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|ve TWSTT q.A�
$2e1.A��$�%	q�D�oS�D TWSTT %	qJo.A��F�Lf.AVm)X.Lf.A
��	�SVw�%��{!q.AA��M
℄�3SeO�~�L2
$�%	;Zo=qq.A�t�.A�q%	o.�r x g���<b_��SiHL�$� (TWSTT) �Td�L��.A"	n{s�P127.1+2 ��� �_�}�A
1 �|��hK�Vq/l *Ra	V	*>��plU�,$�pK�&,��iO���OCO��HCz;�8UW��*R+����`ssP6W{r�1�q�Dnpuv	�,$�pK�#�zaVN=,$�K�9�p>
 [1] ��sj	��,$�pK�#�za.1��P#4�1	v�NiW�1	C�"W"U1	�apKA�M,$�pK�	5	p.1��N=,$�p℄KU^K�=d,$�pK�#�zaVpPzap�5UK�&,$�p1Æ~,�H5�  Jp� 1905 ��F\<N=d'?~^K	�6da��K�'*p&�	�K�#�$��Q
av��/'?~^KM\d��/�T�� 1958 �	yK – C (LORAN-C) iOw℄:Q6Z	vpK�	5$�`j�
av�gV	(9�'*���>	$���}W1d=d>^+UO�� pYn�S6��R��1℄	X��RW`K��rPT�WK�#�njdB�DX	6�:Q�AKuj�RK��rW{�� 1960 �	\[8�
ECHO I �RYfGK�W{Yi	yKe'�O4;�	�HY1RB�1962 ��FK8�"w (USNO) U NRL (= NPL, National Physical Laboratory) � TELSTAR �RYdFa4jpK�#�Yi� 1965 � USNO U RRL (= CRL, Communications Research Laboratory)� RELAY ��RYdFy�jpK�#�Yi	hKp#�$�`j 0.1∼1 µs [2] �pPI�zaU�po{zap}�	K�#�$�aa~,	=��RhGK�#� (TWSTT) p�� �p���2003-11-25 � �u���2004-04-21



� 220 ���������#�_���!������� 22 5�$�r`jx� ps [3,4] �
 GPS 9X��#	 TWSTT p#�$�,� 1 /fav	,&Ynp?;K���gVvpS�J�u	:Z#�z�	�&E��D	yZY�njB�}� [3] �%�G 8/U�F 2/K�NiWV�F��P�R (INTELSAT 706)	�Eq�>�)
UTC 14 h:Q�WK�#�	�? 30 min���G�7NiW1�p#�	� 30 min���GU�FNiW1�p#�	�/K#� 2 min 	�. 1 min �byv/�V� INTELSAT

177 (CRL 
 NML 	u National Measurement Laboratory 1�) U JCSAT–3 �R (CRL 
?F>^�F�^K?Ou NTSC � CRL 
8 F�|a+su NRML 1�) �WK�#� [3] �=�r� 12 ��RhG℄-R9�F�ÆRK (TAI) p|o		�p GPS 9X�QfZ����40F�|a/ (BIPM) p�w	�=� GPS 9X�plU�	8����pF�Uv/�[2+p�RhG#�℄ [5] �yZ	�℄�5�phG#�℄9� TAI p|o	 TWSTT pI�XInpK�#���1q�
2 � TWSTT n"�T

TWSTT pl ÆR:Æ 1 sS�E^/A A U B #+�A�K TA U TB `�K�PT	'I�RM�℄���s�Z	�A B 'Ke τA→B ℄�A�K TB
′ �ZjA A pK�PT	A A 'Ke τB→A ℄�A�K TA

′ �ZjA B pK�PT�< A $Sy~op�ZKBUW-Ke τA→B W-2 B $	� B $'|o�njA B ���A A pA�	,�ZJ�, B $pKA�

� 1 TWSTT m!�S
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RBA = τA→B + ∆TAB = τU
A + τD

B + τT
A + τR

B + τAB
S + ∆τAB

sag + ∆TAB

RAB = τB→A − ∆TAB = τU
B + τD

A + τT
B + τR

A + τBA
S + ∆τBA

sag − ∆TAB

, (1)�?	 τU
i U τD

i (i = A k B) �y i $p�WU:WPTKe	 τT
i U τR

i (i = A k B) �y
i $p�BU�ZKe	 τAB

S U τBA
S �^�℄lp�RM�"Ke	∆τAB

sag U ∆τBA
sag �^�℄l Sagnac N}z pKe�

(1) R?p^R��� [4,6,7]
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(2) R�Mds�z Ke1�Hpym��?	�&y 1 F�^$;npK�1�	y 2 F��R�WU:WPTKe1�	y 3 F�^�℄lp�RM�"Ke1�	y 4 F�^$E�p�BU�ZKe1�	X℄qF� Sagnac N}z pKe)-�
3 �/B%3� (2) R�		�C TWSTT $�pInym�#� 3 7#Æ (1) E�Ke-�� (2) W-l(Ke-�� (3) �RUv�$��z p-��:�Hq�s#1�
3.1 ��\��ÆE�Ke-��}� (2) R?py 1 F�y 3 FUy 4 F	In�Hv�$|f";a-���<��"-���RM�"Ke-�Uv�$E��B
�ZKe-��

(1) |f";a-�v�$1�pK�q��,$�p|f";anj����Ep|f"	�;a-��� 0.1 ns 	�=d,$�|f"p;a$�r'`jxJ ps [8] �yZ	(F-����
vp$��s^s	g�� 0.1 ns vp$�1�^s�
(2) �<��"-��� TWSTT 	 A $pK�lO
|Q (1 pps) '�<'I?� 70 MHz 	���B�?'I�B�r℄Wl8�R	�RM�"�PT'I:W�rl8 B $	B $�Z�?�Z℄PT'��?� 70 MHz 	'B��<��" (MODEM) ��℄nj vK�lO


A $
|QpKB���		PT'�<U���hDI-�	yZ�7 MODEM p�BU�ZKe�p%[�WO4)�	1���:: [9] Æ
1) ,5^/ MODEM 	5℄J;aq/ MODEM p�BKeUhq/ MODEM p�ZKeU�
2) �I\��/ MODEM p IF `;U IF `RJ;a�BU�ZKeU	X�S/";a�lp 1 pps U MODEM p IF ���<`RPT1�p�BKe�X℄	 MODEM p�ZKe���;apKeU�1�BKenj�



� 222 ���������#�_���!������� 22 5��� TWSTT 	=�F��8�p MODEM InV MITREX U ATLANTIS ^M	q�<|�-��� 30∼100 ps [10] �
(3) �RM�"Ke-��^$��WK�PT#�K	�Yn<SypK�PT�l2�R	'�RM�"M�℄�Wlj��#�$��RM�"KeIn�HZ��?KeUM��mKe	q��� 20 ns �h�RZ��?UM��m�^$pPT�2�	K	^$�p�RM�"Ke�r	u τBA

S = τAB
S �gV	h�R��/v�$8�1	pZ��r�1	pM��mk1	p�?/eK	^$�p�RM�"Ke,1�r	Z:P�a4j�p INTELSAT K.V*m��*C*G:	}(��R�B%� τAB

S U τBA
S k)^)p�4 τBA

S − τAB
S �W;a	k)8��u5$4pK�#����s;aU)� [9] �h5	�RM�"Ke'^�l(���;�RvKTkJ=	�-�q�1hGI 80 ps �

(4) v�$E��B
�ZKe-�v�$E��B
�ZKeIn�H~LKe��BU�Z9�p$I (InV!�) p'-�r�pP TWSTT$�p1Æ~,	�-�r'
v�$pE�Ke-�`j	qav	p.Vj	v�$pE�Ke-�r'I�>< TWSTT $��q5~,pXa(� [8] ��&	v�$E�Ke-�pDIo<d���2�)	Y�^)(G��C��E�_!��Cp-�	g+-Æyd�e�q5+�yZ	(&�_jF��Y�^)pDX	u��Wdaap+UNi [11∼14] ��d$4;�0FE�pKe4	Hackman r6 [12] ~Rd9A���8�(��;nÆ��|f"K	E�Ke-��� 50 ps ����<��"℄	�-��� 150 ps ��'I�RM�℄	-��� 330 ps ��d$4;�E�Ke
$Iymp>9	Y�^)YdaapYi�?F>^�F�^K?Oq[�r6 [8] +6R	a�f (�H�BU�Z9�)
!�p>9Xa	q�!�9f� −85 ps/ ◦C 	,/!�9f�� (−100±30) ps/ ◦C ��F NIST (National Institute

of Standards and Technology)^)�p�HV [13] 	�ZKe!�9f� (−150±10) ps/ ◦C	�BeN!�9f� (−50±10) ps/ ◦C 	,/!�9f�� (−100±30) ps/ ◦C �(F-���I!�D<U�f0p!�0FnjÆu�v�$�B
�Z9�p~LKe�;U<;�,�sET	�-�q�� 0.2∼0.5 ns1� [14] 	Z:Æ BIPM ~8 NIST 
 PTB (Physikalisch-Technische Bundesanstalt) 1��
MJD 52276 8pv�$eN)O��� 0.2 ns [6] �
3.2 �fa|y��ÆW-l(Ke-��}� (2) R?py 2 F	vV��R�WU:WPTl(Kez p-�	In�HW-l(xXeN-��~O>Ke-�ss�j>Ke-�rI#�

(1) ;$U�R[)-�W-l(xXeN�40�RUv�$�CoKBp[)|onj	�?1�H7#V���R�:pK�1Æ'	�^v�$j�RpW-K�1	ss^v�$�K�1�2	5z p���RUv�$��z p-�� 3.3�?�L�#1	yZ*W<1<p�



� 3 � i�Ys��SiHL�$�t�.A$2 223�1�H7#p�C����	pCoKB	:Hv�$U�R�:M�-�	(-�3��C�R
v�$�|opKe4	gV��A�|oR?_���:l(1�	yZ	'^�l(��	(F-��;KT�p.Vj	��	pCoKBU1<p1�H7#�Cp*G:	v�$U�R�:-��|oA����C�
(2) ~O>eN-�~O>eNq�8�~O>eN�U�W)-	vIn
PT�rp��I�#���

TWSTT �/v�$ i p��:Wl(	~O>Ke�s8�:R�W)-Æ
τ ion
i =

40.28 TECiS

c
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1
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)

, (3)�?	 fU U fD #+�v�$ i p�WU:WPT�r	 TECiS �v�$ i 
�R�PTW-l(p~O>U~RMa	 c �+C?pAn�:HPTW-l(pU~RMa TEC 0�}U4 1 × 1018/m2 	�� TWSTT ?8�p Ku /�r (�W fU ≈ 14.0 GHz 	:W fD ≈ 12.0 GHz) 	��:Wl(~O>Ke1��� 0.25 ns 	��/v�$~O>Ke�|o��A�p�C�� 0.125 ns [6,9] ���K��	v=9?v�$
�R�p^�PTW-l(l 1'	ss40 (2) R�0	Up~O>Ke�|o�Hp�C�
τ ion =

20.14(TECAS − TECBS)

c

(

1

f2
U

−
1

f2
D

)

. (4)�		'IhGW{	Up~O>Kep�C�^$~O>Ke-���q5�L�:H^$�~O>eN1� 70% p�>X	��U~RMa TEC 0�}U4p*G:	Up~O>KeDIp-��� 37.5 ps �yZ	~O>Ke-��� 0.1 ns avp|o$��s^s	g� 10 ps avp|o$��Yn<p�
(3) �j>eN-��j>eN�8��j>eN�U�W)-	E�p� Hopfield �U�)�p Hopfield�UU saastamoinen �Ur�0�U1�In�u,��K_��x	�����Gp�+YL (q���xN�) ����j>eN��r,� 20 GHz KV�r1�>p	,&�qv�$��:W℄lpK��.q�L� 0.3 s 	�*��pK��	v�$p$I9fUv=9?p�Rl��l 1'	yZ	'��:^�l(��	�j>Ke�;njYRpKT	vz p1�H7#q�1�<p [6,9] �

3.3 �
�tj~ �k��hÆ�RUv�$��z p-��}� (2) RpX℄qFssy 2 F?p1�H7#	In�H^v�$8�R2O1	z p-��^v�$pA1	5z p-�U Sagnac N}-��v+	5�R�vOv=9?p��Y~	���n�L� 10 m/s [15] 	:�.�Z*G:�W{u�
(1) ^$j�Rp2O1rz p-�



� 224 ���������#�_���!������� 22 5�� TWSTT pN�:Z?	�d�L-�	��n-�R�Z^$�BPTpK�#a�	�gV	���R�v=9?p�����A�p_�ss^$���R1q���M�H	*q��,1q��}W��d�L1�HJp�C	v�$q��I'��,�BKe (< 17 ms) J�W0F�h8�(��℄71�0FK	*q�C%[�s)- [9] �

� 2 �_w�%k�S2�q3PA

:Æ 2 sS	Æ? A � B #+�^v�$	 S �v+	5�R	O �vO	D ��RUvOp\?
v�p�|	C ���Rjv�$ B pl(��0p
�Rjv�$ A 2O�rp|�h^$ (A U B) j�Rp2O1rK	���Rp��	�Rh�1	p�:ZjPT	*P^v�$�p^�#�l(1��2�H	\��|o^$�A�KDI-���s^sv<|	<^v�$j�Rp2O�� 300 km (� 1 ms) 	A�|o-�Xa��
30 ps �yZ	E|^/#�$K	}#aPs8�pv+	5�RV�^#�$?� (k'�,�BKe℄V�^$?�) �"kv	�^v�$'�
�R'��eoIp2O� 300 km K	(F-�Xa�� 30 ps ��h% 0.1 ns$�:	(F-��s^s	gVpP#�$�p~,	n-$�� 10 ps avK	(F-�%[<p�

(2) ^$A�K1	5z p-�y�^v�$pAV1�2	5p	ss^PTp�BK�1		*pi9q�p-�	gY9t�q����^/AU<^	5� 10 µs ����9� TWSTT p$	v�U<r'	5jY,p$� (q�L� 1 µs) 	ss	���^$�A�Kp1	5 (0� 1 µs) z p�R�:'�� 10−5 m 	eo�K��� 10−14 av	�2�s^s�
(3) Sagnac N}-�
Sagnac N}V��8�dpv+℄Mp[)9z p	v+SMPnv=9I�q/!�X9	vi9C�W-l(�I'	(F�*S� [6,15]

∆τsag =
−ωE

c2
, (5)�?	 c �An	 ω �v+SM�n�	 E V�R�vOU^;$\?:Ip�&V�Pm���s�Ip�p	u

E = [YS (XA − XB) − XS (YA − YB)] , (6)R?	(XS , YS) ��R�v=9?p[)	(Xi, Yi) (i=A k B) �y i $�v=9?p[)�:H�^v�$�EK<pd��yqFymp�C	,&^v�$U<pr'	5jY,p$�	Æ�%�^Fp�C.�s^s��Z*G:	�RUv�$�:M�p-��z ∆τsag p-���E ∆τsag 1�Xa4 (^v�$V�Pm�,&'��� 90◦) 	� ∆τsag p*`R�s<|	�R�:M� 1000 m -�K	 ∆τsag p|o-��� 7 ps ��h% TWSTT ~8pf0?	�Rpav[) L $4j 1′ 	u-�� 0.5′ 	�Pm��e



� 3 � i�Ys��SiHL�$�t�.A$2 225�o�2O-��� 7000 m 	�uP27M� ∆τsag p|o-�	(F-�Xa�C���
50 ps �hv�$�:7M� 1000 m p-�K	 ∆τsag p|o-��� 100 ps �v�$�:-�q�R� 10 m 	�Zz p ∆τsag -��� 1 ps �yZ	% TWSTT p|o$��� 0.1 ns av�pP#�$�p~,	n-$�� 10 ps K	�R�:-�%[><� 1400

m s��* 1 gRd�0-��� TWSTT p�C�` 1 �q�d�l TWSTT i��0C� �Ew /ps TWSTT &
w
1 ns 0.1 ns 10 psG�Mg0C �=��# 30∼100 A_t 3A_t 3A_t}g# 100 A_t 3A_t 3A_tx��CW�[G� 200∼500 A_t 3A_t 3A_t TN�# 80 A_t A_t 3A_tn*gO0C �Q?gO 37.5 A_t A_t 3A_t�k?gO 0 A_t A_t A_t TWx�& `&l T4Q 300 km 30 A_t A_t 3A_t��0C `&M�3�6 (1 µs) 0.03 A_t A_t A_t T�;0C 7 km 50 A_t A_t 3A_tx�&�;0C 10 m 1 A_t A_t A_t

4 ����w
TWSTT VqC,$�pK�#�za	%r}�� BIPM |o TAI ?� BIPM �w	���p℄KNiWn�[5�p TWSTT K�#�℄J9� TAI p|o	sd�=�p GPS 9X���		1-pJ	 TWSTT zad� GPS 9X��I�XInpK�#�����C TWSTT $�pIn-���E�Ke-�Ul(W-Ke-�	���RUv�$��z p-����L���
avpK�#�?	0-��1Yn}+<p	O4v;nE�KeU8�=�p)-�U�W|ou��� 0.1 ns avpK�#�?	Yn<pp-��In��<��"-��|f"-��v��B
�ZE�-�U~O>eN)--���?	�<��"Uv��B
�ZE�KeYn5O4v;�	|f"-���8�5,#(rp|f"J�L�pP#�$�p~,	n-$�� 10 ps avK	Td��xC-��Yn�q5�L�	~O>eN)--�p%[<p��	h�dDs^$j�Rp2O1rz p-�U�R�:-�p�C�
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Two Way Satellite Time Transfer and its Error Analysis

LIU Li1, HAN Chun-hao2

(1. Institute of Surveying and Mapping, Information Engineering University, Zhengzhou 450052, China; 2. Insti-

tute of Geodesy and Geophysics, Chinese Academy of Sciences, Wuhan 430077, China)

Abstract: In this paper, the development process and the basic theory of Two Way Satellite Time

Transfer (TWSTT) are introduced. Then the error sources of TWSTT are discussed, and the influence

of the error sources to the transfer accuracy is analyzed. The results show that the equipment delay error

and the propagation delay error are the major error sources in the TWSTT, but the errors which caused

by motion of the earth stations and the satellite are small. At last, in the difference transfer accuracy,

we give the results that what error sources must be considered and what accuracy of the error sources

must be achieved.

Key words: astrometry; Two Way Satellite Time Transfer (TWSTT); review; Time; Error


