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1 �� ��e GPS h LEO f��iEK�h 1984 e
�i LANDSAT5 f����F1T,.� LANDSAT5 f�Wei�e GPS 	.g℄�b4H`"62Ci\i	.g�
3℄i'Ov�e GPS i(�b? [1]. ℄Ov�e GPS {;���<i GPS 	.g1T%℄,.��Weh 1992e
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1 q g~�n� GIM j LEO h�^k GPS }=�kGM 37YA+�℄rho;f��U{;�i9�EKz{Fz�idK�℄v��e GPS 8A℄7��9��,%EKi LEO f��U{;0�x7 [2,4−7].
;e��\�� 160 ∼ 2000 km ��if�:3℄ LEO f��PSw45j�h 60 ∼ 2000 km iYu5}Y�2H1��%KH��w45�im�9u4�Q�Pw�i�#Vh�U	a}w45�QCriwQ(�O<�r�%K�!g GPS �ON'
 LEO f�a<�w45*CH��s��dS�e GPS 9�i LEO f�{; /{d<�&�H��℄g
���i LEO f�;e���1w�I / �Æ GPS �O�iw45*Co9�
�e GPS 	.g℄<i	.g�,QC<i!Vi�#�I`"Q~d629��w45H���	�s����i<iaJ	.g(�q5`�Y�A���℄vb�<s����	.gi?�%)��'�k>�uy1�
2JO�nWei GPS 	.g��9A�o�bN��;�<i\i	.g℄
�s�QC<i!V�I629��w45*CH�i��))K���QCrF0�Q���I / �Æ\i629��w45*CH���S&ZL7� GIM '℄v"Li�I\i GPS 9��w45*CH�i����SqW9��GIM �w45*C�u��7Æh 90% 9���	�GIM h�e GPS9��iEK)SSqW9���QC7$�;A�QJ�I9�U GIM g
i�w�GCUH|o;f�L�9R�I\i9��w45*CiH�� Montenbruck l [8−9]Q Hwangl [10] (�!XQCw45�;A���Iw45*CH��We�\i GPS	.gi LEO f�bX
Tn{;���IY�PSw45�P~dQe(~diH�h7
C�Y	~`_�O~��A	�Iw45*CH�iI7,���' C/A P`"Q L1 e(~d}�!V (Group and Phase Ionospheric Correction, GRAPHIC) i�#� Yoon l [11] � Montenbruck l [12] � Bock l [13] Q Gill l [14] &� GRAPHIC ��$C��i(�QIJ�PS�(���k C/AP`"62C�)'L L1e(~d62z�A	 GRAPHIC��h�(��))K��i(���' Montenbruck l [8] Q Hwang l [10] (���i*��h Montenbruck l�i(���w45�;A�'QC�.��g
��(��w45�;A�%℄
w/9Sb�#Q�?#{;rE/9S����'L
�e
GPS �O2w45*CH�Sf�;e��~3��i!~F;e��h 300 ∼ 800 kmi LEO f��29�%℄,�9��(��qF9 GIM Z�%℄��Z��QC0�w45�;A��I C/A P`"�w45*CH�i��h)S;e��Li�u��kw45�;A�Y	�IY��i^(��qF<i629��2g
iw�GCQ GIMZ�Z2g
iw�GCi3t�%QC}�dVi��g
w45�;A�Y	������g
iw45�;A�Q{;��g
iw45�;A�.vF�(��b�#Q�?#{;g
iw45�;A�i,(��
2 <l0�2O"℄�JGh GPS �Ow45*Ci�u7O���VEK(���7Æx{w45}Yi



38 P j % � 53 $DR�Pw��j�h��℄ H il|�iz5��z�dSqz�C���.K\5Z�� VTEC (Vertical Total Electron Content) /9℄�dSR7O�x� LEO f�;e��9�i0Uw��j�h��℄ hIP(hIP > hs) il|�iz5� (�V 1 D$),

GPS f��ON>|h rs Li LEO f��S P uMCw45�GPS f�~� LEO f�QMSu P i����#℄ Es Q EIP, w45*CDti C/A P`""4o9,K
(1) #!X�v	

∆ρC/A = − 40.28
f2

L1

· M(EIP) · V TEC(rIP)

= − 40.28
f2

L1

· M(EIP) · α · V TEC(λIP, ϕIP, 0) ,
(1)

W 1 LEO h��/^7y67pU5u%=W
Fig. 1 Geometry of thin layer ionosphere correction model for satellite orbits#��λIP Q ϕIP �#℄ P uYq��QYqb��α ℄ LEO f�;e��9�iw��GC V TEC(λ

IP
, ϕIP, hIP) QqW9�w��GC V TEC(λ

IP
, ϕIP, 0) i�M�M(EIP)℄UHI9�r%K'�z\5Z�Oy���w�GC VTEC Q�K��iw�GC

STEC (Slant Total Electron Content) x{i�_�!X#�v	
M(EIP) =

1

sin(EIP)
=

{

1 − [cos(Es)rs/rIP]
2
}

−1/2

. (2)s�w45*C�us����w45�;A�� [8,15]. (1)#� V TEC(λIP, ϕIP, 0),:K GIMZ�QC8zs�g
�3S GIM8zs�����i{ [16]. x�U GIM�g
i V TEC(λIP, ϕIP, 0) '��,(i�_RH� ∆ρC/A s�i3�A?m℄w45�;A� αQz5�� hIP i!~�Montebrucketl [8−10] (�� hIP ℄7=9�QC
Chapman w�U�oWI9s�g
�w45�;A� α m'QC� Chapman oWQ
IRI95w�U�dVg
�s���g
i α '7$�.z�)bWLq�I\i9�w45*Co9 [8−10]. �(��� α%℄0�/9�S{;/9S����%x� LEO f



1 q g~�n� GIM j LEO h�^k GPS }=�kGM 39�;e�.0Uw�j�h;e��9� 80 kmLl|�iz5��m hIP = HLEO + 80,s8 hIP C� LEO f�Yq� HLEO i�℄	�℄�
3 �A�ZAq�?U
3.1 Q.H1�e GPS C/A P`"62�B!X#�v	















ρo = ρc + δρ1 + δρC/A + δρ2 + ε

δρ1 = δρCLKLEO
+ δρDCBRX

− δρCLKGPS
− δρDCBGPS

δρ2 = δρrel + δρpco + δρGPS
pco

, (3)#��ρo ℄ C/A P`"62C�ρc ℄ LEO f�~� GPS f�ioT"4�δρCLKLEOQ δρCLKGPS
℄ LEO f�Q GPS f��9Dti"4�u� δρrel ℄~�O*C�u�

δρpco ℄ LEO f�O}~d���u�δρGPS
pco ℄ GPS f�O}~d���u�δρDCBRX℄ LEO f�	.g P1 − C1 Ph9Dti"4�u� δρDCBGPS

f� GPS f� P1 − C1Ph9Dti"4�u� δρC/A ℄ C/A P`"w45*C�u� ε ℄62k��� (1) #[� (3) #	
ρo = ρc + δρ1 −

40.28

f2
L1

· M (EIP) · α · V TEC(λIP, ϕIP, 0) + δρ2 + ε . (4)

(4) #m℄b�#Q�?#{; C/A P`"62�B�r�� δtGPS ,QC IGS

(International GNSS Service) 
*i GPS f��9<lb~� δρrel � δρpco Q δρGPS
pco ,QCZ��u� δρDCBGPS

,QC GIM Z�b~� δρDCBRX
Q δρCLKLEO

mV%℄7�
δρ3 = δρDCBRX

+ δρCLKLEO
, %℄
w/9|��

3.2 b�,�z$�(�� LEO f�{;.KFb�#Q�?#B����{;[>&℄ 24 h, ��/9�~��! 1. ℄�qw45�;A� α |�i,(���ib�#Q�?#{;&�℄B$,�ZA�r�b�#{;,�℄	 (a) �w45*Co9%℄62o9i7-� (m α = 0), :K["`"629�\u{dg
7! LEO f�d~� δρ3 k`"09�H� (b) KI,� (a) � GDOP YS 10 k09YS 15 m i�-�%x{,� (a) g
i`"09'PS
0Iw45*CH�Dti��~|�/9w45�;A� α, 9,� (a) g
i LEO f�d~k δρ3 %℄w.z��Æ/�62�B�%S�|� LEO f�d~� δρ3 k α.�?#{;,�℄	 (a) �b�#{;,� (a) g
i δρ3 %℄w.z%2{�9
C/A P["`"62z%℄{;62C�.K�9�?#{;��g
7!f�;eQ`"09�H��9�?#{;��k�?#{;Z���i{ [17]. (b) x{,� (a)g
i`"09�H'PSw.z δρ3 )��k
0I`"62C�w45*CH�Dti��~|�/9w45�;A� α Q δρ3, �Æ/�62�B�S�|�,� (a) �



40 P j % � 53 $i-./9� α Q δρ3, ℄�	�?#/9�`"09ir.�s8��?#/9 (Yu ?/9Q RTN 
p���?t9) ww_8�+ 1 ���Y�p�=S
�-�{%
Table 1 Estimated parameters setting of kinematic and dynamic orbit

determination (OD)

Estimated parameter of kinematic OD Estimated parameter of dynamic OD

(1) Position of LEO satellite and δρ3 per 30 s (1) Initial position and velocity of LEO satellite

(2) Ionospheric scale parameter per 6 h (2) Coefficient of atmospheric drag

(3) Coefficients of empirical RTN perturbation

(4) δρ3 per 30 s

(5) Ionospheric scale parameter per 6 h

4 ~��g
LEO f��e GPS 629��w45*C�uV LEO f�;e�.0Uw�GC~3�C� LEO f�;e��inw� LEO f��.0Uw�GC5~Ei�	�U	!gPSw45*CH�Dti"4�u5�	�℄(��q GIM Z�h)S;e��Li�u��kw45�;A�Y	��i!~F;e��h 300 ∼ 800 km i

LEO f��e GPS �29�%℄,�9��,�f�d�y1�! 2, !� DF !$
Dual-Frequency. ,��{℄ 2008 e 3 ` 1 	 ∼15 	�!~i�e GPS 62C℄ C/AP`"["62C�GIM Z�!~F JPL
*i IONEX"#i�_"[w45Z��+ 2 }�
�['xi

Table 2 Main characteristics of the used LEO satellites

Satellite name Average altitude Type Launch time Inclination

(km) (◦ )

CHAMP 345 DF, BlackJack 2000-07-15 87.3

GRACE-A � B 477 DF, BlackJack 2002-03-17 89.0

TerraSAR-X 520 DF, IGOR 2007-06-15 97.0

SAC-C 720 DF, BlackJack 2000-11-21 98.2�ib�#Q�?#{;&2{F GPS f�;eQ�9�A	 GPS f�;eQ�9��ay	H� LEO f�{;���℄�,bq�	PS GPS f�;eQ�9<l��|�lA�f�;e�{��iH���i!~F IGS 
*i"�Ui;eQ�9<l (15 min .2{#i&Z GPS �U�9Q 30 s .2{#i�i�9) %℄,�4�9��S��℄�V GPS f��98zZ�o9� LEO f�d~k δρ3 ��iM.KFS GPS f��9<l~SiiM (30 s ��7! LEO f�d~k δρ3).
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5 ~�aV\L�
5.1 tMdD7O��9 GIM Z�%℄��Z��QC0�w45�;A�b�I / �Æ C/AP`"62C�w45*CH��U	L� LEO f�;e���℄{C�q;e��L�����i�q��Fb�#Q�?#{;,� (a) Q,� (b) {;s�g
i`"09�V 2 QV 3 �#℄ CHAMP f� 2008e 3` 1 	b�#Q�?#{;,� (a) Q,� (b) `"09�V��Y�!$�{�\d℄ h, ��!$�C{;s�g
i`"09�\d℄ m. V 2 QV 3 !X	9 GIM %℄��Z��0�w45�;A�bR�i�I C/A P`"�w45*Co9��	 CHAMP f�b�#Q�?#{;09�L�a����
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Fig. 2 Residuals of kinematic orbit determination! 3 ℄s���a CHAMP lf�b�#Q�?#{;,� (a) Q (b) a���m&z�! 3 !X	.Kw45�;A���I C/A P`"62C�w45*CH��)S;e��i LEO f�b�#Q�?#{;a���&Rx�L��r� CHAMP f�a���L�"℄x��b�#{;Q�?#{;�#L�F 58.3% Q 54.2%, SAC-Cf�a���L���"o��#℄ 54.2% Q 46.0%, s'PShs�i 5 ) LEO f�� CHAMP f�;e��"o� GPS �O2w45*CH�"&��ARh0�w45�;A�Zb�#Q�?#{;��L�5"x��	 SAC-C f�;e��"��2w45*CH�"	�~Ei{;��L���5"o�

GRACE-A � B f�We~Si�e GPS 	.g�_PS2-�	.giH��
GRACE-A f�{d	.g629�Or'o���i629�2�K��EH�&��!g GRACE-A f�tN9��CoS GRACE-B f� [13], A	! 3 � GRACE-Af� C/A P["`"9�k�Iw45*CH�Zi`"9�b�#Q�?#{;�
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Table 3 Post-fit RMS of kinematic and dynamic orbit determination

Satellite name Post-fit RMS of kinematic OD Post-fit RMS of dynamic OD

(a)(m) (b)(m) improvement(%) (a)(m) (b)(m) improvement(%)

CHAMP 1.22 0.51 58.3 1.62 0.74 54.2

GRACE-A 1.12 0.50 55.4 1.57 0.73 51.9

GRACE-B 1.09 0.45 58.7 1.48 0.66 50.4

TerraSAR-X 1.15 0.49 57.2 1.52 0.68 51.2

SAC-C 1.07 0.49 54.3 1.49 0.75 46.0
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Fig. 3 Residuals of dynamic orbit determinationPSb�#{;'PoT���)�G�T�?#�sk?#Z�o9�A	b�#{;09,y	�J C/A P`"2C���P! 3 ,���I C/A P`"62C�`"w45*CH�Z� CHAMP l LEO f�b�#{;a���~`�_℄ 0.5 m,A	,�℄ CHAMP l LEO f��e GPS C/A P`"2C��_℄ 0.5 m.

5.2 BnR6(_}.b�#Q�?#{;��iI7X�'�>;e����i!~F JPL L,i
SAC-C f�i�U;eQ GFZ (Geo Forschungs Zentrum, Germany) ISDC (Information

System and Data Center) L,i CHAMP, GRACE-A � B Q TerraSAR-X f�i�U;e (9v~� PSO) %℄/';e���ib�#Q�?#{;g
f�;eS PSO y	���ny�i{;��~� PSO h�� (R) �x� (T ) ��� (N) ��k�_d~��i{ σR � σT � σN k σS (Root-Sum-Square) {>�v	
σd =

(

Σ∆d2

n

)
1

2

(d = R, T, N)

σS = (σ2
R + σ2

T + σ2
N )

1

2

. (5)



1 q g~�n� GIM j LEO h�^k GPS }=�kGM 43V 4 QV 5 �#℄ CHAMP f� 2008 e 3 ` 1 	 C/A P`"629�b�#Q�?#{;,� (a) Q,� (b) ��V PSO h R � T � N ��i9?�V 4 QV 5 !X�w45�;A��bx�L� CHAMP f�b�#Q�?#{;���
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Fig. 4 Discrepancies between PSO and CHAMP kinematic orbitsPSw45*CH�� CHAMP f�b�#{;��V PSO h R ��Vh7$_℄ 2.5 m itT9 [12], �V 4 D$�	0�w45A� α Zi,� (b) {;��WLi�IFV PSOh R��itTh9�s!X�i�Iw45*CH�i��'R�i�IY�b�#{;,� (b) ~�,� (a) i{;��h R ��i��L�"℄x��_℄ 59%, T Q N ��i��L�_℄ 47% Q 52%; 	�?#{;,� (b) ~�,� (a)



44 P j % � 53 $i{;��h R � T � N ��i��L�B�~`�_℄ 50%.

LEO f�;e��)S�b�#Q�?#{;��L���5)S�! 4HHF 15�{;[�a CHAMP lf� C/A P`"62Cb�#Q�?#�,� (a) Q (b) {;��~� PSOi�_d~��im&z�! 4!X�;e��"oi CHAMP f�b�#Q�?#{;��L�"x���#℄ 55.6% Q 46.7%, 	;e��"�i SAC-C f�{;��L���"	��#℄ 47.8% Q 38.2%, sV 5.1 �b�#Q�?#{;a���L��O'~�i�
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Fig. 5 Discrepancies between PSO and CHAMP dynamic orbitsPSb�#{;���Q629��C~3�Qf�;e��l3�h�I629



1 q g~�n� GIM j LEO h�^k GPS }=�kGM 45��w45*Co9H�Z�629��CL�by	�JH{;��iL��	�?#{;��Qf�;e���629��C���/9i�~9k?#Z�i��l�Ux~3�A	�629��CL�Z�b�#{;����?#{;��L�)℄x��! 4 ��b�#{;����?#{;��L�x� 10%. _�%���	,��?#{;NSb�#{;�� GRACE f���Iw45*CH�Z�b�#{;�X

2 m ���	�?#{;��mLS 20 cm.+ 4 CoS7)`859�����p�S7y�	%eE

Table 4 3D RSS of kinematic and dynamic OD by independent orbit comparison

Satellite name 3D RSS of kinematic OD 3D RSS of dynamic OD

(a)(m) (b)(m) Improvement(%) (a)(m) (b)(m) Improvement(%)

CHAMP 4.54 2.01 55.6 49.1 24.3 46.7

GRACE-A 4.80 2.32 51.5 32.7 18.2 44.5

GRACE-B 4.51 2.14 52.5 30.1 18.0 40.1

TerraSAR-X 3.63 1.71 52.8 31.2 18.8 39.7

SAC-C 5.68 2.96 47.8 28.5 17.6 38.2B� CHAMP � GRACE Q SAC-C f�We~S3�i GPS 	.g� C/A P`"62C��5~`�_ SAC-C f�b�#{;��x�oS CHAMP k GRACEf��! 4 !X��Iw45*CH�Z SAC-C f�b�#{;��_℄ 2.96 m, 	
CHAMP � GRACE-A � B f�b�#{;��m�#℄ 2.01 m � 2.32 m Q 2.14 m,s'PSb�#{;��)��Q629���~3�^Q629C~3� SAC-Cf��e GPS 9�C�S CHAMP Q GRACE f��U	!g SAC-C f�b�#{;��o�V 6 HHF SAC-C f�Q GRACE-A f� 2008 e 3 ` 1 	62
i GPS f�9C�V 6 !X	 SAC-C f�62i GPS f�$9Xx�S GRACE-A f��U	!g~S62��v� SAC-C b�#{;��oS GRACE-A f��
5.3 ;k/(m�((_PvWJO,w� GPS �ON'K��iw��GC (STEC) y	H� GPS �Oiw45*C�us��
�e GPS 	.g℄<i	.g�,QC<i629�y	s�g
 [18]

PI = P2 − P1

= 0.105m
TECU · STEC + DCBGPS + DCBRX + ε

, (6)#�� P1 Q P2 �#℄ f1 Q f2 iui`"62C� DCBGPS Q DCBRX �#℄ GPSf�Qo;f�	.gPh9�P (6) #,g
STEC

TECU

∣

∣

∣

∣

obs

+
DCBRX

0.105
=

1

0.105
[(P2 − P1) − DCBGPS] , (7)'�s 2 �D7w45�;A��� STEC ^,Uw45Z��bg	

STEC

TECU

∣

∣

∣

∣

GIM

= M(EIP) · α · V TEC(λIP, ϕIP, 0) , (8)
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The Application of GIM in Precise Orbit Determination
for LEO Satellites with Single-frequency GPS

Measurements

PENG Dong-ju WU Bin
(Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030)

ABSTRACT With the availability of precise GPS ephemeris and clock solution, the iono-

spheric range delay is left as the dominant error sources in the post-processing of space-borne

GPS data from single-frequency receivers. Thus, the removal of ionospheric effects is a major

prerequisite for an improved orbit reconstruction of LEO satellites equipped with low cost

single-frequency GPS receivers. In this paper, the use of Global Ionospheric Maps (GIM)

in kinematic and dynamic orbit determination for LEO satellites with single-frequency GPS
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measurements is discussed first, and then, estimating the scale factor of ionosphere to re-

move the ionospheric effects in C/A code pseudo-range measurements in both kinematic

and adynamia orbit defemination approaches is addressed. As it is known the ionospheric

path delay of space-borne GPS signals is strongly dependent on the orbit altitudes of LEO

satellites, we selected real space-borne GPS data from CHAMP, GRACE, TerraSAR-X and

SAC-C satellites with altitudes between 300 km and 800 km as sample data in this paper.

It is demonstrated that the approach of eliminating ionospheric effects in space-borne C/A

code pseudo-range by estimating the scale factor of ionosphere is highly effective. Employ-

ing this approach, the accuracy of both kinematic and dynamic orbits can be improved

notably. Among those five LEO satellites, CHAMP with the lowest orbit altitude has the

most remarkable orbit accuracy improvements, which are 55.6% and 47.6% for kinematic

and dynamic approaches, respectively. SAC-C with the highest orbit altitude has the least

orbit accuracy improvements accordingly, which are 47.8% and 38.2%, respectively.

Key words celestial mechanics, space vehicles, methods: data analysis


