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Am X UeT3gtq6E8^oB/=1∗zw{ † vux y |
(�F��7?o:>% �b 100072)nj t X D��93#�P% (XNAV) �����)r6�HÆ X � SH%y+XKy (TOA) )%y+��X���kup�K�N
` TOA ) “KI9�” X,�Kw TOA, `mG�Æ1��X��P��T%y+X��� “KI9�” wR6 X � SHmG�Æ1 (SSB) X~NKI�LwR6 X � SH SSB X “[,KI”. p�Æ9h|
�KI9�X���)r6��<ÆKIdi� 0.1 ns X���)r6�w�Æ)��%X��TW��K4 [ZQh�.Ob�VI�<;	Map\?PF	 P127; `d,XS	 A

1 li �
X C��82"�O$ (XNAV) W8�(�q5X��RG$x*WJH�4�slF�
0� (BCRS) ��G��C�82 (P) n;(RG$x* (A) 	�VMWJz)�v�� (tP,~rP) ( (tA,~rA), umzWJH+�vKB(

c(tA − tP) = |~rP − ~rA| + f(~rA,~rP,~rS · · ·) , (1)(�W#_ f(~rA,~rP,~rS, · · ·) 5ng$x*(�82s BCRS �W�
O� ~rA,~rP Q>[�nWOe ~rS · · · ZZe�����Q�;jt�GR��9�bg
o�U��C�82n;JWJH tP, ""�UCBR2V��RGJH (TOA) tA. �Zn{M�s�
	�?�qo�M�X Sheikh Z [1−3] \�r;}W+vqo�=5lF�
0 (SSB, KB B) �'ra�2;��RG SSB WJH tSSB ≡ tB

c(tB − tP) = |~rP| + f(0,~rP,~rS · · ·) . (2)Q (1) R( (2) R Lv(7 tP, }!�T��RG$x*( SSB WJH+ tA − tB,?v8
$x* jg SSB WzH�
�{X�s}_Wqo�VR�!M->zW;~ [4−5].
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P [6], ;� Sheikh Wqoj XNAV j
`y7℄#�	x�;B^ tB X���MCRG SSBWJH���"v"s SSBt
n(*UZ���ZBkKX
o�UW�\{&_��RG SSBWM�Z+JH dSSB ≡ dBvJ��{�Z+JH Ngs}z&�Jz���C�82RG SSB WJH (��Qb�kW8.Æ�SV), �%
c(dB − tP0) = D + g(0,~rP0 − ~rS0, · · ·) , (3)R�� D = rP0 X'rJx t = tP0 6= tP �82Wl~�#_ g 8�BvQq2/_�Q (1) R( (3) R LVRJH+ (tA − dB), ~HvQ�$x*
��{�qoKs
��82AJZ	��&_ [7−9].B�	�qoW3�XJH8�"~�Cl�BRfXv6W�MX�>	� [6] i^�bgsMC\_��JH8�W8
F>R<k�5�s�5 tB 2X dB j XNAVW℄#X-IW�
S
WX���s	� [10-11]�o�
^ 2�qoW�
h0|�fs	� [12] �8�
^M�qo� s	� [13] �j{	�qoWY~(
KJb��;�{	�qo�
�
BW3���X�^5R"~�MX�s XNAV Bf�k<9Es{HWP��>+��{	�qosÆ��
BXM	W�CM_WShR�s�5B���qo
q���	C���!WJHq5;n�Y,
�W:J�j{-P�_6
!�℄o�� j�
�(q5��$WÆ�"V_6v�(b��

2 kDs75 SSB 9WJ℄Hr9C0>2_x' A, P, S, E, J Zv��S�($x*��82�lF�℄1(�2Zxt�Q
SSB �'raO�lF�
0� (BCRS), �
�

~rX(X=A,P,S,E,J,···) X X s BCRS �W�
O��
~rXY = ~rY − ~rX ,

rXY = |~rY − ~rX | (X = A, P, S, · · · Y = A, P, S, · · ·)XC X �' Y WO�>(I)�~nX X�82 jg X (X = A, P, S, · · ·) WL�O��
~n X'rJx�82 jg SSB WL�O��>� 1 iS���s BCRS )���o���Wreq5�	i�Cx	>6WOX�[�.h�&_ DSX t�Wh� (JH$vX 2PN, zH$vX 1PN). bh�2;��W�<q5�D��W�<q5;vvQ2;��W�!JH�G��C�82n;($x*UZR��WVMv�� (tP,~rP) ( (tA,~rA), > JH(�
hs ns ���u	VMWJH+��

c(tA − tP) = rAP +
∑

K=S,E,···

RgK ln

(

rKP + ~n · ~rKP

rKA + ~n · ~rKA

)

+ w(~rSA,~rSP) , (4)

w(~rSA,~rSP) =
R2

g

RSA
(φ(~n,~rSA) − φ(~n ,~rSP)) , (5)
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Fig. 1 Illustration of receiving photons at spacecraft and SSB:

space diagram(left) and space-time diagram(right)R�� RgK = 2GMK/c2 X2t K(K = S, E, J, · · ·) W[�Æe�
Rg = RgS = 2GMS/c2 = 2.953 × 103 m XlFW[�Æe�
φ(~n ,~rx) = cos−1(~n · r̂x) X�82q'O� ~n j ~rx iDWSh� r̂x �S ~rx Wq'O��
Rs ��82j$x*��R=0Wl~�ad� RSA =

√

r2
SA − (~n · ~rSA)2.

(4) Rd�W/	$vgX (1) R�W#_ f(~rA,~rP,~rS · · ·), X�V j�+\-HW��W)� w(~rSA,~rSP) Xj
0h�~W#_�a�b����s	� [12] �j{#_W℄.
F�{�EQ|��G�g ~rP ?W�82s tP Jxn;���RG SSB WJH� tB. v4 (4) R�W�� A → B, /
 ~rB = 0, ~rKB = ~rB − ~rK = −~rK, (K = P, S, · · ·), gVR��C�82RG SSB WJH
c(tB − tP) = rP +

∑

K

RgK ln

(

rKP + ~n · ~rKP

rK − ~n · ~rK

)

− w(−~rS,~rSP) . (6)fG ~V X�82s BCRS �Wfh� ~D = D~n X�82s'rJx tP0 W�O�
∆tP = tP − tP0 X�82C ~D reR ~rP WJH�b� 1 �&�v�






















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

~rP = D~n + ~V ∆tP

rP = D + ~n · ~V∆tP + V 2
−(~n ·

~
V )2

2D
∆t2P + O(D−2)

rAP = rP − ~n · ~rA +
r2
A−(~n ·

~rA)2

2D

− ~rA·

~
V −(~n ·

~rA)(~n ·

~
V )

D
∆tP + O(D−2)

, (7)
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 ? � 53 mQ (4) Rj (6) R L �_ (7) R�VR��RG$x*( SSB WJH+�
c(tA − tB) = −~n · ~rA + 1

2D
[r2

A − (~n · ~rA)2 − 2
(

~rA · ~V−
(~n · ~rA)(~n · ~V )

)

∆tP] −
∑

K

RgK ln
(

rKA+~n ·
~rKA

rK−
~n ·

~rK

)

+

w(−~rS,~rSP) − w(~rSA,~rSP) .

(8)QBqoX Sheikh Z [1−3] \�r;}W���s	� [12] �jj�O;W
R8�2 (8) R� [?
M�Z+JH hB, {XZ�Z� w(−~rS,~rSP) j�(z
��^5ng=0(�82W�O�
chB = ctB + w(−~rS,~rSP)

= ctP + rP +
∑

K

RgK ln

(

rKP + ~n · ~rKP

rK − ~n · ~rK

)

, (9)BR^ 2 #_R (6) R�bBvQq;JH hB MCBX"r����40|���RG
SSB WJH���v� (8) Rgn��q5d�WZ� ΣRgk ln(rK − ~n · ~rK) Kj�(z
��> Q(K ?RZ+JH��uZ+JH�K";�{Z��2�

ch̃B = ctB + w(−~rS,~rSP) +
∑

K

RgK(rK − ~n · ~rK)

= ctP + rP +
∑

K

RgK ln (rKP + ~n · ~rKP) , (10)����Q��BRj	� [6] WY� ~�
3 kDs75 SSB 9 “:fWJ” ℄Hr9C0>2	� [6] XQ (4) R�8=vpW�Q (7) RJ?{RgVR

c(tA − dB) = −~n · ~rA + ~n · ~V ∆tP+
1

2D
[r2

A − (~n · ~rA)2 − 2
(

~rA · ~V−
(~n · ~rA)(~n · ~V )

)

∆tP +
(

V 2 − (~n · ~V )2
)

∆t2P]−
∑

K

RgK ln (rKA + ~n · ~rKA) − w(~rSA,~rSP) ,

(11)R�
VW dB gX	� [7] �[?Wi� “
0`H”:

cdB = ctP + D +
∑

K

RgK ln (rKP + ~n · ~rKP) . (12)kWÆ�SV"X-�8�Z�/_ D X'rJx�82Wl~�KgX'rJxG"s}z&�Jz����C�82RG SSB WJHj�fW3;�l2($�W
~rKP = ~rP −~rK XN-Jx�82 jg[�n K WOe�N ∆tP ""0�J�;r�
~rKP W�1�ZBA�℄R��
N ∆tP -)JvQQ dB �Z� tP EBM�I/_�
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�W$j�(z
��p^WX�82W�
q7�vQ( ?R dB ��{H (12) Rg�2
cd̃B = cdB + ~n · ~V ∆tP +

1

2D

(

V 2 − (~n · ~V )2
)

∆t2P

= ctP + rP +
∑

K

RgK ln (rKP + ~n · ~rKP) . (13)kWÆ�SVK-�8�X"r����40|���RG SSB WJHEBM�/_ ΣRgK ln(rK − ~n · ~rK), vQD��Z� SSB zaWM��
zHaUZ��WJH��9�BRj (10) R ~�MX:Jb��> r�2C\
-HWA�C3 (k��gA�� D(l), �/;���RG SSB ($x*WA�� ~�? D(rP) = D(rAP)),_^ 2 XWqo�{M$v�Lb
�Zls h̃B �";�A�C3$�M_�XWqouJQ{M$v�?R d̃B ��sB0|� d̃B j h̃B 
+Y�
4 LRGYRB d̃B = h̃B = t̃B � ~rA = ~r �uR (8) (R (11) f�2

t̃B − tA =
~n · ~r

c
+ δta + δtv + δtg1 + δtg2 , (14)


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





δta = − 1
2cD

(

r2 − (~n · ~r)2
)

= − 1
2cD

|~n × ~r |2 ,

δtv = 1
cD

(

~r · ~V −(~n · ~r)(~n · ~V )
)

∆tP,

δtg1 = 1
c

∑

K

RgK ln (rKA + ~n · ~rKA) ≈ Rg

c
ln (r + ~n · ~r) ,

δtg2 = w(~rSA,~rSP)
c

≈ R2
g

c

cos−1(~n ·r̂ )√
r2

−(~n ·
~r )2

.

(15)bg�
r�lFZ[�nWk=h(O�W�BRsAJ
h� 10−10 s �!XA�W�BRWaasgq5d�^j�(zW�OQ>�82q'O�
��^j�82W7

�W$vfp^sAJ8����{gX	� [6] irqoWaa��9�CM_WSh;n�s�5B�	� [6] Wqo
q����j (15) R��$WÆ�SVEQv�(b��so��5$x*(�82_iW_��v�� r ∼ 1011 m, D ∼ 1019 m, Vτ ∼ 105 m/s.

(1) �82Y+8�$ δtakXj�82�#Y+W8��j$x*W.'�
 |~n × ~r | 
��(��� 10−5 s.

(2) �82"68�$ δtVkXbg�82s BCRS �W�
re ("6) -HW�5ng�82W.'refh�M2
M�ZeX ∆tP = tP − tP0, kX�82C'rJxpQnC N ��8WJHH��j SSB UZ N ��8WJHH� ∆tB = tB − tB0 X"~W�{vQC� 1 d����q;�mzW��vb (6) Rg;�
∆tB − ∆tP =

~n · ~V

c
∆tP +

V 2 − (~n · ~V )2

2cD
∆t2P + · · · ,
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 ? � 53 md�W	$?� (rP −D)/c, I�W�W)�j\g j�+\W
�$�BR��mzW j�+p� 10−3 �Mr�R δtV �}gX)��_ ∆tB Jv ∆tP -HW�+vQ0�"A�{$W_��p� δtV ∼ 10−11∆tB, N ∆tB "X-IJvQ0��
(3) [�C38�$ δtg1bg[�.���W)�fh)g}z��f�bB-HWJHC31( Shapiro+\�MCBkX	i[�.W 1PN h� Q���<5���O;}W�A�℄R\1( 1 W j�+\8�$�5[�n�lF (S) �℄1 (E) (�2 (J), {$�

1
c
[Rg ln (rSA + ~n · ~rSA) + RgE ln (rEA + ~n · ~rEA) + RgJ ln (rJA + ~n · ~rJA)] ,	i 3 txtW[�Æe (2.95 × 103 � 8.87 × 10−3 � 2.82 m), v�B� 3 $W_��v�� 10−5 � 10−10 � 10−8 s.

(4) ���48�$ δtg2{$XbglF[�.����<W�4Q> 2PNh��lF
�&q$WÆ��v1( 2 W j�+\8�$7���48�$�(��"Ig 10−10 s.- N _ 
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On the Position Measurement Equation of XNAV

YAO Guo-zheng FEI Bao-jun XIAO Yu
(Department of Foundation, Academy of Armored Force Engineering, Beijing 100072)

ABSTRACT The position measurement equation of XNAV (X-ray pulsar-based autonomous

navigation) reveals the relation between the TOA and receiving position of X-ray signal . For

navigation , TOA is often rewritten in the form of difference between TOA and some preset

“time reference”. The “time reference” may be the true TOA at SSB, or some “equivalent

TOA” at SSB. Because the true TOA at SSB is difficult to obtain, the “equivalent TOA” is

more convenient for navigation. From the expression of “true TOA”, the expression of the

“equivalent TOA” is derived, and the physical origin of each item is analyzed. The “equiv-

alent TOA” consists of those items irrelevant to the craft, but relevant to the background.

Then in the new measurement equation, the time difference concentrates on the items di-

rectly relevant to the position of the craft. The new equations has the time accuracy of 0.1 ns.

Key words celestial mechanics, reference systems, time, methods: analytical


