
� � 26 J�� 1 7 ,�F���6�O Vol.26, � No.1 ��� 2008 % 3 A PROGRESS IN ASTRONOMY Mar., 2008 ���M���1000-8349(2008)01-0062-11

A�=K�� VLBI E��1$')$���!�#��� ��"�
(qVP�>�^℄-G��^℄ 200030)LJ�jK�[8dDv (VLBI) }u�zb�+E���H,�:zU�'1��}U�℄R >'zhU!D=::�'BkDv�� [1] �℄M℄k�} VLBI 	E7℄kzejf%�*.

VLBI PD	Ez℄M℄kH,	E��g����z�u%��41���zs"��iv�	E℄k��z�G�v�,}'z:�%#	E℄kq8
;O℄M℄k�LU!ABS VLBI ~�DXT4p�t'z%#℄M℄k�}�.kTv�:s"zG[R,S
Zz (FPGA) ��{�mz:�	E℄kq8�R�rp℄k��R�:��i 1 Gb/s z	E�9	E℄k-X�<[X#�`61'UC (ESA) (Fz	E5qx()�-X-jsb�� ( ��+EPDf%1���jK�[Dv�℄M℄k��	Ey%�℄M℄k��n���K7g�P>�/��P228.6 ��� �C�92�A
1 �!��	iJ~Z7
Cu (Very Long Baseline Interferometry, VLBI) | 20 y� 60 $mm6�M;bya�7
hÆ� [2] �|�st�ya�*DÆ���=&MZ�7
��$�<A-Ii���h�?GmJÆ~Zt�yY>(bya�===�iN?Fjy�iV>===�8�j{db>?===a�y�j~ZJÆ�VLBI 0Z�J~Zf'9OC0�Q|x�9T�&0�f~ZCu9Æ� VLBI |��&&0��9y*DOCÆ���!|x(-�`&�u�y�9&0��\s-F}E\!&0Y�E\dEjby����!J�`Æy9ÆCu\?Gmy~ZJÆ� b�F*)Oj~�*)Cu~f*D}E
q~{}5xuQ�y"& [3] ��� :�86�2007-05-17 � I!86�2007-07-18"*F4�"BCT -1-0-1 a� (0384001002)
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VLBI �9J�yB9�rk
Æ?�p0�2��=OCQya�===*�MZ�k
�$8.u?~0k
m�4p��q=Æ�5��}_��F_3y VLBI Æ�o�OCQ|xy\u��q�DV��Fal\�E_�u�D\joiy\L\j�4p{m\L\j (!7 1) �

8 1 VLBI T4:k [4]\L\j�| VLBI y�D6\jdie$�|0Dy9�k
\jS3�OCk
y\L_�}0Q!Æ_� (p5�Æ_�) AF\L\j�ooN���y\L\j�|&-
VLBI ClOC�D\jyN�Q FX m05\L\j��:N�Dy;v~u�o�2:��o8L� FFT C��0�%H\Qf��J6f���m�Y��,W�Em\js&�FKT �ARo��F VLBI S3G+�Dyqo_�0qo\j!q� b0_3y\j�\'�hy\L\j�u�
�\"yÆ��F�
2 �^N^l;l}E\A-92Ajyt�a�===�Q�*�ub�3wg\a�<�Yy�a*a�92y===*�u2�7�yk
o�)-AjyH��uho�z+H��
7 1 oy�U τ ��7 1oy� X *Z
??O��e X *Z�uyk
? VX = cosωt(?�q���9#�e+Æ? 1 �Xu\A? 0) � Y *Z�uyk
? VY = cosω(t− τ) �t}&Yk
K?
VL = cosω0t �;{0m�I=�yH0k
 V

′

X = cos(ω −ω0)t � V
′

Y = cos[(ω −ω0)t−ωτ ] �
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\L�Q�xu�
rX,Y (τg0) = lim

T→∞

1

T

∫ T
2

−
T
2

V
′

X(t)V
′

Y t(t + τgo)dt

= lim
T→∞

1

T

∫ T
2

−
T
2

cos(ω − ω0)t cos[(ω − ω0)(t + τg0) − ωτ ]dt

= cos[(ω − ω0)τg0 − ωτ ]

= cos[(ω − ω0)(τ − τg0) + ω0τ ] , (1)8o τg0 ?�o8L����h�U τ 0q�8L�o τg0 aH?�/�U ∆τg0 �
�
∆τg = τ − τg0.s τg0 MYH7- τ o� ∆τg H7-|�v (1) y,W?H7- cosω0τ �bo��Y30�h�U τ +L�v (1) y,W� τ �v6.q�Wsv6r.qM?�7
.H
�\L\j�yPPA|Su7
.H���Y�h�U τ �

3 �^N^l�
P\L\j�z�)�Dx$ (Playback) ��m�� (Module Parameter Calculation) �\L\j (Correlation Processing)�J6f�< (Long Term Accumulator, LTA) �oiWl��� (Center Control Computer, CCC) Nj�Z	N�U7 2 �w�

8 2 �℄M℄k�-Ix�8



� 1 y xO+�|�LU!ABS VLBI ℄M℄k��2 65��D)<�Mu�=�Q�D;Z=�y�Dx$e$ (Playback Device � PBD) tem�) PCI7300A �D=�L� 32 A5pov�h\"y�Dx$*Y (Playback Interface,

PBI) �; PBI ��D;v4p\jm��T�Fyx$�v�>\L\j�Z�\L\j�Z2o*� PBI y�Df�m���Z�Yy�m?��4p\LC��,W��0w 1 Ayov�> LTA, LTA $8/*N 16 A^Æ��h CCC ��mQ)<��Y�=;&FoiWl���yf�UAÆ���Q(
�D��Qh 1 Gb/s �;\jmy�Dujj b���Q??9�Duy�n&a�h��&a��
3.1 ;+ ��Dx$�Z&? PBD f PBI � PBD )AW�oP�z�PP|d<�\*��D5
te�E; PCI7300A �D=�L�> PBI �

8 3 �	Ey%�[ <-I
PBI ;&D!) Xilinx GÆy FPGA 	 XC2V3000 9��. Winbond y>Wl<	

W77LE58 qXy�>Wl<3I0oi���0Z`Y4p0k�\j=se��$e�~uN=s?��� FPGA �;=�Z4p,j� FPGA o=��Z$��D4p/	�℄2:�C�
��Hg�\�'I℄6kR{BÆ�5���Fyo�4p2:�2o$o�kR0Z`Y�x>oi����\L\j�*�y�D+ts;v��s| MK IV 9u�D;v [5] �,i MK IV 2��℄J 22 500A�+ NRZ +	�℄6 180A�℄6+ CRC 
��K℄Z℄62:�l(
�9�8/;&K?:
��~�s|; MK V <�x$my�D�0 MK IV 9u�D;v92y|�8℄�DM NRZ +	�A�&Z:(
�A�K℄J? 20 000 A�℄6 160 A�℄6+ CRC 
��
FPGA oqXy��D!| PBI ydiD!��!aw 12 <��Z�AÆF 32 MHz orU�� 32 A5p�DÆ5py��C���y�Dl^Qhu 1 Gb/s �

3.1.1 ��|f℄�Vte|�< 8 191×32'$�D^Æ�V4VYy�:
�Y RAM �M?�: FIFO�8��0 PCI7300A �D=�Loy\-,�s&�D=�Lyor�~��0 FPGA �;��-,�s&S3or�qXw�V;&t<or5yZ��
3.1.2 �kWR%F3|�< 32×32 y�D}J<�Q�$ 32 Ay�V�D0Z?�ejy!v�P
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3.1.3 NRZ mt�- MK IV ;vy9u�D�?*�_�ZRoYX\A�o�=&wk<+	�&\{oS�2y.qb3wX\y�D� 0 
f� 1
�Ys�oS�2f��oS�2\2 (2?� 0
}2?� 1
) �3ws�oSXq�D?� 0
�Ys�oS*��2f��oS*��292 (��oS?� 0 
�s�oS?� 1 
�}V��oS?� 1 
�s�oS?� 0 
) �3ws�oSXq�D?� 1 
� b��xuXq�D�)x4p/	�
$s�oSf��oSy*��D4p�}�xus�oSyXq�D�L�d MK V o0Z<��Yy�D�|�;;Z/	yXq�D� b�4��Z&?t<0w –/	0wfb00w�?D�D;vy92�0Z92ye��0w4p}J�
3.1.4 ���TjV℄2:��Zo�!^w℄6�Cfo�2:t;&�℄6�C|eSu��℄y℄2:��5�Y�℄y℄2:k
�0Z℄2:�y�AQ�d℄6o'IkR�!a�QkR����vkR�o�kR�5
�e
�{�o&℄2:k
�Q�4p℄:[r�C�o�2:|SuG+0oiWl����by2:o�\2o�y℄�5dW�℄Mu�$�my�D�Vm�te�
3.1.5 ���f℄F�℄�Do�℄2:�A-℄6yo��s�Cu2:�o�?w9s2:�a�y�D	l�u��<te�8jbh_uS��℄2:�a�y�D�F&Do�4te|)�< 160×32 A^Æy2: FIFO :N�
3.1.6 �zv
�

MK IV ;vy9u�Do�2:�;&=&(
��8�;&K=&y|:
��WÆya\|9z$�DQsN2:����X�<gQ�gQ��<� 1 �F MK V <��Yy�Do�9eF:(
�� b�4��Zf/	�Zh��&?t<0w�?D�D;vy92�0Z92ye�4p}J�
3.1.7 CRC 
�℄6;&F&Z:(
�Am�? 160 A�� 148 A?kR�D��m 12 A? CRC 
�
�kN�`v? x12 + x11 + x3 + x2 + x + 1 �F4�Zo�℄6;&4p CRC 
����X�<gQ�gQ��<� 1 �
3.1.8 �X^n�F�D��}�Dx$ZRo�Q!z�ub�90y7N#_�sx�DYg�U℄JÆ5.�2:6��{�Y9���\�z>m�y\L\jHNljy`��ihti\jM�4p� bFW;&��Zo�=&wt#fmb8Q!"_℄y:[rf�m℄o�yrzr��|��\{℄2:k
a�y�DA�|){-℄J�Yj-℄J�K`>�/;&�buU�<℄2:k
YX�Yb-℄J�KEV�DA�bhhu℄J��|?D���v���Yt℄a�o�:J�s\{t℄o�j-�<:Jo�FWt℄a�EV�Jy�DAÆ℄Jy[�#��bht℄a�
�o�rzr�
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3.1.9 �^
h�{F:(
�� CRC 
��℄:[r�CZRo��r�XgQ�4��<z� 1 �&-3�Yg
��
3.1.10 �}\�_dw?D�D��y�v�� 1:1 � 1:2 } 1:4 [Y�0Z��y%F3�0wy&,�[Y;&!qX��V 32 <0woP� 1 <� 2 <} 4 <0wy	i�
3.1.11 ��\f℄te�Y�D�sx0m�*Yy��\��p�--*Y��y�50qX�
3.1.12 ��o�{lp�a�dw,i>Wl<y�Zoy�$>Wl<doi���*�5~uay?��u\"y�Z�
3.2 �3H%<�m���Z3I$"\L\j�Zr�myqo����u�)oiWl���qo'Es��mo��+OCQyo��`v�m [6] ��	\Ly.|kR�?DWekR�qo���<�mv6�uy?� (�m?�) ��\L\j�Z�\L\j�Z?DWe?�4po�t\�.H{~{BÆ�~9�sQ�?DoiWl���ye�j�<�QMd�
F\jon�4�Qy�D�
3.2.1 �uÆU�b�$"\j�yZr�mv6 ∆ ? 64 < FFT v6�
 ∆ =

64 × N

fs
(8o N ?p<=Æv6�y��� fs ?=Æ0�) ���Zr�my 5 <?�� a ?\A�U (v) � b ?\A�U� (v / A) � c ?[�A�U (A) � d ?b�A�U (A) � e ?�U� (A /64) �

3.2.2 �uÆU�`h�o�N
�`v x(t) = a5t
5 + a4t

4 + a3t
3 + a2t

2 + a1t + a0 �e ∆ ?U���yZr�mv6�K t = 0,∆, 2∆, · · ·, (N − 1)∆ �)bQ��Y 1 min ��<�mv6yo�
 τ �~�o��`v4pFtx�
�`v?o���`v x
′

(t) = 5a5t
4 + 4a4t

3 + 3a3t
2 + 2a2t + a1 �o���`v3w�Uy.q��)bQ��Y�&r��<�mv6yo�� τ̇ �o�
 τ u�NA��8[�;&
?[�A�U8L�b�;&?b�A�U8L�u���v�

c =

[

τ

Ts

]

= [τ × fs], [ ] 3wI[b�A�U8L = τ × fs − c < 1 �[�A�U8L0Z�
�D�yA�bqX�b�A�UKu�F FFT �m (05) 0Z&Æy8LqX�?D FFT yrn�
FFT {x (n + τf )} = FFT {x(n)} × ej×2π×i×τf/N , i = 0, 1, · · ·, N/2 − 1(?D FFT y�Mr�g���� y�AQ�w) �F05���u�4p8L�K� d = b�A� c = τ̇ ×N .H{~|?w8L�3e0����?

a = fmod(delay × skyFreq, 1),

fmod 3wF/�� a ?b- 1 y��
b = τ × skyFreq/fs.



� 68 �������+�E���5�N������� 26 J�Fq�s&o�)-$"\j�yC�F FPGA g.o&��C�qX�O�u9Æy�F�Z?� c =& 32 A3w9�8/y a � b � d � e �=& 40 A3w�H 192 A�D�
3.3 �D��0\L\j�Z|\L\j�ydi�Z�4�Z$o&d�m���Zxuy�m?���D4p�Syy�~C��!a[�'$�U8L�.H{~�\�1m�.u�b�'$�U8L�%F\Q�54p�6f���m�Y>J6f�<�
3.3.1 �uÆU�l~4��Z3Id�m���Zo`p}|x�u�y 5 <�m?��
�D��y a �
b � c � d � e �F 5 �QD_U��<�mv6��Hu� 192×5 Ay�D��mv6e�? 64×1 024 A�
3.3.2 �����[SY (DELAY)

DELAY ��ZF�<�mv6Muo�?Dxuy c ��<�Qy�D4p[�'$�U8L�s c > 0 o�3w4�Qu�J� c A�D�bo�M4Qy PBI EN k
V+d c <orv6�K PBI z�Y c A�D�Y&}9*��Kb c A�D	>�d�qXw c A�Dy�U8L�s c < 0 o�3w4�Qu�8W c Ay�D�bo� PBI EN k
zFS3
I�Dm{n c orv6E?+d�K{d-4�Q8Ww c A�D�
3.3.3 ��	�� (FRINGE STOPPING)�V)\A�U?� a f\A�U�?� b xu\A�U�

φi = a + b · (i − 1) i = 1, 2, 3 · · · �mv6�A� (64×1 024 A) �

8 4 �/I|�\A�U? 14 AM,
���V\W	/WGS3�W<s&y| Xilinx GÆy IP

Core ��&? 5.0 ��Y? 2 < 16 Ay\Wf/W?��W 2 <?�0�V�D4p0�\Q��V�D? PBI y�D;Z~qxu� PBI �D? ‘1’ o�V�D? ×� 4000 
�?
 0 �oK? ×� C000 
�.H{~Gv? Xi × ej×2π×ϕi �



� 1 7 xO+�|�LU!ABS VLBI ℄M℄k��2 69�0�\Qmy�DeV 5 	1+ RAM o��	Su? 16×2×1 024'$���	�"�<�Q�Dy\j,W�
3.3.4 �q�es�Qg (FFT)

8 5 �℄�2n�/v
FFT �Z$ 5 	1+ RAM y�D�
IY4p FFT �
y?e[< 1 A ⇒ e[<

2 A ⇒ e[< 3 A ⇒ e[< 4 A⇒ e[< 5 B⇒ e[< 1 B ⇒ e[< 2 B ⇒ e[<
3 B ⇒ e[< 4 B ⇒ e[< 5 B ⇒ e[< 1 A · · · · · · Ub�r�

FFTy IP CORE=&y| Xilinxy Fast Fourier Transform v3.2�?�? 1 024� FFT�y
� ��V? 16 Aq;f 16 Aw;��Y2Æ? 16 Aq;f 16 Aw;��Yy�D$�VU<�Z FSTC �
3.3.5 �����[ (FSTC)b�A�U8LV?D d f e xus��mv6� f < FFT v6yb�A�U�

τf = d + e · (f − 1).

f = 1, 2, 3, · · · �mv6� FFT <� (1 024) �e FFT v6!^ N <0����D;Z FFT �0��? Yi, i = 0, 1, 2, · · ·, N/2 − 1 �K� i <0��y FSTC ?
Yi × ej×2π×i×τf /N .0�\Qmy,W�V 5 	1+ RAM o��	Su? 16×2×512'$���	�"�<�Q�Dy\j,W�

3.3.6 �kW�Z (MAC)

MAC|�8Lmy�D%F\Q�x��Qy�\Lf� 2�Qyp\L5 Z1×conj(Z2)�
FSTC �Vy 16 Aq;fw;;Z0�\Qm�xu 32 Ay\L,W��V�6f�<4pf��

3.3.7 �
xri{ (STA)f�v6? 4 096 
�?w"f�Y�u�L� 12 A�f�o�s� 32 Ay\L,W�VL� 12 <,
AN? 44 Ay�D�4�D0f�e[<��"}dy�D4pf��5$,W/6V4}d�s�m�
f�:Nm (4 096
) ��D$eV�Ye[<�$�Yu
LTA ��5CTf�e[<�
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3.4 ��5.&7

8 6 �K7g�
LTA �V*� CCCLTA y ACK k
�s ACK ?9o�S3Mu&4*� 8 < FFT0wy�D�
y?��<0wu� 8 <0w�59��r�*�y 32M 1 A�D`~5N? 16 A�D�50Z CLOCK OUT 2M york
�$ LTA DATA �D�Voi���y

PCI7300A �D=�L�
3.5 �OG-N%<#

8 7 �pjXm���oiWl���o2o�+?U��<L��`YL��	 PCI7300A�D=�L�qXd<�$)o
IÆ�D"��TÆ��F�0Z`Y� PBI4p?�,j�>�m��'E#i
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4 �^N^l�^l.Y

2006$ 5 � 27 R —6� 2 R�$"\L\j�?�w�&TBy Smart-1�E C<C�SAÆ�?D ESA Sw�Sw��	�$"\L\j,WfW"\L\j,W&4
w�H���7 8 | 2006 $ 5 � 30 Ry�U�H7�kZm3$",W�wZm3W",W�

8 8 �℄M℄k�-X()
(a) �VAI� (b) �V�AI
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An Introduction to the VLBI Correlator

Used in the Chinese Lunar Exploration Program

ZHU Ren-jie, ZHANG Xiu-zhong, XIANG Ying, XU Zhi-jun

(Shanghai Astronomical Observatory, Chinese Academy of Science, Shanghai 200030, China)

Abstract: As a radio astronomical technique with very high angular resolution, Very Long

Baseline Interferometry (VLBI) has been widely used in the high precision deep space probe

tracking activities � The VLBI correlator is one of the key data-preprocessing device. Since the

correlation process in VLBI has the characteristic of intensive data and computation, ordinary

computer can hardly achieve the request for high speed data processing. Therefore, a specially

desined high-speed hardware correlator is normally needed. The hardware correlator used in the

Chinese Lunar Exploration Program (CLEP) is an independently developed, high-speed data

processing system based upon Field Programmable Gate Array (FPGA) with large volume and

high performance, which can deal with data up to 1Gbps per station at real time. The result is

good through validations with soft correlator and data from ESA.

Key words: astronomical facilities and technique; Very Long Baseline Interferometry; correlator;

playback; correlation; model calculation; long term accumulator


