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(1. 3�/%q�X�3V%�X� 200030 � 2. 3�/%q�,�fq�$� 100039 � 3. Ægy_}%�N?%q��? 450052)?9�:�k�X�~ GPS ��Q�y("#�ÆC(mG&H��+fXq8y("#��ÆV�&B\�TdXq8y("#����Æ*��<sfXsLÆlGKi�8mN:�[X�~ GPS ��Q�y("#�Ns�*�Æ��
� � p�1.P"�y("#��W�� GPS ���Q�C*|���P139 � P228.4 ��� .0h#��A
1 �J��/�� GPS U�{2|2ÆZ�E}�A'sW�} GPS "�U�)�	 1982 ÆÆ�>U��t��3OoP� LANDSAT-4 WojÆ�lL�.ITkx	 1992 Æ=℄ Topex/Poseidon �5LkP�ÆFS�} GPS "�G�ÆSQSU�b 6 n=3SC�| GPS uT�^\ GPS QSEÆ~(�| SLR (Satellite Laser Ranging) EuT	���y"�Æ�}"�.z 3 cm Æp[Wk.KS℄a�5 [1∼7] 	� T/P P�"�.�^Æ�s$.*7��P� / �0( (Low Earth Orbiter, LEO),I}WAQsI}
GPS {}E	6 1 [eWS 1992 Æ 8 u TOPEX/PoseidonP�=℄B.>��}Z GPS{}E LEO 	��6:Z;AB=Æ,reWZ��} GPS LEO f9	bm:�BP�uTi:A7Æ�} GPS 
I LEO +{r5�X�?�S�%B�uT	woWÆ�KS GPS $*Æ#|7	�Bi:t'Z?Ag3�uT>-�3P�	X℄�Z=3_gBMQJ�L)�Æ GPS i:r LEO "�+{WLVVbT'fÆLS�} GPS �� LEO y"�A\I�	?">7LVZ�>�	S3B GPS {}EeoB=ÆZ*7B℄ GPS �L'"�G?&+e	��G?|.0B7SITC�>CB℄P�M#�	_F)�Æ�9kF'O!��ÆL'O!?�� %� ��2005-10-09 � 4	 ��2005-11-29
�1��3�/%q#qp
y_;:I~PEz� (KJCX2-SW-T1) ��` 863[8PEz� (2002AA731171)



� 114 �������1�T�"����������� 24  �i 1 �2= GPS LEO ~� [7]R � l/ /km 0x /(◦) >^nh
TOPEX/Poseidon 1) 1336 66 1992-08-10

MicroLab-1/GPS/MET 2) 715 70 1995-04-09

GFO 3) 785 108 1998-02-10

ØRSTED 4) 640/850 96.5 1999-02-23

SUNSAT 5) 640/850 96.5 1999-02-23

CHAMP 6) 470∼300 87 2000-07-15

SAC-C 7) 702 98 2000-11-23

JASON-1 8) 1336 66 2001-12-07

GRACE 9) 500∼300 89 2002-03-17

ICESat 10) 600 94 2003-01-12

GOCE 11) 250∼200 ≈97 2006F� 1) TOPEX/Poseidon R a joint venture between CNES and NASA to map ocean surface

topography; 2) MicroLab-1 R satellite for exploration of Earth’s atmosphere; 3) GFO R GeoSat

Follow-On Satellite; 4) ØRSTED R The Ørsted (Oersted) Satellite; 5) SUNSAT R a micro-

satellite developed by graduate students at Stellenbosch University in South Africa; 6) CHAMPR CHAllenging Minisatellite Payload; 7) SAC-C R the earth observation satellite; 8) Jason-1 R
the first follow-on mission of TOPEX/Poseidon; 9) GRACE R Gravity Recovery and Climate

Experiment; 10) ICESat R Ice, Cloud and land Elevation Satellite; 11) GOCE R the Gravity

Field and Steady-State Ocean Circulation Explorer.

(dynamic approach) [3] %r9'O!? (reduced-dynamic approach) [5,8,9] �̀ >C�A��M'O!��Æ&{X�L'?"P�x'!M/ÆLx'!? (kinematic approach) [10∼12] 	'O!"�?xm:DEW"�G? [13,14] Æ0LS�} GPS M/�L�K��L%}>rM�LBMrK�L��Ære>7Z8℄#"�L~2 +{LUG^Æ=��y"�	#FS��>32�L	�=�Z�>KjP�M/%�.Æ6�5P�x'G^��FSÆrA7lg�L'Ri℄dKjP�J'G		�A�
+{P��	Æ;
�Z�7�Z�3_FDEG		A:Æ�>G?_MP�x'G^	'FSÆZ�)yRl	7lÆ#95P� �p7dSOO!��.�kS?ÆY�E'O!��bQ,s~MKjJ'G	�'2	>�=�Æ�LUE��KjspÆO!��bQNw�s|ÆFS32sWÆO!��bQNw<s| [15] 	IWbSLS GPS �L'+{QJT'fÆv� NASA/JPL +eWr9'O!"�?	d?FS&;qg>�tÆ�g>.��'O!�	dIG+�	ÆA.�.���g> / �6�^2Æa�^�dG	=e}'O!��2tZ+e�\'H�ÆBMtZ&?��9'O!��bQ	r9'O!"�?V(WP�'O!f%�LT'fÆ;LS�'O!��% GPS �L'+{T'f$g_U ;Æ�Pr'O!��NwÆ6��}b�^�dZ�G	Æ��A7)��ÆL��r'O!�%rx'!�	>�:.Æ6�QjG���G	Æ5℄)"'O!��.Æ�
z�_U	r9'O!?"�;��℄L' �y��^�d	�'O!��Ax*?lÆr9'O



� 2 " [tP���~ GPS ��Q�y("#�N*��� 115�!?x>n)y! �	�7G?� TOPEX/PoseidonP�W��2 %KS [4∼6] 	x'!"�?x*A?>E'P�'O!�� (LCZIO�|)℄O�&6[℄(�) ÆB=X�} GPSuT	�%�|uTE��uT	�5 LEO��"�G?	d?���^)'O!?j�Æ���	x>^ET�MÆS��	.�6��(G?re	x'!"�?_|)�xA� LEO 'O!��bQNwÆ-N℄�	)� (L�	k.) Æ)85 LEO =�A�|)℄O��bQNwÆHs"�~�)yW"ÆA|'O!"�.�7� LEO �	k.v�:P�kv	Nw LEO x'!?"�.C9H�x GPS �L'1UÆ#2 < GPS �L'.�7D�L� GPS P�n	M#3gSC� GPS P�#S��%W"�Æ`A;Z GPS P��	M4QT�1U [16∼18] 	x'!"�?A� CHAMP P�W��2 %KS [19∼21] 	CHAMP P�B#LV��	k.''W�} GPS LEOy"�	l�	X℄�k''39:�NwÆ��	5�	��+eW*k95�>G|Æ.�kF=SIOU�>D�,dS�`>G|ÆL!�O (L|)℄O�&6[℄(O�) <Z)y|Nw	�P�s=s,��3lÆIOU%L!�OÆ)8x|)℄OÆ3�s=s�B��A�Z	�} GPS "�U�A�P�8i��1(L��5Lk%P�9OLU�C LEO P�y"�2��W\zKS	�A�7G_!�5sdW|Ui:xd [22∼37] 	X℄�	�0w==
BM�}�X%�Jw=�G|�9ÆY�5 LEO "�G?)�xd<A7�W>"\� [7,38∼56] 	 Z��xd,I LEO y"�{kWeoBj	Y�S�)0 GPS SC"M{}EA�Y� 1996 Æ 10 u 20 G=℄D=tP�W��W�ty}{2 (�WSC"�{2) [57] 	: 2002 Æ 12 u 30 G=℄�b<�#ZCOnW�} GPS {}EÆ�4-MY��ts�} GPS "�dI���0(�	?">7G�	
2 ��� GPS LEO z)$$�A�} GPS LEO x'!"�kF�^0B6�#wQS��=��6SÆQ5ls�L' dLQ (zero-difference) ��Q (double-difference) %QQ (triple-difference) 	 ZG?,&{Ag{�LS�| GPS uTEÆQ IGS En	�C9ZTn��>xLS=3SC GPS uTE�LOZ?" GPS P��	% GPS P�4QÆ<x��} GPS %�|
GPS �L	���QSZ�ÆB�h GPS P��KbQ% GPS P�4Q�|7bQÆ+k"�.	

LEO GPS 	�kFA7G?L< 1  u [10] 	<2 ZG?,�9 GPS P��	��3SHG	% LEO GPS 	�dI	�kF�MU	 GPS P��	%�3SHG	0u
IGS (A#S2�$>) �7Æ<0b LEO �	>&���Z	<2[�0x�Q?%QQ?Æ�T7G?,�9�| GPS uTE	�BM�|L�e4�5bOfGb	<2a�0nuxT7LQ?Æ#wA�9 GPS �|En	�GbÆ��9kF7f (L 30

s) y GPS P�4Qe�	�<2gT7G?ÆQLQ?%�Q?ÆX℄9�Z}>r



� 116 �������1�T�"����������� 24  �M�0.Æ BkF�^)y`|�)yRl	

= 1 LEO Q� GPS 
�lGÆB8H� [10]IWkS6zG2Æ�Jlre GPSK�%}>rM� Li(i = 1, 2)�fW�LG^�
Pi = ρ + c(dt − dT ) + dorb + dtrop + dion,i + ε(Pi) , (1)

Φi = ρ + c(dt − dT ) + dorb + dtrop − dion,i + λiNi + ε(Φi) , (2)t2Æ Pi � Φi S8IK�%}>rM�L'� ρ I GPS P�%{}EgT'�E� c I�32��� dt I{}E4Q� dT I GPS P�4Q� dorb I GPS P��	bQ� dtropI5bO-a� dion,i I� Li �fW�EO-a� λi I Li }>>W� Ni I�=�0.� ε(Pi) IK��L�d%7d�bQ� ε(Φi) I}>rM�L�d%7d�bQ	
2.1 �zm:v5s�yLQx'!"�?x*LSX�} GPS {}E+{ls�Lf (o�L'%}>rM�L') MX�| GPS uTEZ�+{ GPS P��	�4Qe��f=?"P�QJM/"�G?	�7"�G?A_MP� �p7dSO'O!��ÆA� LEO %�|
GPS ��\|z32ÆA���QSkFÆ"���j�	#lF<L< 2  u (B GRACEP�IM) 	LQx'!y"��9��G	>�Z�pKj LEO x'!M/�}>rM�0.
(LQ) �pKj LEO 4Q	 ZLQ?,?>℄k. GPS P��	%4Q (IGS 2000)	L�Z�TnG	Æ�>G?s3�LVj�Æ:.0,ÆHI#A_M�| IGS En�|kFa�	LS�| IGS E	��Z GPS P�4QÆ�Z SA (Selective Availability) Nw29kÆ4Q�'.A>*k	`AÆ� SA NwkÆ GPS P�4x�k�+' (L< 3  



� 2 " [tP���~ GPS ��Q�y("#�N*��� 117�

= 2 �MRy("#� [21]u) ÆO�r℄TnKjg��4Q	PÆ�	P4Q.sLV�Æu:r GPS 4QbQA0/{�Nw� LEO �	?"Æ||v�W"�.	 2000 Æ 5 u 2 G SA �+B.Æ GPS P�4��k�+'hBUS�W*7 (L< 3  u) 	

= 3 SA �,Z6 GPS Q�5ÆOx [10]dIl!4oÆb" GPS P��	%�3SHG	xA" (0u IGS A#TnS2��7) Æ GPS P�4Qe�<0X IGS �7	�h JPL BAÆ#"S2�>�,
+{ 5 min F7f4Qe�	:FSLQx'!y"�?ÆOv97�pD~�Æ��9��F7fI 30 s y4Qe�	 JPL x 1999 Æ 5 u&} IGS +{F7fI 30 s 4Qe���#4QT�<Ax*FvÆHIZ*7Kj4Q>i	�*Æ IGS M#S2�+{P�4Q.Az� 0.1∼0.2 ns Æ�r�k.4Q	P\I0
	om �ÆX IGS +{ 5 min gm GPS P�4Qe�
	P\.)ypD 30 s gm4Qe



� 118 �������1�T�"����������� 24  ��Æ�ILQ	�kFo�W4o [10∼12,19∼21,28,55] 	
GPS }>rM�L'2x��=�0. (�=L"	) 	�LQx'!y"�2ÆX℄FSW}>rM�L'Æ#�0.G	kF<x>nLV99�^	�℄LQx'!"�2�0.G	kFÆo�>�ZTCG?�>Cxs�0.G	dIL"G	Æb LEO M/G	%{}E4QG	>&���Z�`>Cxhws�0.G	�h�ÆA���Z	5℄�>CG?Æ�*�℄WFS�LU|7x GPS ��K�%}>rM�L'Z�EO (ionosphere-free) ^(�t	#�L��j9�tLk�

PIF =
f2
1

f2
1 − f2

2

· P1 −
f2
2

f2
1 − f2

2

· P2 = ρ + c(dt − dT ) + dorb + dtrop + ε(PIF) , (3)

ΦIF =
f2
1

f2
1 − f2

2

· Φ1 −
f2
2

f2
1 − f2

2

· Φ2 = ρ + c(dt − dT ) + dorb + dtrop + BIF + ε(ΦIF) , (4)t2Æ PIF I P1 � P2 Z�EOK�^(�L'� ΦIF I Φ1 � Φ2 Z�EOrM^(�L' (�E) � fi(i = 1, 2) I}>�f� BIF =
f2
1

f2
1 − f2

2

· λ1N1 −
f2
2

f2
1 − f2

2

· λ2N2 IZ�EO^(rM�L' (�E) �0.� ε(PIF) � ε(ΦIF) S8IT7^(�L'2�L�dbL&��9bQXNw	XW��L��0"Æ��Z�0.G	lÆX℄p7bQx� (A|�Q?
�h|ESbQ)Æ�0.G	AA�Z�	)�Æ,
��o	�	o��℄WZ*7E}L JPL�
GFZ (the GeoForschungsZentrum Potsdam)�TUM ( the Technical University of Munich) �,FSW�>kFG? [11,20,21,37] 	�<CG?ÆQ�0.G	�:?x>7Z���3rLQ?Æd?6�5S�Kj}>rM�L'5QÆ�:W�L'2�0.G		��L'^\G|ÆK��L'FAFSZ�EO^(�tÆrMQ�L'FS*.KjZ�EOrM^(�L'5Q�t	#�L��j96�Lk�

PIF =
f2
1

f2
1 − f2

2

· P1 −
f2
2

f2
1 − f2

2

· P2 = ρ + cdt + dtrop + ε(PIF) , (5)

∆ΦIF = ΦIF(i) − ΦIF(i − 1)

= ρ(i) − ρ(i − 1) + c · (dt(i) − dt(i − 1)) + dtrop(i) − dtrop(i − 1) + ε(∆ΦIF)

= ∆ρ + c · ∆dt + ∆dtrop + ε(∆ΦIF) , (6)t2Æ ∆ΦIF ITnKj i % i − 1 l2Z�EOrM^(�L'gQ'� ∆ρ � ∆dt %
∆dtrop S8ITnKj i % i− 1 l2T'�E$Q�{}E4Q$Q%5bO-a$Q�
ε(∆ΦIF) ITKjrM^(�L'Q2�L�dbL&��9bQXNw	�9��xÆFSLQx'!?"�lÆ�9Zy GPS P��	%4Q	�dI�MÆ B�G^ (5) %G^ (6) 2ÆA�:�WP�4Q%�	bQy	kS2�Q%QQ



� 2 " [tP���~ GPS ��Q�y("#�N*��� 119��L��xBG^ (3) %G^ (4) IBjÆ�G^ (3) %G^ (4) 2tZ:�P�4Q%�	bQy	sAÆFSLQx'!?"�lÆ GPS �L';A�5bO-aNw	XG^ (6) 0B)eÆ#2�0.G	A&�:	o�FS�>kFG?E}A7ÆC9Z AIUB (Astronomical Institute, University of Berne) [10,19,28] % UNB (The University of

New Brunswick) Æ#2 AIUB �dA� Bernese 5.0 GPS No2�BooÆ UNB �d<�# GPS .!kFNo DIPOP 2oo	�T_E}�kFJhWZr7$kÆ<ZA7$k [10] 	r7$kC9Z�AFS'O!���A�9 GPS �|�En�FSoZ GPS 	�Bj (IGS T��) �BLQZ�EO^(K�%Z�EO^(�S�KjlgQS}>rMI�L'�A+e�L'gr��	A7$kC96o��*�	�hkFx�x'!�	Te�^2��Æ.�	�hkF�x'!�	Te$*�AB\�*�FS 30 sF7gm GPS P�4Qe� (� LEO  GPS 	�F7gmI 10 s l<��	P) Æ.�FS 5 min F7gm IGS 4Qe� (	P) �*�tZ��rM wind-up e�Æ�.���W�*�FS��_�<℄�QÆ.�FS��_�<℄g>	X℄ GPS P�M/%4Qgx�,r�Æ�LQx'!"�?295 GPS P��	%4QK�r4>.Æ�>�LV99 [10] 	�*Æ�℄WuwLQ GPS 	�kF)�>�D�E}Z JPL � GFZ � AIUB �
TUM�UNB�	JPL)0WFS�Gtfg>�ZG?LQ"�Æ"�NoI GIPSY	
GFZ �)0WFS_�<℄�ZG?LQ"�Æ"�NoI EPOS 	LQx'!"�?HI�Z LEOW GPS 	��9kF (kF7f
GPS P�4Q0X IGS A#S2�+{�Z'	P��) Æ Bx>77�"�?Æ0BooP�SC��	qG�*�n LEO y"�FSs?	
2.2 �'m:v5s�y

GPS	��hkF.Æ̂ \�Q�L'_MT- GPS P��>n IGS�|�%>-��S5P� LEO	#j9lF<L< 4  u	 = 4 �Ry("#�X LEO ��| IGS �S8bT- GPS P� s � k gZ�EOrM^(�L'0B}\Z�EO�Q�L'	#�LG^0Bj�6uI
DD

s,k

LEO,grd,IF = (Φk
LEO,IF − Φ

k
grd,IF) − (Φs

LEO,IF − Φ
s
grd,IF) , (7)t2Æ DD

s,k

LEO,grd,IF IZ�EO�Q�L'�G^[0 4 nZ�EOrM^(�L'�-6z0GnG^ (4) 	XW��Q�LG^0B)eÆZ�EO�Q�L'
~�: Z GPS P�4QG	% LEO 4QG	Æ
Z��kPP��	bQ�4Q�>�i:�bQNw	#_99



� 120 �������1�T�"����������� 24  �U�x
~s�0.�"I�	Æu:Z0
e�"�.	�dG??>℄�|��LOZÆA
bSLS�L'ÆA
ooP�SC"�	�>G?X℄_MW GPS�|En (L IGSEn) Æ BL�5bO0!-a%L�e4.�aB+e	�9hl"	UZ� GPS P��K� ZGbZ��|�M/�f	
LEO �Q"�2Æ LEO %>n�|�|z32)�|�Q"M2Tn�|�|z3290�7Æ�xHI LEO ) GPS P�x��.7Æu:�0W|7P�0zlg	

LEO b�|�uT GPS P�_C9Q8�℄5 GPS P�ug&�vm$guTlgW0�rM�0.G		U7Z	�|� GPS {}EuT7>- GPSP�uTlg0Wz	�lÆA:P�W�} GPS {}EuT7>- GPS P�lgW.,ZkT�TkS4	o℄WÆCHAMP P�57>- GPS P�uTlgW.,Z 15∼25 min 	X℄�Q32W.y0Æ B�y0lg	9aN|U�Q�0. (r5℄�|�Q"M:.) 	bLQx'!"�?r)Æ�Q?955 GPS �|E% LEO  GPS �L'��7DkF	 LEO b GPS �|Eg Z0
}\Bq,>;kF	5℄unKjÆ�9�ZL"G	Z LEO QJ''e4BM�Q�0.G		6�^\�QÆ Z GPS P�4Q,�hWÆA��9X GPS �|EnZ�k.�kF7f GPS P�4Q	�A�Q�L'�dxLQ�L'T%Æ�x�Q?�hW ZKj GPS P�% LEO 4QG		wI99xÆ0BFS�Q�L'=5��=�0.	A�Æ�Q?<ZA[$k�u IGS �|EnIMW|U�L'%�0.G	Æ||�aWZ�U	6
2 reW CHAMP P�� 2001 ÆÆFG 148 �>0S8FSLQ��Q'O!�x'!y"�2G	%�L'n	:Z29	X62u� 3 %� 5 [	�0B)eÆ�Qx'!"�?bLQx'!"�?r)Æ*��9kF�L'n	%���0.G	n	$||7℄.�	6 3reW"�2G	kFM�S CPUlg29 (4L PCEÆ800 MHz)	ui 2 �{n�(nw�6�;w6��t�k&��lB)Æ [20]��I� NS*Q% NS{*% ÆS*Q% ÆS{*%�1/ 450 450 13200 13200�
H� 300 300{*%�
 8640 8640

LEO 6S 2880 2880H�Y� 3630 11700 13500 21840
N)Y� 18400 18400 340000 340000i 3 �{n�(nw�6�;w6��t�Ck&qo� [20]��I� NS*Q% NS{*% ÆS*Q% ÆS{*%�1/ im�i �[ im�i im�i�
H� �[ �[{*%�
 im�i �[
LEO 6S im�i im�i
Nnh /h 24 24 24 8

CPU nh /min 10 10 90 60



� 2 " [tP���~ GPS ��Q�y("#�N*��� 121�� 3 %� 5 [	�0B)eÆ�"�kF2�Qx'!?)LQx'!?�S CPU lg97*7ÆHILQ?,�kF LEO  GPS �L'	K�*exÆLQ?.�wl?" GPSP��	%4QÆ�A�0u IGS A#S2��7	
LEO�Qx'!"�2��ZG	ZpnKj LEOx'!M/%�0.G		�℄�0.��G?ÆIW/{�EO5�0.��NwÆFS Melbourne-Wübbena 8{~(	{�0.�� bootstrapping U�=�Z�0.x>n*!G?	Ql6�LSo%}>rM�L' Melbourne-Wübbena q�^(=�Z8{�0.ÆA.LS}>rM�L'Z�EOq�^(%A�e8{�0.= �5�	{�0.	�>G?0B�hnu���8{ (�S}>rM�L') U�2�EO-a	� CHAMP P��Qx'!"�om2Æ�0.��FS�>kFG?)yZ�Æ#C9lHx CHAMP P��} GPS {}E FLo�L'LV?Æ̀ >G|ÆX℄�r CHAMPP���7�39�EO:�lx�;�ÆQIF (quasi-ionosphere-free)�0.��G�FA
+{pD~� [11,20,21,37] 	omA�6�ÆS8FSLQ?A�Q? (�0.��) r LEO"�lÆT�~�;tZ�nQ8Æ,
z� 2∼3 cm �	. [58] 	�0.��;tZnDe��	.Æ�0.��5x'!%r9'O!�	e�,Z 1∼2 cm [21] 	�y0lg	9aN|U�Q�0.ÆBM�| IGS �% LEO gLVW''39Bq (IGS-CHAMP BqW.0z 10000 km) Æx LEO �0.��>&A
repD~�C9lH	�*Æ�℄WFS�Q GPS �L'�� LEO y"�)�>�D�E}Z CSR (the

University of Texas at Austin, Center for Space Research) � JPL � TUM �	v� Texas |!3g)�2� CSR )0WD� MSODP1 "�No	dNorSKjJ'S�g>G?ÆkFB'�L'�x�} GPS {}Eb�|BL�$g�QrM�L' [26] 	 JPL�Q	�kF�?�b"I.kF�tÆA�# KODAC (Kinematic Orbit Determination And

Comparison) No2��oo	
2.3 �"m:v5s�yQQ?x*FS GPS }>rMQQ�L'=?" LEO x'!M/"�G?	GPS}>rMQQ�L'x5Tn�Zr7 GPS %{}E^(�Q�L'��KjgQS ���L'	#j9lF<L< 5  u	,9�TnKjgtZ=5Æ-N℄lgVU —— �Q�0.y�0B�QQ�L'2�h�Æu:qNZ�kF�?	d?C9>�x�|W�L�dÆ;.�9FSZ��?=kFKjgx�r��	

LEO ��| IGS �%T- GPS P� s � k g0B}\Z�EO�Q�L'Æ5� i %� (i − 1) KjZ�EO�Q�L'5QÆ�0B��Z�EOQQ�L'	#j9�LG^Lk�
TD

s,k

LEO,grd,IF(i) = DD
s,k

LEO,grd,IF(i) − DD
s,k

LEO,grd,IF(i − 1)

= [(Φk
LEO,IF − Φ

k
grd,IF) − (Φs

LEO,IF − Φ
s
grd,IF)]i−

[(Φk
LEO,IF − Φ

k
grd,IF) − (Φs

LEO,IF − Φ
s
grd,IF)]i−1 ,

(8)
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= 5 �RRy("#�t2ÆTD
s,k

LEO,grd,IF(i)I� iKjZ�EOQQ�L'�DD
s,k

LEO,grd,IF(i)% DD
s,k

LEO,grd,IF(i−

1) S8I� i % i− 1 KjZ�EO�Q�L'�G^[0 8 nZ�EOrM^(�L'�-6z0GnG^ (4) 	XG^ (8) 0B)eÆQQ�L'r��A�=o℄|Sr7 GPS P�%r7{}E0qÆ;=o℄|S7>Kj	QQ�L';��x>n~J�Æ#�[�JL< 6  u	

= 6 �RR	M(Æ<� [59]p�)��7��3�N^k��$�\�K8"^SS�SU�_�

5QQ;��5�x>oZ�95*kxdÆ B>�FSvr�G�	vr�C9FSW CholeskyH	S�FjÆdFj6�FS*}?��/�G�/{W5_HRt5�	�*ÆFSQQ GPS �L'�� LEOy"�)�E};A7ÆD�E}Z
JPL %9�9>|!	 JPL FS GPS }>rMQQ�L'rx'!"��?Æ�-o�#"�No KODAC 2	 KODAC FSQQ�L'��y"�
OA��2 [59] 	9�9>|!}S:�x^%�!i (The Ohio State University’s Department

of Civil and Environmental Engineering and

Geodetic Science)FS>7Z��*}%.}�g>=�Z LEO x'!M/Æ#�?-o�"�No P-KOD (Precise Kinematic Orbit Determination software) 2ÆdNo<A��om2 [60] 	
3 ��� GPS LEO z)$$�Ot�+�	�} GPS LEO x'!"�Mr�)��
C9ZBkTnG|�
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(1) �} GPS {}EuTNoe��x'!"�2�kÆ�} GPS{}E_7
uT7Z- GPSP�x*99	CHAMPP�S=℄B=Æ#�} GPS {}EuTNoA3e�Ær#_7
uT GPS P�n	Xs 7 -z�o� 10 -	6 4 [eW CHAMP P��} GPS {}E�A7lg2_7
uT GPS P�n	f9 [10] 	i 4 � CHAMP +22= GPS �$��D!��f}��q�D~� [10]�-nh��GH �-nhX/ `81vUR�o�

199/2000 zX 7

026/2001∼027/2001 z1 8

041/2001∼042/2001 z1 8

047/2001 z1 6

054/2001∼056/2001 z1 8

081/2001 zX 8

129/2001 (24 h |3) z1 9

064/2002 zX 106 4 _.>�6uÆ CHAMP P��} GPS {}EuTNo� 2002 ÆÆFG 064 �>0dWe�	��>e�.Æ{}EuT
O+kWÆus_70B7DuT 10 - GPS P�	_70B7DuT GPS P�n	�aÆeUW"MT'HRÆH:5℄ CHAMP P�x'!y"�ÆxLVZL	5 CHAMP P��} GPS {}EuTNo`>nLV99e3xA�uTk℄�f��|Bk (ak.w)  GPS P�Æ�uT�f��|BW GPS P�	HI�f��|BW GPS P�X	A� 12 -a[Æ B�} GPS {}EQrAuTak.w GPS P�Æ# 
uT� GPS P�X	;AZ	�>e3�.k1U�L'	U||�aÆJ|��
Wx'!��G�+O	
(2) kF7f GPS P�4QZ�IW��S�F7fI 30 s  GPS P�4Qe�ÆSp [10] +eW>7)yZ�G�	�>G�77B℄LQkFG?Æ�lÆXo�L'�e GPS #5P�4Qe�ÆX}>rM�L'�e GPS r5rM4Qe�ÆA.ÆV(�T74Qe�Æ��:>4Qe�lg�[	sG?S=Te GPS P�%�|{}EkF7f4Q\j�\7�Æ.Te GPS P�y4Q0S℄ LEO y"�	HIFSrM�L'��y"�lÆ;A�9#54QfÆ B GPS P�4QG	0B�-FS�| IGS E� GPS }>rM�L'BM>ndI�"G+4�|/4=���Z	�7>=Æo�L',xS=r Z{}El4B 1 µs ��7D	���r5rM4QL(2ÆE'*"Kj�Q,>&{m=�uKj�Z>n LEO {}El4G	2	 GPS r5rM4Qb^(rM�L'%o�L'�Z GPS #54Qr)Æ_C9!k�x0B/{o�L�da|Nw	 Svehla % Rothacher [61] B℄r 40 n IGS �ÆFSB�?G^���ZWlgW.ITÆ 30 s F7gm GPS P�r5rM4QG		��4QG	0�LSrM�L'�� LEO LQx'!"�%�| IGS �y��
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(3) r9x'!y"�� LEOy"�	�kF2Æ�Vg�>nC9X,�x GPS rM�L'2	�23 (Data Gaps) [21] 	IWk�PT'%}>23 (53) NwÆSvehla % Rothacher [61] +eWZ'O!fx'!y"�?Æ#C9)�xS�Kjgx'!M/wa�6	FSkFJhC9Z�#5r� (r��l2�	) �r5r� (r�x'!M/�℄lgQS�X'O!�	�erKQSW) � Gauss-Markov �^	b'O!�	r)Æx'!�	C9>�xÆ�&uT GPS P�	UyZA�rM23�29=elÆS�x'!M/geo53	�A��53B=CQ�GQ�GQf2Æ�#w<0B�n�eo�<�2	bx'!�	r)Æ'O!�	LV�6	IWk�x'!M/53\.Æ0BBKj�5x'!M/QSl2'O!�	2rKQ'aBr�	�s29kÆ0�lr9'O!y"�f�ÆQ[$Ir9x'!y"�

(Reduced-Kinematic Precise Orbit Determination) 	�Jx'!�	r��'O!�	Æ#x'!SX.v�W (reduced) 	�r5r�29kÆS℄r�l2'O!�	.0BY�>�ÆMLÆrK℄>0�	32�FS 15 n�	G	="EÆ;.,LSo�L'���Z	FSr9x'!G?Æ0B��LV�6x'!�	Æx'!M/<�2fW&�hA||v�W	�AXr5r�oo�E�^x�EYZ�^Æ��HA>�El2'O!�		t�S�Kjgr�,.A7Æ�Zr9x'!�	Æ9rw{�℄'O!�	Æ9rw{�℄x'!�		r9x'!"�%r9'O!"�gC968x��r9x'!y"�2Æ?G^xI�Kj��x'!M/ (Kj��4Q) aNÆA:�r9'O!y"�2Æ?"x'O!G	 (Ls' AJ'}U�|)℄Oi	��2a�.�) 	r9'O!y"�xs'O!"�}x'!"�r9Æ:r9x'!y"�xsx'!"�}'O!"�r9	6�nDv�fW%53Ær9x'!?eUWrx'!y"�X-)�	HsÆr9x'!y"�0S℄|Zq�0���9LV�6 LEO �HKS2	HIS�r9x'!y"�2l2'O!�	.A.*kÆZ�<LVKCÆ Br9x'!M/sAnD �l2IOUÆ�s0BI���5 (ML?"IOU
U�+?) +{w!�.Z�'	
(4) GRACE P�14O�y"�
GRACE Z7x NASA %��(d�FS>5�3P�(L9OUZ7	T-P�

(GRACE-A �GRACE-B) M℄7>�	�|	Æ*.g� (220±50) km Æ�	k.u 480 km� 300 km $g	rS K >2G>LUI/L"T-P�g�E%�E39fÆQ� – �
SST �L'Æ#.U℄ 1 µm/s 	X℄ GRACEP�xT-P�14O�Æ B5℄ GRACEP�x'!y"�)�C9Z�LQ"���Q"��LQ��Q�L'R("�� GPS % K >2�L'R("��	

GRACELQ"�b�- LEOLQ"�29C�Æ�s2�kÆGRACE-A % GRACE-BS8FSpSLQ�L'�-"�	
GRACE�Q"�b�- LEO�Q"�Z�A>7	�- LEO�Q"�_M>- LEO�



� 2 " [tP���~ GPS ��Q�y("#�N*��� 125�>n IGS�|�%T- GPSP��: GRACE�Q"�_MT- GRACEP� (GRACE-A�
GRACE-B) %T- GPS P�ÆA_M IGS �|�	� GRACELQ��Q�L'R("�2ÆG+ LEO(GRACE-B)FSLQkFÆGRACE-

A % GRACE-B }\ GPS BqFS�QkF	LQ%�Q�L'R("�r5℄LQ"�:.Æ�	.0+k 1∼2 cm	�>"�G�x LEO14O�y"�_UG� [61] 	X℄ GRACE P�W�~Zk.G>LUI/Æ0B?�LU*.T-P�g�EM#39fÆ<0BV(LS GPS % K >2�L'��y"� [61] 	
(5) �>D?Z�Fj)�%om5 LEO"�6VFS�<D?	 O�<D?ÆQ�>DLS GPS�|� GPS {}EOZÆZ� GPS P�y�	��<DLS LEO W GPS �L	�%��>D2�� GPS P��	ÆZ� LEO y�		��<DZ�2 GPS P��	dIA"'kF	�*Æ GFZ A�B\�>D?Z�Fj)�;aBKS [62] 	�>D?xs LEO�	� GPS P��	��39OU��3SHG	 (EOP) % GPS �|uT�e4�=EdI��QUÆ>&aB�-��	kFl S <��| GPS uT�	�� SLR 5 LEOuT	�� LEO W{}� GPS 	�� LEO Wa�.Z (L!�O) 	�� K >2L�M#3f	�� LEO k.%3��	�	
(6) V(77�LOZ��y"��*7 LEOW GPS {}E;AxH>0S℄y"��(	LEO 6V;�~Z SLRi: (L TOPEX/Poseidon� CHAMP � JASON-1 � GRACE � GOCE) � DORIS i: (L

TOPEX/Poseidon � JASON-1) %k.G>LUI/ (L GRACE) �	��-N�Li:�L	�\0SdA7"�G�AE1U50Æ\0S=�� LEO R("�Æu:+k"�. [20] 	`AÆ�=>�P�Ea (L CHAMP � GRACE) ,�~Z>$a�.ZÆBLUdS℄P�WL!�O	6�a�.Z�LÆ0BS	��(�L'=�/L!�O��	�>G?_�� CHAMP P�W�B2 [63] Æ;� GRACE P�Ea2���>DKS	
(7) IGS T�7C�a%.+kX℄ GPS "�Fj%U�+k��	Z�	!��BUÆBM=3uT�	��7%uT�SCeUÆ IGS?" GPS P��	.ZW�n+k	 IGSw.y�K.AX! 30∼40 cm +k�o�U℄ 5 cm 	̀ AÆ IGS +{T�7C<Z �aÆ�aW IGS �5bO0!-a�yP�4Q�T�	#"T�1U<yl=Zy|eU	
(8) GPS {}E�
e��M GPS KSGFE%v� GPS �J��9Æp7k�
 GPS {}E (L

Black Jack)��'�=
		>� GPS {}ErSwkL\.��Æ�Z7�%k."M
O�kS'%kyK�
Æ#PoaZ�Z*hB�
,�
�h%kP�EO�℄%7d�NwBMS'�`=5%�6z
	 GPS {}E�0�U�W;� (-FMz") I�} GPS +{WU�!`Æ:#LU.%P��	.+kÆ\ILS GPS P�?"2��P��	+{WwZ��L~2%w|2L	
(9) Xx'!"�~�=?"IOU



� 126 �������1�T�"����������� 24  �P��	LU>G|0S℄?"P�mi(3gM/Æ`>G|<0S℄?"�3IOUM#�lg39ÆQ6�x'G^�7Z��3'O!�^f (L�-Z�1USC��5&:�) 	x'!�	A?>℄E'O��AIOU	HsÆ#0Sd'O!�	��i2x�	�S GPS �L'ÆASE'P�'O!fÆ LEO x'!"�.�0z 2∼3 cm Æ LEO x'!M/0Sd?"IOUK�L'	x'!M/MrKGQ��GQfx GPS ls	�bXP��	�eIOU��A#"i�9f (L|)y.��	O��e��) $g>n{6Æ#.)'LVeIC	�*AZy7^%&{FS��x'!M/=�Z�3IOUi	Æ2 'O!�	M�	�� [64] 	LS CHAMP P�TÆlgx'!M/%rKGQ��GQfÆFS
U�+?A0'?:L��	'FSG�ÆQ0�ZIOUi	 [65] 	�7�/{WB` GPS �L'SbkF ( < GPS P�4Q%�	�LQA�Q�0.�L�e4�5bOG	��3SHG	�|U=3G	�Q) Æ||+kW	�kF�.%�f	
4 ����e� Z3g|�LUU� (SLR � DORIS � VLBI � PRARE � GPS �) 2Æ,Z GPS0B+{rx'!"�ÆS5P�x'!M/x-N℄E'O!��%�	k.	�*Æ�℄W�7D�E},�FJ?��} GPS "�U�=
ÆW#x��} GPS x'!"�G|A7�Wy|�
Æ"�.,
z�DxS	X℄x'!?A_MP�x''O!�1Æ B#A
?!�	A?.Æ�xx'!?y"�>�	6�eU GPS P��	%4Q1UÆBMe� GPS 	�hkF (vQkF��0.���=5kF) �	�23 (Data Gaps) kF�IQS�x'!�	'O!�6�Æ0B�>De� LEO �	1U	 1∼2 cm . LEO x'!"�xB=0� [64,66] 	

IGS Y7�T�'=%.�>D+kÆ0S℄ LEO olA�olx'!"�ÆJ|p[ALP���%�ol|)dL�Ea�9	X℄�*%s=$x�77P���i:Æu7i:\ZA7�f�L	�ÆFS7�%7i:�L	���R("��"MxL=*7�-KS_f=
G}	HsÆK�>D(�%)�7P�i:R("M%"�	woWÆ�M LEO uT~2A3e�%VbÆ LEO "�G?<�A3=
%BU	E' LEO �-"�G�,Ax�>��"ÆKV(+edP�W y}�(M S�uT~2Æ �_^G�ÆBp[>�)�KSM.!)�5k.�	�9	j�-/�
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Methods and Progress on Kinematic Orbit Determination of

LEOs Based on GPS

WU Jiang-fei1,2,3, DU Peng3, WANG Lei3, HUANG Cheng1

(1. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China; 2. Graduate

School of Chinese Academy of Sciences, Beijing 100039, China; 3. Institute of Surveying and Mapping, Informa-

tion Engineering University, Zhengzhou 450052, China)

Abstract: The basic principles and methods of kinematic orbit determination of low earth

orbiters (LEOs) based on GPS are discussed. It points out the merits and demerits of kinematic

orbit determination methods. The characteristics of resolution of kinematic orbit determination

methods are analyzed, and the corresponding processing strategies are provided. The latest

progress of kinematic orbit determination of LEOs based on GPS and related researches are

described.
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