496 X 10" [m]
AEJ15E 8 2, = 4.903 X 10" [m’/s"]
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- lonfree positioning error L1 carrier positioning error
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North (m) East (m} Down (m)
L1 B 0.289 0.189 0.646
74 Flb—2 0.028 0.021 0.060
A7 — 0.014 0.011 0.030
L1 ik 0.004 0.003 0.009
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# 67 BREEENE A o & ofiliiEes (RMS)

North (m) East(m) Down(m)
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CILFINE B North(m) | East(m) | Down(m)
2 LISERIESE | 0163 0120 | 0413
74 FL—v 0.016 0.013 0.036
17— 0.008 0.007 0.018
L1 0% 0 0.003 0.002 0.006
h L1 SRR E 0.273 0.190 0.672
T4 Bl— 0.026 0.021 0.058
{F 7Y - 0.013 0.011 0.029
L1 ki 0.004 0.003 0.009
K L1 SE(L R 0.387 0.262 0.935
74 FlL— 0.040 0.032 0.087
4 ] = 0.020 0.016 0.044
L1 ki 0.006 0.005 0.013

#611 Y4 FL—rHEULL- AROEE (Orbl, BEEEEMER @ X)

IV | EE | RS (a) | BRUITE(D) | W) | EME(d) | B/ SIS (a/c)
N Wide 589 587 530 530 100.0 1.11
L1 531 531 530 530 100.0 1.00
oE Wide 518 517 334 334 100.0 1.55
L1 403 403 © 331 331 100.0 1.22
K Wide 436 435 151 150 99.3 2.89
L1 301 301 146 146 100.0 2.06
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#6-12 W (0rb2)

TILFINA M TEHERTFIE S @ i TR HER i
. North(m) | East(m) Down(m) | North(m) 7East(m) Down {m)
/I L1 GE) 5T A 0.178 0.117 0.387 0.178 0.117 0.387
T4 F = 0.017 0.014 0.038 0.017 0.014 0.038
AKX T Y= 0.008 0.007 0.019 0.008 0.007 0.019
L1 ki 0.003 0.002 0.006 0.003 0.002 0.006
i L1 SE (L 0.289 0.188 0.646 0.289 0.188 0.646
B Fle—3 0.027 0.021 0.060 0.028 0.022 0.059
e et e 0.014 0.011 0.030 0.014 0.011 0.030
L1 fifek it 0.004 0.003 0.009 0.004 0.003 0.009
X L1 BE(RIEE & 0.403 0.260 0.910 0.403 0.260 0.909
94 Fl— 0.041 0.032 0.088 0.042 0.033 0.088
17— 0.021 0.016 0.044 0.021 0.016 0.044
L1 ki 0.006 0.005 0.013 0.006 0.005 0.013

2613 74 FL—riBLULL AROHTE (0rb2)

v o7 | i | AR REAE bt o HEREAE R © A
a sl | ety (g | s | Ee | Teen | g | et | by | e | Eae | s
Bla) | Bb) B | K| We | B/ | @ | #b) | #©)| #W@| @) |#lak)
/I Wide | 585 | 58 | 538 | 538 | 100.0 1.09 585 | 583 | 537 | 538 | 1000 | 1.09
LI 543 543 538 538 100.0 1.01 542 542 537 537 100.0 1.01
i Wide 501 500 311 311 100.0 1.61 503 502 316 316 100.0 1.59
L1 396 396 307 307 100.0 1.29 400 400 313 313 100.0 1.28
X Wide 456 455 146 144 98.6 3.12 432 431 134 132 98.5 3.22
L1 2T 277 142 142 100.0 1.95 288 288 129 129 100.0 223
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%614 JHiFZE (Orb3)

ZILF ISR 2y HHERSEITE R ¢ b TEHEREIE R K
North(m) East(m) Down(m) | North(m) East(m) Down (m)

/J L1 &2 Rl 0.174 0.120 0.426 0.172 0.120 0.424
74 FL—v 0.017 0.015 0.038 0.042 0.045 0.059
AxvTY— 0.008 0.007 0.019 0.008 0.007 0019
L1 ki 0.003 0.002 0.006 0.014 0.015 0.019

H L1 S 1) i e 0.287 0.189 0.684 0.285 0.189 0.682
74 Fb—y 0.028 0.023 0.060 0.048 0.050 0.074
4 A2y — 0.014 0.011 0.030 0.013 0.012 0.031
L1 6k 0.004 0.003 0.009 0.015 0.016 0.020

gy L1 SE{RLRR 0.401 0.260 0.947 0.399 0.261 0.945
74 FL—y 0.041 0.034 0.089 0.057 0.057 0.098
A4v71)— 0.020 0.016 0.044 0.021 0.016 0.044
L1 55 0.006 0.005 0.013 0.015 0.015 0.022

#615 74 FL—rHBEULL ARDESHE (Orb3)

< ILF | (R MR AR © o TR AL A
. RRUES | RRARTT | | IR | OEREE | PRl | s | RaeE | I | EH | Es | P
¥(a) (¥b) |Blc) iﬁ(d)i (d/c) ’&(a/c)_ ¥ (a) &(b)___ﬁ’sz(c) ¥(d)| (d/c) | ¥ (a/c)
s Wide 588 | 586 | 542 | 542 | 100.0 1.08 301 301 | 269 | 260 | 1000 112
L1 544 | 544 | 542 | 542 | 100.0 1.00 558 558 | 268 | 268 | 1000 | 2.8
CE Wide 525 | 521 | 320 | 329 | 100.0 1.60 256 254 | 170 | 170 | 1000 | 148
L1 393 | 303 | 328 | 328 | 100.0 1.20 505 505 | 170 | 170 | 1000 | 297
X Wide 488 | 487 | 132 | 132 | 100.0 3.70 304 304 83| 83| 1000 | 3.66
L1 232 | 232 | 130 | 130 | 1000 1.78 366 366 79 77| 975 | 4863
5 /7 —— jon IIFI £ 0 X ot 5
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= 4 / - wide #\-L—H' 4
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# 616 HIfiEE (Orbd)
TIF IR e EHERRLER | TR RRIC R
' ~ North () East (m) Down(m) | North(m) | East(m) Down (m)
| L1 sr 0.167 0.122 0421 | 0165 0.122 0.422
74 FL—V 0.017 0.014 0.039 0.040 0.019 0.041
{4y 79— 0.008 0.007 0.019 0.008 0.007 0.019
L1 ki 0.003 0.002 0.006 0.013 0.005 0.008
CE L1 SEf 0.280 0.192 0.682 0.280 0.189 0.678
74 KL=y 0.027 0.022 0.062 0.046 0.025 0.063
{729 = 0.014 0.011 0.031 0.014 0.011 0.031
L1 ki 0.004 0.003 0.009 0.013 0.006 0.010
K L1 SRR 0.398 0.260 0.941 0.396 0.259 0.941
R O PR 0.041 0.033 0.090 0.056 0.035 0.091
44y 71— 0.020 0.016 0.045 0.020 0.016 0.045
L1 kit 0.006 0.005 0.014 0.014 0.007 0.015
#617 74 FL—VBEULL - ARDHHF (Orbd)
vILF | EE TEHERg AL L © h AR & | oA
8 RN | RRAAT | A | GEfR | MRS | RNl | RRREG | RRAMT | M | ERE | IEREER | TR
B B(a) |#b) |Ble) | %) | (d/e) | Hla/e) | Ba) | #b) | #(o) | #(d)| (d/c) |Eila/c)
A Wide | 583 | 581 | 533 | 533 | 1000 | 109 | 427 | 427 | 3902 | 302 | 1000 | 109
L1 540 | 540 | 533 | 533 | 100.0 1.01 555 555 | 392 | 392 | 100.0 1.42
il Wide 525 523 | 336 | 336 | 100.0 1.56 385 385 | 231 | 231 | 100.0 1.67
L1 399 | 399 | 334 | 334 | 100.0 1.19 419 419 | 228 | 227 | 996 1.84
PN Wide 419 | 419 | 116 | 114 98.3 3.61 377 377 77 77 | 100.0 4.90
L1 282 282 | 110 | 110 | 100.0 1.56 289 289 75 | 75 | 100.0 3.85
%618 HlIfiraEE (Orb5)
TILF 257 B TR IE A TEHERS AL R © K
North(m) | East(m) | Down(m) | North(m) East(m) Down (m)
7§ L1 SE{BL i 0.183 0.123 0.437 0.186 0.123 0.438
74 FL—u 0.017 0.015 0.037 0.043 0.036 0.057
1471 = 0.008 0.007 0.019 0.008 0.007 0.019
L1 ki 0.003 0.002 0.006 0.016 0.012 0.018
h L1 Sl 0.295 0.193 0.697 0.298 0.192 0.698
T4 K=Y 0.027 0.023 0.059 0.047 0.042 0.073
{44y 7— 0.014 0.011 0.029 0.014 0.011 0.030
L1 fiftk i 0.004 0.003 0.009 0.016 0.012 0.020
X L1 BE{RLYH B 0.412 0.261 0.956 0.415 0.261 0.957
T4 FL—=y 0.041 0.036 0.087 0.056 0.050 0.097
{471 — 0.020 0.016 0.044 0.020 0.016 0.044
L1 kit 0.006 0.005 0.014 0.017 0.012 0.022
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#619 74 FL—rHLULL - ARDOHE (Orbb)

L7 | RIS o AR Kk

e sl | kT [ [ Em | el | rorea | el | et | [ mm | Ems |

@ &) [ | K@ | @) | K | &K@ | b | & B @) | #a/)

7 Wide 584 584 525 525 100.0 111 297 297 267 | 267 | 100.0 1.11
L1 531 531 925 525 100.0 1.01 560 560 267 | 267 | 100.0 2.10

i Wide 544 543 319 319 100.0 1.71 309 309 155 | 155 | 100.0 1.99
L 364 364 318 318 100.0 1.14 435 435 153 151 98.7 2.84

K Wide 434 433 151 150 99.3 2.87 301 300 65 64 98.5 4.63
L1 303 303 147 147 100.0 2.06 350 350 60 58 96.7 5.83
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