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(1. �IE�U�� Y:[+Æ�+ 210008 � 2. �IE�U��6lUÆ�+ 100049)�y�1:b|8Y"*C;�Plr~�=��ak(�V��z�r~$k�_m GHz 8!�zr�U(����f2 (Analog-to-Digital Converter �ADC) �Mi��T℄|�lCG&L�tn (Field Programmable Gate Array, FPGA) 1u℄�bqz|�^r1�O�"_')fzw�D (Fast Fourier Transform Intellectual Property, FFT IP) �U��[(
��:�ore?sI�R|8Y?�~� FFT "*-29kG�rz��f�KlE/(Z�"*-r%�sIkqz~z�r��� FFT "*-E3arQ�3(r*�+z�3(r�-�PWw5℄~
�XZ"*-rPlj|k|"*z�/.$Pk~)f��z�;�r���? J 1�8YC;f"Kz��|"*-����f2�lCG&L�tn� IP �U�ur FFT � PCI �o�m8OA�P161.4 � P111.44 ��� qu,aT�A
1 �8���b{7XB:q�#�L{(�	!)B:
�_HotK 13.7m b{7XLS3��jCT*jF!),>Hq	 3 Q�2�
)nd>
�#d>� 2002 �18��B:�Q����[�_��H��G}�*os-Y74B:�518j	#q���!�LS3v4	�q1'�#e!Z 2005 ��y	(y'	���.r)nN HCO+ � CS � N2H

+ s#�B:�$x	\H�d#� CO ��)nB:�pyy�℄o1'jLS3v4.:pm�QGj��[Tq�6�>�P_�&#s(�6�I3B:18jF�q���	 3 Q�2�
)nd>
�Dxv.:34	�a 102
∼103 cm−3 ��q��[qv4�4�a�5qI3��K�#(5<J.: HCO+ � CS � N2H

+ � CN � HCN s'	��� b;^\�2007-05-18 � xD^\� 2007-09-27
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 	��apy��.r��N2H
+(J=1−0)��)nqG,f�>)n?G.:34	�a 104

∼106 cm−3 {�q�L�#X5)nD 7 ;,f�>H��Oka 93.171∼93.176 GHz {��py)n�q#w!y�+~D 137 kHz [1] �08)n}T#g�>j��[�6�bÆ+JKV��B�4�,HB:p qG,f�>q��)n�#`�!),<!')�*yq	��(,y�q�d���Ua 200∼500 km·s−1 {��#Iv�%\H�dq)n}TV��B��#`�!),<!Pbq	��
(WAd)�_��	G/}q���U∆V �	:q!)P� ∆f = (∆V/c)× f0 �Jb{)nq1}!y f0 Hx$�6W�ab{'!��:h�dqb{)n�#2PqbP�N 500∼1 000 MHz �a_��HI3�5��_��H�q(y'	���.rq)n (CS � HCO+) t)�q=T�s�F0Dxv{���[Tq�6��B�N&#0ujHu�py)nq7nW�~D 10∼100 mK [2] �	pyS)nqB:#Ap!�q�d$�Qjh�7nh5�1'��mq�0H�d#<!)��e!<D2Eq\}	q-V2`q�,�O�!�B:�<q3�1'�a1mb{7nq	��1'��mq.:q�q=q�!`	`�!),	�q#<$�3�1'��#4kaPb�')�*y�̀ �,�OVEq-\}	s�
�py}qB:�<.-GOjkDjF!)e!%�18q	��O�!��k4y�qÆj�Pb'� ADC �'	����SS\{��0t'	�}�m�nqOk�kG FFT P\q��!)y�'�U��Æj0U�6W�a}qD�Æj�< /g�_�#09!)y�Æjq6��.$}q!)y�ab{7X�F�q:?��Æ}�`�!), [3] �#X��#�`pyy�qÆj0tab{!)�b�q:?6/�
2 ���#+{&m
2.1 �_4kpUYGdC>4%�[?qV!!),�)E.V!bP�6.-^lwp GHz�i6.n�xy>�q�3��03�?Gb{7XsrL	g�:qNS�S#�!)�b�ab{7X:?rL�09!)y�qÆj���F0�!),�H��k#Y� [4]: (1) 
<n|2!), (Filter-Banks Spectrometer, FBS); (2) jF!), (Acousto-Optical Spectrometer, AOS); (3)()(e!), (Chirp Transform Spectrometer, CTS); (4) �qA!), (Auto-Correlation

Spectrometer, ACS) �,q!),�C��b<|21�℄���21"Hq%V
<n!),��(v�21	Oj%(,!)<n�3JCGp�!),�vq|21V�21q0	.k3(�<n(�	>�8qp<n�KK\a$��	q!yVJs�6Wd>qFC	3'��6p�
<n!),a7Xe!�.-�Q_	�`UOkqjF!),�℄RvH�j
<n|2!),qFx��8.�qbP (In-

stantaneous Bandwidth)awp MHz l 1 GHz �O�!)<nQ 1 000 hv�6Wp���Pbq!),Z 20 ~� 70 �e0UqqjEq(�q��plG�:?�jF!),#grHjm�F�{T�y��.Fx�4n�`��>$� ^�33rH�`o�jF!),



� 2 - osg�t��H|8Y��"*-r~$k 177�	4%2 (NW�\}	s6�) #<i'��py6�	d>q\}	D��`q<t�q	GjF!),�kGj.
2y�q()(e!),�Qa�s�qbP;Sg#�!)�b�18j(�}q�>���p�!),�qbPaw� MHz hv�<n�Qw4�!���y�qÆj� 1∼2 bit ���qA!),Okj�CG.<DB&J�d7�\}FC�4nw�qhsAx�a 20 ~� 90 �e�`,HQb{7XLS3℄`�e!qÆj�u�09 Wiener-Khinchin }\��Sq6y)F0<J<�Sq�qAP�q!^&(eip����qA!),x�kGp,P\Æj0Uq�7?��qAy�qAxaG�<Jq	�hq��{vtkqA\��aqL℄0	qAd�#�n���Dxv�>6 FFT}���bUq&0^3�Z�tkPb!)�b�`o�CG(, 2 bit qA1qn�xyF^l\sqA1 (`m
T) q 0.88 ��
T�qA1a	�$ZDm{vtkq ^K�G`�h�q;Sg�08a
T'� ADC y�dSH
{6� 2 bit ���qA!),ab{7X:?�HQj�qA!),q-�� 2 bit ���qA!),�6F0S\q�SbPa
1∼2 GHz �<n�Qw4�'�U!�N242�y�qÆj����qA!)y�$Apj}q#j�(�CNbn�[?*4EVpE"Hq��qA1F0tk 3∼4 GHz q�qbP [5,6] �p�kG��1�tkqqA!),�q$G��qA!),�6Q���S�D<J7 �hbJK�6�.4%bP3� Nyquist bPqm��n�xy$3�"n�%0aPb'q�q�S�:�
�WY��qA!),D�℄Rq:?6/�CG���1�q<t���qA!),qd>\}	03'� Allan �>q-awp�hv�<n�~D 102

∼103 hv�m�j.a'!)�b�
q:?�
2.2 �E~9i ADC B9i�Q FPGA 2I=2f	UYGd!),��b�.bPV!y�*y�#�l ADC q4%bPV���SS\�ypg�
6�q�V�Z 2000 �U�4%���y�qÆjQ��!),18jN�ÆjqmM�qAqT�y�#5�#.ka� (1) '�
T ADC qÆj� (2) ��\�{�qÆj� (3) '��ny�qÆj�'�U�k4 ADC 1�Æj���pQ�ÆPb�'�*yq��7r18jy�kR�$xpD/GuT���qAqs(;y�vnHQ7Xt�:?qF��C 1 i{j-Y ADC 1�qÆj>��.�[QB| Maxim � Atmel s:� ADC 1�	��6^lq|-�. 1 mOpw�:�q ADC 1��#qy�|-���6'��k4 ADC 1�F0S\qbPQ 1∼3 GHz ��*yQ 8∼10 bit ��>jPb���SS\bPq&0^3�- 1 �7o:j ADC �yHe�,s� <� ADC 9"�{ �,{ /bit

2002 Maxim MAX 104 1 GS/s 8

MAX 108 1.5 GS/s 8

2004 Linear LTC 2220 185 MS/s 12

2004 Analog Device AD 6645 105 MS/s 14

2005 National ADC08D1500 1.5 GS/s 8

2005 Atmel AT84AS008GL 2.2 GS/s 10

2005 Acqiris JetSpeed II 4−8 GS/s 8
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D 1 �.Z ADC 2�r�k?�DE lI Hypres <��l + ��;!� DSP(Digital Signal Processor���S\{�) � FPGA s}(e���SS\{�q��Æj�py{�xK�F0ah(q{�℄tkLhq���SS\�tkPbj'q)�*yq�S�b�Altera�Xilinxs:�q FPGA	�a%�.kBQBO�pY1��Oq~qhO^l 5∼8 �J��q�4%�y$'^ 400∼500 MHz �C 2 � StratixII(Altera:�) V Virtex-4(Xilinx :�) dmq'� FPGA Lhq$��^'-��0 ‘E’ �Aq�
Stratix II dm?$�0 ‘X’ �Aq� Virtex-4 dm?$� 2006 �� Altera :�q Stratix IIIdmV Xilinx :�q Virtex-5 dmq FPGA $�y�O�hk?�p�Q��S\y�qN�Æj182Q7`q%*�

D 2 Altera � Xilinx ;�(� FPGA rMi%� [7]

IP �T�\�a ASIC(Application-Specific Integrated Circuit) V FPGA ℄<Dyv?CqQ�6��M�0tk�9<��Pb|2�!)�bs ^q��\�� IP �TqOkV)qF ?	�xpe}ad>rH��FC	�\}	��Æ
,VH#0t=�mvs
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�
tkj#Ab�'�U�!�h�N�tGh�N�42y�q��Æj� FPGA qLhV��q1'�x-�6�2Q ^q IP �Ta FPGA ℄\�HQF��
�:�V�5hT (N Xilinx � Altera � RF Engineering � ETH) a? Altera :� Stratix dmV Xilinx:� Virtex dmLh'�q FPGA %*xa�ÆG'��GPb FFT IP �T7:�.��
RF Engineeringa FFT IP �Tq�Æ�
Sa%�rhvT�C 3 Q#:��Æqw�y�

D 3 �x�z� FFT IP �Ur
�%� [8]�> FFT IP�T�)�F0\�G Altera:��Xilinx:�q FPGA%*�.� HyperLength

FFT IP �TFtk 10 MHz bP�'^ 256M x (points) tq FFT \� [8] �?G�#G')�*y�bqBZ�� HyperSpeed FFT IP �T�Q�!G'�7 �<q:?BZN{�	B�X^�Pb<�Vb{7Xs�e}�)F�� 3.2 GS/s '��9u�7?u�n
(pipeline) �ztk 32k xtq FFT \� [8] �C 4 Qp�G'��Pb FFT IP �T���

D 4 HyperSpeed FFT �� [8]



� 180 �������8�Y���$�k������� 26 =�RG,1,.q:Ky�Æj0Uq}�m�L�ny��Z 20 ~� 70 �eq GPIBy��nlkaqG�x?q'� PXI �PCI y��n�-`j 30
�q3�Æj�xpU	�yV:K	�3�1'�$Q.'q:?182Q'�qy�vn�. 2 m8j-�D?�nt.�9U	�y�.� cPCI(PXI) �nFS\q�9P�Q 64 bit, U	�yQ 100

Mb/s �HQ�6N�0G�:?qy��n{(�- 2 �<��vF℄gM0jSs�  p[� �{ /Mb·s−1

1970’ GPIB 1

1981’ VME 0.1∼1

1987’ VXI < 40

1981−1995’ IPC , 16∼32 bit 10

1997’− cPCI(PXI) 32 bit 100�Z'�
T ADC, '�Lh FPGA V\�G FPGA %*q FFT IP �T�kGH
q'� PCI/PXI �ny��xpah,�?℄>�	�7`q��!)�bj.'Q�`n{
(Software Defined Radio) ?$.(Qkt�>�p�!)�b?$D ICS � NI � Acqiris s
�:��. 3 m8jpy:�!)e!�.��60 Acqiris q?$ AC240 q	�.k#QAW�.�qbPQ 1 GHz �<n�F^ 16 384 [9] �- 3 �VZ8s/XLPlAF\ ADC dR / �,{ 7� Bus [�

ICS-Ltd AD6645 105 MHz/14 bit 2∼4 ch, 8 k-pt FFT PMC

ICS-554

Beam Ltd − 25 MHz/14 bit 2ch, 4 k-pt FFT PCI

Astro-FFTS

DSP Research AD9430 105 MHz/12 bit 2 ch, 3 M FPGA PCI

Hunt Engineering AD9430 210 MHz/12 bit 2 ch, 1.5 M FPGA PCI

NI PXI-5660 Maxim 60 MHz/14 bit 9 kHz∼ 2.7 GHz, FFT PXI

Acqiris JetSpeed 1 GHz/8 bit 2 ch, 32 k-pt FFT cPCI

AC-240

2.3 �6nf	UYGd�_4kpR�2{|a 2.1 ��_��`jab{7XrL�:?qw�!),�)�
�Q��Y�jo�uTq��Y�q!),�'�UCG4%���y�qÆj�xp}�q
T��!),abP��*yVw�bs	��
Ap}qB'�0N�vplj:?�a 2002—2003�,��(�ib'�*yq��!),7.:?Gb{7XV`3�:�5�9H Coldrick7X* 6mb{LS3℄7?j Beam Ltd:� (9H Bristol)q AstroFFT!),$��g)nB:�5 [10] �R} Berne`�:?a\�5%$?)$`3N�Ohq�: [11] �!� ADC q7 �yAp3�B'VH
q'�Lh FPGA ?$3�FO���Pb'�*yq��!),��ab{7XLS3℄pl:?�
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2004 ���(b{% (MPIfR) � ICS :�V RF Engineering T��5hT==Z%IHq ICS-554C ��!),G=� 8 Y��a Effelsberg 100m b{LS3℄��YH6B:l

21cm HI V OH �g)n [12] �R}e�4�T (ETH) Q Acqiris :�q?$ AC240 ��Æj#�!)�b�n�q
16k FFT �T�#��!),��a KOSMA 3m b{LS3℄�G 2005 � 3 Y�YH6B:l IRC+10216R�q CO ��)n [13] � 2005 � 7 Y�R} Berne `�:?a\�5%$�y7?j AC240 p�Pb'�*yq!),6ePhq AstroFFT !),�#�`3H�q�:�5 [10] �

2005� 5Y��(b{% (MPIfR)��j Acqiris:�q AC240��eZ RF Engineering==�Æj 1 GHz bP� 32 768 <n}(eq��!),�$℄Nv��l APEX 12m b{LS3℄�0G=� 7 Y�H6B:l SgrA* R�q CO(J=4−3) ��)n [14] � 2005 �`,�a Effelsberg 100 m b{LS3℄$��jJWq=q��!),�0�Ox?�kGp��>qe!�D QinetiQ :� Quixilica ?$dm{(q Neptune 2 VXS �? [15]V Pentek :�q Model 6826 �? [16] s� Iab{7X�
q:?d�D�n�ipY�?~#�_Z�q FFT IP �T7:�'F>HPb�'�*yq	�7`q!)�be!�

D 5 �.�"*-r5&QW*�+zr%� [4]�0�6ab{7XrL�x?q Acqiris :�q AC240 Qb�p�'�
T ADC �'�Lh FPGA V'� cPCI y��n�>q!),q�#0x� (1) 7?E��q�z#�!)�b�d>\}	VB&J�dDBOq.k� (2)	3=bP�F0<JQ�e�tq#����Æe3=qS\bP�F0tqtk3=bPV (j) �*yq!)�b�p�F0tq	>q0xQ�VH#�1'x?�qqh	18jÆe���X7X*Z 2005 �0�y� AC240 :?GQ�2b{��)nB:���j(/�� FFT !)V�/�!e!�-Jt��:�V7X�B:.Æ� AC240 ��!),F0Q7XLS318.%#<qPb�'�*y�0<!n�!),%�#q%D0u�08
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�^lVGJjjF!),VU>q�qA!),�2Q	#q��a�,�O�Allan�>\}	�n�xys	�|-℄�3=K�vGWjjF!),jU>q�qA!),�.� Allan �>\}q-^l 1 000 s hv�q$�GjF!),qw��q~w�ah�n��
plj℄`q$Z�CG7?
T ADC 7 �q$ 2 bitq��qAq;��n�xy$Æi1'�C 5 ��j-�!),q4%bPV)�*y�ZC�F	�p�
T��!),v4	�AG.'Y�q!),�0/a)�*ys�
2�.'!),%3�q$q��
3 ���XmMQjtk}q7XD��-�	`�!)e!qbP��*yV\}	s|-q#<3�1m�#XaWkR℄���j��y�#j	b{!)y�q<t��6�'�*y��!)y�qÆj�.-Qb{!)S\18jfRq=�;��.A
y�#5.ka�

(1) '�
T ADC tkjPb�'�*y�'�,�Oqb!q��b�
(2) '�Lh FPGA {�V FFT IP �TtkjPb�'�*y�'�,�Oq'����SS\VF	>�
(3) '��ny�18'q�9U	y�'qx?FC	0t'qd>rH�d�JU>q!)y�q$��}�q
T��!),abP��*y��,�O�\}	VFC	�!)	>q
 	Æe�d>=�rH�s-,�
i{OÆiqAW	�p�}�q��!),qT�y�a#'g�FD}q#j� Acqiris :�G 2005 �Æ4j 8 GS/s �

10 bit F0tkS\ 3 GHz q�qbPq JetSpeed II ADC 1��RF Engineering$���5�ÆkG Xilinx '� FPGA {�q FFT IP �T7:�)F0tk��S\ 4 GS/s �9u�0IH 65 536 <nq!)�b�F0N	�
T�� FFT !)y�qÆj�B'b{7X`�q&0�a�Z	�0td>rH�
qA�xppY!),F0?G>Æg(eQ�2
2���d>�aSU`�b{e! (bN FAST) qÆeu��:?pyy��Zhv℄1mb{!),��q�d�CG
T��!),<DG7qF	>�d�6WQ�� IF d>q
 	Vqh	18j}qy�vn�2G4vA�ZkGPb
T ADC V'� FPGA kBS\qQ�`n{=�d>3"F0�!_�a!)�bV7XB:�
q
 	#<�~#Æj�jq IP �T�$F0?G�M�vWU���qAJ�\�s�`oax?	aqA
(Cross-correlation)
qb{&d, (�ZJ4&d,� VLBI) srL\a℄Gq:?F�	�.Npt�
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New Progress on Digital Spectrometer for Radio Astronomy

LIN Zhen-hui1,2, YAO Qi-jun1,2, YANG Ji1

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Graduate School of

Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Spectrometers for radio astronomy have provided an important tool for observations

of interstellar molecular clouds, star forming regions, supernova remnants and other targets. The

new scientific demands on astronomical observation include wider bandwidth, higher spectral

resolution and capability for deep integration. These new technical aspects cannot be fulfilled

by traditional analog backends such as acousto-optical spectrometer (AOS), so enhancing perfor-

mance of backend is highly demanded. A new progress on the key technological features of radio

spectroscopy is investigated and summarized in this paper. Based on the system integration of

multi-bit ADC (capable of GHz sampling rate), parallel FFT IP cores running on large capac-

ity FPGA, high-performance BUS technology, a novel FFT spectrometer for radio astronomy

becomes possible. Digital FFT spectrometer which integrates these new technologies has wider

bandwidth, finer spectral resolution, higher dynamic range and system stability in comparison

with other types of spectrometer. Limited efforts show that this kind of digital technology may

help us in developing sophisticated spectroscopes for radio astronomy. The same architecture

can also be used for other applications in radio astronomy, such as the de-dispersion backend in

pulsar observation as well as cross correlation in radio interferometers.

Key words: astronomical facilities and technique; radio spectrometer; ADC; FPGA; IP Core;

real-time FFT; PCI bus


