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6�
? U���� ��� 	
� ���
� >i<�� >���% .���%��� 1���� /� �
6
� µs 2,1.  

�K%
� ��1
��
� �
��? �0�+ 5
� (9) )  ��������
�� ��
��� ����!� ��"��"� �#�$� (IERS) (2010);@N�� U 10(  

   )(
1

1

)()()(
2

00
EE

B

C

cL

TTPTTPTTTTL
TCGTCB xxv −+

−
−+−×=− (10) 

:��D 

TT % LB ≡ 1,550 519 768 × 10
−8

  ≈ 1,34 ms/d �
 .Z�['��� >���  

���[% LB Z?
n 5. .1�y  

J�"? 
h��T �
7�� ���%��� 1�3�
� 	@[�� �
6�R� �
B�%  P(TT) '�  ms 1,6 5
�
2��� dv'�:�
? 
h����� /=~%  “FB” )Fairhead 
%BretagnonU  1990;e� x1���� Z�['��
? 5=
N�� �'��
� /=~ U��v /� CR�?% .(  TE405 )Irwin %FukushimaU  1999 HI (

 ���%��� 1���� "K'�P(TT) − P(TT0) �[�? u���� "K'� ���  ±  ns 0,1 8
� /�  1600 8
�  D  2200 ��!�'� �"#% .
�
6
6��  HF2002 �'�� )�  TE405�
6
6�� "K'�% .  HF2002  ���[LC (TT − TT0) + P(TT) − P(TT0)  Z�['�
� ����O
5*���  (TT)  ��':6�� mV<2200−1600 )Harada %Fukushima U2003( �'�� /� ��!�'�� ,-. p
�j% .TE405  /� ;[o?

ns 3  ��':6�� ��� 	
�2200−1600 m
�K o�< 1'#% )�   (rms) ,��[  ± ns 0,5.  

Q? z"N��% TCB %TT :'.  

 ⎟
⎠

⎞
⎜
⎝

⎛ ⋅+−+=−+−=− Rv
EGB

c
PLTCBLTTTCGTCGTCBTTTCB

2

1
)1())( (11) 

/� ;�'2��� p�o��% TCB tT TCG  c�'�� p�
j /�E  Um����〈dTCG/dTCB〉 ≡ 1 − LCU .���%1 1�3� /�% I
�  ;�'2���
/� TCG tT TT  ]�[1 p�
j 'hKE  Um����dTT/dTCG ≡ 1 − LG/� ;�'2��� H�K W
��
?% . TCB tT TT  p�
j '.

 c�'��E m����.  

  〈dTT/dTCB〉 = (dTT/dTCG)〈dTCG/dTCB〉 = (1 – LG)(1 – LC) (12) 

p�"���� /�% LB , (1 – LG)(1 – LC) ≈ (1 – LB)��1
��� /� iB���� /=~ U (12)  �0�@?〈dTT/dTCB〉 = (1 – LB)   �[�?
/� �
�
[ !�J#I 18

10.  

5*��� Z�['��� ��"� 	
�% (TT) JO"���� 5�
:���� Z�['��� H�K UE �
�=�� JO"� (TDB)  "<� �
�n��DT Z�['� '.
E  JO"��� 8
9�E Q? �[V��� 1¡�X% .5*��� Z�['��� m��� �N� �
�~ 1
=� ��� C
��
�[ m��� �
�=�� JO"� TCB 
%TDB ��� dTDB/dTCB ≡ 1 – LB.  
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��������
 7�8 ��'./�
 �
	9:�
  

E  "9:3� U���
��� �7[
:��E ���
��� W'+�� Z�['��� Q? ;�'2���  ���D'�� 8
9� ���
n cBM�
? ]�k ;�'X) ���
e�
W%��� (SI) �
�n��D$� Z�['� Q?% (E  >JO"���� �
�n��D$� ��9�IE % ���� JO"�E JO"� .�
�=��  

 8>)=�!� 1�&?"� ���2���3� @�A'� �
��  

 JO"���� W
�e�� �
�n��D$� 8
9:? cB�"�� �
�n��D$� Z�['� HTE �� JO"��� (ECI)  JO"���� �
�n��D$� Z�['� '.
E ���� JO"� (TCG)�B�"� 1�3� mV< /�% . 1 / c

 2 ���
���� ����� �
�'=� H'=� UE  �-. �
�n��D$� 8
9�
5. g00 = 1 – 2 U / c

 2� % g 0 j = 0 %g i j = (1 + 2 U / c
2
) δ i j ��D U  H'=�% .W
�e�� H'�=�� '.
�  Z�['� /� 	M���

 JO"���� �
�n��D$�E  ���� JO"�E  JO"���� W
�e�� �
�n��D$� 8
9�E  ;?
�� ���� JO"�
�  Z�['��� /� 	M���
O W'+��
� Q���:�� Q? i6�� m'| 	
� �"2�� ���
��� `
{6� A %B �h#'� ��"6? v 	��� :��1
��
?  

  τ⎟
⎠

⎞
⎜
⎝

⎛ ++=Δ ∫ d
c

U
c

t
B

A

2

22
v

1

2

11
1 (13) 

 /=~%���
�\ �K
6� 	
� ���� H'�O /� iB���� r�"� c<% U  φ  JO"���E m'| c<% U���� JO"� λ  )�'�O
E '2:�� 	
� ��%"=�� �
��K�'��� :W
���  

 ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

λ+λφ⎟
⎠

⎞
⎜
⎝

⎛+=λφ ∑ ∑
∞

= =2 0

sincos)(sin1),,(
n

n

m

nmnmnm

n

E
mSmCP

r

R

r

GM
rU  

 

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

λ+λφ⎟
⎠

⎞
⎜
⎝

⎛−φ⎟
⎠

⎞
⎜
⎝

⎛−= ∑ ∑∑
∞

= =

∞

=
mKmJP

r

R
P

r

R
J

r

GM

mnmn

n

n

m

nm

n

E
n

n

E

n

n sincos)((sin)(sin1
2 12

  (14)  

:��D  

  GM:  ��F� ��
�e�� Z?
n  

  RE:  "�[ p@� ���� 5L�'��R�  

   ;��'���Pn(sin φ):   1%�D 1����Legendre �#���� /� n  

   ;��'���Pnm(sin φ):   m�%1Legendre �#���� /� ��B�"�� n �B�"��% m.  

�"��� c< ;@��%  φ  JO"����E �"0s� �"��� c¢ ���� JO"�E ϕ ����'? tan φ = (1 – f 
2
) tan ϕ��D U f   '.

.���6���  

 d��1�? 	N�=� �[ ��
���� �
��B��
�%� m%�� ��2@���O ��
�e�� H'�O ��"��% ��
N�

� :5
�  

  )sin31()(sin 2

2

22

2

2
φ−⎟

⎠

⎞
⎜
⎝

⎛+=φ⎟
⎠

⎞
⎜
⎝

⎛−=
r

R
J

r

GM
P

r

R
J

r

GM
U

EE (15) 
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(1 u6�� 	
� �:O
6�� ���
���� 5*���  

tT �B6:�
?  �:O
6�� ���
�������
���
� �h#'�� ��"6�� b
6�D� >�%"M�� 5M��� U��%��� ���� ��� 	
� v = ω × r 

E �
�n��DT 8
9� ECI��D U  ω % ��F� ���%�J�� �h#'�� ��"6�� 5. r  5M�:�� Z['�� H'=� W
��
?% .���
���� )*'� '.
 JO"���� �
�n��D$� Z�['�?E ���� JO"�  (TCG) �K
� W'+�� Z['�� ���
���� ;{6� )ΔτO (
� :5
�  

  τ⎟
⎠

⎞
⎜
⎝

⎛ +=τ⎟
⎠

⎞
⎜
⎝

⎛ ×ω++=Δ ∫∫ dW
c

dr
c

U
c

t
B

A

B

A
2

2

22

1
1)(

1

2

11
1 (16) 

:��D  

��
�e�� H'�O : φω+=×ω+= 2222 cos
2

1
)(

2

1
rUUW r  

�%
 U��
�e�� H'�O HI W0��1
��
? C
B�"�� 	���% !�'��R� c< 	
� `����� /=~ U5*��� u6�� ��� 	
� Z?
n U :���
���  

  
22

20

2

1

2

1
1

E

E

RJ
R

GM
W ω+⎟

⎠

⎞
⎜
⎝

⎛ +≈ (17) 

U��
�e�� H'�=� W
D "���� ;MKI �
B�% W0 U6,2636856 × 10
7
 m

2
/s

2��1
��
� C
�K%% . (16) �
�n��D$� Z�['� H'=� U
 JO"����E ���� JO"� (TCG) E  JO"���� W
�e�� �
�n��D$� 8
9�E ���� JO"� (ECI)  Z�['��� ;?
�� x-��%
W'+�� (Δτ 0) O U5*��� u6�� 	
� �:O
� ���
��� `6��� x-��
�  :5
�  

  Δt ≡ TCG = ( 1 + W0 / c
2
 ) Δτ 0 ≅ (1 + LG) Δτ0 (18) 

:��D  

 6,969 290 134 × 10
−10

   LG  ≡  

���[ f�"��% LG "6=
� �D
�� ���[ ;MKI ;e� 5.% .Z?
n 
�I 	
� C
DV�+� W0 / c
2 E  
hN�"�� Z[%E 8
� 2000 u��% .

m'@_� 	
� 5*��� Z�['��� (TT)  JO"���� �
�n��D$� Z�['� ;����?E ���� JO"� (TCG) ;�
�? C
��
�[ 1 – LG .
/�% :£  

  Δt′ ≡ TT = (1 – LG) TCG (19) 

��v 	
� ��"��% TT = (1 – LG)(1 + LG) Δτ 0 ≅ Δτ 0 /� !�J#I ��M? �[�? 18
10.  

(2 A� 	
� ���
���� ;�
6��  

tT �B6:�
?  �%�� ;�
6�� A� 	
� ���
���E  (b"�M� i�) C
�"
BO ����� �
B��� /=~ U���� m'D ����E  "���� m%I
B�"�� 5. �K
6� 	
� H'�=�� x%
6�% r W�'D ���� JO"� /� U = GM / r >1
�J�� H'=� W
��
?% .E  �
�n��D$� Z�['�

 JO"����E ���� JO"� (TCG) O
� :5
�  

  ∫ τ⎟
⎠

⎞
⎜
⎝

⎛ ++=Δ
B

A
d

cr

GM

c
t

2

22
v

1

2

11
1 (20) 

 

1¡�X%  �h#'�� ��"6��v  �[
��� 	
� ^
N_
? ;�
6
�E �
�=�� >�D%E:  

  
a

GM

r

GM
U

2
v

2

1
v

2

1 22 −=−=−=ε (21) 
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:��D  

  

a:  .56�L"�� `B\ x����� �'��  

 5M�:�� �
�n��D$� Z�['� H'=� U��-�%E O ���"��� �-.
� :5
�  

  dt
rc

GM

a

GM

c
d

r

GM

ca

GM

c
t

t

t

B

A ∫∫ +τΔ⎟
⎠

⎞
⎜
⎝

⎛ −=τ⎟
⎠

⎞
⎜
⎝

⎛ +−=Δ
0

12

2

1
1

21

2

1
1

2222
 (22) 

 �
��63�E /� �
e�� ;�
=��� dτ >�� dt �B�"� �6� ��2@� 5. >��� ,-. H� 1/c
2% .E  �K
6�� H'=� x"
BO ����

���
�7�� r = a (1 – e cos E) ��D Ue ������� ��JO"�V�� 5. %E  /� xJO"�V�� v%-7�� 1¡�k% .xJO"�V�� v%-7�� '.
 U"
BO ��1
�� v%-7�� c�'��M ≡ n Δt = E – e sin E '. �O"_� c�'�� ��D U3

//2 aGMTn =π≡ %T  '.
 H�K U��-�% .x����� �%���
�  JO"���� �
�n��D$� Z�['� /� 	M���E  ���� JO"�(TCG) �K
�  Z�['��� ���
���� ;{6�

W'+�� (Δτ)x%
6� U :C
B�"��  

  EeaGM
ca

GM

c
d

r

GM

ca

GM

c
t

B

A
sin

21

2

3
1

21

2

1
1

2222
+τΔ⎟

⎠

⎞
⎜
⎝

⎛ +=τ⎟
⎠

⎞
⎜
⎝

⎛ +−=Δ ∫ (23)  

��JO"�V�� �B6? x�%1 ��2@� 5. ���
e�� >���%  5�B��� i0��� tT x1r� ��� �������E  	���% U�h#'�� ��"6��% �K
6��
O
� :5
�  

  eccentricity 2 2

2 2
sint GM a e E

c c
Δ = = ⋅v r (24) 

 �"�N3�%E  ��"
BO "+
:� 8��q��� >�
B��� ,-.i�) .(�?"�M�  

���
��� W'+�� Z�['��� )� ;�
� A� 	
� ���
��� W'+�� Z�['��� ���
��%  U5*��� u6�� 	
� �:O
�R  /� �?
;�'X TCG tT TT	
� m'@_� u��% . (TT)  Q��1
��
?(19) %(20):  

  ∫ τ
⎭
⎬
⎫

⎩
⎨
⎧ +−+=Δ−=′Δ

B

A
G d

c
WU

c
tLt

2

202
v

1

2

1
)(

1
1)1( (25) 

� U��-�%
 HI 
0τΔ≈′Δt���
��� ;�{6�� W'+�� Z�['�
� }�J�� ;+
N�� H'=� U  ;?
�� x-�� 5*��� u6�� 	
� �:O
�

O U;�
6�� A� 	
� ���
��� ;�{6�� W'+�� Z�['�
� }�J�� ;+
N��
� :5
�  

  EeaGM

c

W

ca

GM

c

sin
211

2

3
1

20220 +τΔ⎥⎦

⎤
⎢⎣

⎡ −+=τΔ (26) 

:��D  

  GM:  ��F� ��
�e�� Z?
n  

  RE:  "�[ p@� ���� 5L�'��R�.  

E  �'�6��[1  U���
n '�
:�� /� "@[I ��:�& -<r� HI x�%"M�� /�E  �
��K�'� /� �S
:�� ������� �
?�"�*R� �
B��R�
 c0*% U��7��% "��
� �Js�% ��� ��ino�% U���� ��
�n H'�O�
�\$�  ¤�:� U�[��� /� �'�6�� �-. 	
�% .56�7��

b�"�*R� J2  ��i0�E r % v %1 ��"nr� ¤�:���B�"� ��K
*T �� ns 0,1.  
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 b
6�DR%R�b�"�* J2  C
�
�E  H'�O��1
��� (15) x1���� ;�
=���% ����
� x1���� ;�
=��� !�"#T x�%"M�� /� U
��1
��
� (20) "9:�� C
M�I 50B:�% .E  c0*% U��7��% "��
� �Js�% ��� ��ino��
�\$� .56�7��  

%E ���|
:�� ���
�e�� �
��K�'��� l��3� U�MNq:�� ��*��� ������� % .��h� ��%"=��%R  1
���� ��JO"�V�� ��2@� 	�B�
E  ��1
���(24) % .C
��[1E ��1
��
� ;�
=��� !�"#T% ����
� ;�
=��� !�"#T ;�MN� U��
_� ,-. (20) � C
�1��
 E  ��v

��
�n H'�=� 	
��� �B�"�� ��v �
��K�'��� .����  

 ����� ��	
���
� �����  �������� ����� ����  ����  

 �B�"� 1�3� mV< /�1 / c
 25. ���
���� �
�'=�� H'=� U − g 00 = 1 – 2 U / c

 2
 – (ω × r)

 2
 / c

2
 = 1 − 2W / c

2 
%g 0 j = (ω × r) j / c  %g i j = δ i j . %E  ZBe�� �
�n��D$� 8
9�E  JO"����% ����E ���� JO"� (ECEF)  x-�� ��%���

�
�n��D$� Z�['� 8�q�6� (TT)�
�n��D$� Z�['� H'=� U :5M�:��  

  τ′⋅×ω+τ⎟
⎠

⎞
⎜
⎝

⎛ ′+−=′Δ ∫∫ d)(
1

v
1

2

11
1

2

2

22
v

B

A

B

A c
d

c
hg

c
t r (27) 

:��D  

  h:  5*��� u6�� /� '
���  

  g:  ��
�e
� 5
�� ��
6���  

  v′:  .5*��� u6�� tT �B6:�
? ���
���
� �h#'�� ��"6��  

'
��� "@[ �"�N3�% h �[�
� C
�<'�% .��
�e
� 5
�� ��
6��� i0� b
6�D� 50B:� U���
��� (g) �"��� ¥'�< i0�? .�
N��R�%  

�
��
� "nr� '. �
e�� ;�
=���% (Sagnac) '2:�� 	
� ��v /� iB���� /=~% .��'�:� ���
��� :W
���  

  λφω=τθ′φω=τ′⋅×ω=Δ ∫∫∫ d
c

R
dvR

c
d

c
t

B

A

B

A

B

A

Sagnac

2

2

2

22
cos)cos)(cos(

1
)(

1
vr (28) 

'2:�� 	
� %I :W
��� 

  
2

2

2

2
2

cos
c

A
d

c

R
t

B

A
Sagnac

ω=λφω=Δ ∫ (29) 

:��D  

  R:  ���� "�[ p@�  

  φ:  �"��� c<  

  λ:  m'��� c<  

  

θ′ cosv:  C
["\ �h#'�� ��"6�� H'=�  

  A:   ¦
�T) ���� JO"� tT �B6:�
? )*'�� `{�� 
h6:O ��� �D
6�
� 5L�'��R� x'�6�� 	
� ¥
��T
,
§V� �
�% C
["\ ,
§V� .(C
?"�  

�"2�� ���
��� C
�B
�% UC
["\ �"2�� ���
��� C
�?
�T ��2@��� H'=�% .C
?"�  

 ������� ��	
���
� ����� ������ ����  

 H'=� JO"���� �
�n��D$� 8
9:� }�J�� ;+
N��E �
�=�� JO"� (TCB)  UW'+�� Z�['��
? }�J�� ;+
N
� ]K�'��
Δτ = τ − τ0O U
� :5
�  
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τ
τ

τ

τ

τ

τ ∫∫ ⋅+τ⎟
⎠

⎞
⎜
⎝

⎛ ++τ⎟
⎠

⎞
⎜
⎝

⎛ ++=
02

2

2

2

22
00

1
v

2

1
)(

11

2

1
)(

1
1 RvrRR

EEEextE

c
dU

c
d

c
U

c
TCB (30) 

:��D  

  UE(r):  ���'�'�:�� ���� ��
�n  

  Uext(r):  !
:e��
? 56�7�� 8
9:�� 8�"#I ;=� ��#�
(� ���'�'�:�� ��
�e�� .����  

���!�� ���"� ��	
���
� ���� #$�%��  

8"# ��� 	
� �
��
���� Q? �
��
�� !�"#$ M  .�V�'X >�� 8J
� U���� ��� 	
�% 56�7�� 8
9:�� 8�"#I /�
5*�I Z�['� tT �
��
���
� ���'+�� Z�[�'��� ;�'X �{�K (TT)  Z�['� tT% U���� tT �h{��� �
��
���
� �B6:�
?

8"s� M (TM)  .8"s� ��v tT �h{��� �
��
���
� �B6:�
?C�vT/� m%�� ;�'2��� �"� U TT tT TCB  ;�'2��� '. �
e��%
/� ;?
��� TCB tT TMO �
�n��D$� �V�'X H'=�% .
� :5
�  

  TCB – TT = (LC + LG) TCB + P + vE ⋅ R / c2  (31) 

% 
  TCB – TM = (LCM + LM) TCB + P + vM ⋅ R / c2 (32) 

%E ���%��� 1��� /� ;O x"6� U�R1
��� ,-. P `{��� )*'�% R �O�'=�� 8"#% ���� 	
� (M) .W�'��� 	
� U
Q? z"N��% TM %TT :'.  

  TM – TT = (TCB – TT) – (TCB – TM) (33) 

K5N   UCVe� ¨�"�� ��
DLCM = 0,972 × 10
−8≈ 0,84 ms/d, LM =1,403 × 10

−10≈ 12.1 μs/d z
�6�R� m��� �
B�% .0,49 ms/d .
Q���%��� Q���� 
�
6�� �
B�%  ms 1,7 E  ) ��F� x����� �%���365,2422 % (C
�'�ms 11,4 E   ¨�"�
� x����� �%���

)687  .(C
�'�  

��������	
� �
��� 
�����  

 U
�VO ;B��6��% ;�"�� 
�*'� 	��� 
��:� ��6��:0�"hO >�
\T �
7��R �
�n��D$� Z�['� b
6D >"�N�� ,-. m%
:��
 1��'�� '2:�� 	
�E �
�n��DT ��9�I ECI %ECEF  >JO"���� �
�n��D$�%E JO"�  .�
�=��  

 �R1
��� ,-. x"6�%E  U©'@(� `#% 	
� .�R
_� )�SR  A� 	
� �
��
���� �
�
�� Q��� �:� 
h���q��� /� �?
��� 	
� �
��
��� tT >"��6�� ;��'6�� .����  

 ������� &�'��� ��	
���
� ����� ����  ����  

 "9:�� �:�E  JO"���� W
�e�� �
�n��D$� 8
9� b
6DE ���� JO"� (ECI) �
�n��DT Z�['� �
B��� /=~ U
�
7��R� (TCG) I .W
�e�� !Js�% 5��:�� !Js� �'�ª
� 5��:�� !Js� :'hK  

  ∫
ρ=≈Δ

path

ji
ij

c
dxdxg

c
t

1
 (34) 

:��D  

  δ i j  ≈  g i j  

  ρ:  .5��:�� i6�� m'|  
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 �v�K
�   >�
\$� Z
���IE  �
�n��D$� Z�['�  tT  Z
B�3���%E  �
�n��D$� Z�['�  tR�
7��R� �
�n��DT Z�['� H'=� U  (TCG) 
O i6�� l�
�  :5
�  

  
RTRRTTRR

cc

tt

c

tt

cc

t vrrvrrr ⋅Δ+Δ≈−+Δ≈−=ρ=Δ
2

11
)(

1
)()(

1
 (35) 

;�"�� )*'� H'=� 
�e�D% rT  ;B��6�� )*'�%rR �h#'�� ��"6��% vR ;�"��% ;B��6�� )*'� Q? z"N�� H'=� U
E m
��$� �
�n��DT Z�['� (tT)  :W
��
OΔr ≡ rR(tT) – rT(tT) �h#'�� ��"6�� !�"# �
�n��D$� Z�['� ��2@� H'=�% .

O ;«B��6�
�
� :5
�  

 

2

vel
/

R
t cΔ ≈ Δ ⋅r v (36) 

�B�"� ��K
*T C�1�� Ho? C
�
� 1/c
3  >�� tT ;@� �['=�? ¬H�'n�6D U .�
�=7���  

 "9:
�%E  H'�=�� d��3� HI x�%"M�� /� U��6��:0�"hO >�
\T 	
� ��
�e�� H'�O ino�E  /�  ���
�J��% ���
=�� !�J#��
5. G
���� �
�'=�% .!�'� �D 	
� G
���� − g 00 = 1 − 2 U / c

2 % g 0 j = 0 % g i j = (1 + 2 U / c
2
) δ i j  U��-�% .

 H'=�
�   JO"���� �
�n��D$� Z�['� /� 	M���E ���� JO"� (TCG) O
� :5
�  

  ∫∫∫ ρ+ρ=δ⎟
⎠

⎞
⎜
⎝

⎛ +≈
−

≈Δ
path

ji
ij

pathpath

jiij
dU

cc
dxdxU

cc
dxdx

g

g

c
t 2

12
1

11

32
00

 (37) 

W
�e�� Z�['��� "<o�% :'. 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

ρ−+
ρ++=Δ

rR

rR

c

GM
tdelay ln

2

3
 (38) 

:��D 

  R % r:  �
 	
� Um
B���R�% m
��$� x&
h# tT ���� JO"� /� H
�K
6�� W�'���  

C>1
� W
�e�� Z�['��� "<o� ;@�%  Z�['� W
ST �
B�% .���� ���% ;�
� Q? i6� ��'n '=�B�� /� ��"7� )M? tT
 JO"���� �
�n��D$�E ���� JO"� (TCG)  1���� �'�ªE Q��1
��� (35) %(38).  

�
7��R� �
�n��DT Z�['� H'=�% (TT) O
� :5
�  

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

ρ−+
ρ+++ρ−ρ=Δ−=′Δ

rR

rR

c

GM

c
L

c
tLlt GG ln

2
)(

3
 (39) 

u6�� 	
� ���
��� G
�� x-�� }�J�� ;+
N�� '. �-.% .5*���  

 ���� tT �B6:�
? "��6� ;�
� /� �
¡�"� U>�
\$ i6�� "<o� �
B� Um
e�� ;�B� 	
�KE ,"�[ p@� ���� km 42 164  tT
 !�'��R� c< 	
� ���
���E  Um'��� c< �N��ps 27% .E  ;�
���2�� 5�
��� 8
9:��)[�'�� � (GPS)  �
N��� ��%�J?


.��[ º40i6�� "<o� �
B�K U­�B�� 
�hM�? H
�0
� �e�
e��% ���
e�� H
���� 1
=� U �ps 3.  
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 ����� ��	
���
� �����  �������� ����� ���� ���� (ECEF)  

 "9:�� �:�E  b
6_�E �
�n��DT 8
9� ECEF/� 5��:�� !Js� H'=� U TCG '. :W
���  

  0

path path

1 1i j i

i j j
t g dx dx g dx

c c
Δ = +∫ ∫ (40) 

5. ���
���� �
�'=��% − g00≈ 1 % g 0 j = (ω × r) j / c %g i j ≈ δ i j ��D U r .>�
\$� i6� 	
� ���� `{�� )*'� '. 

I
� �
�n��DT Z�['� (TT) 'hK Δt′ = (1 – LG ) Δt.  

 t%�� >���%E ��1
��� (40) 5. ρ′ / c ��D  ′ ρ  x��
[$� i6�� m'| '.E �
�n��DT 8
9� ECEF )*'� H
O �vT% .
;�"�� rT ;B��6�� )*'�% rR �h#'�� ��"6��% v′RU -L�:�U  

  
RTRRTTRR

cc

tt

c

tt

cc

vrrvrrr ′⋅Δ+Δ≈−′+Δ≈−=ρ′
2

11
)(

1
)()(

1
 (41) 

:��D  

  Δr ≡ rR(tT) – rT(tT)  

��1
��� /� ���
e�� >���% (40)  �
��
� "nr� 5.(Sagnac). U��-� 

  ∫∫∫
ω=⋅ω=×⋅ω=⋅×ω≈Δ

B

A

B

A

B

A
Sagnac

c

A
d

c
d

c
d

c
t

2222

21
2)(

1
)(

1
Arrrr (42) 
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� 5L�'��R� x'�6�� 	
� ¥
��TE 
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\$�  

 "9:�� ��%E W
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6_ ��-O W
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���
� ����� ������ ����  
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=���� �
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�=�� JO"�  )x Uy Uz>�
\T �
7��� p+'� (  .��6��:0�"hO  

 "9:�� "@_ C�"9�%E  )*'� ��D !
MK �=B\ 8��q��� /=~ UW
�e�� "<o��� b
6_ CV�h6� U
:. ��7
� W
�e�� "nr��
;�"�� (−aT, b, 0)  ;B��6�� )*'�%(aR, b, 0) C
B�"�� u���6� i6� m'| 	
� �
7��R� x"� ��� y = b  f�"�R� m
��?)

��D U(W
�e�� b I .��7�� '� ;�B� b"[I �K
6� 5.
� �
7��R� �
�n��DT Z�['� (TCB) :'hK  

 

  

2 2 2 2
00

path

21 1 2 1 1
1 1

R

R

T

T

a
a

i j i j S
S

a
a

g GM
t dx dx U dx dx

c g c c c c x b−
−

⎛ ⎞⎛ ⎞
⎜ ⎟Δ ≈ ≈ + = +⎜ ⎟ ⎜ ⎟− ⎝ ⎠ +⎝ ⎠

⌠⌠ ⌠
⎮⎮⎮ ⎮⌡⌡ ⌡

 (43) 
 

��D US ��7�� ��
�n H'�O '.. U��-� 

  

2 2

3
2 2

1
( ) 2 ln R RS

T R

T T

a a bGM
t a a

c c a a b

+ +
Δ = + +

− + +
 (44) 
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�n��DT Z�['� G
B�[� /=~% (TT) Z�['� /� C
��
�[ �
7��R� TCB  	
� U�
7��R� /�& 	
� ����� ��"���� /� �'�6�
'2:�� :W
���  

  

2 2

3
2 2

1
(1 ) (1 )( ) 2 ln R RS

B B T R

T T

a a bGM
t L t L a a

c c a a b

+ +
′Δ = − Δ = − + +

− + +
 (45) 
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