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1 64 �#L:�*k?xuÆ
xH�=�*`k�8Tm�xH�=Y#wa*k�A}C%Tm����w!U�|��q �R�| (TLE, Two-Line Element). qxH�=#wa6!�^<�R�|!U��#=\(��F��*1k���*W&q O�l1*k>��#4$Sf! [1], Is;*�
`kY:�*k>��xH�=!U�\/Ytw�&: [2–6]/{N�R�|e7Y!U<	�w}f!YIu�)(�F8�℄�I1 q�*k>�A�9Z=t�Æ=-6>��8O�f!yu��w�R�|-6q�*k>��8jDO�*k>�\Rf!�nYnO�*k>�#4$Sf!Y|1��yu�XY-6*k>�rz�R�|- SGP4 -Pe7��R�|r&$� ��& (USSTRATCOM, United States Strategic Command) t$xH/��/|i'wYp�6iÆ+>p!UYr?��|��R�|;�Y SGP4 -Pz�&.{x��& (NORAD, North American Aerospace Defense Command) Æ��uw}5��R�|nt/�Y!UK1�A`iq�Æ~ J1 ( J5 A�V�`in<LEF5 [7]. �&w SGP4 �HI�R�|e7#L Ajisai !U� 5 d 1mY")/--� 7× 102 m

((L� 1).
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2 hfo�&: [1] &=�O�l1*k>�#4$Sf!�q Ae7Yau�h�S^Bp�= |B| ≈ 0, *uI�*�IY!U<	K1��'{O�*k>�YF{5� �7Mf!��XYq�*k>��un�wm"Yj{kf--Y!UK1e7-6*k>���(Ff!���(FOwmO^-6>�--Yv��z} SLR �*Er6j{��!U�qF�&�z-6>��8O�f!Yyusw}�{ SLR *k>��

SLR *k>�u� (t, ρ) YQp�A/ t  �*hw� ρ  *��#Lk��*��-6>��8O�f!yu6i} 3 %�
(1) mwHI�R�|�W. SGP4 -Pe7#L!U�
(2) �w!UK1e7-6q�*k>��
(3) &fj*>��-6>�YO2�d�eNuÆ�=�\R�Bf!��7f!0�u��X`kR
Y!U�j8!U�\�

3 ��W�{k+)(℄wM{0CwaDY#L Ajisai J tenD�}0-6>��8O�f!yuYG&�J �R�=�)(M#L Ajisai � 20108 3 � 1 V( 6 V� 6 d YPG
SLR |i\R`)f!e7�=!U [8], ��(5�B�-�R�e -6>��8O�f!yuYG&�

(1) wHI�R�|e7 5 d �����=!U�R�}0A--�
(2) w�R�|-6q�*k>�\R�Bf!�e E-6>�f!YuRU�}0A--�
(3)wq�-6*k>��8O�jD*k>�\R�Bf!�ne �yuYuRU��}0A--��(�E-6>�Yf!W&J�R�&=O�*k>�YJw�
(4) w℄zf!W&�� 5 d ���}0A--�2����R�|��J�R��,�8f!yun!UY�\Jw�)(N℄z#���e7Y!U��=!Up;4S_�L�3 (TEF, True Earth

Fixed) /J�B�R�F��)(3�B#L")--�rCY�2CT#��JL�3y"P�
kP�Hk--��
�--n SLR �*Yv���A�BpMHL--�/-- (RMS, Root Mean Square) J �B��HL--fo &fYhHJH3--on%YHL%�/--�fo �Zh� - k, --Z�C yj , �/-- σ∗ uX5�=�
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Y , Z 47|w3 [9]. ����R�|!U��L�3 �;U>C}L�3 (TEME,

True Equator Mean Equinox)[10], i;4S_�L�3�XN�G\;�5.>/Lh
(GMST, Greenwich Mean Sidereal Time) hP�J;l���
3.1 	0q�9N(T[i*�xH�=Y?�bd/��R�|H 1w�Rt$�R�|Y USSTRATCOM�y%{�,A`k [2]. 5+)(�w�R�|e7#L AjisaiY!U��}0A--���Y�R�|��mw www.space-track.orgt$Y 20108 3� 1Va 1G�R�|��( SGP4 -Pe7!U���1m 20108 3 � 2 V( 7 V (MJD 55257.0∼55262.0),'hHÆ 1 min, �I TEME L�3;4S_�L�3�I� 1unsS�w�R�|J#L!UY 5 d ���HL")--uK 1 km n℄�ZI2CT#�\R SLR �*�A�JHk/--� 4 × 102 m, HLHk--4( 1 km, ��*(9/k�'Yd)M�|1� Q 1 
1r�:O%/ Ajisai vZ 5 d )U }Q
Table 1 Error statistics of the orbit prediction of the satellite Ajisai in the five-day

span using TLEs

Term RMS error Maximum error

Coordinate x (m) 481.9051 1171.0943

Coordinate y (m) 479.2596 1467.1350

Coordinate z (m) 170.8760 498.6605

Position (m) 700.8001 1496.1654

Azimuth∗ (′′) 42.9807 227.0201

Elevation∗ (′′) 78.3399 2249.0497

Range∗ (m) 415.6379 1211.5066

∗ For Changchun Observatory with elevation ≥ 20◦.

3.2 ��<S�E�[�V-6q�*k>�rz�R�|e7Y!UbL�;4-LEd:��s�X�j�} 3 %�
(1) �(L�;4�B�#LY�JG+L� (A, E, ρ), A/ A  y"P�E  
kP� ρ  *��#LYk��
(2) ℄M
kP E RLY�nk� ρ JLEd:�� [11], N (t, A, E, ρ) ;47�*>�p�A/ t  �*hw�
(3) nq� SLR *�L�2�a (1) � (2) %�e7-6q�*k>��A/�a-P'w Marini-Murray-P [11],ED(|pn�1%NY�-6/�wY

SLR*�L�� 5��I$D:�*kG# (ILRS, International Laser Ranging Service)[8]YPG�*�"℄M�p ITRF 8=��� �*�L�Y`k�*�N,<�,}� Yaragadee (7090) � Graz (7839) � Monument Peak (7110) � San Juan (7406) �
Kunming (7820).�&�wY-6q�*k>�hHJH 20108 3� 1V( 4V (MJD 55256.0∼55259.0),
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3.3 ��<��^u(T[i*&: [2–5] /mw�R�|\Rf!YIup $Smw#L<	�J �*�<<!�s�(-6 SLR *k>�f!Yyu�^*�U��Un-6q� SLR *k>�\Rf!��}0f!--�f!1mM 20108 3 � 1 V( 4 V�ntJ2W V (MJD) 55256.0( 55259.0. i�^-PJiYzX5�_Gr�0'w JGM-3 -P�THM n = 70, m = 70; LEF5'w DTM -PB��V�`i�V�")'w DE 405 RL��B���g�`-_Gw�~a``i���5-)5`i��o?n!`i (0:pGt); _GB;Q��F`i�/�Q<^� GQ�f!W&��=!UY�RX� 2 �q�uLA")/--4( 6 × 102 m, �JHk/--4( 3 × 102 m, ��R�|W&?^�Q 2 
1r���d=���_%/ Ajisai vZ 3 d |a)U }Q

Table 2 Error statistics of the three day’s arc orbit determination of the satellite

Ajisai using TLE simulated multi-station data

Term RMS error Maximum error

Coordinate x (m) 474.1399 1122.3224

Coordinate y (m) 470.3644 1098.6143

Coordinate z (m) 158.5206 395.1755

Position (m) 686.4256 1168.7608

Azimuth∗ (′′) 32.8158 574.1001

Elevation∗ (′′) 66.3073 2675.0114

Range∗ (m) 372.2249 1062.8395

∗ For Changchun Observatory with elevation ≥ 20◦.

3.4 lB^u(T[i*�8f!�=-6|i�8YO�f!�rN-6q� SLR *k>��jDO�
SLR *k>�.��\R�Bf!�O�*k>�M2CT#�� 2010 8 3 � 2 V 1 d3n#L Ajisai Y*k>��} 5 N (pass), � 68 ��=�-6q�*k>��f!Yi�^-P-1md)�℄U�����(&f*�O2�
�j8-6>��j*>� 1:1 × 104 Y?nO2��8f!W&��=!UY�R%X� 1∼2 <� 3 �q�IW&uns=�f!--YhH}$�#pÆ��/H1mJ�j*>��--LLK_���)1m�--5M�2�HquK 6 × 102 m, s�/H1m�--�z*� 10 m n3 (� 2). uL�j*>�YFY77�\�g&f!`k�?�E-6|if!�--�/H1m^k�|�>�I���s��JHk/--� 1 × 102 m, �E-6*k>�f!W&?��\,7�
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Table 3 Error statistics of the TLE aided orbit determination for the satellite Ajisai

Term RMS error Maximum error

Coordinate x (m) 133.5065 438.5936

Coordinate y (m) 149.3120 652.3535

Coordinate z (m) 126.9119 485.6350

Position (m) 237.1174 688.5467

Azimuth∗ (′′) 14.1722 448.5125

Elevation∗ (′′) 11.9277 384.8954

Range∗ (m) 108.4366 519.8057

∗ For Changchun Observatory with elevation ≥ 20◦.

� 1 �T�~�:Rh%N Ajisai #W//iIL>
Fig. 1 Error time series of the TLE aided orbit determination for the satellite Ajisai

3.5 #"9N(T[i*mw�8f!yunO�*k>�f!0�If!W&/M#L�&fhwY")-�k���{�Æ�R
`kY���Isj8!U�\�I℄kUsS�+{j*>�Y 2010 8 3 � 2 V (MJD 55257.0∼55258.0)f!--RE�I�k�/M��u�XS`kR
Y��� �B�y��)(���<ohw℄��k�Y�h�I℄U�8f!W&/M 2010 8 3 � 2 V�hY#L")-�kl����F0Y��L����1m 20108 3 � 2 V( 7 V (MJD 55257.0∼55262.0)� 5 d, �wYi�^-P�℄U�Bf!h?��
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� 2 �T�~�:h#//iIL>4V
Fig. 2 Detailed plot of the error time series of the TLE aided orbit determination����!UY--hHK=X� 3 �q�--�BX� 4 �q���!UYHL")--nL� 5 m/d Y�k�2�H1�a 5 d W{hKSHL� E} 40 m; �JHk--jE} 30 m, ��R�|!U?��--77KE�� 5 �=z�8f!W&��!U��R�|��!UY--n��uL)(�(�8f!yuA�O�*k>��j8�!U`kY,7�\�Q 4 �7mC_v�x\%/ Ajisai vZ 5 d :O)U }Q

Table 4 Error statistics of the five-day prediction for the satellite Ajisai using the

TLE aided orbit determination result

Term RMS error Maximum error

Coordinate x (m) 9.6306 37.3617

Coordinate y (m) 9.6919 38.7627

Coordinate z (m) 7.7936 19.7638

Position (m) 15.7297 39.3758

Azimuth∗ (′′) 0.4790 9.8808

Elevation∗ (′′) 0.6152 19.0630

Range∗ (m) 5.9704 27.7826

∗ For Changchun Observatory with elevation ≥ 20◦.Q 5 pgeb%/ Ajisai :O 5 d \$�)U }Q
Table 5 Position error statistics of the five-day prediction for the satellite Ajisai

using different methods

Prediction method RMS error (m) Maximum error (m)

TLE+SGP4 700.8001 1496.1654

TLE aided orbit determination 15.7298 39.3758
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� 3 ny�:h#X'[%N Ajisai #W 5 d ��//L>
Fig. 3 Error time series of the five-day prediction for the satellite Ajisai using the TLE aided orbit

determination result

4 �Nn℄n#L Ajisai !UY}0W&�JOEWX5�
(1) �R�|e7Y���")/--� 7 × 102 m. w�R�|-6q�*k>�unf!�")/--� 7 × 102 m, --��R�|W&?^�
(2)w-6q�*k>��jDO�*k>�\R�Bf!�")--�+{j*>�Y1m/E} 10 m, 	��1m��L( 7 × 102 m. I�8f!YW&��� 5 d ��")--� 40 m n3���R�|��?��`k{,7�\�n℄W&�,�mw-6|i�8O�f!yu�unj8O� SLR *k>�f!�� 0[Y�D�*J=R=Q����f :�*k>��xH�=!U�\/YtwÆ��I��?. FbdmwY SLR �=>�I$D:�*k�, (ILRS) 7X�R � & ,

[1] ���U�`H%N#W�_��_
�℄Q�?� 1992: 73–76

[2] �j��3s��'_�� 2009, 50: 332

[3] Wei D, Zhao C Y. ChA&A, 2010, 34: 69

[4] *��6��3"��0%yIt_�y� 2004, 04: 67



144 � ' _ � 53 m
[5] �%�M�O��'e��y� 2010, 7: 318

[6] Levit C, Marshall W. AdSpR, 2011, 47: 1107

[7] Hoots F R, Roehrich R L. Spacetrack Report No.3, Colorado Springs CO: US Air Force Aerospace

Defence Command, 1980: 1–3

[8] Pearlman M R, Degnan J J, Bosworth J M. AdSpR, 2002, 30: 135

[9] �Ag�U�%Na*#WRh��_
Z|q?� 1995: 26–33

[10] Seago J H, Vallado D A. AIAA 2000-4025: 14–17

[11] Marini J W, Murray C W. Correction of Laser Range Tracking Data for Atmospheric Refraction at

Elevations Above 10 Degrees, Greenbelt, MD: Goddard Space Flight Center, 1973

Two Line Element Aided Orbit Determination Using
Single Station SLR Data
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ABSTRACT It is difficult to use the single-station satellite laser ranging (SLR) data for

orbit determination, due to the singular geometrical distribution of the observations. The

single-station data generated by performing diffuse-reflection SLR to the orbital space debris

are therefore ineffective for orbit improvement.

We propose a method to resolve the singularity in the observation distribution. Since

the initial orbits of space debris such as the two line elements (TLE) exist prior to the SLR

tracking, we use it to simulate observations from other SLR sites. We combine the simulated

and actual observations with a proper weight to fit an orbit, thus resolving the singularity in

the observation distribution. We then propagate the fitted orbit forward in time to validate

against the precision ephemeris derived from the international laser ranging service (ILRS).

The method is implemented and applied to the satellite Ajisai. Using the single-station

SLR data of five passes in one day and corresponding TLE as the initial orbit, we fit the

orbit and the generated predictions. The predicted position error is less than 40 meter in

five-day span, significantly improved over the initial SGP4 propagated orbit. The method’s

potential application to space debris orbit improvement is also discussed.

Key words space vehicles, celestial mechanics: determination of orbit


