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D

S
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Data 0 1 1 0 0 1 0 1 1 1 1 0

Õ 2.1: Data-Strobe Â�É
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SpaceWire w�Ö	×�Ø�¸	¹¯|�º4O»8 3 [4r U ~?W�Ù4ÅT¬�Ú�Å&|+ÛFÜ4Y�cÝ®�Ñ ¬�;	¦&§�r��F_ U�Þ Mß(à w Data W Strobe ;+ÙHÚ?ÅFá â�ã4ä 2 d�¦+å�æ»S�ç4ä�[>r(��è�ç<é�ç�i(Â�É�êKw�ëÝì�IKJ á âã U	í ©�Nî�¶ï�ð�|�å�æqñ$ä � J¶W»Æ�©FÇ�Y+ë�[?å	òH|<¬�r��6_ U ¿�À�Â	É ï�ð�h�\ Data-StrobeÂ	É&h�i�ó<e&@ô�S�[+�KS>X$Y LVDS ¸	¹TI&J Þ M ß�à i�õ�SF|�ö�� 10 m ÷4ø�i�õ»S�_�¦?ù	õ>µr>Ñ>¬�;�¡�ÈT¬�l�ú?ä�[>r(�4Z4O¯S�ç&r Þ M ß(àHû+ü>ý ��w 9 þ�ª D-sub
û+ü>ý �<¬�Û6}�ÿ<¦ =r(��Ñ�i û+ü>ý ��i��6w�C>D��Kh	¦+Z4O4µ<r	i�Y�����¦ =4r(�

Conductor 28 AWG

(7× 36AWG)

Insulating layer

Filler

Tw isted pair

Inner shield around

tw isted pair (40 AWG)

Jacket

Filler

Binder

O uter shield (38 AWG)

Outer jacket

Õ 2.2:
Þ M ß(à i(å�ò [10]

1 52 43

6 87 9

Din+ Sin+

Inner

shield Sout-- Dout--

Din-- Sin-- Sout+ Dout+

Õ 2.3:
û+ü>ý ��� þ�ª�ð?³�©Kª [10]

SpaceWire w û ª�	¯ªT��Y�
<µ¯I&®�Y�ÆFM��|�d&e+á>â4ã&r�Ñ�¬�;�¦6§Fr���è�i U ~ è�iî� ´y��	w�N��+M���W��?ª����&l������l�ÿ¯|�ËHr4Ñ ¬�;?¡>È�¦4=�r��»Ñ$ç>Y>I&J�W��4M4� ü z&���(Mý ;�� ç U�� á>¦K@ �"!$#�Y���%'& r Ñ ¬¦��4M �+i��	�¯|�¡�È Y+µ>r(�KÕ 2.4 Y	=�r ü z6�(�(Mý ;)�+*6S�ç U-, i�.�v�Æ�M/�10�i?{>N�2¯|�3�4�µ<r(�

Router

Router

Router

Node

Node

NodeNode

NodeNode
Node

Node

Node

Node

Node

unavailable

Õ 2.4: SpaceWire Y �65 r�.�v�Æ�M/�10�i�798+{>N
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2.2 SpaceWire IF
:<;

Board
= V�>���w SpaceWire ? y � û(à |�@A4�ñ�W6? yB�4¨-C ß+à l LSI ¦�=>r FPGA(Field Pro-

gramable Gate Array) |�D�E�ñ U�F M���|�O [	ä-G�H�IDAJK|�c6ú�ä�[ r���Ñ?i F MK� w��¯§KìML5 ä DIO Board ¬ FADC Board i�×ON�PKY�L �Fç<r���Q F MK� ¦4i�RTñ�[)S<`	w�T&Y�cÝ®±� DIO

Board ¬ FADC Board Y�U�Á ñ�ä F M��ø Y FPGA ;+×'V-@�4qS�ç ä � J�W-W6V4; SpaceWires4t»|(O�[ U Á Â�|YX�r U ~4i-Z»z�?�¦>=4r SpaceWireFPGA(Xilinx [O\ XC3S1000) ¦FW»@<®
W�V�;"]�M�^�i���_&i-8�`H|�\"a µ�r U ~	i�Z6z�?�¦�=�r UserFPGA (XC3S400 � XC3S1000) ¦=�r�� SpaceWireFPGA i IP

û ðFw F MK��|(\Oaqñ$ä�[4r�b�C+c-��½	E&Y�I?ú�ä�G�H�S�ç�ä�[4r��
UserFPGA i��Y��N&��0�i Read/Write w SpaceWireFPGA |$Á�}�ä+c ®±� SpaceWireFPGA Y�65 r UserFPGA iBd)ef�hg�LKw+÷Bi4i	Õ 2.5 i<I�®�Y x’0101-0000’ �TX x’0101-FFFF’ _+¦ i
64 kB i�j"k'l)m9&»X/ç4ä�[>r(�

0000-0000H

00FF-FFFFH

0100-0000H

0100-0002H

0101-FFFFH

0101-0000H

F000-0000H

FFFF-FFFFH

SDRAM 16M

SpW FPGA LED 16bits
REVISION 16bits

EXT_BUS
User FPGA 64k

SpW FPGA LED 16bits
REVISION 16bits

Õ 2.5: SpaceWire FPGA Memory Map i�2 [26][27]

FBn � ø4Y�w 16 MB i SD-RAM op@O4TS�ç4ä�[>r(� SpaceWireFPGA ¬�i�q�¸9r(Á�Â¯|Ys4Oµ<r>Ñ>¬�¦>ð ý 	OtOl�¡�È�¦Buwv�W�� n ��i Read/Write l+c'&>r(��Q FBn ��Y�w CMOS �9x-�� à ´ n � W LVDS �6x��4� à ´ n �Ml�D"E»S�ç�ä � v�W FPGA 0��-_Ki-8�`H|�å�y>µ�r Ñ4¬�¦AuX{z<r|D�JO0>i�¤�¥Bl?¡>È�¦Au�r��¯è	i FPGA 0>i�8�`�D"EKw)Z�z�?�G�HO}�i Xilinx [�~"�>¦Aur���á6G�H"�O� ISE YFä�� n ���-�	ð�3��B�"�>¦Bu4r VHDL |�O>[�ä+c ® � ISE w�8)`Ki��"��áæ�W�g���g�ê�W"�<©-����c'��© à-� æH_+¦-W-��ñ�ä+c ®+Ñ>¬�l�¡�È�¦Bu4r(� FADC Board \ DIO

Board i UserFPGA Y �65 r SpaceWireFPGA ¬�i��6t�Á�Â�W ADC �O�&l���w��O�����6i��O�� W-�+�����A���+G�H���å (JAXA) i�ô�° � W- �¡����¯iB¢�� � Y�£	ú?ä�¤"�9l-¥	æTS�ç ä�[<rU ~�W�>���w�¦ §&i�a¨v U ["e6�A© n à i	e�|Ya�æ>µ�ç+ª'£([���Õ 2.6 Y UserFPGA Y �65 r ßy&z ý Õ�||«�µ?�A] n ^Bl�a¨v U ["e6�A© n à w<Ñ�Ñ�¦ w UserModule1 W UserModule2 ¬�«�ñ�ä[4r�� SpaceWireFPGA ¬$i$Á�Â�w ExternalBusIFtoSpWFPGA l(c>[?W�] n ^>w�Q UserModuleY BusIFModule |$m n µ<r�¬ 5 ¦��®<Y SpaceWireFPGA ¬�i�Á�Â+l�¡�È�¦Bu4r(�
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Õ 2.6: UserFPGA Internal Bus ¬ SpaceWire FPGA W SpaceCube iA¯�° [9][3]

FBn � ø4Y�w 2 V>i SpaceWire Port l)m9&»X/ç4ä�[>r(�YQ�´ n ��Y�w4y"��± à ð��?� t»¬�²Aªç&r 0∼255 _+¦ i�³�É'l)´�vMµ�X/ç4ä � v¶W SpaceWire Á�ÂKi , Y�w<Ñ�i�ðK�?�pt<|�¶>[>r>Ñ>¬¦��"_6i>Æ n �10�i�ð ý 	OtOl�¡�È�¦Bu4r(�
2.2.1 DIO Board

DIO Board w�·A¶ �'x�� � à FBn ��¬	ñ�ä CMOS �'x�� � à ´ n �hl In/Out è�ç<é�ç 8 ´ n� W LVDS �9x-� � à ´ n �hl In/Out è�ç<é�ç 12 ´ n �¸@O4TS�ç4ä�[>r(��÷Bi4i	Õ 2.7 Y DIO

Board i�¹�º¯|�W>Õ 2.8 Y�»B¼>l ß y&z ý Õ�||@O4�µ<r(�

Õ 2.7: SpaceWire IF @O4 DIO Board

User FPGA SpaceWire
FPGA

clock(50MHz)

S
p
a
c
e
W
i
r
e
 
1

Digital IN
8 bit

Digital OUT
8 bit

User’s Process SpaceWire protocol

S
p
a
c
e
W
i
r
e
 
2

SD-RAM 16 MB

Õ 2.8: DIO Board
ß y&z ý Õ

2.2.2 FADC Board

FADC Board Y w CMOS �9x-��� à ´ n �½l In/Out è�ç6é�ç 3 ´ n � W LVDS �9x-��� à´ n �hl In/Out è�ç<é�ç 4 ´ n �¸@O4TS�ç4ä�[>r(��_ U ð��<y���Ù Å�¾'l 8 ´ n ��uwv�W ADCY�w Texas Instruments [Ki ADS5271 l)DOETS�ç4ä�[>r(�HÑ�i ADC w 8 Z9¿>ª ü+à Ù Å4¦�ö�°
50 MSPS |YÀ æ<¦6§	r?� FADC Board ¦�w�ø)�Ýñ U £<®�Y UserFPGA ¦ ADC ����|�cî®±�	÷
i4i	Õ 2.9 Y FADC Board i�¹�º¯|�W�Õ 2.10 Y�»B¼>l ß y&z ý Õ�||@O4�µ<r(�
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Õ 2.9: SpaceWire IF @O4 FADC Board

ADC

User FPGA SpaceWire
FPGA

clock(50MHz)

S
p
a
c
e
W
i
r
e
 
1

Analog Input
8 ch.

Digital
In  : 3 ch.
OUT : 3 ch.

User’s Process

SpaceWire protocol

S
p
a
c
e
W
i
r
e
 
2

SD-RAM 16 MB

CSA

CSA

CSA

CSA

CSA

CSA

CSA

CSA

12 bit

Õ 2.10: FADC Board
ß y&z ý Õ

2.2.3 Router Board

Router Board ¬�w�Á-ÂKi SpaceWire Board |(Ã ®	¬�§�Y�è	i ü z&��� n ý h�i�Ä�Å�m n i U ~i'o�iF¦Bu4r(� DIO Board \ FADC Board ¬�Æ&[+W FPGA Y�w Xilinx ["\ XC4VLX60 l)@O4S�ç4ä�[>r(��WAV>i à n �?¦ 8 V>i SpaceWire Port l)@O4TS�ç4ä�[>r(�F÷Bi4i	Õ 2.11 Y Router

Board i�¹�º¯|�W>Õ 2.12 Y�»B¼>l ß y&z ý Õ�||@O4�µ<r(�

Õ 2.11: SpaceWire IF @O4 Router

SpaceWire
FPGA

S
p
a
c
e
W
i
r
e

7

SpaceWire protocol

S
p
a
c
e
W
i
r
e

8
S
p
a
c
e
W
i
r
e

6

SpaceWire
5

SpaceWire
4

SpaceWire
3

S
p
a
c
e
W
i
r
e

2
S
p
a
c
e
W
i
r
e

1

XC4VLX60

Õ 2.12: Router
ß y&z ý Õ

2.3 FPGA

b-tAÇ�È&|)G-H<µ&r , W&è�i �4� _�� l)ÉA�AÊ�Ë��qX{ÌK~+WÍ£�v½ROÎ�¾AL60�¬ ÊAË¯|�c�®±�AV_Ív�W�ÏAÐ"ÑKi�°&[ ð nAÒ Ç ý Z6¿6���{Ó à �TXÔR"Î&l�Õ n �����{Ó à 0q¬�Ö9×�|�Ø6Ù�¦�ÊOË6|�c®±�-ÚOÛKi<Ñ�Ü	w�º"��Ý"Þ4W)�"��¹Kl��?|�¶>[+W+b�tOÇOÈ i6o�ß�Y(á â�ã4ä�à"á¯y"�Kz ý IC ¬|²
ª+ç&r NOT \ AND 8)`¯|Yâ+ÙB¬ IC |�ãAä4ä�[ U �qñ��¯ñW»Ñ�i�å�æ�¬H¬�DOEOç�è+l+�»§6ìlr�W�Ü�h-l�� r�W�é�ê&Y�w�L>�ëv�ìTX�[�W�Ê"ËB8�`6l�í�ñ>ì À"a µ�r?��opî"ï�ø�Y�d�e�øAð U 8�`¦�D , Y�À"aÍñ�ã�ä�e r�ñ$��¸�æ6l�l	[�l���[>ú U ���l"ò�ó+lAu�ú U �&è Ñ�¦+W�.�v�¶�ô9r 5 iõ è+8�` ¦Au�r ASIC (Application Specific IntegratedCircuit) l�Z4â�ç<r�� ASIC |�a6r Ñ ¬�¦�W
8�`H|�WOV i õ è+8�`&Y�ö<~Fä6ñ?_+[�W�÷�çOè�bOø�°�²�b6|�D = µ�r4Ñ ¬(l�¦&§+r���ñ$�6ñ øKÑ?i
£>®�l ASIC w�ù�úOû�ü � ¦�\�òýñ�ç<r�þ	~�ø�G)H9ÿ�Ü�h-l	���fv ø�ü � i�Ê � |���¶�µ�r-þF~Oÿ� �&l û t ��o�����r(��è�iOþ�~)ø ASIC i�G�H"Ö9×�¦ i��"a4\"ø��
	6i ASIC ñ����A¶Tñ�l
� �
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á�øKè�i�Ñ�ÿ�ùOú�û"ü � ¦ LSI | �� µ<r	i�w�� = D�ßF¦Bu4r(�T_�þ�ø�\�òwñ�ç+þ LSI i4��§&w� §��'&4r Ñ ¬(l�¦<§?l���þ	~�ø�T ���(8�`H|���í�ñ�þýv µ�r Ñ ¬�w��F¡>È�¦Au�r��4è>Ñ�¦"] n ^
lÍ¦)#-ÿ�8)`¯| � §��9&>r>Ñ>¬�l�¦K§Fr+���<©�t»¬	ñ�ä"G�Hýñ�ç+þ�i-l FPGA ¦Bu4r(�

FPGA w ASIC i9£&®�ÿ�ü � ÿ����Ýñ�ä�a4æ>µ&r�ÿ�¹<¦>w�lqì ø�8�`»|�Ê�Ë>µ&r�Ê�ËOê6i�å+}¦�a4æ�ñ�þ"8�`»| � §�f��HÑ�¬|l�¦6§Fr LSI ¦6u>r?� � §�f��6Ñ<¬�| �B�4ªFy n �(¬|²�!"l�ø"�
�>ªFy n �{ÿ+Í�ÎHl�� #¯w FPGA i�é$ÿ$�6� ª	y n � Þ+n ß�à ¬ PC %
�&� l>i�¦-»'¼9ÿ)DAEµ6r<Ñ<¬�l4¦¯§�r��('�þ�£&®�l�oFi�¦B8-`»| � §$f)�HÑ&¬Yl&Ú�*�r	���K©�t4¦ CPLD(Complex

Programmable Logic Device) ¬+�T®�o+i"l6u r�l-øOW�,�ÿ FPGA i?¸9l���s -98�`�ÿ��Ýñ�ä"�r(� FPGA 0�i�8)`Oa�æ�ÿ�w�T"��µ<r VHDL |�¶.��ä��>r(�
2.3.1 VHDL

��ñ0/6_�¦>w)� n �|�-�	ð |&o�ß�i?À�a�ÿ�r 5 ä-3"�&µ&r , ø)º��AÝOÞBø��O��¹HlÍ��|�¶1��ä
AND \ OR 8)`¯|�d<e�á â�ã+þ-Õ n �?�{Ó à ¦�i�ÊOËBl�2�3�¬ ú�þ���V<_Ív ø6u4r&4"��|Ya�Àýñã�£�®�¬65¯ú�þ7�"��i'£�®Yÿ84"�¯|?µ>r+��| ’0’ ¬ ’1’ |�¶.��ø�9�ÿ8:��¯ñ"��i�;�<¯|�=�& rK¬�§(¦
ñ�& AND > OR l$��i����	¹¯|�=O&�l»ì�ä4w	l7��lF��ú�þ?�¯Ñ$ç�¦�w�°OÑ<l84-�¯|Y3-��ñ�£>®	¬µ	ç6ª+µ>r(?���8�`Bl)Á
@9ÿ	lýv ø�Ê"Ë'ÿ+��lwvi�Ü�h-l����>r��BA�a	À6l�C»§)þK¬�§)ÿ(D>¨ n iE �+l¯ñ�ÿTì�ìlëv ø(9�ÿ�ÊOË"ê ÷(F�ÿ�w�è�i�8)`Ki�_&Õ�|0G$�4i-l�H�ñ<ìl r(�Ñ�çH|&I�Ã�µ&rOþ�~Aÿ)øBJÝñ&ì H�ÀÝñ�þ û ª�þ-© n ��|�sB¶�ñ�äA8�`6i?m n ¯�°�|�3"�<µ&r��
��øO� n �|�-�	ð�3"�+�O� (HDL:Hardware Description Language) l�sB¶Íñ(çKr+£<®�ÿ�l�ú�þ+�
HDL ¦ w-Õ n �?�{Ó à ¦ i�3��>÷4ø�ÿ�Ï�Ð"Ñ&i�°1�)3��¯|�cÝ®�Ñ>¬pl�¦&§�r(��VLKÍv C �"�&i'£®�l û ªFþ�© n �Y���6|�M6r��4i+£>®�ÿ-8�`H|Y3��>µ�r Ñ ¬pl>Ú+*6r��<Ñ�ç6ÿ+£9v{8�`H|$À"a9ÿ�áâ�ã�ä�Ê�ËTñ�>�µ�ì�lwv ø�é�N9ÿ+oÀ"a7O�Bl)L>�fvP>�µ�ì/l4r��BA�a	À6l�C»§)þK¬�§Oo¤
4Tñ�>µÝì ø+8)`�¢
9ëo��®�¬�l r(�=�Q öëo�R
S�ñ�ä��.T HDL ÿ�w VHDL ¬ Verilog HDL lBu T(�����O��¦ w���æ�ßOÿ�w�H�ñ&�
l�°$��3���È�ÅK|$Ï+V VHDL(VHSIC HDL) |�¶.��ä�8)`�ÊOËH|+U�ú�þ�� VHDL w�ø�V$W�W�X�Y
÷�Z VHSIC(Very High Speed Integrated Circuit) [�\�]�ÿ'£	ú?ä)~�^'ñ�ç4ä"G�Hýñ�ç+þ��7_+Ü�ø
W X�Y�÷�r 5 Z ASIC |)G-H�µ$T , Õ n ���pÓ à ¦.Z-G�H�|&U�ú?ä �BþAþ�~�G-H�ÿ?õ���Ü"`"l4��Kv øOÊ�Ë¯|)G-ÌÝñ�þ&Ñ-Ü
Z?ö�a�ù�úAû�¾cb�|�îOá�ÿ-G-H�ñ�ä"�Bþ¯¬�ñ�ä�o|Ê�Ë+l�¥$d	µ$T�Ñ-Ü
ÿ�w�e�ÿ�è�ç�÷ ø Z�¾�b�l�Ú&*�ä��.T�þ�~�¥	æ$b�l�Ü�f
g>çT¬+h�ú(ä¯ñ�KK®�¬0�»®(ò�ó'lBu ú�þ��è�Z"þ	~�ø�£'v1Ï�Ð�Ñ$Z�° ì øOG�H�iLdFÜAÿ�è(Z�Ü�j>¦ Z�ö
a�Z�¾$b�l��+&"TB£ ®�h�Ê"Ë-å"æH|�G
H�µ�T�Í�Î9l6u>ú�þ��KÑ�çÍ£$v ø 1981 k$ÿ�~c^�ø 1986 k l'G$ñ�ç'þ�Z"l VHDL ¦6u"T?��è�Z�T
�Oæ$ZBm�n�a��H||! ä�ø IEEE( VLW(½
o�½�p
q
r"ê�s�] ) ÿ+£9vMà-á�tÍñ�ç-ø VHDL u����LZ�à�á
HDL ¬	ñ�äBv�wÍñ�ç4ä��.T(� =�Q ø LSI Z'£�®0h?�
x�-�ÊOËH|+U ®+Ñ>¬�l�¦K§(T6£�®Yÿ
h�ú�þ�Z
o VHDL h��&Z�°�Ñ�Z�� n ���-�	ð�3��B�"�$Z � �6ð6¬�o|�6&.T(�

VHDL u)�¨��hT� Ó à ¦1Z)3"�9l+¡&È�¦Bu"T(��ÏBÐOÑcZ(°c�6b-t�Ç�È1Z�y�Î�z�3"��ñ�þëv ø-i
Z»�pÓ à ¦6u"T�E���`�Â�É7Z)3"�BøAe�� à t�z&U�ú�þ�e+�A© n à Z)3"��¬+�<ú�þKÑ�¬-o�¡<È ¦6u
T(�(9�ÿ�i Z-Õ n �?�{Ó à ¦�o�3��{z+U ®+Ñ>¬�l�Ú&*7T(� VHDL ¦1|"��} ý 8)`�Z � æ7z+U ®Yþ~ ÿ
u RTL(Register Transfer Level) ¦�3-�>µ.T��&Ñ�Z¯�ÔÓ à ¦�3-�ýñ�çBþ � áOø.|��1} ý 8�`cz
»6¼9ÿ��O�4á�æÝñ�ä�a�æ�µ�T�Ñ�¬|l+¡&È4¦6u"T?�+÷+iBÿ VHDL ÿ�£(T�|O��} ý � Õ n ��Z)3"�Bø
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Õ 2.13 ÿ�è
Z��"��á�æ�Z8�
�{z|4>ã$T8�
library IEEE;

use IEEE.std_logic_1164.all;

entity sample is

port ( A : in std_logic;

B : in std_logic;

Out1 : out std_logic;

Out2 : out std_logic);

end sample;

architecture RTL of sample is

signal sig : std_logic;

begin

sig <= A nor B;

Out1 <= not sig;

Out2 <= A and sig;

end RTL;

A

B

sig
Out1

Out2

Õ 2.13: VHDL ÿ'£BT�|"��} ý � Õ n � 2
2.4 SpaceCube

�
Gigabit Ethernet

2.4.1 SpaceCube

SpaceWire Á�Â
x��7z�¶.�Aþ�DBJ � E��-G�H7z+U���ø
� SpaceWire x���ÿ8����ñ�þ û"� þ-© n� l�G�H�ñ�ç6þ���è?ç�l SpaceCube ��²�ª��1TBo�ZB���"û$Z��{�"ñ�uB��£�� 5 cm �����(��tÍñ+�� �"T�� SpaceCube ÿ
u�F�¾
�
�.� SpaceWire � n�� z��.�� 
¡ýñ+� � �£¢ ø CPU �(¤ � MIPS¥
¦ Ò ÇL§�¨$©�z0ª1� NEC «cZ VR5701(300MHz) z0¬�Aø PCI ®.¯Bÿ LAN ø USB z0¬��¤�þ° ¦�± z�O�²1³LT8� OS u Linux � T-Engine ´����.³LT8��µ�¶�u�·{¸ ¥�¹"º"¦ »8¹ z�¼.½ � ·{¸¥8¹c¾ ��¿ ¦�¹ ��À
Á)z0U���´�Â7Ã ¦ ° ¦�± Â"Ä�Å&¯�Â ÆLÇ8¯"ÈcÉ�Ê"z��
�"³��.Ë8RBµ�Z PC �(¤�cÌ�Í�Î ³LÏ.Ð.� Ì ���(Ï8���
��h�´ÒÑÔÓ�Õ.Ö(Â
× ¾ ¯ � �"Ø SpaceWire
Î Á�Ù�Ú)z+Û���Ð.��´Ü Ö���Ý"Þ Ø�ß 2.1 à SpaceCube Ø8á.Ö�ß{â&Â.ã 2.14 à SpaceCube Ø8ä�å
æ�ç7â0.è$Ï8�
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CPU VR5701

200MHz / 250MHz / 300MHz

Flash ROM 16MB

DRAM I/F DDR SDRAM 64MB

INPUT/ IEEE1355(SpaceWire),RTC,CF(True

OUTPUT IDE),XGA(1024×768),USB1.1,

LAN(100BASE),Audio(Stereo),é)ê�ë
RS232C,JTAG I/F(Debug)

POWER +5V

SIZE 52mm × 52mm × 55mm

ß 2.1: SpaceCube Ø8ì�í ã 2.14: SpaceCube Ø�æ�ç
î1ï Ø$ðL�+ñ�ò ócØ8ô"õ$ñ�ö�à$ð(Ï�·�¯�÷�ø.Ø8ùú¢Pû�ü ñ{ö8Ø�ý þ Â�¸ ¥�¹ � Ê
øBácà�ÿ1���

OS Ø��1´����£¤�� ³	��ñ"Ï�
�Ð+����¸ ¥�¹ � Ê�ø OS ´�Õ�����7â����)��¤ � ½.Ï�����Â�����Ø
�������1à�ÿ��� .´(�"!cÑ�� � �£¢ ¶$à�ÿ#�� .´�ÓL½�����$�ÑÔÛ&%
�LÏ"ð.��à�'�(*)+� � ½"Ï�$�Ñ
�,+�Ï�
�-/.B´�0�1��0ñ�Ï OS �,�(ñ2� Â�Õ��������½�3 OS ðL¢ Â T-Kernel ��4�5$à�6�7���½�8
Ï�
c¤�$)¤ Linux Ø+ý�þ.�,�1Ð���9�� PC ��Û;: � ���=<=>#?�@1´�6�A�B�¼,C$�BÏD����Â�E�FG��à
T-Kernel ´=HL½�I0½J3K%�!DCL�
ñ
½D

³"ñD%/M/����Â�¼#Ncà�O�¤�� OS â�P/Q�R�SL´L+ Ï�


2.4.2 SpaceWire Gigabit Ethernet

SpaceWire �UT#VWI�¤ � 2∼400 Mbps 9�C�X
� ¦ � )�� � ½�Ï�´�Â SpaceCube â�¼�½�Ï�ý(þ"���
�$âUY���Z,9�C�7�¼�³1Ï"ÐLI[�=CL��ñB½=
�Ð0�L� SpaceCube Ø CPU §�\"]&§�´"� Ì � ÌU^ ��ñ2�
(200 - 300 MHz) Â ���.à1ð�: � SpaceCube ��C SpaceWire-To-TCP/IP _�`7â�Û	3�ÐLI�C�Y
Ó�ab�c  Làd�"ZB´#$�$&: � ¤�9/3��#�DC�+�Ï[
 SpaceWire µ�ec§D\&]0§�â 100 MHz àL¤ � ½��/IB¤ �Ì

SpaceCube �dC�Ø[�#�)â�f���Ï�I 4 Mbps g$öB¤�$�h�i,CL��ñ(½�
8�Dj$Ø�Æ ¦,k âU�D�"³.Ï�l&�
Ð�Øda b�c  "C,�dm�n"C,��ñ�½�
����$âUo"<�³1Ï#����p�q���r�Ø�s�t�uvI&·�Ä"w#xdy
Õ.´�z/{#C�<
> ¤�� Ì ØB´�ã 2.15 Ø SpaceWire Gigabit Ethernet(SpW-GbE) C,+�Ïd
 SpaceWire-To-TCP/IP

_�`�Ød|�¼(Õ}I�³1Ï ÐLI�C SpaceWire µ�ec§�\�]�§�´ 100 MHz Ø~I���à ∼70 Mbps â�h�i"³1Ï�

SpaceCube à � À�Á)â8³1Ï�l,� ±�� Ê8®"´�R�SG��´�Â SpW-GbE � SpaceWire I TCP/IP Ød���� I�¤ �=��� ¤ � ½.Ï������;] ��� ¦ § IP âd'��.³LÏ��&!DC
³	��à�� ¼"´ Ü Ö&CL+ Ï�
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ã 2.15: SpaceWire Gigabit Ethernet

2.5 Remote Memory Access Protocol(RMAP)

PC � Ø È�\&� � ø�C=��$"Ø(Æ ¦"k â��&�£¤��
½�I0½23�I=�D��Â CPU ´�Æ ¦"k ´=V��J)d���L�� ¸�$�Ñ Æ ¦Lk âU� ¢
ê
¤ �  
Û"³1Ï�
£Ð8Ø~I�� CPU �&� � ¸�Ø ¥£± É ¯��/. âU��� ¤ � Æ ¦"k

â�� ¢
ê
³�
�{~��ð�3+à�����Õ�	I&Ø I/O Õ.Ö$â��&�.³LÏ�����àL� � ¸ ¥�± É�¯JId����à I/O

¥
± É�¯JI0½J3 Ì Ø(´L+ Ï�´BÂ�Ð�Ø I/O

¥�± É�¯L�L� � ¸ ¥�± É�¯cð�¢ Ì �G.��/�
´=�$½,����Â}�� ¸ ¥�± É�¯&� à� G¡c¤ �=¢�£ ��à I/O
¥�± É�¯"ØLð�3+àB³LÏ.Ð"I�´�CG�(Ï�
�Ð�ØLÐ"I�â�� � ¸

Ä�]�È ± I/O I�¤�QD

Memory Address I/O Address

-Serial Port

-Print Port

-FD Controller

etc.

I/O Address
Region

ã 2.16: � � ¸ Ä�]�È ± I/O

SpaceWire à&���*)[�"��Õ���1Ð�Ø,� � ¸�Ä*]8È ± I/O Õ"Ö�´���8"Ï�
.��Ø���� SpaceCube ¥
$�Ñ§¦,�"ËG¨�©LØ,� � ¸�à ¥ §�ª
¯�³.Ï�$ Ø"«LI&� SpaceWire Ød��Ø&Õ� ( ¬��®"C,� SpaceWire

Board �"Ø SpaceWireFPGA � � ¸ ) à ¥ §=ª ¯�³$Ï1Ð�I+´ Ü ÖWI&ñ1Ï�
�Ðd�$à$ðc¢ SpaceWire

à�¯L´�:=�8Õ��à CPU ´� �¡2)d�,°�½�ñW��° Ì ���
µ�e.´
ê[±
Ïd
"Ð�ØLð�30ñ�ì�²Lü1â[�/��� È

\v³ ¾+¹ Ø1ÐLI8â RMAP(Remote Memory Access Protocol) I�¤�Q=
 RMAP â&¼"½=�.Ë CPU â
ªG��ñ�½�´�µ$Ø,� � ¸·¶�¸7â�¹&º.à��G]/³ � ¦ §�à�²1ü8û�»LÐLI�´�C/��Ï�
&¼�Ø�����Õ��.#C Ød½¾ ñ(Æ ¦,k _�`�Ø��#��Ø�¿ ¦�± ÅDÀ ¥ Â ¿ wW³�Å=À ¥ â�Á"Â(³1Ï"ÐLI�´�C/��Â�Õ�LØ�¿ ¦�± Å=À ¥
Ø�Á1¯�Ã ¦ ¯BÂ#Ä&Å�àLðBÏ�Æ ¦"k Ø�Æ&Ç	I0½�:D��È� L´=É)Ï.Ð"I&à
ñ"Ï�
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Ý,��$�ÑÊ¹,º.à��/]G³ � ¦ §�Ë�i)â�².ü�Ì�°.Ï"Ð,I�´�C/��Â&9#��Í&Î��(ñ�T�V$à�³.Ï"ÐLI�C
Æ ¦k Ø�e�Ï�á�Â&<=>�Ð�.�ØdÑ�Ò
Â(Õ��.DC Ø&µ�ecÈ�\v³ ¾+¹ Ød_�`�Õ�)â�Á�i ¤&ñ2�Ó° Ì ð�½*I�½":
�8í���ñ"�)¸D];³P´L+ Ï�
LÔ�9{¢Õ<D>7â�EÖ�·����à8Û�:�°�½�° Ì µ&e�T&V7â SpaceWire à�Í,ÎÒ¤
°�×"!
Ë�¹Lº1à�Ø&Ù�CG�0Â)È�\=ª�]ÚX"´D'�¡�)d�,°�½�ñW��° Ì SpaceWire IÓØ&ÙJ)d�,°�½#�1Ë&¼
Ø�Õ�/�7¸ � ¦ ³�� � ¸ ¥ §�ª�¯ à1ðD:d°L¼�Ø&¡�¡�Ø7É�x�¯ k â&)�ñ(´{Ñ#¨�©LØ,� � ¸+â[Û.ü��)Ï
´"Ø�«"I"�ÝÜ7Ï.Ð"I�´�CG�(Ï�
)Ð�ØLð�30ñ ��Þ $ÒÑ6Â=ß��Õ�,�(µ&e�Õ��à�á�$ÒÑ+Ø,âdÈ Ì ÓÖ� Âã�ä Õ�Lå1Ø�æ ¼ Ì Ð�çJ)d�$Ï�


2.6 SpaceWire
èêéìëîíðïòñòóôó

1:PoGOLite
î1ï

X õ&ö$´D>&¦2)��/� 1960 ÷Lø.ÝLù(Â î1ï à�×�! Ï X õ&ö"��ú~û�ÄDõ,ö~�,¼�Ø(¯�Ãc§v³ ¹
�Dü� $Ø=ý&.�_ � Â X õ�öLØdþ�ÿ)â&¼ ½"Ï"ÐLI�C,¼�Ø � á.´����")[�&°�����
 X õ�����àD×L!�Ï	�
ü�Ø�å�
��8Â���a� Î���� ¹ X1Ø����
Õ�Ë&� »�� ]������ ¹�� 5����$Ø����! 	"$Ø�#�ý%$'&��#rG�
Ë�(�Â�Ó)#�ý!*+á�+�5,$ B Î�-�.�/ Ø � á$Ø����
à10�2�³1Ï�
43�$!3�Â X õ5$ ú/û+Ä�õ�6���àD×�½
°=y
ý ( #
ý ) 78�v³ ¹ Ø���9�Ø��;:�ñ7ö&à Í�< ³LÏ���ücØ8å)
G��g;I>=�ö6ÛL%��,°�½�ñ
½D
�¼��
� X õ)6��cà
ñ"ÏGIÓücØ�?�+�á1´�@	��ñA: Â"y)B,� Ü�C ücØLð�3+à�y
ýD78�v³ ¹ Ø8å)
1´�E�F;�
$�ÑÚC,+�Ï�
HG�l$Ð���9�C à��8ÂL$ àd5�I)â	J�õLà�Â 1970 ÷�ø$à OSO-8 4�5�à1ð�Ï »�� ]��>��ü
(câ�7�¼K3�°L
��A3d����ü� 19.2 %(2.6 keV)/19.5 %(5.2 keV) Â 2008 ÷ INTEGRAL 4�5�à.ð�Ï
0.1 - 1 MeV à#×"!�Ï���ü& 46± 10% Ø�M�N43[$=6�O�ñ���ücØ8Ù

ê
NG�
ñ
½D


the Polarized Gamma-ray Observer Lite-weight version(PoGOLite) �&Â 25 - 80 keV Ø1P X õQ$R ú/û+Ä�õ�����àD×,!�Ï1��ü�å�
câL�d�GI�³"Ï	G�S&C&+�Ï[
0Æ�� k	T�U ·HV�÷
ø à�� FADC Board

� DIO Board â&¼"½"Ï�ñ)ö SpaceWire ´�7D��V�I0ñ,:�°�×A: Â SpaceWire Ø�G�Ú�W�S Ì>X�Y °
½
Ï�
 25 -80 keV Ø����/��Z�[$à1ð�Ï	\�]^$`_ T Ø�a�b�Ø��#��c���$�Ñ�Ø�å�
.´�Û"8�ñ�½&���8ÂH[�d
àLð8:K��� 40 - 41 km à��)d1³LÏ�
 1/3 X1Ê�e"Ø � V�wgf+ÊGû�h��Lw � Ê ³P´ 2011 ÷cà�VcÅDÀ��
Æ~û8Ø�Ã ¹�i $�Ñj��d�k��"C,+
Ï�
lB�m�n��}Ipo�qA3���r�]���� � Å�ûts Ø�u�v�à.ðw: 100 mCrab

C 10.5 % Ø���ü� LØ�Ù
ê
â��yx}I�3�°�½ Ï�
 PoGOLite Ø�zLñ ��Þ â�Ý�Þ�Ø&ß 2.2 à�{�|D}.Ï�
L9

��ã 2.17 à PoGOLite ~L�)|2)d����[�d��LûKs � ã1â�{�|g}LÏ�

� j :∼1200 kg; y

ë
:200 W; X1Ê�e :3.5m × 2.5m× 2.5m;

C��
: 2.0◦ × 2.0◦; &&��r~��F�� :994cm2

25 keV 30 keV 40 keV 50 keV 60 keV 80 keV

6�A�F�� 93 cm2 167 cm2 228 cm2 198 cm2 172 cm2 158 cm2

6 �������L�>���������y���������
for 100 mCrab 10.5 %

for 200 mCrab 6.5 %

100 % �1�D���>���y�H��������� 33 % 29 % 26 % 27 % 32 % 40 %

ß 2.2: PoGOLite Ø�z�ñ�ì�í [18][19]
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ã 2.17: PoGOLite Ù
ê
g~L�)|2)d�$Ï�[�d��LûKs � [3]

X õ)���cà#×"!�Ï���ü�å)
G� OSO-8 CL���*)d����  � ]��1¡��{â��D¢.ÏD£�Ø�¤�ú�V�Ù
ê
�àLð

ÏdüLy8_ T â��w¢L� ³ � ]�¥�û���Ø��891â�
&�g}$Ïg£BØL¤g¦"û�§	³dû�\�]!¨�©L��á{â&Ù
ê
}�ªg£

¨�~L+�ª�
Hzcà 10 keV Ý"Þ�¨�����CL��ü&y�_ T àLð8:«¤ 25 keV ÝL� 1 MeV Ý"Þ�CL�D¦LûH§}³�û
\�]�à1ðw:¬��üg~�å�
 ÜD C,+)ª�
 PoGOLite C,��¦,ûL§W³Uû�\�]8¨1©��
á)â���¢�°L��ü7â�Ù

ê
}

ª�
g¦,ûL§v³�û�\�]G�(ã 2.18 ¨.ð"30à X õ�¨���ü�7��W³¯®1à�JA3l°w±��w9�à�²�³�:Ê��}�¢ [3] 
L¼
³�C´¦"û�§	³[ûµ\�]!¨��89Lâ#{��g}�ª���� à�¶�·�m!¨�¸�¹ �tº û�»½¼1� k â�¿D¾D¿
øDË�()àLÀDÁ
ª�
�¶�·)m)à�}�ªw³�I�C)};�D.LÂÖ�· ~¡�}�ªg³�I	~,C~�1¤DÃ1·)m£ð!:ÅÄ�Æcàg¦�û�§	³[û�\�]!¨�\
]�·�~�
&��C~��ª�
�¬"å�
�C"��³�¨ º û�»½¼�� kLÇ ¾�];³�â 217 ¬�¤ � VGwwf�È~û�h��"w � È ³
CL� 61 ¬)�)|g}wª�
!³L¨�z�É

ê
�{â PDC � (2.6.1 Ê ) I�¤�QD
����;I+ñ�ª 100 mCrab CH��ü& 

10.5 % Ë1É!ÌL}wª�����Í�� X õ,��úGû�Î=õ$ñ7ö�¨�rv]L��� ��Ï ûKsÐË1o)q8Ñ)Í�u�vg}wªdR�Sw~L+
ª�Òt³L¨)Ó�Ô�Í BGO Õ�ÖDË��D¢�Ó PDC �´¨�×��LØwÙ�  º �L®ÚsÐË1Û���Í�Ü�¡�}wª�Ò)×��LØwÙ� º ��®Ýs1Þ1ß º ��®QsÓ¼�¨g£�¨�Ë	É´Ì1à½ÞÐ}gª�³�ÞµáL¤�â�
A3�Ó�ã�ä�å�æDç�è>¨�rêé���ë�ì Ï û!s
æ�ígç�è>¨�î�ï8¨�ð�ñ�ß º ��®QsòíóÞpz)É8Ì	í8¨�MDô�~�õ#ý�Í�¡�ö�}gª�Ò�³�¨´ÞL÷µ¡gõ#ýLø�ù)úwÍû :�³�¨�rêé���ë�ì Ï ûtsòî�ï8¨�ü���ý�Ë	þ�ÿD}Dª�³�Þµ~�áw÷>¤�ã�äDç�è>¨�î�ï8¨���Ë�����}gª�³
Þ>~��  Þ	��ª�Ò�
�Ó º� ®Ús���¨w£L¨�~HÉ!Ì�à���Ó�ÔLr4é��)ë)ì Ï�� sy¨��)����~��  á����«¤
PoGOLite ¨��´Í�£�����}�ª ASTRO-H áD¨��D��£���� �"!�¢gª�Ò º�� ®$#lß&%'�á&(*)+!�¢gª
¨�á�ß�-,«¤�.�â�/gá�ß 54 .�¤10325456�È ��7 � 4)ì�È98Åá�ß 30 .´¨ Ç ¾Ké:8yÍ�;<�=">1!�?
�«¤@�A>�B&>w¨ Ç ¾Ké:8já�ü � ý"C�D�Ë"E9F�³gÞ	á�GDüKé:#µý�ÈH�Ë"I è�JAÞ�Þ�KHÍ û �ÅÄ�Æ´ÍL é+�)ë)ì Ï�� #ÐË	��M�K�ªD³DÞ�N)á8÷�O�Ò1P�Q�×1�LØwÙ�RS ��T #ÐË SAS í (2.6.2 Ê ) ÞVU�W�ÒX

2.19 Í PDC í Þ SAS íKË"Y[Z\��Ó PoGOLite ]!Ì�à@Q�^_ X ËVZ3`�O�Ò
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X
2.18: PoGOLite Í û O"ab�/��@Q�c�d [3]

Side BGO
Active shield & Background monitor

Slow plastic scintillators
Collimeter

Fast plastic scintillators
Polarization measurement

Bottom BGO
Active Shield

Photomultiplier Tube (PMT)
Signal readout

PDCs

SAS

X
2.19: PoGOLite ]:e�à@Q�^_ X [3]

2.6.1 Phoswitch Detector-Cells (PDC)

X
2.20: 0325456"f ��7 � 4)ìAf98hg�?3i�O PDC j�kKé:8hQml�n

PoGOLite g�?�o!�p�]:e1í´ß Phoswitch Detector-Cells(PDC) ÞVU1q&>1!�o3O�Ò 1 ô3Q�j�kté
8rN 1 m s@t�Qmu�k�vAH�w�x�y:z��{![?��|G&}�~wAx�Q Slow ��ì�2A�´é	�&S � �*� � ý|G Fast ��ì
2[�´ém��S � �-� � ý�G BGO ÕwÖ�N������5��g"�5�1)	!+����=V>�!�o�O�Ò�P�Qmw[x�z4��2�f�é��
w[xóÞ�U[WHÒ PDC í@gA?o[!@P+Q 600 mm Q"��=�z��Dô Slow S � �-� � ýHß)×���ØDÙ�R��@�	� �
ý&Qm�[<:zVE�o�G Fast S � �-� � ý�á�ß"b�:zV]�e"G BGO ÕgÖ)ßm��ígá�Q)×���ØwÙAR[S �+T #�Q
�<�z+J5O�Ò�P�Q�×1�LØ�Ù[R1���"� � ýAg û )+!&���z 2.0◦ × 2.0◦ 
Há&������G�
�Ó�×1�LØ�Ù[R
S �+T # á L ém��ë�ì1� � #�z��� 3J3O�P�Þµá+¡¢£�â/:z{¤¥3J�Om¦ X 2.21 g PDC j[k!é@8�g
?�i�O	§�S � �-� � ý&Q"���!Þ	�+>AèVQ"ln:z	Y�Z3J3Om¦�%)ô�%�ô�QAj[k!é@8rN�4��V2�f8é¨�&w[x
z3�V!�o1Om¦�P�Q�S � �-� � ý>î�ï�z�©ª:4[�:8rk���2�«A¬@Q	b��®[¯° (PMT)R7899EGKNP

áA±��+²�O�¦ 2 ô3Q1��ì�2��é��[S � �³� � ý�ß�´µ�¶ (3M ¬ VM2000) áAG BGO ß�´µ�¶óÞ[�
! BaSO4 N�� ��·�¸ � ë1=">1!�o3O�¦ X ¹@g�º3J5OA»+¼�½�z&¾�¿�O[ÀÁ PDC í�Q�§�j�kKé:8yß
50 um Q���G12�Â�QmÃ�o�Ägá�(3Å�>1!�o3O�¦m�8ß[»+¼�½�N�¡Æ,Ç¡�È�É T@Ê[� QË �"Ì ¹�K+Í�Î�NAG
74 keV QmÏ[Ð X ¹:zVÑ[Ò*=V`5Om¦@P+Q X ¹:z&Í*Î�À[Á�gA2[ÂN5Ó�Ô�g�
Lç�>�!�o1O�Q�á1��O"¦�2

23



Â:K 20 keV Q+Ï�Ð X ¹�z"Ñ�Ò�J�OAN PoGOLite Q�â1/�È1É T�Ê���Õ (25 - 80 keV) ágß�stÞVÖ
t�×1Ø*z	Ù@Ú1��o�¦+Û�!�Q[j�kKé:8lß PMT g[!�î)ï�z"]�e&J�O�¦ PMT ß�Ü�Ý�ä1]�e�à�g&Þ�ßGà�á f�Â�á�â[bã�K¨äK÷@,hJ�O1P�Þ{N&å�æ��:t	Qmçè�N1�1Om¦ PMT á&±���e1=	>3À�î�ï8ß FADC

Board g�é�ê:=">[G 37.5 MHz ë � ��� � ëLá AD ìí�=">1!&�î�Q FPGA á)ü � ýVCD5N&E�Å
>�O�¦

Slow plastic 
scintillator

Fast plastic 
scintillator

Bottom BGO 
crystal

PMT Assembly

60 cm

20 cm

4 cm

19 cm

X
2.21: PDC Q 1 j�kKé:8 X [4]

ïmð:ñ J5O�Ë �"Ì ¹�N�j�kKé:8hQ���¹�����çêèóò�ô³�	!8÷&À�ð�ñ�G Slow S � �³� � ýAQm~�õ�í
;�z"ö÷�ùø�i�G Fast S � � � � ý�N&bú��G&����û 2.0◦ × 2.0◦ æwçAè"Q�f�ü � 8�Q�ð�ñ�ý Slow S� �-� � ý	þ���Q BGO N+b:Om¦&nÿDç�è�Q[f&ü � 8�Q�ð)ñ�ý�����Q���� ·3¸ R[S �+T #ÇN�´�ö�J
O�¦ û )+!&��¹�����çêèyâ�/³��À[oLã)ägçêè	Q�î�ï�z	]:e�J5O[ÀÁ�g�ý Fast S � �³� � ýAQ[�N
´�ö-�mÀHü � ý[z����3J[>3q��3o&¦ X 2.22 g�	�
¨��é�µ��5�+0!ý � � gA?�iO���@Q�	���z��3J+¦
P�Q�F������wá���=">�À+G Fast S � �³� � ýAQ[�N&´)ö³��À�î�ï5N�²��3J5OHü � ý����1O�¦
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0

-0.5

-1.0

-1.5

0 1.00.2 0.4 0.6 0.8 1.2 us

Fast plastic

Slow plastic / BGO

X
2.23: PDC Q�§�S � �³� � ý���Q���� [4]

X
2.22: PoGOLite ]:e��@Q! &ã X [4]

PDC í"��ý+%�ô�Q PMT � 3 ô�Q�S � ��� � ý[z	±���e+J�À[Á�G Fast S � �-� � ý���Q�î�ï"#&G
�m>!$�%�Q�S � ��� � ý+g û O>îHï�&�z�'V��J�O�À&Ág�!�!(��z)�o1OV¦��*�+(��3ý�,m��ù�Q�-3o
z{ç�):�{!mÏ��3Q�S � �*� � ý+Q	î�ï@z¨²9�¨e	J+��ú.�[�[O	¦ §5S � ��� � ý�Q	I*/.,��Hù τ ý Slow

S � ��� � ýmN ∼300 ns G Fast S � ��� � ýmN τ ∼2 ns G BGO 0"1&N τ ∼300 ns ���O"¦V§�S � �
� � ýAQ�����z X 2.23 g+Y[Z�J5O�¦+����z(��3J5O[ÀÁ�Q Discri î�ï�z PulseShapeDiscri(PSD)

î�ï ñ U�2+G Slow/BGO S � �-� � ý�#43VQ�î�ï"�1��O ñ65  @=	>�À ñ ÷�ý�P�Q PDS î�ï�N�e�ê
=">�O�¦�P	>�g û �87�9�� Fast S � �³� � ýAQ�î�ï�Q[��zV²Æ�Ve�J:P ñ N��8÷�O�¦
� � �³8 � ���@Q�:�Ð:z<;�ß�O�À[Á�gý<���b�@Q"�5�+GA? û 2[È�É T5Ê���= z<;�ß5O<>�?�N
��Om¦1�[QÀ�Á PoGOLite �1ý��O�j[kA@@8B�+b��N�]@e1=	>3ÀA36C�D ,rÛ�j[kA@@8B��õ+,1g"E�@
8ÇN1��)�À!#�tFF#2�G�H � zVE3o�G�ü � ý�C[D�z�J3Om¦*I[/�,1Q 8+�¨Ë�ý 0.5 kHz/s

ñ6J /�=	>
!1o5OAN�G�P&Q�Û�2KG�H � #L3NM�O�
!�3Q�üP@:#µý�fH3ý ∼ us(0.6 %)

ñNQ ;:g�R@o�¦:P5F[�"!
Fast S � �\� � ý�g�é�µ �+À�î�ï�z�S�¾��!T�U�g�V�W³��G3� � � 8 � ���:Q�:1��Ð�z�;1ß@O3P ñ
�&éµ\��À�X X ¹ZY\[@Ë �"Ì ¹@Q�ab�£�z<I�/"�8÷�O�¦
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2.6.2 Side Anticoincidence Shield (SAS)

X
2.24: 0325456"f ��7 � 4�]Af98hg�?3i�O SAS j�kP@:8hQml�n

PoGOLite g&?oA!.�� ·1¸ R�S �mT # í�ý Side Anticoincidence Shield(SAS)
ñ U�q�>�!o�O"¦

PDC j[k^@58óQ��"��z�.�I/���ý 54 .�G+0�234�6{f �A7 � 4�]&f 8_��ý 30 .@Q BGO 0"1+�+(�)
!�o3O�¦�¡�=&ý PDC j�k`@�8hQ 2/3 s:t������|G� &ã�ý�a�û���yb���1O�¦m´µ�¶ ñ �	!&§�j�k`@
8óg BaSO4 N5� �A·�¸ �*c =	>�![?³��G[jkA@�8ed�Q�f�dý ∼100 um

ñhg =�o&¦1
AÀ�}	Ð[� L @
� c ]�� � #¨zAÍ-Î{ÀÁ�G SAS j�kP@:8i�b�1ý�j*= 15 cm Q+k³��È[�³� � ��(3Å�>1!�o3O�¦ L @
� c ]3� � #�ý+Û SAS j�kP@:8e� 100 kHz

ñ ��M³Kb3�>�!�? ��G PDC lK��]�e3=m>5À�f�ü � 8
Q�F�� 6 % ý�m�n8õ�,3g û � L @�� c ]�� � #io�p ñ ���5=�>1!���
:F{NAG SAS j�kP@:8�Q�q@�
z�'m;�i&J5O3P ñ �*r�s@��fAü � 8ùN1�+ �=�>�O�t�z	Iu3�J:P ñ N��wv�Om��½AÐ5N���O�¦ SAS l
Q�o�p�K PDC l ñxKy , PMT(R7899EGKNP) �&±3��²z3�>�G SAS jk^@@8óg"{�O VETO o+p
e+ê12-�+@�SP| T #hý 75 keV s:t"g��O�¦

2.7 SpaceWire
}�~������������

2:ASTRO-H
� 
óN��&Ñ�g����³�V!�o�O1K3F�%���Q����1g���� X ¹������+� ASTRO-H( �� NeXT) N���Om¦

ASTRO-H ý 2013 ��£��`�A¾�¿!����� (
X

2.26) G 10 keV #�36� 100 keV Q�� Õ g�?�o!�P	>�

��Q[o�#1��O"]:e���{@��KV%��� 1>�À�¢£�z�:O1P ñ N�?�¡*=">�!�o�O�¦ X 2.25 g ASTRO-H Q¢�£ J�¤ f�]�2�8¨z"G+� 2.3 g ASTRO-H Q�¥.�¦�§�zVZ3`�O�¦

�`�A¾�¿�� 2013 ��£
�`�A¾�¿�¨�© ª�w«�¬�.®A¯+°!±
�`�A¾�¿�²*³P@:8 JAXA HII-A ²*³P@:8
��´ 2.4 t

Û�� 14 mµ�¶ ¡�£ 550 kmµ�¶ ª�· ¸ µ�¶µ�¶ ��� 96 ;
� 2.3: ASTRO-H Q�¹�º"»�±�°
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X
2.25: ��� X ¹�������� ASTRO-H

¢�£ J�¤ f�]�2�8 [25]

X
2.26: ASTRO-H �AÑ�2�³�¼.½+± T [25]

ASTRO-H ���1gý<¬�*¾~�¿�À��&Ñ�¹wÁYÂ¬�*Ã�Ä�¿�À[.�l (JAXA/ISAS) z�}<Å�g�G�Æ�ÓÇ%
Q�È��:Q+ä�Ä�YÉ¿�À�¹`ÊAN���Ñ�g���� �"!1o3O+¦ ASTRO-H �3ý (1) X X ¹�Ë�Ì.Í�gK{[O�Î@Á!
Q�Ï�Ð�;b�I�/�G (2) Î�Á[!�Q Ì f�Ñ�²�v�²��"�+±�°Ag"{AOÒ�¡;�V�½A;[b�I/�G (3)0.3 keV #�3
600 keV

ñ
3 ��$3¾3g�K�?A{+W*Ó� �Ô�¡:Q+¡1¢�£�Õ�� Õ I�/�z��[Ñ�Q ï�ð�ñ J@O+¦�P">5gK{^Ö"R

]�@�Ñ�×.± T Q��"�&þ!Ò�Ø���Ù�ÚKÛ:t�¡5È�É T�Ê ±���º�þ+Ü�Ý"Þ3zI/1J�O�P ñ ��¬�3Q�ß�&�þ�äà ^�wx�Q�Vwá+G!¬��Q�â���ã�ä@QmD�V�G3Sb¯!Ñæå�åç²"¯éè�µwÛ�tNÈ�ª�È�	KÛ�ê�ë ð ¥.ì�Q�Vwá+Gí ±.Ñ Ì °*±+þ í ±�Ñ�È�É T�Ê ±Q�VKáAN���îPï<ð5O"¦3PðL3"z�ñ�òLóô�G ASTRO-H ���@ý��5Q
{�FÛ�¹���z<I�õ�ö@� ñ ó<ô!÷5��J5O�¦

• X X ¹�Ï�Ð�øb�]:e�� (HXI)
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X X ¹�Ë�Ì�Í (Hard X-ray Telescope:HXT)
ñNù�ú `�û 10 - 80 keV g+ü�o�ô�P<ðKý*�^{wÖ

1 ��$�¾1g� �ð�À�¢�£�zþ £�ÿ O�¦
• [@Ëw¯ Ì ¹�]:e�� (SGD)

10 - 600 keV ��Ó �Ô¡�¢[£:z��Om¦Ï�g 100 keV � Õ g!ü�o+ô+¥�O�Qm]@e<�:z 1 �.$�¾¾� O"¢�£�z<�:O�¦
• [ X ¹�����øb�]:e�� (SXS)Ì f.Ñ�²Av.²:�V�!±�°[z�)1o�ô 0.3 - 12 keV g*ü�i�O 5 eV Q�È�É T�Ê ±�ø�V1½!û�È�É T�Ê ±��� ��£ 1 eV Q�øb�z��	��¦
• [ X ¹�Ï�Ð�øb�]:e�� (SXI)

0.4 - 12 keV g+ü�o�ô�[ X ¹@Q�Ï�Ð�øb�I�õ�z��	�ù¦

X
2.27: ASTRO-H Q�§�I�õ�ö@��g�?�¡�ï�ð�À�I�õ5È�É T@Ê ±�� Õ [25]

§�]:e��@Q�I�õ5È�É T@Ê ±�� Õ z X 2.27 g�� ÿ ¦�P<ðæ3h]:e���z�)3o�ô�
�ô�{wÖ 1 ����£��5o
¢�£@Q�I�õ�zV¤�¥ ÿ O�¦	Ï@g 10 - 80 keV g+ü�o�ô�ý
�ô@Q���� ñ Þ�� óô�� Q ¯� .ð.ô�o3O ñ �
îPï<ð�ôo�Om¦ ASTRO-H �1ý�����Ó&Q�I�õ�ö���û�».±.°�����ö���d+�1Q!».±.°����1þ�� Ì ¯����
â�o��1��² å�� T ñ ó<ô SpaceWire ���! �"�)`ï�ð�û&§�ª�#�$�¹��@g�ý SpaceWire fw¯+°!±&%�'
f�(���#�$�ï�ð.ô�o*)�¦

2.7.1 HXI/SGD

HXI

ASTRO-H +,#�$�ï�ð-)�X X ¹�Ï�Ð�.0/�� HXI ý�X X ¹1(�±32K±�4*]+± (HXT) ��5�6 Y 0�Ð
ómÀ76�809 5 - 80 keV ��� Õ +!ô�Ï�Ð ÿ ),: 5 - 80 keV ý��;� X ¹-+"ºLóô3<>= (50 % $�¾ ) .?/
s�t@9BA`��û�C�DæóE3Fæ@�Ñ c ]&G�¯@�H��I3J>��¡�KP3éð.ô!=*):�L 2.5 + HXT �M�N@9BO ÿ :
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#�$�P�� 2Q�R�S .0/7T Hard X-ray Imager (HXI)

r�s-U!V�W�X�±Y�Z 80 keV [&\
r�s S!] ∼ 300cm2 at 30 keV^ Ð�_*` ∼ 60 arcseca�b!c�d

∼ 8arcmin

L 2.4: e X f�Ë�Ì�Í (HXT) �M�N
g

2.28 + HXI �3h�i g 9�$1j�)3: HXI kl;.@/7m0+ 10 - 80 keV ý�n-9�o@p ÿ ) CdTe q�Ñ
®rW�.0/7T1�!\3s.û 5 - 30 keV ý�n&�t S0u@v,w ¯7( å v�x3y .0/7T (Double-sided Silicon Strip

Detector : DSSD) �;z�s0+ 4 {�|0}Kï�ð�)3:0~�ð>+�����ô�� X f?k DSSD n�.@/�ï�ð�)��;+3�
óéû�e X f-k DSSD 9B�@���?�*ô HXI n�.?/.ï<ð1)rE�K�û*â>K+ô�Õ*=�U�V�W-X��7�>�!+!ü;��)B<�����!� ���1`����&): CdTe k ZTe = 52 û ZCd = 48 ���r�?������3�������@9BA1�*E�K<-=��� `?9��!� ÿ )�: CdTe n1k 0.5 mm  >n 60 keV �3e X f�9 80 % [*z � K*)1~1�����>`;n*¡*)
(GaAs n 40 % û u�v7w;¢ n3£ %) :"ýrE�¤�¥�¦�.?/BT*n;¡!)§!¨!�,©;ª*E�U�V�W-Xr�7«�¬&`��®>}
«�¬&`>9�A*�r:0~�ª*¯��7©;ª&E1°3±�n;¡�)�²�r� S�]�³ ²3´¶µ1·¸�¹�º-±7»�¼�½�¾-+1���7¿3�;À1+
À&=&)�Á3n;±,�@��Â3+��;)�Á�n��rÃ!�rÃ3����±1°3±?����Ä��rÃ*��E3: DSSD k n Å�¤�¥�¦�Æ�Ç1z�+È;É z;± n+ Y�Z	� p+ Y�Z>²;Ê3Ë*Ì>)*�1Í�+,|�}>Â7ª1E,¤�¥!¦�.0/7T1n&¡;):*Î�N-=�Ï�£?±*Ð�ÑÒ �	ÓÔ²�Õ*Ö&¯h�i@91µ�¿�×ÙØ¸1F!W?Ú�n�Û�8�Ü!Ý���Þ�ß1²�à¶~���Erá&k,â�ã	�äÛ�8@9 n+ � p+

+�¿�år5&Ì1)rE�K3 CCD æ Si-Pad .?/�T-±1�&ÍB+2 x Óç«-±�è*é ¢ V3W�9�ê�Á3ë&ìîí v�x7y «
±�è1é ¢ V�W�9Bê*ï&ð3Ì&¯���n�ñ1=���=@ÍòM�N1²!¡!ó,:�ô�õ-k,ö�÷&øùíûú1Ú3ì3ü*n�Ë;ý�ª� 2.6 cmþ ± DSSD ÿ,�¶µ�¿ 1.3 keV  4 cm

þ ± DSSD n 1.6 keV(FWHM) 9���Ý¶µ7E3:7L 2.5 ÿ HXI �
±����!_*`-9��
	1Ì>ó��

����
U!V�W�X�����Z 5 - 80 keV

U!V�W�X��«�¬*` < 2keV (FWHM, at 60 keV)a�b�S!]
300cm2 at 30 keVc�d

9 × 9arcmin2

L 2.5: HXI �1±����!_*`
~�±���Z-n*k��;¦����-²��¶Â��?~1�,ÿ���¨� w*¢�y í ¢���� ���;Û���å1² ��! µ7¿"�>ó�E�K�#

±�$!N"�?ÿ��"%*¿ S/N �*²���Â�·¸'&�(?ÿ!k�C!DÙµ3E�F x Ú")�**G ¢ Ó ±�I�J-² +��-,*n*¡&ó��. ±�E�K� PoGOLite /�0!21 Ì43?·65'7'8!e X f�90ð7T (HXD) n���:�±�¡;ó BGO
^<; ÿ>��ó=�> Å@?;Ú�ACB D u ��W ÓÔn�E*ý�ª;¿��*ó�� BGO ?;Ú�ACB D u ��W ÓH± u>¢ èGFB� u@H3¢ �?±3ê

ï&ð1µ,ÿ�k�I'J!ÀK��Ä ª*E PMT n;k���·¸r� S�]�³ ±�LNM"?,F4* ¢u�OQPKR ÅTS�U0í�Ð�Ñ Ò � Ó
(Avalanche Photo Diode : APD) V,À-�*ó�� APD k PMT ����%-ó��W���YX�Ñ
Z�²�������²��[
Ñ
Z�²�� R ÿ���Â?· �¶Ø¸�\�] b�^ ²�_<���?~�± BGO

^<; � APD `
]?ÿ>��ó'?;Ú�ACB D u ��W
ÓHk SGD ÿ>°�a&À�Â7ª;¿��*ó��
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g
2.28: HXI ±h�i [3]

SGD

ì&��b-��cd*r��ÿ>��ófe��hg ^�� »!¼�±,��i�±�z�j!k ∼ 80keV k@l�n&¡;ó�²�
��m�Â7ªNn�o']
±�p"_�U;V�W?X��-V�O>Ì;ì�q?ÚÙí W-±�r1ªNs�² Ø�V�&�(*Ì-ó1~*��°�¬�t�±�z�n&k�u��?��v"w	�,�
ó�� . ~,n���x ¢�y f�90ð7T SGD k BGO ?;Ú�ACB D u ��W ÓHÿ��-¨�¿� Si/CdTe

w&¢�y í ¢�z{ *�V,À-�*ó*~*��nd|�} µ�n�~ x Ú�)�*K� ¢ ÓH±
����V�Ë@��n�z�n 10 - 600 keV ±�����Z�&�(TV� wî��µ7¿"�1ó��-~�±�~ x Ú�)"*-� ¢ Óä±����0ÿ>���3¿���?ÿ 100 keV n1±���Z0ÿ�×>�;ó �!� V
I'J-±,_;`�Ã�Ä 1 �1z'�;ó&~&��V � wÙ�rµB¿��;ó�� g 2.29 ÿ SGD ±7h�iTV�d� 2.6 ÿ��'��_&`CV
	*j-ó��

����
U!V�W�X�����Z 10 - 600 keV

U!V�W�X��«�¬*` < 2keV (FWHM, at 40 keV)a�b�S!]
150cm2 at 30 keVc�d

33 × 33arcmin2(< 150keV)

600× 600arcmin2(> 150)

� 2.6: SGD �1±����!_*`
[*\��-�>ÿ w*¢ry í ¢�z { *�±����Vf�1Ì�� SGD n�ÀC��Ä ª�ó w1¢�y í ¢�z { *rk����Â3² 5

cm
þ k@l�n�0qrÚ��rW
��± Si 90ð7T (Si-Pad) � CdTe 90ð7T1²d��£�uN�¶Ä�ªNnh�i�V*µ�¿�×ÙØ¸� ��° CdTe 90ð7T1n�E*ý�ª;¿��*ó��'������ÿr×*�!ó7Þ�ß-� S!] V g 2.30 ÿ�	*j-ó��Nx ¢�y f1²

90ð7T�ÿ��'�1Ì>ó�� w&¢�y í ¢���� ÿ>��Ø�U!V�W�X���±��rm�V�� ��µ,��²�Ä���±�90ð7TK����L<M��
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BGO

CdTe

Si

APD 5 cm

E2

E0

BGO

E1

g
2.29: SGD ±h�i [7]

~�±0��� w&¢�y í ¢���� n�Û']�ÿ��>¨"nrU!V3W�Xr�KV E1 ��Ì>ó�� ��� Â7ªNn'x ¢�y f�k;Á
n w&¢y í ¢���� V�� Ø¡  µ��p"¢?ÿ!k�9�ð,T?ÿ�¿��;Û���å�Âª�ó��-~�± ��� Â,ªCn�x ¢�y f?±�U;V�W
X��KV E2 ��Ì>ó��?~�±0���3U!V�W�X���£�¤�¥ ��¦�§'\�£�¤�¥1Ã�Ä ���!þ θ k�[&\;±�¨ 2.1 n��-¨
Ä�ª-ó��

cos θ = 1 − mec
2

(

1

E2

− 1

E1 + E2

)

(2.1)

~Bª0�-Ø¸�â�©>��U�V�W-Xr�� �6�']�± �
� gª�3å
«
¬*²�«*ÃrªK��']�±�®'J þ�� ² θ n�¯Nj1Â
ª>ó��-~Bª*k��
°1n;k�±�²
³1n��>¨�Ä ªrd��£�±��']-ÿ1���7¿-±f²@V�uK��ª- . ±f! R Ã�Ä�x ¢fy
f�´�±®-}-V���µ&ó*~*��²��1`����&ó��

E1

θ

E2

CdTe

Si

back ground

(a)
w&¢�y í ¢�z { *r±�¶�· g (b) ��£�Ñ�¸ ¢ íH±�uN��¹&ý�j

g
2.31:

w&¢�y í ¢�z { *r±�'� [3]

�
��Â�ªKn
x ¢fy f&² c�d�º Ã@ÄB±����1n!¡!ó-�6»-�-Â�ª�ª-�~ x Ú')
*"� ¢ Ó7��ï���Ì?~&� n
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g
2.30: SGD &�(���Z?ÿr×*�!ó Si � CdTe ±��!Û<��å� w&¢�y í ¢���� Þ�ß-�d¼ ] [33]

�B�~�ª1ÿ>���3¿ c�d Vf¯<j?µ�¿ S/N �4V�½�z�Ì>ó*~*��²�n��ró��@~�±�n'µ!ÿ�k Si-Pad 90ð�¾!
CdTe 9?ðf¾>ÿ�×���¿�©!ª-n ¿�À�ÁCÂr�,«�¬&`�,®>}«�¬&`CV���Ý;Ì1ófÃ
�1²!¡!ó����'i� 5 cm

þ
± w;¢�y í ¢�z { *n;k��'9?ð�¾-ÿ,�¶µB¿'¿�À�Á<Âr�7«�¬&`�² 2 keV Ä"Å�1Á n 1 - 2 mm ±7®>}
«�¬*`<V�Æ1�0~*��²�����Â7ª;¿��*ó��

2.7.2 ASTRO-H ÇÉÈËÊÍÌ BGO Î2ÏGÐÒÑ4ÓÕÔÉÖG×ÙØ
ÚKÛ�Ü<ÝfÞ z!ÿ�×��r¿ Ý �'ß-à �'� gá�3å�Â�ª>ó�n
µ4âWã-ÿ�×���¿ . ±fä'å Ý�æ�ç µ7�
��²� ÚÛ °<è�±�7
8Nà Ý . ± ÚKÛ�Ü ²
é Øëêíìî� . ±"S'* x Ú3ì Ý ∼ 1/s/cm2 à;¡�Ø¸'¿�À�ÁCÂr� Ý 100

GeV Ä&z;ÿ>°QïCð�� Ú-Û Ü ²d�'��Â7ª;¿d90ð�¾-�Tl�V������0�!ó���ñ��'ò��>²�õ�ÜÙµ  � �;±�9
ðf¾-ÿ1°�ä'å1²�ïNð���ó ô �rµB¿�u��>��~�õ,Ú')
*"� ¢ Ó7���;ó�� . ±
n
µ ASTRO-H à Ý 1 Ì<3
·¡5�7�8-àÏ��1���':1±�¡�ó BGO ?�Ú�AKBdD�ör��Á ÓWV�a!À�Ì&ó��'÷ 2.32 ÿ�Ì<3>·ø7�8'ù X

Ü 9
ð�¾ (HXD) à&±�?;Ú�ACB D'ö���Á Óú~Éõ3Ú�)�*K� ¢ Ó ±�û'ô�V��Ùµ�n
÷-V�	-ü1ó��3Ì43?·¡7'8CàÝ ?;Ú�A<B
D'ö���Á Ó�V,À-�*ó-ý*��à� 30 - 40 keV ±��'þCà Ý ∼ 3 × 10−4cnts/s/keV/cm2 Ã�Ä
∼ 3 × 10−5cnts/s/keV/cm2 Á�à��� 1 ��ÿ � ~Gõ�Ú")�*-� ¢ Óò²��?�*óNý>��ý&Ã1ó�� ASTRO-H

ÿ�×&��ó ?!Ú�AKBdD
ör��Á Ó�° PoGOLite /�0���'9?ð��TV�� Ü�� ½dÄ º ö ¢ èÉF��
	�àKö���Á Ó
µ�n1°3±dà� ÚKÛ�Ü ±�� �TV�p��Cj�ÿ!Á�à�>¨;ó-��/��;ÿ,Nö���Á Ó�VB�@���?��ó��*Í���~ õ,Ú')
*"� ¢ Ó °���9?ð��Ù�HÞC/�����£TV��0óKý;�Qàd~ õ,Ú')'*"� ¢ Ó�V����&Ì1óKý&��²
à-��ó���ö���Á
Ó�� ¦1²d90ð�¾Nà&¡;ó
n'µ��x ¢�ydÜ ~-�rì íò�Tl7±��õ���¦�±���ú�	'V�Ë	Ídý*��° ����à&¡;ó��
ASTRO-H ÿr×*�!ó BGO ó ; ±���ú�õ0íç£ Ý HXI ² 9 �; SGD ² 25 �Cà&¡;ó��
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÷ 2.32: Ì43?·¡7'8 HXD à��
�@Â7ªNn =�> Å BGO ?;Ú�ACB D'ö���Á ÓHÿ���ó�~Éõ3Ú�)�*K� ¢ Ó
± ��!�"$#"� [21][22]

BGO ��úTõ�íÔ²�Ï�£?¡;ó�± àd7'8	����Í�j@Ä�ªNn,Û�%r�ì
q�&rì�à Ý I�J�±�ö ¢ èGF�&'	�ê1ï
ð-µ�ÿ�ÀN��¿"�-n��;Û�] P�(�) V,ÀN�*óNý*� Ý à+*������ . ±�n�µ ASTRO-H à Ý BGO ó ; ±
ê1ï*ð>µÿ�?�~@* ¢ ö O SKU�í Ð�Ñ Ò &	Ó (APD) V,À-�*ó�� HXI/SGD

Ý
APD ���>Ã�Ä�¢�,<�- ÿ���.,¿�ÞC//�10�£����@V�ð %�Ì1ó3²� . ±�����° FastVETO �r� � HitPattern ����ÿ,«&Ãrª

ó�� FastVETO ��� Ý BGO à'2@Ä�Ã*ÿ!Ñ ¸ ¢ í à1¡&ó����YVf9�ð�µ�n 3�¹; 5 usec Ä+4rÿ��"9
ð��K���7ð %?Â�ªr . ªCV�5768�+.�n���9�ð�� Ý ý3±��;±�Ñd¸ ¢ í:9
&�	�; �TV=< � Ì*ó��@ýBª&ÿ
�=.3¿ ~Gõ�Ú")�*-� ¢ ÓQV�;��>Ì-ó�9�õ0Ó>	�Ñ�?CV�@ ·äÌ�ý'AB²�àB*ró���� �  HitPattern ��CÝ

FastVETO à1D<��*7ª'E�Ã�.�n-X�Ñ
Z&ÿGF¶°�ª-ó
k@l7± �C¿�ÀdÁ�Â=&�Ñ�¸ ¢ í�Vf90ð>µ  . ª
V�H 30 usec ¢-ÿ��'9?ð��K�IA7ð %�Ì1ó�� ý3±BA�*J��9?ð�� Ý 9
&�	�; �TVBËK.¿?µ3Á�Í ²�T?!Ú
A<B
D'ö�&�Á ÓÔÃ�ÄL5B6��M.�n HitPattern ��C�V8N�¹*Ì>ó-ý'A7ÿ���Ø¸ Þ�O à&±�9�&'	�;'�?ÿr×
��¿ FastVETO à Ý �PA�ü'E�Ã�.�n�~Gõ�Ú�)�*K� ¢ Ó�Vd���1Ì>ó-ý'A�²�à7*ró�± àB��Øë_$Q�R�±
9�&'	�A8E&ó��

BGO ó ; ±3ê1ï*ð>µÿ�À-�*ó APD
Ý ��ÅCà�\�]�û ^ ²�_ · PNRd^ °>SM*���²�¤�¥!¦�90ð�¾Nà

¡!ó�²r§!¨!ÿ���Û
] P�(�) ÿ�T'%!¿CX�Ñ Z��=C1²1SU*��d�@Â1ÄBÿ BGO
Ý�V W � Ý _C��²�õ �'\1²X E'�UA���Í�Y Z$[�°1\;ó�� FastVETO æ HitPattern ±�9�&'	�;'�¶°>]<µ� ��Ã&ÿ-X�Ñ
Z&ÿ ^ µ

¿d~ õ,Ú')'*"��_�Ó �=C�±�Q�R@V/\�`�ó�Ã�MA��@Í�ý�A ²�a�Z�ÿ=E!ó��<ý3±��*Í�E���b-à�p�°�û'ô
²'\*ó�±�²�X�Ñ�Z<S�B�ÁK	r¯�²� HXI à 9 �* SGD à 25 �0± APD ��CYV8c-¿ I�J?±"?/d7e")
S�B�ÁK	 � ¨<à�f$g-Ì-ó�à z ~B&rÌ>óNý'A Ý j�Ä�ª<n
� - ¼
hNà Ý ´ µ��
� . ý�à HXI/SGD àÝ

FPGA
O à�9<B�i�	�Á4S�B�Á+	'V�j�	1Ì>ó-ý'A�A�µ�¿��*ó��
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÷ 2.33: HXI ÿr×'6!ó���C$;'���Mk�_�l�&'À7_@í [23]

2.7.3 BGO monqpsrutwvMx
÷ 2.33 y��&ÍBÿ HXI/SGD à Ý �=C�;
�C� -�z�{ 4 |�y�D�eKõ�}�ÿG~'�������&ó�� HXI/SGD-S

(Sensor) ��� HXI/SGD-AE (AnalogElectronics) ��� HXI/SGD-DPU (Data Processing Unit) ���
HXI/SGD-DE(Digital Electronics) �-à
\!ó�� BGO+APD �=CN�B_Q['&����M����� P-R ¾ (CSA)

à P<R+� �Cn��$C Ý AE �+y APMU(APD Processing and Manegement Unit) ��A���% � �7���
APMU ���"���N?/d7e")���C+y�$�³ PCR �
��³ {��'� ��� AD ��� � �Cn�¢B� FPGA �=�
���
9-B�i
	fÁ/;
� � ������; � Ý 9KB1i
	�Á�S
BQÁB	��8��97�����'y VETO �=C+�G%�������������?�$� �� 7_�¡ Ü ~�&��u� »$¢�EK£ {���� ��� � APMU à Ý ¤ �$¥�d�e$��¦ - y�§
¨7_>©=�
��ª�«¬ ��ª= ¬ ��®=R�E+£8y/9$&�	 (House Keeping:HK) ��¯M° �²± � DPU � Ý SpaceWire ³�´qµG¶
DE �'y=¨�_/	�&
·�¸1¨��
y�¹=º$� APMU » CPMU �M��y/9$&�	�yG576��u¼�� APMU » CPMU y½�¾ EK£�³ �P± � DE � Ý ¡
¨'}�e�¿�e�À�õJÁB³8]�Â��B¨/ÃU_U�Ä��C�Å HK 9�&'	/y ;�ÆU³ �P± �Ç ¶ È�É��I�ËÊ������
k�¡+_UÌ�³8Í�Î�ÏJ� DPU �'�Bk�¡+_UÌ�³�Ê$�'Ð�� �

APMU à Ý APD Ñ�ÒNà�ÓB� � �'¶��=C Ý ��Ó7�����'y VETO �=C ��� �K�8�s������? ��¯²A
A�°�� �= �_8¡ Ü�Ô &/�s�Õg$Ö (GRB) E+£8y�×�Ø=g$Ö�y���Ù�	$°J] Ç ���G� GRB Ú=Û7µ$Ü ± ��S
*�E=Ý�Þ�ß�à�&
³�á�|�¶=â�� APMU ã
Ú 5 MeV

Ç ã
y�Ý�Þ1ß�à�& {1ä�å ã�*/��æ ± � ADC y�ç
¨�dUè$é1}Bê�_1i { 0 - 5.2 MeV A8E��'æ ± ��ë�ì � �
�$�'� � BGO í�î'³�ï�Â'�1Ð'¶�â$y1ÁM_
¿Kð1_/�8ñ�ò�óU³ 1 MHz A=ÏJ�7ô�y�¶�â$y ADC Ñ=Ò { ADC128S102QML ã�\
� �=õ�ö � ��¶
}�e�é1}�y 1/16 ÁM_�¿Kð1_/��A8E��=¶�â1� APMU-FPGA ã�Ú ADC128S102QML � 15 MHz y
}�e�é1}�³�÷�ø��$�'� ��ù 2.34 ��À+_�Á�úGû��I� ADC ��� Ç ã�y CSA �'§
¨7_>©=�
��h�~K·$ü
ß+ý/y
þ�e�é1}�ù�³�ÿ���Ð�� �
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BGO APD

CSA (HIC)

APD-CSA APMU / 1 APD

ADC
ADC128S102QML�������
	��

1 �� =1us

C=3pF
R=300Mohm

QE=0.2
2e- / keV

Gain=50

10 ph/keV ���
Buf ( ��� )

�������
+ 
���

Gain=40

Gain=6��������� "!$#&%('*)
Gain=1/2 Dynamic Range

32 mV at 50 keV
3.3 V at 5.2 MeV

Range 0 to 3.3 V

ù 2.34: HXI/SGD y APD �,+.-�Æ
/,021 ã$Ú43�5�Ú46,7�y APMU ã�y4829+³;:�¢IÏ����2+=�2<+³>=�ü@?�ý�ß$ã �BA ¶DC�ã�� VETO

�,+By
�FEHGJIBy�©�K
��ù 2.34 �>L��F8J9U³M6ON2P�ãDQ,R²Ï ¶ ± ø�ãOS��G�u�����UTOS>GJVU³�©W ¶1�
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X
3 Y PoGOLite Z [ \ ] ^ _ ` a b cd e

3.1 fhg ikj
PoGOLite Ú@l X m »on7 qp�¡DmqS@r,sU³ ä�å Ðut=¶�â.v PDC û (2.6.1 w ) xMy{zD|Bt$·{}��
¨7é�~U����ÙBé7��³4�
Ù.�2TUQ��'ãF�B�/Ð�t�� Ç ¶HC@�qvH�O�,t Ô é>�,���{�Jp+Ì�³U�@�'Ð�t�¶=âv SAS û (2.6.2 w ) x�yOzH|qt BGO ¥O�D��ü=þJ��ú/ß ÌJ³�ñB��v@�.� Ï��O��tF�'·O}>��¨+é;~Q���ã{�Jt PDC û7ÚJ��p;~qê�ú�ýDS������1¢=ó��F�B {tO¡�xG³4¢.£MÏ4�1ò�<J¤,¥+³4¦��U§O¨�¯�ÐWª©4« +B¬I£ ± ¬�³4¨..®{¯ Ï�§ Ô éU�{�.°��{pMÌ�Ú,�U��ÐBtU� Ç ¶F±qCOv��.=�ú�ý8Í$ÎU³>¦ ±² v7æB¼�³J´q DrJs
Í$ÎU³4¦ ± ¶�â{v ò,<B=�ú�ý�³M¨
¯'Ðqt@� SAS û+Ú
¥O�D��ü=þ.��ú�ß Ì@x�Ï�D§ VETO

« +K³�µ@E�Ð�t47O¶J�U·2¸�ã{�.t>�F¹qv PDC § SAS x�°Fv Ô é@�,��°{�JpKÌ�S�º,»s¼
ÅO��ÙUé½¼�S@¾J¿JÀ�ÆÁS�¶�âUÂ$ßO�H��¨Ã¼;Ä>�Å¼��J°UT�³M¨$¯'Ðut�7�¶�³M�J��ÐutF�ul X mJr,s
Å VETO

« +ªµFE7³4¦ ± ¶�â.v@Æ�óÁS.�up4~�ê�ú'ý�³MÇu�D§�ô,S�ï�Â�µ�Ï@v�Ú@ÈÊÉ�¨�ËUÌ�§
¨qpS>s$ª�ÒJÍ.ÎJÀ (PMT) ³>£���t@�7ô,S / óBÚFÂ���·uÏ�¨qp�ç/ú2ÐJ=�ß�ã 92
/ v�°F q¼&§BôU|ÒÑ

³>Ó2Ô�ãD-�Æ�Ðut�·,¸u�O�{t@�¡4| Ç ãOv>ÕJÖJ×ÁS@ØOE�v�æ7¼&§ PDC û�ãUÙ.ÈBÚF·,¸�ãO�{t�ò,<J¤.¥Ûx�ò,<�¨$¯,7�¶H§ SAS û
ãD·,¸�ãO�{t VETO

« +ªµFE�§�Â$ßO�H��¨Ã¼;Ä>�Å¼��J°UTUÜ.ÝJ7�¶'Ú@ÞJÝàß�|{�.�
¶F��Ï4¬KÏ�¡S Ç
Ç ã'Ú PDC û�£Ûx SAS û�£Ûx�áuâ�S�¦DãU³�Þ.Ý Ï@ Òä��'Ú. àÑ4 J�KÏ;§Åå�æçx�ÐBt PDC

û�ã�SBÄ@�è¼��{°DTDÜ{Ýu�H×{Ý�ã ©  .�2�Uôu¡ ãHéBÚ PDC ûÃx SAS û½SU·J¸Á U7�¶B³ Ç x�âD§
PDC/SAS û�ãDê�£qS�¦DãU³�Þ{Ý²Ï�¶U��¡�|uv�æ A ��¦DãBC�ã'Ú PDC ûÃx SAS û½S{ë@¥B�Hìèä q¼í= Ô éU�U�Hî.ïuv, Ot@� Ç ¶�CFðÁS�æ ± v PDC û�ãOSuÄ>�Å¼��J°UTUÜ.Ý��Uñ�¶�v,  A ¶U�

PDC ò,<J¤.¥.§�ò,<J¨$¯.§,Â$ßO�H��¨Ã¼;Ä>�Å¼��J°UTUÜ.Ý
SAS VETO

« +ªµFE�§,Â$ßO�H��¨Ã¼;Ä>�Å¼��J°UTUÜ.Ýò�ó Ò½�up4~�ê�ú'ý ò,<J¤.¥.§�ò,<J¨$¯.§,Â$ßO�H��¨Ã¼;Ä>�Å¼��J°UTUÜ.Ýô
3.1: PoGOLite S@õ�ûÁv2�.�,�U6Jö�Ð W½© 7�¶

Ç ¶ PoGOLite ã�Ú>÷.ø�ãDù�â��H§�l X m »onqúqp�ûDm ä�å x4ü��Ov ò�ó Ò½�up4~�ê�ú'ýHv�æt>ý{þ ò>ó Ò Ô éU�{�.°��{pMÌíSIð4ÿ1ßKý��,T�ì å�� ¦���� ò>ó ÒÊ�Bp�~²ê8ú�ýBx�Ï��'Ú 1 � òó Ò��
	uvDâ © 9000 s=Ò ��� µ��t LiCAF(Eu 2%)
�

PDC ûBü��Bv BGO í�î�ã��������{}��
�+é;~2Q.��ã�£���tU�q¡�|uv7æ A � PoGOLite S��.¸½  Ô éU�.�.°��Op�����ã���t ò>ó
� S��� �"! øD§Uæ$#&%u�('
) � ×.Ý�ã © t4ñ�¶ ó �O�{t@� PDC ûçx4ü+*uä ò,<J¤.¥qv�æ A � ò�ó���, 5¬{úqp�ûDmB .-;� , 5�¬ �"/ ¥�ã © tD�H§ LiCAF(Eu) v�æHt�ò,<ÁS@�,�u�10�ó (τ ∼ 1600 ns) Ú
BGO (τ ∼ 300 ns) x32 W �'Ú�tH¬�v�4 ä"§ PDC û½S�='ú�ý�-
5ª�2�.�{T � ôJS�6
6�78�H¡�x�9
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ã ©  ��U�:6�;�<BS PDC û�= SAS û�� DIO Board
� þ7ê>�Bp{x�?@;BAMð>ú>¾uvJ�D�,�,T��UÝ�C

?��O��t,SªxEDÁ�H§½¡HS ò>ó
� �qp�~²ê8ú�ý�S�='ú�ý4-�5F9�G
C½v( èä ·J¸B���OtF��ôu¡ ãHéF9ò4óB� ��pM~qê�ú�ýUS�;=âJv@§ LiCAF ��p;~qê�ú�ýDS@H�s�ò�<qv@I�J�KL;�MBN(O,��ã{��#� 2�àÑ�§ò4óB� ��pM~qê�ú�ýJûqS�P � G�Cqv� ,ÞÊß"Kut��D�,��T ��Q1R ?@;F�7ù 3.1 v PoGOLite SO�L��Ï
�qp�ç/úT�J°U�Ã¼�S�V½µ@WqS�X,¸ � �LKBt@�

ù 3.1: PoGOLite Y�Z�[�\�ù

DAC

CSA

CSA

Flash
ADC FPGA FPGA

Waveform Digitizer Board

PMT output

PMT output

8ch

PMT HV control

SpaceWire I/F

CPU

SpaceWire

Data Storage

DAC

CSA

CSA

Flash
ADC FPGA FPGA

Waveform Digitizer Board

PMT output

PMT output

8ch

PMT HV control

SpaceWire I/F

Digital I/O Board

FPGA FPGA

trig

trig
SpaceWire I/F

Router Board

Fan-In/Fan-Out Board

SpaceWire I/F * 8

trigtrig

trig trig

SpaceWire

SpaceWire

SpaceWire

SpaceCube

AND

OR

ù 3.2: PoGOLite PDC ûÁv2���.tÛ¼1ð�ú « +ÁS� :] [17]
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3.2 PoGOLite ^`_badcbegfihkj lnmporqbs
3.2.1 tvuxwzy|{v}.~��

PoGOLite �,£���t FADC Board 9@Õ{¦ 0.1 v:� A � PMT S(�J< « + �(�L� S�� 3.3 S:�:�v>¨��Lut�¡�x;�Uñ�¶��O�{t@�

0 10 20 30 40 50

765

770

775

780

785

790

795

800

805

810

Ch 0

0 10 20 30 40 50
0

0.2
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0.8

1

Ch 1

0 10 20 30 40 50
0

0.2

0.4
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1

Ch 2

0 10 20 30 40 50
0

0.2

0.4
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1

Ch 3

0 10 20 30 40 50
0

0.2

0.4
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1

Ch 4

0 10 20 30 40 50
0

0.2

0.4
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1

Ch 5

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

Ch 6

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

Ch 7

� 3.3: FADC Board �U¨���?�;����ÁS��
¡FS��B�:9 37.5 MHz �Êp(M+�FpD�"�������F¨
�x?;�J�Ot>� FADC Board v�9 8 ch. SJÿ���NJ����1� �.��#&§u¡���� 3.3 ��9 ch 0 v:?M¬ «B� � ��� ?M�,�J ���;B��<:�D~��.p��(����9��B������ �1�
��?4�.�. ,�H�������
�$9B�������4v 37.5 MHz � 12 bit  
¡�¶L� «�� � 50 ��N�¢F�£ 
�

��?4�.��t@�:6B; �T� «�� v
9 750 ¤F-@�U¥:�(O�¢½¼��T92¬BK{�O�{t@� PoGOLite �T9����J¤.¥.§
�B�,¨
�,§ÊÄ�� ¼í��°�¦F¨
�:�
M�N(O,����9@§Á��§2|F¨,¡�� 12 bit  �¡O¶D§ 37.5 MHz �Êp�MF�Fp�£�
���+����� � £��,�.��t@��T� �T9B� 3.4 ��©
N:¢U�1� � ¨�x�vu¡(�������
�FM
N1OJ�OvHâ{�,�Uª:«Uut@�

PoGOLite �L9��
� � ����Bt�¬��U�JÌ�u���Ot ¼1�;úx®°¯
� �£±+² tÁx½¼1�Mú (Trigger Hit-

Pattern)
«�� � µ � utqxJxU¨Uv Fast �up4~�®"� � ¬ Slow �up4~�®"� � /BGO ³:´{�up4~�®"�� ���B� � ¤J¥T�t��Hõq��p;~x®�� � 9������(0B� τ � Fast ��pM~x®�� � � τ ∼ 2 ns § Slow ��p~�®"� � τ ∼ 230 ns § BGO ³:´ τ ∼ 300 ns x��q OtB;��U§ «�� 9B� 2.23 �����4v����+��C:¬�#�TµJ�D�Á �tF� Fast �Bp�~¶®£� � ���
�:��9J ,�(·B� «
� x / ¥àß@|�;�¸�Iqv�9ç¼1��úªx�9@¥F�

Pulse Shape Discri
«B� � µ � ?�§��B�$��¤J¥ ��¹�º �t��
���qv��DtM¤,¥:��� �.��ô ?�;������

3.5 �{�.t��(���$�H�(0B����»u��¸
I�9�� ò � PeakFast x PeakSlow ��¤�¼£½�?�ä� ¾#&§�4u��¸�I
9 PeakSlow > PeakFast x4 Ot@�
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DIO Board

H
itPattern

D
oW

rite

U
pperD

iscri

PeakSlow

IntD
elayedD

ata

T
rigger

U
pperD

iscri

PeakSlow

Saved_H
itPattern

Saved_U
D

/PSD

Saved_num
ber_of_event

W
riting

D
oR

ead

R
eading

R
eaddata_counter

Storage_counter

D
elayedH

itPat

IntAdcData

Address

WF data
NowTime 2 line

WF 8ch. 50 line

Control StorageModule
- Storage/Readdata_counter
- Control Readding/Writing

Temporary, Save 8ch. Waveform
- Save NoeTime : 24 bit (f = 1.17 MHz)
- Save Waveform 16bit x 50points x 8ch x 4buffer
- Save Hit, UD, PSD, number_of_event

Storaging Waveform
- check Compress, HitPattern
- Save Header Data and Waveform
byte : dataform
0-1 : x"00" & [number_of_event(High bit)] ( 8bit )
2-3 : [number_of_event(Low bit)] (16 bit)
4-5 : [HitPat](8bit) [UD/PSD](2bit) [IntReadAddress](2bit) [ch](4bit)
6-7 : [NowTime(Low bit)] (16bit)
8-9 : [NowTime(High bit)] (16bit)
10-110 : [Waveform]

- WritingStateMachineModule
- StoraginModule
are Both "ON", Storing = ’1’

Storing

One Wave
- Header 5 line
- Waveform 50 line

Address

Storage Data

m
em

ory_out_add

m
em

ory_out_dat

Output : Trig, HitTrig, UpperDiscri, PeakSlowDiscri
Data - IntData9 > TrigTh

Delay Hitpattern
DelayLength = "10011"

Delay Data
DelayLength = "10100"

< TrigModule >

< DelayHit >< DelayData >

< WritingStateMachineModule > < main_buffer >

< DoReadViaSpwModule >

< StoragingModule >

< DataStorage >
52

20
8

128 bit

55

70
40

16 bit

Trig

UD

HitPat

PSD

13 clk1

2

indefinite

2

3 clk

� 3.4: PoGOLite �����
�F©
N:¢U�1�
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Data

Fast3

Slow14

Data - Fast3

Data - Slow14

Data - Fast3

Data - Slow14

Data

Fast3

Slow14

4 clk

15 clk

4 clk

15 clk

< Short Rise Time > < Long Rise Time >

PeakFast

PeakSlow

PeakFast

PeakSlow

PeakSlow ~ PeakFast PeakSlow > PeakFast

� 3.5: ���Áv��Ht FastPeak x SlowPeak ��DB�
6�; Fast ��pM~x®�� � «B� 9 15 keV - 200 keV ��¿BÀ � ��S��1�tF��ÁTÂHmBvL�Dt@Sx¢F���,°�.p��� .-@�>ÌB� «�� � �T� ß�|�;�¸�I$9�Ã�� «�� � �F��utB;��.v@¥�Ä Upper Discri

«�� � µ� ut@�� ¬��(���,¤J¥�ÅO¶{vDâ.�2�B�.�.t4�2¡M| Ñ � 6Bx"�.tBxíÓ.âT� PDC ��Æ$¢B¼ÈÇBv ��� � ô 3.2

�����M Ã¼(��ú «�� xE���J¤.¥ «�� � µ � ut@�
Trigger �,Ì���J�x®�¢@��ÉÊ�Ë� � ¬
Ì�ÍU;ªÑ>µ �
Pulse Shape Discri (PSD) ���u¬ Ñ�¤.¥{�ª¡4|�v��$# Fast �up4~�®"� � ¬

Slow/BGO �up4~�®"� � ¬ � ë>¥
Upper Discri (UD) �,Ì����¬.Ú� � ¬
Ì�ÍU;2¬�-���¬2�
Hit Pattern -@� PMT �1Î
Ï�?4�.��tB�2¬2�ô

3.2: PDC
� �T�>¤.¥ «��

PoGOLite �L9B¡1�Ã¼U�;úU=�¤{¥ «
� � 12 ÐF� FADC Board ¬ ÑÑG
C½vOµ � ß>|,§:ÃD| ���
DIO Board �(Ò$�Ot@� DIO Board 9ç¼(��ú�� �T� ß�|{�J¬ ÑM�{tU��µUÓL��µB� ¼(��ú � µ � ?�;Ô �8�Ê� PSD § UD

� Ò$�U§:Ã��ç¼(��úB�1V½µOß�|�; «�� � �
�LutD¬�-���¬ / 0Lut@� PSD v
�$#@¡(� «�� � Slow/BGO �up4~�®"� � «�� �O�{tqx /�Õ ß�|�;½x © =,§ UD

� ¬
Ì�ÍU;>ÌB� «� �{�U|Oz����Êß£K{ ��D� UD
�(� Ìx#&§ Fast ��pM~x®�� � ¬àÑ"� «�� �{�.tBx /LÕ ß4|,|Oz DIO

Board ¬ ÑÖY FADC Board × xE��� � �
�LutB;���� ’DoWrite’
«�� ��µ � ß�|Bt@�õ FADC Board 9 DoWrite

«B� ��Ø �4¨.Í�;½ÑÖ�B�:����� ��Q(Ù �t>� ¼���ú � VÁµ�?;�F?>zÑ{ä���µH�(ÚBÛ�?M�,�Ot�;B�F§LÃB�Áx © � PMT
«B� � �B�x?M�$¨�Ü��{� � Û�Ý�;��B� xM .t��U�
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Þ ��·
ß ß@K{�.��;���� � �
�Lut@� ¼(��ú��(C�â 0.4 usec àO¬ ÑÊ�
� ��QUÙ ?�§ 50 ��N:¢U�£ �F��Ã 1.4 usec  �����qtF�Á¡>|uv:�+#u¼U�;úUà:�����F��� � =����F�@�.�+��� � ¨��
�u�UñB¶
�O�{t@� DoWrite

�£Ø ��¨�Í1; FADC Board �(Y�~��Op��1��� PMT
«�� � �
��?4�.��tqx 1 Ì

���B� � ���T�t�MBN(O,��� ∼20 usec ¤+-�¬�¬�Í>�+?�6D�U§Fý ©  ��F¢:� � ��¦{v2 TÍ>�+?�6$���
ÃU| � ¡
áLutB;��.v HitPattern

«�� � £��,� «�� �1V½µOß�|�;H~:��p��1���BP � ®J¯¶?4�1�
�
ut@�Bâv#�v 1 ~:��p��1���BP����
���O�D|�z 4.3 usec ¤F-�v2��µ �"ã:² t�¡�x;�
� © t@�
�B�$9 FADC Board � FPGA äFÐx��vFÓ{��å,v@���Êß4|�t>� FPGA ��äFÐx�Ñ��9@�B����� � 9

128 OL¢.¼>?�¬��U��� ©  H�B���@ý2î1æ�� Flash Memory �UOL¢.¼íß�|�;B©�®°��p��,��t SpaceCubev��B� �>ç�è �t>�B������� � 9 ��� ��� 3.6 v�é.Í1;��{}��Hû.¢q¼ê�(���ÊßM|.�J�Ot�;��F§
ëL�
¥��,°1�up£�(¡�ìTLí ² -£� Ô �î�Ö�+-£�D��ï���-£�(ð���ñ@�(���U��� �  
�H¬D§T6U;
ÃB�+ò © �Ô �8�Ê�uÄT¢½¼&Â � �:ñ�§ UD/PSD ��ó�ôx¨3õ.íLöLò�÷
�$ø�í�ù

x"0 0"
Board ID Number of Event Now Time Low-bit Now Time High-bit

HitPattern discri

UD/PSD

IntRead Address working ch.
16 8 7 6 5 4 3 0

ch 7 ch 0 0 ~ 7

is 8 bit

Wave Data 01 Wave Data 50

� 3.6: PoGOLite ú�ûLü�í@�
��?�;����+���T� � �Tý(�2û�¢½¼ (1 ��� :110 byte)

õ Ô �î�þ�Uÿ�ï$9 Ô �î�Ö���BNL¢��Uú����x?���ÿ�ï��$ü1÷
	�����Tí�ù�ÃB��;B��ÿ
µ�÷�;����1ÿ
ï$ú��¾®Ñ÷���*����>í�ù:ö����¾®�9 ��� ?����íUµ��������:9U�:ø����;B���B¥���� �:ñ£�(¡�ì"!#%$'& ú��
Ï��$ø�íL� $ ú�� (B0:µ�)
� DIO Board *,+ pseudo - � ( .�- � ) ÷0/ � 	��:í�ù$ö
��- � ! Ø ü�1�Í1;2+43 FADC Board 9����5! pseudo - � ú�ITJ
K�;T��ý���6.¢"7&�1�
�L�í�ù
ö(�Fò1ø�ÿ(ïx¨�� 3.6 8��$ú��
�9	��:í�ù�¡
ì�ÿTú�ö(� pseudo - � ! Ø ü�1�ÍU;�ÿ(ï5!�:�;���
��Y<�T� Board �T��ÿ(ï5!£ITJ
K:íLöLò�÷ =0>¾ò?�Tí�ù
¥���� ��ñ���9Tö��@�U�@!�ALú@¡�ì"! #B$ ùDC�E�)F!�:�GLíU;U��úB9 Fast HLñ�ð�®>� � ��V
/�	

�L;�- � ��PB�(¡�ì"! #I$KJ�L ÷�M�í(÷D� DIO Board *9+ DoWrite - � ! Ø ü�� HitPattern - �
úL��Í������2	���;@�U�:��N1úB9 Slow/BGO HLñ�ð�®>� � úL��í"�U��¨PO
Q��Lí@ù�ÃU�B;U���<RTSU ��V<���� � úDWLí�;B�
ú1¥0X��D�:ñ£�:¨ Fast H�ñ"ðx®>� � �(V"/�	?�L;��B�:��PY![Z�\]W�í�ù
¬�^�_�`L� $ ú Fast H�ñ"ðx®>� � ò Slow/BGO H�ñ"ð¾®�� � ��a@�B��÷�b
��í�ù�ÃLö@��c�¬,R3�d 0! eDf�_g� Fast ò Slow ��bF�TíDhT�%7êÓ��+Ü(�]�£2!�1��YW�í (FastPH/SlowPH) ù Fast H
ñ@ðî®£� � �:� $ úBÿ�i
��÷U»FüD�0�@j�k"+@��hL�%7êÓT�+¨ 8"l�Ü(�]�@îò��mRT� Slow/BGO H
ñ£ð�®"� � ��� $ ú�ÿDi���÷ nFü �0� Fast hT�%7Êú��UíLÜ(�]�£�÷Dop�g�Tí�ù+ö $ _?�1�%+P�:íq�r A5s�tp7Pu��(¦
÷�� 3.7 �]M�í�ù
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fastPH vs. slowPH of central unit

� 3.7: �
��_�`����5!��U¯�ñ57vZ�\B_�` 2
r A5s�tp7Pu��(¦ [4]

ö�ö�*9+ FastPH=SlowPH ò���íDw�x�¬�ú��B�]W�í��1¯Fñ27Ö��yY! Fast HLñ"ðx®�� � �(�I+z�
`��B�îò�_���1
�]WLí�ù�� 3.6 �U��� � X�ý���6.¢F7{*9+[�1¯Fñ27Ö�Uÿ�ï��
|�ÆF¢"7v}<~]!>õFíTö
ò>�5j£�D|�ÆF¢
7Öú�����- � ÷ ��� 	����5j£���0�1×F��ñ �m7�ñz����÷�����_�`��D*0!�õFíTö�ò>÷
�$ø�í�ù ¹ & ú��<y
¬]��` ¹ Å$ú�û��� 50 keV � 90 % C�E+�D��ñ H��5�(��¦<!�N��0|
Æ.¢"7Êú��� _��<��ñ ��7�ñz���2!�	?���$Ã���E��<���xò���ñ ��7>ñz���$�����2![1
�m_�`�¨��U÷
� 3.8 ��M
í�ù ch.0 ÷
�TñD�B7"ñP����� ch.4 ÷ E��
� �L�]M�í�ù+ö(��� $ úF_?�D�@/]	��0`����5!£¡
ìYW�í
öTò>� ����- � �]��ñ ��7�ñz���$úUûTü
í[������}�����b����@!�:�G�íTöTò3� ����- � ��C�E U !� i��$ø�í�ù���ë$ú � ¬������D��tTú�ûLü�í����:¢ � � �"��ñ�u�!1� 3.9 ú����0W�í�ù
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� 3.8: 1 E��+ú�ûLü�í��TñD�B7"ñP���8ò4E��
� �:����� [17]

3.2.2 �.� ��¡£¢m¤B¥B¦
PDC/SAS

� ��a�§¾¢���u���¨
ñ2©�®��I7Ö� � i���|�ÆF¢
7Ö��ª�«�¬�:��®�¯$��`B�
ú�°
��tD±
�%7's�t²7zu���¦0!'��³]W�í�ù�°���tD±0�%7gs�t£7zu���¦���´�V
"![µ:��í & ú�¶���@!?A�ú
_��
t¾®1¢?HFÉ&�·©z!�¸�i,_��@_�Q $ ò�¹ �����?º�»�ÿ�¼�¥0X��F¢
7Ö��b
��í�3Tð���ñ��(��ú�½�¾����¿ *B�ztx®�¢�H�ÉÊ�À©P!�Á�i�_��m�z�]a��5+��m�g��Í��2_ Q $ ù�Ã�ö�Â PoGOLite Â]a�Ã 3.10 �Ä $ ú�Å� ��T� � ú��YW�íDtx®�¢�H�ÉÊ�À©P!�Á�i�_g��´�V�¾¨gÅ� ��T� � !�A�ú�µ$�Tí�ù

Pulse Height

810

760

770

780

790

800

0 5 15 20 25 30 40 453510 50

Ã 3.10: Ã 3.3 � ch.0 ´�Æ2![Ç�È
ùDt¾®�¢?H$Éê�·©ÊÉ�i��
s?t£7zu���¦�´�V

a�ö�� Pulse Height

*,+Kµ$�Tí�ù
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Trig

HitPat

UD

PSD

DelayHit

DoWrite

Writing

DoRead

Reading

Storing

0 2 13 20 27

indefinite

13 clk

3 clk

21 clk Case : from DIO

52 clk

1ch wave  218 clk
8ch wave 1701 clk

7622

0 2 13 20 27 7622 about 162 or 712

DelayLength(=20)+ 1 + 24

IntAdcData

IntDelayData

Threshold

WritingStateMachine and Storaging are both "on"

clock : AdcClock f=37.5MHz, T=26.7 ns

Clock

Clock

NowTime 2 clk
Waveform 50 clk

DelayLength(=20)

FastClock

Positive Witdth is "HitPat Width" + 6

about 162 or 712

(FastClock f=100 MHz, T=10 ns)

Ã 3.9: PoGOLite ´�Æ��
�2���:¢ � � �"��ñ�u
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IntAdcData Output : HistTrig
Discri_SubAdcData > HistTh

Delay Discri
DiscriDelayClock

< SASHistDiscri >< WaveformDelay >

< HistRam >

10
 b

it
= 

10
24

 c
h.

Gate

Discri_AdcDelayData Discri_SubAdcData

Delay Data
HistDelayClock

< WaveformDelay >

Open Gate
Save BaseLine at Trig

GateWidth : HistGateClocks

< GateWidth >

HistTrigAdcDelayData

BaseLine

Peak Hold
Detect Peak at GateOpen

< PeakDetector>

B
aseD

ata

Increment Channel Value
if Gate Close, get peak.
 Address <= Peak (11 downto 2) : 10 bit
 IntChNum <= DoutFromRam
 IntChNum 1++
 DinToRam <= IntChNum

< HistMemoryWriter>

Peak

16 bit
= 65535 cnt

Histogram RAM
1 ram ,1 ch

G
ate

Address

DoutFromRam

DinToRam

HistTrig

BaseLine

Gate

AdcDelayData (fixed)

1 GateClocks

BaseData

Peak

< GateWidth >

< PeakDetector>

Ã 3.11: PoGOLite s�tp7Pu��(¦ ��³F©��:¢ �DÃ
°��0t�±
�£7�s�tË7gu��1¦0a �D´�ÆT���+� Ä $ ú�Ì�Í�ð:�Lñ����:ú]Q�`B÷:í�8�ÿ]��¯¾ñ97g!?1Î W�í J�L a�Ï<���ÂD3 Ô �%©Ð��3Lð:�Lñ��1�]ÂDÑ�c+ú�Ò�ÓYW�í�ù�Ã�Ô�`�Õ�tmÖ�×�H�É4ØÀ©vÉ�i��
Ü Ù]��Ú�ñD��Ø]Û]Ù ØÀ©Ð��ä Ü�ÝE×0Ô�Þ�ß�à<�
÷D3Lð
áLñ�âDØ�ã+ú # ¾��:í�ù
ä]å�Â]a�Ã 3.11 Ô
s�tp7Pu�� æ0ç��
× �DÃ0!�A�ú�è
é�W�í�ù

AD ê�ë5	[�]` PMT -�ìT÷
s�t²7íu���æ�Ü�î�ï�Ù�ØLú?ð�ñ
	���í�ò4��Q�ò�Ü�î�ï�Ù�Ø
ó Ô Discriô]õ ò4-�ì�÷ ö0÷5+í��í�ùFö�Ô+ò(øgø�ùm_�`�´�Æîò�Ô�Å�ú@!�ò�RT��û<X��@×
7Ka�ü�ý5	?��í�ù Å�úþ Ù�ÿ�÷�t5Ö�×'H��TØË©4! ����� ��D���Ys?t%7íu���æY!'Þ�ß�W�� Ä $ HistTrig -�ìT÷ GateWidth

�
	��]Ù�â	57 õ�� /�ñ@	�����ù GateWidth a HistTrig -�ì5!��+ü�1 � `2+z(�i��YÔ�h]Ù%7P!�/
ñ�W���ù
s�t²7zu���æ�Ü�î�ïDÙ�Ø�Â�a�ö�ÔDh�ÙI7��
ó�Â��Ù����"!�¸�i]W��@ù���Ù����@!�¸�i�W��
`�Õ�Ô�´�Æ þ ÙYÿ��gø�ù þ ÙYÿ�!��Y���ùDh]Ù%7P!����` � øDÔ�ø�ù þ ÙYÿ�! BaseLine

� _g�Dø
ù þ ÙYÿ�*,+ BaseLine !� ��` þ ÙYÿ�! h]Ù%7!�Fó#"�ü�Ú$	D�@Ý%	�u�Û]Ù�ØÀ© W���ùTö $ _?� Î
+P�0`�� Ù]���Fa
& Ü�Ý õ�� Þ�ß9	�����ù
tmÖ�×�H$�4ØÀ©Ð�·7 Ý(']/�ñ0Ô�`�Õ�Ô�ø�ù U ½0Â]M�� DiscriDelayClock ��h]Ù%7!��Â]M�� Hist-

GateClocks �]hYÙ²7[ó�ú�´�Æ9!��
Õ���`�Õ�Ô�ø�ù U ½<Â]M�� HistDelayClock a SpaceCube Â�ê) ÷�=<>�ÂYM
�(ù%*,+�Á�i<ÂYa DiscriDelayClock ÷ 3 clock � HistGateClocks ÷ 10 clock � Hist-

DelayClock ÷ 5 clock Â]M���ù 37.5 MHz Ò�ÓFÔ�-�.<Â]a%7 Ý('B÷D�"/]	?����*,+K´�V,�L÷"s�tp7
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u�� æTú�/<Õ5+P����QDÂ]Ô�à<�]Ô����D��t<! 20 clock(∼0.6 usec) 0@j[Â21�3�W���ù
t@¨24�Ù þ 	(ú�M
� PoGOLite �5/�5"Ô76�8@Ô FADC Board ú�Ó�³I_�` FPGA ����u���æ
!9 ø(:
yD�FM�� PMT ÔY¹D���"s�tp7Pu�� æ<!�1 Î _�`7;=<�÷�Ã 3.12 Â]M���ù�ä � QDÂ]Ô<s�tp7
u�� æ ��³$ú�ûLü,�����
× ��ÿD�"�=	�u�!DÃ 3.13 ú����0W���ù

0 200 400 600 800 10001

10

210

310

410

PoGOLite PMT HistogramPoGOLite PMT Histogram

Ã 3.12: PoGOLite Â�Ô�(,>]Ô PMT úUû�ü���¹ ���
s�t£7zu���æUù 700
�

850 ch. ú�?I+z���
��Ù
��a ADC Ô �,@ �A���B�_?����7C

3.2.3 FADC Board D DIO Board EGFGH�I
*,+�����A�J��������o @ J�L � 	��Y��K�`�Ô�L]Ã 3.14 Ô Ä $ A PDC

ô ÂYa�C�E�M � LON7P
Â�M � `�`�Õ�´�ÆFÔ�Q�R���´�ÆFÔ�1 Î Â�M9R � SAS

ô Â�a�S��7T�U�ç�H�Ù�Ø·© ôV� _���Ô�W2X0Â�M
� VETO -�ìFÔ�/�ñ���J Ä7Y §,×���u���¨�	2©Êê�Ò
Ô�?=Z²RgÔ�`�Õ�ÔYs�t£7zu���æ���³YÂ�M � `�C
_�*@_2[�Ô Ä $ A PDC

ô\�
SAS

ô Â�Ô�Ñ�c�_�`%�D�
a�]�^#L�*�*�R � þ §9×�u�� q U ]�^ � � �
�2_ Q $ CYQ�` PDC

ô Â���s�tp7Pu�� æ ��³2!�6=_0ÂK��0��`��"/ ô A#J�a=���cbd	57 þ Ù]ÿ�Ô
ÒF�<!�eF÷���[ � A�����Cd[���A Ä � �F¹����0Ô�º�» U �9j !�f$��[ � L�Â�K?�D3<|,g5×@7hA�J
a,��¬��®�¯�L#i,j�A��
��C�Q�` SAS

ô Ô VETO -�ì"a PDC
ô Â2�Y���´�Æ�Q,R0ÜYî�ï�Ù�Ø<Ô

Trigger
�

HitPattern tmÖ�×�H$�4ØÀ©P!���ÈA�W��0� Trigger
�

HitPattern a�/�ñ@	���ò�� BGO

´�Æ5!?�@/ W�� Pulse Shape Discri Ô�tmÖD×�Hd�KØÀ©P!20�k 0 A�W��0� VETO -�ì2/�ñ�ÜYî�ï�Ù
Ø � _?�2�Y���[ � L�ÂK2�7C�l�Ô�`�Õ PDC/SAS

ô�m�n��%o !?Ó�³YW��7C
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AdcDelayData
at GateOpen

AdcDelayData at GateOpen

Peak

IntPeak(11 downto 2)

Peak

pqp + 1

Idle gate1 wait gate0

read
wait

num inc write idle

write
wait

Clock

IntAdcData

Discri_AdcDelayData

HistTrig

Search Time

BaseLine

AdcDelayData

Peak

IntPeak

IntAddress

IntChNum

WriteEnable

HMW State

Clock

SpC Defalut 3 clk

Defalut 5 clk

Peak Search Time

2 clk

0 5 10 15 20

0 5 10 15 22

On Gate Open,
PeakHold with BaseData
(BaseData = AdcDelayData - BaseLine)

Discri_SubAdcData = IntAdcData - Discri_AdcDelayData

Delayed IntAdcData

AdcDelayData that IntAdcData delays.
offset ,therefore, remains.

HistMemoryWriter

Busy
17 clk

clock : AdcClock f=37.5MHz, T=26.7 ns

DiscriDelayClock
(0~127 clk)

HistDelayClock
(0~127 clk)

2 clk

If It is "5 Clock",
0 clock cycle after PeakSearchTime ON,
AdcDelayData is same as Discri_SubAdcData at Trigger rise.
So, HistDelayClock should be more than ’7 Clocks’.

HistThreshold

Discri_SubAdcData

IntTrigOR
2 clk

Trigger in Save Waveform Module.
1clock:Latch , 2clock:SubData=Data-IntData9, 3clock:SubData>Threshold, 4clock:MakeTrigger

3 clk

6 clk

0V

0V

0V

Trig Discri_SubAdcData > HistThreshold  => Trig = ’1’1 clk

SpC Defalut 10 clkGate

20

Ã 3.13: PoGOLite s�tp7Pu�� æ ��³2���
× ��ÿD�"�=	�u
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Trigger Module

SaveWaveform

DIO Board

- Trigger
- HitPattern
- UpperDiscri
- PulseShapeDiscri - Trigger Judge

- VETO Judge
- output "DoWrite"

DoWrite

PDC PMT Signal

PDC FADC Board other FADC Board

Trigger DoWrite

MakeHistogram

VETO Discri

SAS FADC Board

SAS PMT Signal VETO signal

Ã 3.14: PoGOLite ���FÔ7*�+=r�s�A2J�a,�D�5×@7hSF×���Ã
´�Æ]Þ�ßY�"s t·7'u]��æ��]³"�,j�Ô�Ü0î�ï�ÙDØ2!�6�_<W�� FPGA a PDC

ôt�
SAS

ôu� �2A
Xilinx v�w2Ô XC3S1000 Â0MBR � Slice Í2a 7680 � 1 Slice N�A LUT a 2 x@M���`�Õ LUT Í2a
15360 � BlockRAM Í�L 24 Â]M��7C PDC y
�<Ô �%o Â]a�[ Ô Slice Í�L 4359 (56 %) � LUT Í�L
5992 (39 %) � BlockRAM Í�L 15 (62 %) !�z,{B_'� SAS y��
Ô �#o ÂYa Slice Í 3875 (50 %) �
LUT Í 5005 (36 %) � BlockRAM Í 24 (100 %) !�z={m_���
��C LUT ÍFa�| ��o�m A 50 % A�}~ _�������`�Õ m � ��o A
_[��(i2�FÔ � Â]a����F���%C BlockRAM a SAS

ô "�a Â 100 % z
{B_������#L�� RAM 8<>0a FPGA ��ß"Ô BlockRAM !7������"�a�ÂYa��B� � Slice !��
yD½0¾
���%�,�P�A RAM !?Ó�³YW���ú�� RAM !�������[ � Â SAS

ôG�
PDC

ô Ô�Ñ�cB_�` RAM !
6��<ÂK2� �h� ¾����7C� a SAS

ô Â#�
����ø�ù�� RAM !�ú�� RAM A
_P� ´�Æ�Þ�ß � s�t²7zu���æ���³�L�������ò��
Q�R,�0Ô��=����Ý�'���ì���ñ�Ü�î�ïDÙ�Ø���0y�½�¾��Y` ��o �7�D�m_�`7C�Ó�³m_�` �7o Ô�����Ã2L
Ã 3.15 Â]M��7C

Trigger Module

MakeHistogram

SaveWaveform

DIO Board

- Trigger

- HitPattern
- UpperDiscri
- PulseShapeDiscri

- Trigger Judge
- output ”DoWrite”

DoWrite

PMT Signal

SaveWaveform Process
(figure:3.4)

MakeHistogram Process
(figure:3.11)

FADC Board

other FADC Board

Trigger DoWrite

Ã 3.15: FADC Board A2J�a,� PDC/SAS
m � �%o
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Trigger Module A2J,�=�u� Ý('%�,���=Q,R��<Ô7��ì$� DIO Board
õ�� ��ñ9_�� DIO Board ��

DoWrite ��ì$����a�� � `�Ô�k���´�Æ�Þ�ß0ÜYî�ï�Ù Ø
Lc���YW��7C"Q�`,l%� � a�Ñ�c�A<s�tu�
u=��æ���³YÜ]î�ï�Ù�Ø�L Ò�Ó]W���C PDC/SAS

m � �7o J Ä7Y% c¡ Ô�`�Õ PDC
ô£¢

SAS
ô y,� �o A#J
a=� FPGA Ô�¤,��i2���¦¥ 3.3 A����]W���C SpaceWire Â�Ô n ��§]t�Ü]î�ïDÙ�Ø�§"j PDC�

SAS Ô m=n�ô úO��M � `�`�Õ LUT a�| �7o Ô�¨ Ä R��ª©=��«�� �¬� ¾=�Y`cL ú�� RAM �����
`�[ � Â�lc��ä � A�ºF÷��
���7C � L�Ó�³B_�`<��Ù²© Â 1 >0Ô XC3S1000 ó�A%� PDC

�
SAS Â L §�8�®���« � W�[ � Ïu¯{à����5×��{W���[ � L�ÂK7�,���7C

PDC SAS PDC/SAS

Slice 4359/7680 (56 %) 3875/7680 (50 %) 7030/7680 (91 %)

LUT 5992/15360 (39 %) 5005/15360 (36 %) 12145/15360 (79 %)

BRAM 15/24 (62 %) 24/24 (100 %) 23/24 (95 %)

¥ 3.3: PDC/SAS A2J�a,� FPGA(XC3S1000) Â]Ô7¤��=i��
[�Ô¦°9_¦� m � ��o ��t<¨�4?Ù þ 	�A�M2�(6,±�Ô PoGOLite FADC Board A 9 Kh:Yy�� PDC/SAS

Ô 91 ch �0N?����²�	¦³mÖ[Ù]ÿDÔ 1 ch. Ô7´ 92 ch. s�tt�íu=��æ��¦� Î _�`�C0Ã 3.16 L
l�ÔYs�tt�
u=��æ þ Ù]ÿ�Â�µ,��C ��ô 8× 8 L PDC

ô Âc��å ô 4× 8 L SAS
ô\��¶ ����²�	�³,Ö[Ù]ÿ�Â�µ���C

�
�
� PMT ��ì
a 92 ch. §�Ô�Â 4 ch. ·���C
l�Ô�`�Õ�Ã�Ô PDC
ô Â 3 ¸=¹=� SAS

ô Â 1 ¸�¹�Aþ ÙYÿ�L àº¯ Ï���»,¹�LDß�¼�½��7C2Ã 3.12 Ô Ä�¾ § PMT ÔY¹c¿�À"s�tu�Pu�� æ�L à PMT A2J
�=�%Á,ÂA�� Î ÂK7�,���7C

3.3
ÃÅÄÇÆÉÈËÊÍÌ ÎÐÏËÑÓÒÍÔÖÕØ×ÖÙÇÚÜÛÞÝÖß

3.3.1 à\átâÍãdä\åçætèté£ê
PoGOLite ë�M�ì�í�î�ï ∼ 40km

� íu¯ð�cñ,×�ò=ó=��ô=	dõ÷ö�ø�µ���ù
ú#û�L�ü��A�ý Y�þ � �
���7C2ù�ú2ûë�ÿ,öï2J��cl ä]å�ë 3 ����A�ú�a � ���7C

1. ���=ù�ú2û
2. ���=ù�ú2û
3. SAA(South Atlantic Anomaly) 	�
ë�������
����ù
úcû � ï�������������� ����� ð��! �� ¯¦�¦ù�úcû�ë
[ � øc� CXB(Cosimic X-ray Back-

ground: ù�ú X û�"�#�$%� ) �%&'�
����� ¢ &(����§*)�Lc`�§'+�ú�ø�µ
�%C��,��ù�ú�û�ï[cë'���
ù
ú#û � ����ü���L�-�.�/=B
½��
[ � ø�°10=A��32,",4��50����ø�µ,��C7698 §3:�ëcL���+*4���;
L#��<A7=�>�½�?�K�:%ë�ï,S�ò%T�U�@=²�ACB õ ø
ï�D�EF HG � � ¶�I ��ø
µ%;7J SAA K�ï%@,��L
B,M7NPO�µ�;CQ%ü,RCS�������T=Â�U�ë�V,K�øc�3V�V�ë�U�W�ø�ï�X�YCB1Z�A=ï�[�\1:�ë=ë�ü�]ë����
��� ( ^9K� �_�&C� ) `'a,b(c3d�øV¯H;7J,e=ë,f��3g%òCh
ï7ië7j�W�O   ?%_ 1000 kPlm)¦ø
µ%;7J
SAA ë��������ï7n�o�O�p�\�_
ïq,ü�§%ñrg%ò�ó��
ô�s$õK�§,;'`2� PoGOLite ït�u3��v�f�w
¿yx!½3;�0�z1V%ë7j�W*vH{�|F }�\(Jm��~�_�V�V�ø
ï7�����5?5}�\PV5K�K(½3;7J
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�
3.16: PoGOLite ø�ë PDC/SAS/ � I ����sH����A,��v��5_C���C� 92 �ë PMT ë,�C�(�P��h

xªó�wC�
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�����1\'�,î�ëC�,ì*v��y�0�z%O,ï��(�����(���Pv� yK�¡¢V3K�O7£P¤(¥3Vcë1�1��}�ù�ú�û�	�

ë�ñrg%ò�ó�w
ô�s$õ¬ë�D�E3`'¦�§�ø,¨%;7J%e=ë�0�z�OC©��F 703����O�¥ PoGOLite ø
ï Slow ª�w
h��¢g�ò���sH����A,��« BGO ¬,ò��®'@���A�Bºõ�O��';�/�¯�°C±�²�³�v�´,\�07ñ�g7ò�ó�w,ô�s$õ
ë�D�E*v��3\'¥ 2.0◦ × 2.0◦ ë7µ�¶�·�¸�¹»º��F ¼¥ Fast �3s��r�HA5��ø
ë�2C/�½r 707¾ X ûÀ¿ÂÁPÃ
sÄ2û�Å�Æ�ë�21v�Ç�È3¡1;3V�K�ø2ñrg%ò,ó%w�ô%sOõ¼v�ü�Ém�¼DCE1¡1;�JP �¸* ¦ñrg%ò,ó�w�ô%s õ
ë*��Ê7¥ X ûË¿ÌÃmsÄ#û,«��,������ï%¬�ò'1®�@���A'BÐõ»}¢)Cv´�\�;5V3K�ø,l�Í 100 % DCE�ø
É(;C`'¥����2ù
ú#û�ë�� I �ï���������ø�ï�}�\�0�z7�����1Î�}7Ï�´1vHÐPÑCG7¥�i�ë�$���ûFKÓÒ(Ô
 �_�:ÖÕ�×ëØ�|,î�`%í1\%0�z�Ù�>�O�D�E�¡3;5V5K�ï�Ú�Û�ø,¨%;7J � 3.17 O�¥P�1Ü'Ý��HA��*ÞCs
O3�(; PoGOLite ß5h3f5à��Ps�á(A7âmã�äë 20 - 100 keV ë7U�W�O�p5Ñ�;�å�æ�Å�Æ ( ¸,Oo�ç ) K
ñrg%ò�ó�w
ô�s$õ¬ëè�é�h�êòrxëB�v�ì�í�¡3;7J�V�b�O3�(;PK ñrg%ò�ó�w
ô�s$õ¬ï 100 mCrab î
î�ø%¨��ï¥Cå�æ�Å�Æë 1/2 O5:ñð5¡�;J%e�ë��%øP:'� I �,ñ�g�ò=ó�w�ô�s�õ�`cñ�g�ò=ó�w�ô�sdõ ë
^�ò,+�ó�ø5¨,;3V�KH¸!¹7� I �
ñrg%ò,ó�w�ô%sOõhë�ô%õ*v�öP¤�b1÷C¥7â¢ãä3`m�m�ø�1\'�,î�v�ð
+�ø1É(;�ù5ú I `%¨�;J¢V�ë�0�z�¥ PoGOLite ß,h�f,àH�1s(áCA(û�ü(B�O�ï�ým� I �1O�=îmv�þ,ÿ
LiCAF(Eu) � I �m�3s��r�HA5�Hâmã�ä¢v���íF �_�\5;7J

Energy [keV]Energy [keV]

)
-1

 k
eV

-2
 c

m
-1

S
ig

na
l R

at
e 

(c
 s

-710

-610

-510

-410

-310

1 Crab
100 mCrab
total background
neutron background
gamma-ray background

20 100

�
3.17: �1Ü'Ý��HA��*ÞCs�O3�(;�ñrg%ò�ó�w
ô�s$õ h�êòrxëB [16][4]

3.3.2 �������ué
	�����
� I �9K�ï7×�]3` 1.6749× 10−24g ø,l�Í�&C�9K�¯��ñ×�]�ø,¨��ï¥ ��� `�� 1 fm ë����������
ë3V5K¦ø,¨%;7J���������ø
ï����¢v'D�\�_��� "!�ø,¨��ï¥$#"%'&�( 886.7± 1.9 )�ø�&C�9KÓ���3p
��*�/����,+3Ý�A9x$-�(O�.0/�¡3;7JmV%ë%� I ��ï�1,îPO3��~�_$2 3.4 ë3����O7ó���4�b1;7J

� 0.025 eV ý¢� I �
0 ∼ 1000 eV [01¢� I �
1 ∼ 500 eV �31¢� I �
500 keV 4,M í'1¢� I �
2 3.4: � I ��ë�1,îPO3�(;�ó��
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� I �ï(M7�ë��5��O�����1Î�}7Ï�´�ïÐ1Ñ�}�\�0�z����'�FK ��� Ï�´�¡�;H/�½mv65�´� H_Câ�ã
¡�;J1V�ëÏ�´�ï8709 K6:�;3OóPÑP¹ b�¥$709ï�< I 709 K=�>< I 709PO7¥?:�;�ï3@'AFKB��ôDCPO
ó���4�b�;J$E"1m� I �GF$< I 709�¥��>< I 7"9�`�H0IPÎ�J%¨��ï¥'< I 709GFÕDKPÎ�}�L0M�}�0�z
���'�5`�N*47\�Õ1lP)»Å�Æ¢vHâPã� ¼«�¡�\CJ�OPO�ým� I"P ¿ [D1m� I"P F8�"@'A�¥���ô"C�/�½,`�H
I�ÎDJ,¨%;7JQSR �TF�U?V"W�X [8] O�Y3¸�b%_�\5;�0�zC¥1V�V�JZF0:$;�[���ô0C�/�½PO(ÿ%\�_C�5?1;7J���ô0C
/�½yK�F�� P �1`3� I'P v":�; R ¥�\�]���^%¥D_ P v8`*ã R _�a¢0�}$� P �mO�ô'C!4b�;�b�½�[
V5K6J,¨%;7J0� P�c Æ�[�N�4�\$� P � ( d�� ) [�e�]�¥3ÃPs�Ä�f�`,¨?g*�hb�½ R }�\%0�zC¥¢� I0P
[�2�v��'i'j�� âmã�JPÉ�;7Jkg�0�¥�l�A?m�s�n�o3`'[3\%0�z�O�b�½PO,p(;(X�Y'BPZ�A Q q�`$r9K
}�~�_ ( s�ý?b�½yK R _ ) 2�b�;�J�Vb,F,� I'P â¢ã0[�b�½�J>Fq�ò9K�},;�J�4>tZ[�u 3.1 ¸!¹vu
3.3 O�w02�Î�}��0@�A'b�½0u*v�ì�í�¡3;7J3u�x'yPO�¨%;(X�Y'BPZ�A�qGF3V$[%� I0P @'AG[�z"{'|!V
;8b�½�¸�¹=`¢ãZ}�b1;(X�Y'BPZ�A,v3~'!5¡3;8b�½G[ Q q�J,¨%;7J

n + 3
2He → 3

1H + 1
1p 0.765MeV (3.1)

n + 6
3Li → 3

1H + 4
2α 4.78MeV (3.2)

n + 10
5 B → 4

2α + 7
3Li 2.792MeV (3.3)

V�[m��Ê�¥�u 3.1 [ 3
2He O�p';,:�["F 10

5 B O�Ò�?�_$b�½Z�$�0�5`$�*É7\'��z�¥kgD�8u 3.3 [ 10
5 B

F7å'�'�'�%Ò,` 20 % K����3O7º0��¡3;5V5K�`'JPÉ�;5V5K�¸�¹Ó¥PV�br¹3[%� I0P b�½GF��0��[%� IP âmã�ä K R _�pP�h5%´k}�b%_PÉ��CJ R ¸ R }�`�¹ 3
2He « 10

5 B v��3�CÕ�×GF�Ã�h���¸���æ'��J,¨
;D��z�h(ê5A(h%O"���Ó`%¨��ï¥��0i"�0��:�� R \��0�"��ä1O8��í,¡�;,V,K3F�Û R \'J��"�PO�},~�_
6
3Li `��»A%ªZ}�b����'� I�� }�\$�0��[�z��%�3s����� 5��J%¨?¡ LiCaAlF6(LiCAF) `0¢�s£}�b��
��zC¥"u 3.2 v´5\?����ô0C�Ï%´ZJ,¨��¼}�`�¹6¤CæG[��3s��r�� 5��v´5\>¡5V5K�`Cù�ú5O�}�~��CJ
6Li O0F Q q,` 4.78 MeV K=�*É7\¢K�\¢�¦¥'§ � ¨'¡J*VHb5O�p3���¢¹ b>�'h�ê> (h0J�¨��ñ}�`�¹¨ ó1},� I0P @�AG[������¢v3©'ª�JPÉD¡PKv«'¬£}�b�¥ PoGOLite JZF3V$[ LiCAF �3s��r�� 5��v
ý¢� I0P âmã�ä K R _�%´%¡,¡�è�!�J,¨?¡7J � 3.18 O3V$[��0@�A'b�½G[�E'1¢� I0P O�p5Ñ�¡8��ô
C�b�½G[�b�½>�����¢v 3He(n, p) K 6Li(n, α) O(ÿ%\�_(ì�í�¡,¡7J � pP�ñX�Y�®PZ" �`$¯�£�¡,¡�O
ÿ�b0b�½����?��F�N�}m�Ö}�~�_,\�¡�V�KH`�ó�¸,¡7J�p�~�_ PoGOLite J>FCâ¢ãä��%æ�v3°�~�_%\
¡ 15 cm ±G[D²³-¼X��r�'sC�0 $®´�B[%��O3V$[5� I0P âmãä � º5b�¡5V�K�OGpP�ï¥ � K � K8F�E
1¢� I0P�µ ~�� � [�`Cý�^£}�b(ý¢� I0P O�}�~��,f�w3g$lCh � âmãC¡,¡7J
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�
3.18: E�1*� I'P j�WmO�p�Ñ?¡ 3He(n, p) K 6Li(n, α) [$b�½����?��[ � J$¶�·mO,� I'P [�X%Y

®PZ"  [eV] ¥0¸0·�F�b�½>����� ( ¹� 1s ) J,¨?¡7J [8]

PoGOLite O'p,Ñ'¡�� IDP ��sH�!�T ,��F8º�]�[��*É�} LiCAF (Eu 2% �= �ª ) z,�mK¼°�»7½0¼I [�E�\ LiCAF (Ce 2% �¦ �ª ) z>�0[3½%ÿ�`�¾"¿3O'M�`�~�_�\�¡�Jhz��"[3À"Á,[3Â"]3OZp3�ï¥¦±�}
F LiCAF(Eu) ` 5 mm ¥ LiCAF(Ce) ` 26 mm J�¨0¡�J LiCAF(Eu) OZp$¡�Ã�Ä�[C°�!�²,F ∼1600

ns J'¥ LiCAF(Ce) O�p�¡�°$!�²GF ∼40 ns J%¨�¡J � 3.20 K � 3.21 O LiCAF(Eu) K LiCAF(Ce)

[5�Ps�9�8 5�*ÞCsTºZÃ?Ä (FADC Board [5ª£-¬Ps�ª%ã�Å ) v7ì�í1¡�¡CJDÆ?Ç K � Ò�Ôk[Z��z
BGO z���[��3s��r�� ��*ÞCs�º�Ã0Ä*vHí>È%_�\>¡7J
� I0P �3s��r�� 5��Fý¢� I0P ["É�v�Ê'Ë�Î�O7âmã R ��\?��zC¥ PDC ÌP¯�ÍPO BGO z��5v´

\?�,f?Î�h%��g¼��Ï0Ð*v�Ñ,´%¡,¡7J�� P�c Æ�[�N£}�\ LiCAF � I0P �3s��r�� 5��F�ÃPs�Ä�f K8F
º?Ò�:�;'b�½*v R O!�¼\�`�Ó?Ò�_ P F�ÔZÕ�}�\DÖ�Ó?Ò�_ P F$L�M�×'Ø�ÙGp�~�_�Ú'º�]1`�Û�}>¡0�
z�¥,��sH�!�T ,�8Ü>[ºDÝ'Ç,Þ'Ù�p3�àß'á1Î�}Dâ'ã$®�äD �v6å'Á R ¥�ým��æ P v6@'A R ��ç?[�è� 
l�é?ê�ê�lFxà®,ë'J�ì �8í>î
R gm�ïÖ'ð,ñ�J%°�!�²�[�Ûm}>¡ BGO z��0J�òP��ñ,ó�Ù�p��ï¥ BGO

J � b�½%¡�¡�Ó'Ò0_ P v�Ã"Ä0ô0õ>J'ö�÷5¡>¡�Ö�ñ5� R6î ým�3æ P óBb�½ R �>è� ?l�[DÉ,vH�0i0j �
âmã�JPÉD¡Gó6ø�¤�¹ í ¡�Ö � 3.19 Ù�ù'z���[�ú�ûüó7�8æ P �,ý��r�� 5��þ'+
ÿmxB[�Ï0Ð � vHí>È
¡�Ö�Í�� } � XG[��%¥ PoGOLite ß>ê��5à��Gý�á� ���w(�yxhJZF'F�º	��[���É�
 LiCAF(Eu) v´

?����ê���£ó R3î Ï��¡,¡�Ö
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40 mm 40 mmLiCAF (Eu) : 5 mm

LiCAF (Ce) : 26 mm

190 mm

Top BGO Crystal
Neutron

Scintillator Bottom BGO Crystal

BGO

PMT Assembly

BGO LiCAF (Eu) LiCAF (Ce)

32 mm

�
3.19: BGO z,��¥ LiCAF(Eu/Ce) z,��ú'û [20] ó�3æ P ��ýH�!�T ,�6Ï"Ð � Ö���Î�ê��Gÿñ��Ï

Ð�['��zC¥ BGO z��kó LiCAF z��"J�Ã0Ä'ô�õ¢v��9�»¦�ò,é,¨?¡�Ö
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�
3.20: BGO ó LiCAF(Eu) ��ý�� �3 %�*Þ$ý

º�Ã0Ä (FADC Board [%ªk-H¬,ý'ª�ã�Å )[20]
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�
3.21: BGO ó LiCAF(Ce) ��ý�9�8 ,�*Þ$ý

º�Ã0Ä (FADC Board [%ªk-H¬,ý'ª�ã�Å )[20]

3.3.3 ���������
	������������������ ���������� 
�8æ P �,ý��r�� 5��[�üZ 5�"!	#���ê��� (DAQ) J%$�ò'&�['F�Ã0Ä'ô�õGÙ,pP�)(	*�&,+8æ P�-. [�üZ 0/12!3#04,¡>ñ>ó6J�57698�ñ í�: [3;�ê	<	=ZF PDC Ì	>�?0@%A�JB?0
 :�í?î 
?� Discri

Module J0C3D%E�?�4�¡�ñ,ó�é�JGF"¡$Ö RIH
R +�æ P ;�ý�J�K3 L/ DAQ 1 FADC Board ë'JNMO 4,¡�ë0JZFNPZt?[�½LQ�1%RNS R &UT î F& : &
�Ö (1) V,QXW�éL+8æ P ;,ýYJ�K� 0/�[ DAQ 1Z\[ Ù�]3^�}�È�¡�_	`�é05>¡�óY
7a�ñ,ó�J05Z¡�Ö0+�æ P ;�ý�J�K3 L/ H�: [�b	c�F%d�["þ3e
ÿgf
ó�[3hikj'K�éB_	`G&%l'º�m���Ù�FN?�
 : í,n 8�+�æ P [3o'p?ýXfrqk[0É�1Ns3eG/�4 í�t j'
Z�u 8 DIO Board 1"v -ZR � DoWrite bkcg1"_k` ó R &B
�Ö0� µ�R 8 8 J,w0ý8ã�®NjBx�y�F�¡ FADC
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Board 1 1 z�g'¡'g'¡ 1 J�w>ý�ã�®,[,+8æ P ;,ýYJ�K� 0/I?,Ùk4,¡>ñ>óI{ FADC Board éN|	}GÙ
¯�~%88Ò?Å�� êk�> �ê0é�¯��04�¡D� u��3� y	5�¡8Ö�ð"[0� u FADC Board ë�y0+3æ P ;�ý2JUK6 ,/
?>[N@�A³ó�d,[$þ�e�ÿLf3ó�@�AG1��0�k}6È�¡�p�a6ÙI���	4>¡2_k`>é	5'¡8Ö (2) ½,Q�WY{+�æ P ;>ý�J
K� 0/I?,Ù ADC [%�£ýN���$ýk�Y�'Ãq�1Y�B�L4�¡I_�`,é,5�¡>ñ?ó"y,5?¡�Ö%� 2.23 Ù	5?¡>pLa3Ù�8
BGO z�� (τ ∼ 300 ns) { Fast ;,ýYJ�K� 0/ (τ ∼ 2 ns) ó��3� î�� iN�qG{�¥�
0ék8 LiCAF(Eu)

{ τ ∼ 1600 ns ó��GÙ8¥L
�Ö�ð"["� u�� . [��
ý%�g��ý%�2�0Ã�q 37.5 MHz y3{�&7T98�ðD[ 1/6 y
5?¡ 6.25 MHz gNyB�£ýN���$ýk�Y�'Ãq�1�»,�XT�_`,é�5?¡�Ö3Q,g�62+8æ�g;,ýYJ�K� 0/I?,Ù	{�8
37.5 MHz y%!3#���� ADC q�1 6 @?Ù 1 @?["É��'aL4,¡�Ö
+8æ�g;,ýYJ�K� 0/ DAQ y�{ PMT bc,éN�ZÅ�} í'íLt g n ë��' �b�cG D»,�312¡�ahÖZñ% 0»

�B
?�B¢Z 0/k{ 6.25 MHz Ù��	£3¤X¥ íL¦ Trigger Module ÜSó¨§ t�í ¡�Ö�ñ'ñ�yNd' Dþ	e
ÿgf�h
Í�êUKDÿ�;�©B®«ª¬3��1Y¡�
N8®f%��¯01°�Å34,¡�Öd' Dþ	e
ÿgf�y�{,ñ% �f%��¯3{ DoWrite bc
1°�Å34,¡Y¬3�'  ¦ u DIO Board ÜSó¨§ t�í ¡�Ö�� H �%+8æ�g;,ýYJ�K� 0/k{ Z± Ù�]	^�¥8È�¡¦ u Ù DIO Board

H7:   DoWrite bcG{�_` ó�� î 
3&
, Byk8 [�²   FPGA ³�yL+8æ�g;,ý
J�K2´0/�Ù�µk¶�f%��¯ H7: +8æ�g;,ýYJ�K2´0/�ÙkQ,
 î  �· DoWrite bc�12¸3¹GÙ,°�º34�¶�Ö£ñ
  DoWrite {,+8æ�g;,ýYJ�K2´0/k  ¦ u   DoWrite & ¦ u 8 DIO Board

H7:   DoWrite óI{�õ» y�5,¶�Ö£ñLaB� î +8æ�g;,ýYJ�K2´0/ DoWrite Ù�µ'62+8æ�g;,ýYJ�K2´0/k �¼½,éNd' Dþ	e
ÿ
f�óI{ Z± Ù�¾	¿X¥ í ¶�ÀSñ% �¼½G{�f%��¯"éL°�ºg¥ í ¶I¼½G  2.4 usec Á H7: 6.25 MHz y 50

clock } (8 usec) ¾	¿X¥ í ¶�Àk¼½G B¢�´0/��Â%´BÃ
ÿgf¨{�� 3.6 ó¨Ä�T�hGÅYy�5,¶�À7ÆI BÇ�´�ª
 GÆY NJ0w?ý�È�É?é0+3æ��';�ý2JUK"´,/�y,53¶ H 1"Ê�Ë î 
 í0tNÌ �ÍNÎ�ýYy3 3+3æ��G;>ý2JUK"´
/2Ï	Ð�é%ÑLÒ3y�5,¶�ÀÓ�Ô�� ¦ @%A' ,Õ	Ö�ÿ%×N�0é3� 3.22 y�5,¶�À

Discri

DoWrite

SaveWF

Discri

SaveWF

DIO Board

DoWrite Trigger

ch7 Trigger

ch7 DoWrite

FADC Board

ch.7

ch.0

ch.6

other FADC Board

TriggerDoWrite

In neutron scintillator,
FADC Board make 
DoWrite signal in this Board.

� 3.22: +8æ�g;,ýYJ�K2´0/k  ¦ u   FPGA Õ	Ö�ÿ%×N�

+8æ�g;,ýYJ�K2´0/k{ SAS ØG  FADC Board ó¨�	ÙGÚ'� î 
0¶�À ch.0
H7:

6 ÛNy'é SAS Ø�y�5
698 ch. 7 Ü3ÝkÞL+Iß�g;�àYJ�K2´0/�y�5,¶�À	<	á�f9â3É�á�12ãLQ0Ú�}GÝ28 ch.0 ä ch.7 Ú���ºX��8å  %¼	½X1Y!,#\� ¦�æ  �Þ�� 3.23 y05�¶%À�çN �ã�QL %¼	½g{	hgÅ�b	cX1I�0ºU� ¦�æ  �yL5�¶kÞB8
ch.0 ä��3�,è ch.7 {�×Ö�é%×%Þ 6.25 MHz ä 1/6 Ú�ê�ë ¦ u ¼½�ÞNì�ëi,í3ÚNî ¦ Ë�èN¾	¿X¥Iï
è3ë0¶0ç0ä"ÞN} H ¶�À

LiCAF(Eu) ä BGO ð�ñ	 �¼B½ HX: PDC Ø'ÚNò�Ý	¶Y¼�½�ó	ô ( � 3.5) äYC�D�h�õ� Ióôg12¡\a
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� 3.23: hGÅ�¼½�1Y��ºX� ¦�ö3÷   ch. ô	¼½3jxG �õ�

ç�ä�y�;0à2JUK"´�/�ô�Ú�¼�½�1"}'Ý	¶�ç�ä�Þy�Fk¶�Àø,´\fù1"ú�ë Fast ä�û�ë Slow ÚI}'Ý"8 å ïü ï0 Lý�´,×1 FastPeak 8 SlowPeak ä�4L¶�À�ç0aN�2è%þ : ïL¶ÿYß��G;0à2JUK"´�/% Iã������Yá
f �Í�=�Þ	� 3.25 y,53¶IÀLÿYßB������Ú 252Cf 8,¯�àYÃ	����Ú 137Cs 1I?�ë�èë�¶�À�3 Iã������
á�f��3ÍN= HU: LiCAF 
 . ä BGO 
 .  �ã��g ��gÚ�} H ï�è�ë0¶Lç0ä2Þ����¥�ï�¶%À BGO ð
ñ3{BiN�q�Þ%ú�ë ¦ u�� F�Þ���¥�ë0ÕÍ0à2J0ÚLý�´�×�Þ��'Û�698��GÚ�ê�ë LiCAF(Eu) ð�ñ3{ � F
Þ	��F�ë,Õ	Í�à2J�Ú0ý�´,×�Þ	�'Û�ï�¶�ÀGç2ï���Õ	Í,à2J�Ú å Ë�è	�';0à2JUK"´�����äYÚ�}'Ý"8�V������á�f��	Í%=�Ú��G� ¦�æ  BÞ3� 3.25 y�5,¶�À BGO y æ! °�¥Iï ¦ bcG{#"�$7¥Iï�8 LiCAF Ú
µ�Ë�è	%�ÿIß��Þ	&�'�(�T  °��Yè3ë0¶0ç0ä"Þ���0y'FB¶�À
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� 3.24: BGO ä�ÿIß�g;�àYJ�K2´)� LiCAF(Eu)  ,Õ3Í0àYJ0 �� [20]

� 3.25: BGO ä�ÿIß�g;�àYJ�K2´)� LiCAF(Eu)  Î+*�à�f-,UK�×�;�©%à���á�f��	Í%= [20]
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.
4 / Astro-H HXI/SGD 0 BGO 1 23 4 5 6

4.1 798 :<;
HXI/SGD y�{�bc>=NÎ#?@�BA�C��YèGµED-F�ëáUKBéHG�©¨É«ªI�2M�JLK�¶ ¦ u Ú�M APD bc��
¢@N+O��IÉQP�N2ÉR�kÚ�Ù��Yè APD  �bc3Ô	}��2ÙLK%À�¢@N�O��IÉQP�NYÉR�kÚ	{)=NÎ#?NÔ	}��koGé
f-K'¶TSEU3ÎGà2â,É0á+V�W>P�NIÉ�� (FIR P�NIÉ�� ) �YX�Z�K�¶�çLä	��[,�\�Iè,ëL¶�À HXI/SGD

y,{�V3Q,  APD b�c'ÚY\U�2èE�Iá f �Í�]�^þ�ä`_  °"Ø�a0  VETO b�cg°�º� Tb#cLÞ�d	¶ ( �
4.1) À VETO bc�°�ºL{�jxG{He�ëÞ�f0ëi,í�V�W��BgLK FastVETO ähMjxG{Hi H ëÞ�j��Yi
í�Þ�k�kL¶ HitPattern  �ãLQ3ÞN¿�l)K�¶�À

APD Signal

Trigger Module (Section:4.3)

Histogram (Section:4.4)

Filter 1

Filter 2

Filter 3

Discri

Discri

FastVETO
(within 5 usec)

HitPattern
(∼ 30 usec)

Histogram

� 4.1: APMU y�  VETO bc�M>��á�f��	Í	]	m3ÔgÕ	Ö�é%×N�
FIR P�NIÉ���{�ê�n�o�Þ�pgÝNï t p�ë)qgÆIMHr�sLK�¶��,¼	q�t3ß��Yu�J�yQvB¶�À ¦ ÜG�Iw�x�yz ÚY{�|�KL¶B}�~���d3¶ ¦#� M���Z��@vk¶������ å æ å æ UR� ï3èò�D�M å  3ÿ	� æH� ¶H�����#�� F@U	Ú��@� ¦ ëNÀ0Û ¦Y� �\ä � ¶#���LÖ���P#N2ÉQ���Y�¼#��tß@�Y�½	¼��Y½L��� � ��M#����k��� �����2è	ë�¶ ¦�� M å ï)qGÆ`p#�E�Iê�n�o0Þ � �ùè æ d3¶����@�I½�� u�J�KL¶�ç�ä�Þ�Ñ0Ò���d
¶�À�µ�Ë�è+M+J@¡�¢L��� HXI/SGD

 °YoL���T£ 4.1 ��µL¤YÚ�ê�n�o���Þ 8
� ëR� 16 ���Hy z�¥¦ �+§��	è,ëL¶%À FIR P�NIÉ���� å ��t3ß�¨+M%ê�n�o��R�	©@ª�ÿ+� � æ « ���B¬LÀ��Û>D�ê�no#�LÞ 8

� �B® 4 ¯±°Y�Iê�n�o�Úkò�Ý	¶�P#N2ÉQ�!²#�LÞ � æh³ ·�Þ�d3¶�ä"ë�¤%ç�ä���d3¶�À å � �æI³ ·�Þ�d3¶�²#�'Ú0ý�´,×B´0ÞHµ¶D�·¶�"Û���ê�n�� ³�¸�� Ý�ï)® � � � ë�����MT¹#º0Þ	»,ºG¥Yï	è
°�ºkð#¼�Ú å ��P#N2ÉQ����½�¾LÞ�J�ïL¶Û	��ê�n�o#�E�Y¿�À@�,×�ÖLé�× �E�Ts ¦#� ë�ä"ë3Ý � ë�ä
ë>¤Nç0äIÚ � ¶�À HXI/SGD � BGO �,×	Á�N�Õ�G´%É«ªÂ� APD Ã#Ä�Þ+Å�é%×��	Í�Æ3à�ªÇ¹�º�� °L� ¦Yö	÷ M�_  °2Ø)��Å7é�×��Í�Æ	àgªÈ¹#ºLk�Æ�¤�kL�"¬�É�KL¶��#�LÞ�d3¶ ¦#� M � ¶H���Êf� VETO ¹�º��°�º>� � � è�� � � � ëkÀ��Û�D)ê�n�o��Q��¡,í�V�WE�HË�¢LkÌ� æ j � ë	ÍLÞ�(
ëBÀ FIR P�NIÉ�����²�� æ�Î P�Ï�Æ�Ð#����Ñ�Ò��TÓÔ¤	ä+v+��Õ�Ö>��×GÚQ� � ��è�K�Ø�q�ÆÚÙ����
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p�ë	�����TZ0ëè3ë0¶NÞ+M HXI/SGD
 RÛ oE� ö3÷ Ú��	Ü�)� FPGA � � � 13 �Q� APD ¹�º��¥�¦ � � � è�� � ��ÝHM�d,Û�D�ÚHÞ��E�Tß�ëLP�NYÉE�B²#�Q�Yà�� � ëkÀ å ��á � APMU ��� FIRP�NIÉR�+�TJ�l�â�ã��@äL¤YÚ � ¶'äÚå�É��Yè�Ñ+Ò��Yè3ë0¶�À

ê�n�o�� P�NIÉR�B²��
FastVETO 8 tap -1, 0, +1

HitPattern 16 tap −256 ∼ +255 æ��
£ 4.1: HXI/SGD ��Z0ë0¶ FIR P�NIÉR�+�Tç�è

FastVETO ��é�ê)�B¹�º�Þ�»�ºRëIï,è 5 usec âQìkÚ Û º�K�¶0ç0ä"Þ	��íÌëIï,è3ë0¶�ÀTî�ïL���ð�ñ�ò à�óRô�à��B��¼#� 1 MHz � ö÷ Mkê�n�o#�LÞ 8
� � � �)� æ 4 usec � Û ºQëYï�¶�äÂå�É�ë

ï'¶�á � M Û ºR�kÎ�]'Í���Ú � ��è)�Hî�ï@�L�H��í,ß0ÒE��õQá#K�À HitPattern ��ê�n�o��'Þ+p�ëá ��ö�÷�� �	¼���t	ß���ä�¶0ç0ä"Þ%ÑLÒ���d,¶�À�çYïLÚ@ä�Ë�è FastVETO ����P�NIÉR�����Tø�ä��vIï � k�Ë+á)=NÎ#?�¹�º���"�$LK�¶�À��ù�ú)��� å æ å æ éLN�O��YÉEP�N"ÉQ��Þ	û�ü � ¹#º'Ú�&�¼LÞ�d>D�M�FLë�á>ýNéYGQþ�É ÿ�� æ â
É�á@�  RÛ �EvB¶#��k+M�Û#á�ç	�Tç�èL��� FIR P�NIÉR����F�ëá±ýBéHG�þ¨É ÿÂ�@��á¶ÏI�	Í	]@�� ÔL�EvB¶#��k@������¶�ÀL��k���M'çYï�Û�� X ��y z �	����� � é@N+O��IÉQP�NYÉE��Þ FPGA Ú{�|>ëYï�áLç�ä�Þ � � MXÆ��T��¼#�	�R�"Ù�
�\ä�K�ï�®Bëë��+k	M�Û�á å ï)�T����¼#�	��ÚT\Ì�2è
Æ��T���@���
��)��d%ï)®Bëë��+k�ä"ë�¤�ç�ä æ ÛBÜ����±� ï3èë � ëNÀ�P#N2ÉQ� ²����kê�n�o��æ

FPGA ��������� VETO ¹�ºQ� Û�� ¡,í���U#kÌ����É��Yè3ë��NÞ+M7çYï,Þ FIR P�NIÉR��ä#�
è�Æ��T�#����ß�Ò@� Ò��)K�����kL�������B�#�LÞ�d��� "!�� å ï±�T� Î P±Ï!Æ�Ð����$#�%�&Lè�M%ên�o#�E��'�ë	MEP#N)(Q�!²#�E�TÞ���M+*�,E�Y�-#��tß@�Yî�J��BÓ/.�è å ï ü ï)�  0 �BÓ�¤1 ��2

FPGA ¨�� FIR P�N�(R� î�}��L��M�î�3�� ð�ñ4	5 ��67��Yè BGO ð�ñ�ä APD ¹�º��TZ0ëá�,�éRÏÚ�'é�ó 2 ������89��hî 0 î�:Q��Ó ¤1 â�ã 4.3 ;@��� VETO ¹�ºQ�  RÛ &�'�<�: 2 ò3ëè�é�N�O���(QP�N�(R��Þ�FLá±ýBéHG�þ�( ÿ 2&�¼'Þ)d��+k>=�¤ k�����? 2A@ ñ �Qv�+é�N�O)��(RP�N�(������ 2 �����A 4.4 ;��)� FPGA �
-B��B^3þ���M Î P�Ï Æ�Ð#�+�QäED ö�÷�� �	-���t	ß��B^C�0ç0ä"Þ Û�D � FIR P�N�(R� 2�E �Yè�Iá Ïh��F�]��LP#N)(Q����&�¼���<	:�K��� 4.6 ;L���Yî�ï��+Z�ë�� ADC Ã�Ä ADC128S102 äHGI ��î�ï�G�õ���óRô!�Là	ó��YZ,ë�è FPGA ¨#� FIR P�N�(Q�#� E �IM��IáÔÏh�F�] 2 ò	ë�è	F0áýBéHG�þ�( ÿ�Þ ��J �Ev+��k@��<�:�K��A 
4.2

K LNMPORQTSULVQWO

Ü+X 2 P�N�(R��YY��d��Yt�ÉE� J À���ü � �TM�d��[Z��[\ � ��&�¼��B¬L+ï�])��^�Y��)_LK�`+Ma ù�ú)�)P�N)(�b�c�k�d	�B\	e@�+¡�f+�$g ð K��)h�×�¹#º � �+�$i�j�¨�MQP�NH(/b�clk t�É��Y�-� J ÀCc�ü � �TM@d��[Z��[\ � ��m�¼ncB¬L+ï�])��^�Ypo>YÚÉqLK��A P�N�(rb+��s�� E 
��� 2 ä�.�t"u>vQ��v)wx 2 À/d���^�YH` Û�D �A 
• F� E 
�P�N�(rb (Low Pass Filter : LPF)

• ß	� E 
�P�N�(rb (High Pass Filter : HPF)
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• �� E 
�P�N�(rb (Band Pass Filter : BPF)

• ��zy�{�P�N�(rb (Band reject Filter : BRF)

P�NH(/b 2�|p}~ ¹#ºCc à�¤��	�����#P�N)(�b�Y����¹�ºCc à ¤�é)N�O�b)(EP�NH(/b�Y�d��� ��������P#N)(/b	� � |���� � P�NH(/b�cH���Y�����é/� ò �+%#��î#}L��v[� � =!k � D � A 2 à ¤
^�YH`��EvBM ��� � ¥�¦ �����E�HF	h � ��K�Ø[ �#á 0 Hz kÌ����U��H�	-��C���$��t��H�	-����
� 2 ½�¾rc ¬)�á � M AD g��L������Y � �"��>ô ��G��	� (Aliasing)

| ò�� ê�Ï�K���^�Y�`���v
�� R�BkR�����Y�����é/� ò M)d��"Z��"�+�L���	ó � =��"] ð Ã+ÄE�+Z�.�á+ª�î�}�K��zY�g���`���L��M��#í)K�� ¥#¦ ` ö�÷ 2 �$� ®+éLN	O�b�(EP#N)(/b�äz� | �A�ÔÏ `$u�vQ� � �¢¡�£�¤��Yî#}¥¦ |�§ `�.�tR�A�E¤1 �é�¨"©�b�(zª¨)(�b���«�¢���¬+®�]���¯ � ®�° ¦ � 2 =��Lä�¤ � �-#�±² ��¯�.�t | î�³L��v[�� #é�¨"©�b�(+¹#ºCc à ¤ �+��é�ê�b ¥#¦´ À 2 � �)t���µ+¶	·¸rc�¹z^#ëÝA¡"º�É±�Tá+é�ê�b ¥#¦ `�ÓL���� �»�¼C�A� Ï`� AD g+�	½�� LSI ¾�¿ � =Y�	�����ª¨H(/b 2�À��t |pÁ ß�Â[`"¡ ö�÷@� �-#�	± ² 2 � .�t |�Ã ¾h � ��£�¤�¥ ¦ `$unÄE�Åg ð � � ZrYHZ�¤�«�¢
`�¯��� �áÂ@��¨AÆ��Tá)ä)¤ 2 �	��ô �Ç�����������È$�ÔÏÈ�-#��â�¨��T�-#����E�+é�¨"©�b�(
ª�¨�(rb��"É ¥ ��Ä � ZnY)Z>¤ËÊ#¢ | ¯��A 

HXI/SGD ��� APD Ã�ÄE� ÛA� ¹#º 2�� ?�� � �	�����ª	¨�(/b�YY |�2 ¡/Ì�� � á[£�¤�¥ ¦
Y�£[¤�ÍCF�Î�b#��g	�Ïc�§+Ð����[� 2�Ñ �ÒzcYøÓYHÔLá � 2�Õ	Ö ��éz¨+©�b�(rª	¨�(Cb	cA¿�Z
�A �Ü+X/� � éz¨+©�b�(/ª�¨�(rb+��×��AØ	Ù :A

2�Ú�Û Ô��A 

4.2.1 ÜÓÝÓÞ�ßáàãâ�äæåæç�èêéáàãâ�äãåìë>íêî
FIR ª¨H(/b"ï ö#÷�ðAñ -�ò± ² cHór��^�Y�`�®�]ô�¯��TÜ+õ¡�s�ö�à�Z�ï ö�÷ ô � ?�� 2 ª¨
(Cb�ö$÷	ønc�ùûú 2 ï	ü	Z�t�Z ð Z+ �sz^Aô���Ý FPGA ý	ô���? 2 LPF c�þ�³�ô/Ä���ÿ������
ª	¨�(rb�Y HPF ô�¯������Cª	¨�(rbc�¿�Zt
	�¨[©�b�(/ª	¨�(rb[ö�m
�Cc�
���� s ��� ö��+X�	ð�� �������ÏYAs�ö��	ò�� �"!�¡�s$#�t ñ -	ò�± ² c�%'& 2$ÚÛ Ô�(�) ð ¹+¡Ï^ �*� ÿ��+�
�
ª�¨�(rb�Y,���Cª�¨�(rb[ö�-�. ð�/�0 ïAØ	Ù :A.2

2�Û'1 t�Z'(2)
3+4
5�6$7�8�9':

(LPF)

ÿ;�<���zª�¨,=�b�ïHg[¸	`>?#�Z��[��ï[s$ö)g"¸	` ð ��� ¡1g[¸	` ð d ��@ �BA�C � (	EDb | ª�¨
=�b[cGF�Ô;H>Y g�I ��ð Z�)"J2KHt2L<MEF<Nrª"¨O=zb�ô�¯�()QP�A����'	
D�b[c x[n] (n = 0, 1, · · · ) ¡
�2A"��'	+D�b�c y[n] Y<#p¡�ª¨R=/b"ö"S<T	õ�UrcRV�Ô���ô�¯�( � ���"����c�¿�Z+(zYR� 4.2 ö'J
ú�W ð � ¡rª�¨=rb[ö2S�T�õ
U�!�ô�¯+(����	õ
X�!nc�¿�Z'(�Y�ÿ
���E�nª�¨=rb[ï"! 4.1 Y ð (2)
^	^�ô z−1 ï 1 clock 	�D�bcBY � 1 (�Y
Z�½�ö�^�YHô M ï"Y
Z�½�ö�òncBV�Ô�)

Z
-1x[n]

y[n]

Z
-1

1
M+1

Z
-1

� 4.2: ÿ
���E�nª�¨=rb[ö � �����;�
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y[n] =
1

M + 1

M
∑

m=0

x[n − m] (4.1)

^�ö�����õ�X�!$[ �]\+^`_ ò H(ω) c2a?b�(CY ñ'c ò�± ² ï;! 4.2 Y ð (;) ð ¹¡Ï^�ö>Y�Ä
ω = 2πf ¡ T = 1/fs ¡ fs: dÏ�;e?f$��g ñ
c ò�ô�¯+(2)

|H(ω)| =
1

M + 1

∣

∣

∣

∣

∣

sin
(

M+1

2
ωT
)

sin
(

ωT
2

)

∣

∣

∣

∣

∣

(4.2)

^�ö ñ�c ò	± ² [ � dn��ehf���g ñ�c òCc 1 MHz Y�#)t�Y�Z	½+ò M c)g���#"����`
� 4.3 ô�¯
(")�L�Z ñ�c ò�iEMkj$lnmEN�#]o�Ô*p ¡��<�Y�Z½�ò�`�qsr+(<W;t � t2m�N�Ô�(�i<M�`�u/��K�t	Z
(�^�YH`;��[�("`[¡<v�i�M |Bw �$W	ï�y�{�ô�Ä ð Z�)
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y[n] = x[n] − x[n − M ] (4.3)
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âì �P® EßÇ	�cG�g 0 D � o íÇ®�Ë<¿ � 2 usec ßÆ�ô : � ºp BÙ�D+â�ì&��® Gvg)'�� ÿ (
e

4.10) �2â�ì&��®FEßÇ�'�� ÿ (
e

4.13) �p�]¼ûã o ähå��
íC»	º�K�n � £�®6õP' / ���"ê ë 0 ín�q
 $' � o íC®�Ë�¿�»ù��?¬ e 4.17 ';¼ûã o ähå¥��í � 20 - 80 �1� ï n j�� æEô �1öO÷ � Æ :��

»)l�mOn�qhâ�ì)��®6EPD<¼`ã o ä åc�îí � 20 - 80
0�ø � 95.2 % ºhâ�ì)��®6Gsg�D 96.7 % ' j$�

æ�ôk» ��dvgOº Ð i)Ä « à���¼�D+â�ì ��® EßÇ � 5.2 usec º�â�ì ��® Gvg � 3.6 usec » ��dvg ¬��
n�q� ?  0�ù ð�Ò
Ó�a�ú ��û�ü�ý ÍCa�ú���þk¤�¬���nO�]Ï�n�q û�ü�ý Í"ÿPD�¹�è�'&ÿ 4.5

0�� Ï� 
� ��j ��n�q

f(t) = Nλexp(−λt) (4.5)

N D�à���¼�'ð½	¼Rï�� / 0 λ D�à�����'�Ò�Ó	\�] 0 Á�n$q
Á�n"÷+ø 0 D N=134634 � λ=10632

c/sec
0 Á�¤1i�q� �  0 â�ì)��®6Gsg�'�Ä « à����	��
 0 Á�n 3.6 usec »"ù���n�q	ÿ 4.5 ������Á

n"à���� ��j$��� Ù��?¾P'�à���� � 0 - 3.6 usec
Ð	0 � j$��� ÙOn� / D	¹�è�'�ÿ 4.6 �&-�n�q
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∫ 3.6×10
−6

0

f(t)dt = 5055 (4.6)

 Ù�» VETO ��� j�� æ+ô������sÏPn�� 3.75 % ��-�Ç��$â�ì)�k®&Ghg�' j�� æ�ô 96.7 % �Ç(��� ¬��O��ë 100 %
0�� n� ��F�p� öO÷ 0	� nO��� � Ù�n�q�Ø�ÙO��Z?[�\]?â?ì6��® EðÇ 0 ÔCÚO¢

nP� 0 - 5.2 usec
Ð	0 ��¾P'�à���� � ��n� / D 7241  0 j$� æ
ô�������Ï�nP� 5.38 %

0�� Ç��
 �Ù?Ô öP÷ 0�� n�qe

4.17 ��� � ì��®)�$â�ì)��®�»"ù���n� �� 0 Ö;ËE×�»&§O-v��g�� � ���`ã o ä åc�îíC»6��d0 í1n�qP �  0 ù���i � ì	��®&��â�ì6�P®	D���¸kâ?ì6��® 0	� ni?¢���Ù �Ç-�.?� /�Q�R »F5�n� 
� ��j �Pn HitPattern ���PD���Ç � ��� ã o ä?å���íÇ» ��d 0 í1nO�,ì ù�0 í1n�q Ð i e 4.19 �
Ç"!ó�"# j Ï�n?i�¢���D � o í�®;Ë�$ �&% ï Ù�������' 0 Ò�Ó�T / '�§O-�� FastVETO ����D /!ó�"���p»'# j 0 ínP� ·�Â�OÙOn�q

4.4
(*),+

FIR -/.1032*46587
HXI/SGD 9 4.1 :&;�m�i��=<&��� FastVETO

�
5 usec ¹?>'� HitPattern

�
30 usec ¹?>1� j� g�@v�Ç¬�9�@p�A@��1q�B�C BGO DFE'GIH6£�DKJ�EMLp» APD N�OF:�P ï�QSR É ¼ ü E É : j$���T n�U�V����?9XW�Y�Z �&[ º R � 1 usec � [ è R � 5 - 50 usec ß Æ ��@�n��=<&��\�] ��T ¬��

n�qk &^����p»&À�Á=_�n?< �:�^�¯`E É ¼&E1å'a���Zb9 1 MHz
� T ��c�de@�d�f�gX��hjik»6��k:blXm�nFo�¢&� ADC ^�¯`E É ¼&E1å'a���Z?9�´�;=_Fm ADC ^X��prq&s�t�·�uIv&¬ 0.94 MHz �w YIv�o&nx ß Æ�y :�9�zOìX{�®��}|�ì)�k®O��v)¬j~��	���`|�ì)�k®O����d�|�ì)�k®�»�����o � �p  T �|�ì)�k®�9�Ò�Ó	�?^�Z���^���a���Z	��� � ±�²=_em�o�¢������b@&a���Z	���p»�ÅKm� �� �e��� @

�jne��^�o�¢�º��F:�^ APD ����±�²e@ Æ ���I�&¬�a���Z����k»'���h�°±�² � � m� �� �&� v)�jn�� �: HXI/SGD :�9�� R ���e@�a���Z����k»A��Õ� �� � :blXm FIR |�ì)��®�»�����m� ��)�bvo&n�� 4.20
�

FIR |�ì)��®j^	���eq&s���: � m�n
1 MHz ¯`E É ¼&E1åX^���� FastVETO ���;� HitPattern ���?^���Ú ��T oXW	�1¹?>1� �$� _m�o�¢���� FIR |�ì)��®j9�� TF�&T 8 �� 16 b^�Ò�Ó���Z;�'@�m��=<&��\�]�_Fm�n y o�|�ì)��®� ZrtMB�Ce^��	 �� FPGA ^� j¡k»£¢b¤ev¥� -1, 0, +1 � −256 ∼ +255 ^�¦�Z³�¨§�Y �AT ¬���m�nv6�}v  T �A9�©jªe^ FIR |?ì6��®?»'����mb<FX:	9�«b�	¬j<6��Z � §F@?� ( b^'®�
�:	9)Ò?Ó��Z¯t 100 »A°O�mFv��b|�ì)��® � Z¯t 220 ¹�º	^�±�²k»A��Õ ) n y o��ä�³=_Fm�a���Z����rt�� R´�µ�¶ »6ç;�·_�o�¢���9�o�¡ LPF »���� T=¸ ���p�6�`< � ï :�9�@��jn Æ ^�a���Z����k»6Ö � ¸
���	^��»�¹	ºem�»�� � � m�n�� �:� � �:�9�Ò�Ó���Z	�`|�ì)��® � Z�±�²k»&±�	o����P���jm FIR |�ì)��®j^�¼�½;�¥� ü�¾��åA¿�À�¦�À ü E É » ¨)©?Á v�o�Â Ã ^�a�¿�Z����e^&ä�³k»AÃ=Ä��?º�^)Ò�Ó���Z Á � Z�±�²�Å�c�d: � m�Æj¹	º=o&n

4.4.1 FIR ÇÉÈFÊÌË
FIR |�ì�Í}Îj^�Ï��e@�ê ë 9�Ð�Ñ :A.4 ^ FIR Filter Ò�Ó¯v'Ô�Ä�m�n
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FIR |�ì�Í�ÎX9�~��	���`|�ì�ÍKÎ�Õ���dK|�ì�Í}Î&:�9 � v�Ä���Â�Ö}^&a�¿�Z	���`× Q m=Ø Á Å��� m�|�ì�Í}Î�: � m�n FIR |�ì�Í}Îj^	���eq&s��=×�� 4.20 Ò�Ù � m�n hm 9 FIR |�ì�Í}ÎjÒXÚï m�|�ì�Í}Î � ZF: � m�n
Z
-1x[n]

y[n]

h0 h1 hM

Z
-1

h2

Z
-1

� 4.20: FIR |�ì�Í}Îj^	���eq&s��
Ø�^=Û�<£Ò�~����X�}|�ìAÍbÎ Á�Ü Ô�Ä	m&Å&Ý�Þ�ß�z	à�Î�Ò	|?ìAÍ?Î � Z Á Ä�<"áF��×£¢FâXÔ&ã¯v� ��� Ô�Ä�m�nFØ�^ � ZK×Aä�å�_�m�Ø Á :�]j��æ�g	@Ft�^j: � T�¸ Ä�Æ�@	m'a�¿�Z�ç�èrt¥é�B=:elm�n�Ø&^���d�ê�ë�ì?9�ì 4.7

Á @ R�í a�¿�Z����b9�ì 4.8
Á @�m�n

y[n] =

M
∑

m=0

hmx[n − m] (4.7)

|H(ω)| =

√

√

√

√

(

M
∑

m=0

hmcos(mωT )

)2

+

(

M
∑

m=0

hmsin(mωT )

)2

(4.8)

Ø�Ø�: T = 2π/ωs :�î	m�n�Ø&^�ìFÆrï�d=Æ=m�Û=<'Ò í Þ�ß���Z Á � T ÒFÛjm�|�ð�Í}Î � Z�× wñ m�Ø Á :�a�¿�Z����=Å w Y�_Fm�n

4.4.2 BPF ò FIR ÇóÈFÊÌËõôõö¯÷
FIR |�ðAÍbÎ�9���^	|�ðAÍ?Î � ZK×Aä�å�_=m�Ø Á Ò�Û R�í ]jø�æ�g�: í ÆXù&Þ�ß���Z�Å�ú�d�:	îT=¸ Ä�Æ	@�m�a�¿�Z����rt�û�BF:blXm�n}Ø�Ø�:�9�|�ð�Í}Îj^�ü�ý?þ�@�ÿ=:�î	m BPF ×Aû�B=_Fm�n��� þ�@ BPF 9�����^bÛF<'@&a�¿�Z	���K×'�=ù�n�@�Ú í G(ω) 9���	?Ò�
bâFm	|�ð�ÍKÎX^�a	¿Z���� Á Y�IvAÔ�Ä	m�n���^�o ñ����� Z H(ω)

Á�� ��Öb¤��jÅ í H(ω) 9	|�ð£Í?Î�Å	î���Ô í |�ðÍ}Î � Z í Þ�ß��=Ærï�� ñ o���� Á v'Ô�^�a�¿�Z���� Á v'Ô����Iv'Ô�Ä�m�n

G(ω) =



















0 |ω| < ωcL

1 ωcL < |ω| < ωcH

0 ωcH < |ω| < ωs/2

(4.9)

Ø&^ Á l�|�ð'Í}Î � Z?9�ì 4.10 × �boj_�n gn 9�!#"�$b^�Þ�ß��=Å&%�C�_Fm'���b^ ��� ^�|�ðAÍÎ � Z Á _Fm�n`Ø&^ Á l�^�a�¿�Z����K×�� 4.21 Ò�'=_�n ��� |�ð�Í}Îj9�!#"�$b^�Þ�ß���ZFÅ�»��
�jÅ í Ø�Ø':	9&( L $�:�Þ�ß���Z}×)� *+��Ô�Ä�m�n���^�o ñ Þ�ß���Zb9 2L+1 :	î�m�n�Þ�ß���Z�:
�,*-�jo í é/.�Ò&��Ä�m�|�ð�Í}Î � Z�× hn

Á _Fm�n
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gn =
1

ωs

∫ ωs/2

−ωs/2

G(ω)exp(inωT )dω

=
1

nπ

{

sin

(

2nπωcH

ωs

)

− sin

(

2nπωcL

ωs

)}

(4.10)

n = −∞, · · · ,−1, 0, 1, · · · , +∞

hn = gn (|n| < L) (4.11)
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� 4.21: FIR BPF( 021�ç�è 100-300 kHz) Þ�ß��b^�Z�×'äFâ	o Á l�^�a�¿�Z���� (fs = 1.17MHz)

4.4.3 FIR ÇÉÈFÊÌË436587:9 ;=<>9@?BA
C l)D+E�^ 4.4 :�9 HXI/SGD :�^�W��&��F?ÒbÛXm �-G ÆIï�Þ�ß	��Z�× w YIv�oXÅ í Þ�ß	��ZÅ?Ø&^�ZF:&c�d=Æ-E�<·ÆF×�¹	ºem�»��FÅ�î	m�n?@�H�@�ï FIR |�ð�Í}Îj9�Þ�ß���Z Á |�ð�Í}Î � Z^�±�²eÒ�Û���Ô�a�¿�Z�����Å w Y�_=m�Æ`ï�:	î�m�n�Þ�ß���Z=ÅJI=@�Ä Á � T �2K�|�ð£Í?Î � Z`tLI@NM�@ R�íNO G ²=Å&!PM�@�m�nb|�ð�Í}Î � Z¯t�Qj|SRUT)VW�^ double X?^FÛ=<'Ò�Y2Zrt\[Fâ�m�^@�ï ¸ ���e@�a�¿�Z����=Å&æ=g��XÅ í ±1, 0 v'Æ&[Fâ�@�Ä Á Æ	@ R "�Y C T m�n��=Ø�:-E�^�ë�²b^Þ�ß���Z í |�ðAÍ?Î � Z�±�²#� Á^]�_ _=mAa�¿�Z����?×£é�B=:el�mX^jÆ Á ÄK<&Ø Á ×'¹�º�o�n�`�a¹�º�o FIR |�ð'ÍbÎ�9�ì 4.12 :�ý C T m 100-300 kHz 0�1b^ BPF :	î�m�n BPF ^�|�ð'Í?Î � Z9�ì 4.10 ÒFÛ��Ôj]�øFÅ&æ=g�:�î	m�n

G(ω) =



















0 0 < 100

1 100 < |ω| < 300

0 300 < |ω| < fs/2

(4.12)

unit : kHz
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b�c�d2egf)h#i2j2k�l�m�n�eo�p/fqr

� 4.22 9 FIR Band Pass Filter(BPF)[100-300kHz] ^�Þ�ß���Z?^�seÄ	ÒFÛjm�a�¿�Z�����t��eq
R":�î	m�n2u`E&t+v&E�w'a�¿�Z?9 1.17 MHz :F|�ð�Í}Îj^ � Z?9 222 ^�i y : Q m�Ø Á Å ��� m�nØ&^�� 4.22 × x}m)" R :�9�Þ�ß���Z 4 � Á î y R ]2_ C T m�a�¿�Z����K×Aû�Bõv'Ô@M T @�Ä�Å&Þß���Z 8 ��y�9�Þ�ß���Z�ZFÅ�ägz{��Ô?t\|`l{M"ä2}Iv�@�ÄbØ Á Å�d=Æ=m�n
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� 4.22: FIR BPF( ~21�ç�è 100-300kHz) ^�Þ�ß���Z�×'äFâ	o����b^�a�¿�Z����
Ø&^FØ Á ×�Û R Ï¯v/M�����_Fm�o ñ Ò������2���K×���Ä	o&n ��� þ�@�a�¿�Z����b9�ì 4.12 :�îR�í Ý�a�¿�Z=:�^ �2�õÁ ]jø�i�:	^�iF^�� ( ��� ) ×U��Iv¥ã¯v¥��z���o�Z�i?×£Þ�ß���Z�bÒ�t���q
R"_bm�n ��� Ò��+K TF¸ Û�Ä�^�:�Þ�ß	��Z	ZeÅ&�bâ Te¸ ���}^������?9��>M£@���Ô	ÄSM£9)�	:=îm�n�Ø T ×�t��eq�R'v�ogw2��|&Å�� 4.23 :�î	m�n
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FIR BPF LeastSquare by changing Tap Number [BPF 100-300kHz / fs=1170kHz]

"least_square.txt"

� 4.23: FIR BPF Þ�ß���Z?^�seÄ	ÒFÛjm,���2�2���
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�� Å�Þ�ß���Z=:J� � ÅJ���b^ ���2��:	î�m�n�Þ�ß���Z�Å��Fâ�mXÒ&ù T ÔJ������2��Å2�XÅ���ÔÄ�m�Ø Á Å?Û�M"d=Æ=m�nXÞ�ß���ZFÅ 6 Ærï 14
y :�92D2� � ¸ Ä�: 16 Ærï¨û�����Å R�� ñ í 20 Æï ���	Õ�Æ�Ò��2IIv'Ô�Ä�m�nb� 4.22 × x}m)" R Þ�ß���Z 8 �?t 100 - 300 kHz ^�ç�è�×�~21 C �m����FÅ�x ï T m�o ñ í Þ�ß	��Z`× 6

y �����XÔ}t � ��Û/� �&a�¿�Z	���FÅ�x ï T m Á � z T mÅ í HXI/SGD �g��¡2¢K× IIv¥�?o&�	Ô 8
í Ú?Û���å?Ò����#��a�¿�£�����¤�o ñ Ò 16

Á v�o&n
¥ e¦2§{j2k�l�m�n�eo�p/fqr

`�²���Þ�ß���£�× 16 Ò¨J©Iv í � £{¤�±�²K×'ä2} C �=o Á l&¤�ª�¿�£�����¤�seÄ=×�¹	º=o�n �
£{¤�±�² Á ����¤�£2«FÅ 2 ¤�Y��/�&ý�¬}Ø Á Å2�blXm�Æ2�&©��õv'Ô�Ä�m�n ±1, 0 v'Æ ÁL ��Ä�¤)�î �¸ -1,0,+1 ¤ 3 ù2��ýg�Fm)¤�� 22 = 4 ��®�Û#¯ ±�²#� 2 �	î-¯ í −8 ∼ +7 �Kï ¸ 16 $#¤ £�«
��ýg�Fm�¤�� 24 = 16 Æ�ï¨±�² 4

Á ��m�n	� 4.24 � � £�¤�±�²}×£ä=â�o Á l�¤�ª�¿£������	î�m�n
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� 4.24: FIR BPF( ~21�ç�è 100-300kHz) ¤ � £�±�²K×'äFâ	o�����¤�ª�¿�£����
Ý � £���°eÅ���£#� 220 = ±1048576

y ��¤�±	²�×'�4± í)² Å�¦�£#� 28 = ±128
í�³ Å�´2£#�

±2n
í �ev'Ô2µ2¶�·XÎ�Å ±1, 0 ¤�� Á ����Ô�Ä�m�nFØJ¤��=× x}m)"N¯ �g��Ý � £��?tL|`l���ä�}��

x ï  �XÄeÛ��AÒ � z  m�n	©)xg¬=m Á ±�²�Å�¸{±�m Á í2¹ ©¯v�o 100 - 300 kHz ��º#¤�ç�èbÒjÚ
K�mJ» µ ·'Å 0 Ò ¸�±XÒ-M¥ÄFÛ��AÒ � â	m&Å í Ø�¤,¼����Þ�ß��)£�¤�ä�}��etLx ï  o¤�� � £��
K�¤�½�¾ Á � � â���Äjnj� 4.23

��¿ Ò � £{¤�±�²K× ��� Ò����{¤,�2���K× Á m�nX�  Å�� 4.25 �î	m�n
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FIR BPF LeastSquare by changing Coefficient Precision [BPF 100-300kHz / fs=1170kHz]

Tap 8
Tap 16
Tap 64

� 4.25: FIR BPF
� £�±�²/¤,sFÄ�Ò=ÛJÀ ��������� (

��
: Á�ðAÍbÎ � £�±�² 2n ¤ n

í Þ�ß��)£2�Ò�t��#Â�R Ã'Ô�Ä�À )

��¤ ��� �gÁ�ð'Í}Î � £{¤�±�² 2n ¤ n × ��� Ò�Ä4��Ô�Ä�À�ÅgÆÇ í Þ�ß�È�£/�g¤�seÄ=× x�ÀÇñ í Þ�ß2È£�Å 8
í

16
í

64 ¤ É2Ê-Ë&t�Ì�Â�R�Ã£Ô�ÄgÀ�ÅFØ�¤�Í�×�x{À Á Ä)�  ¤�Þ�ß2È£���ËÏÎ£Ð2Ñ Å 26 = ±64 Ærï �2D2� ��Ò Ä���î�À�Ø Á Å�Ó=Æ�À�Å	ØJ¤FØ Á Ærï^Î�£ Ð2Ñ �2Ô��ÖÕFÄJZ£�×× Ä2�ØM�Ô�Ë�Û�Ä Á�� z  À�Å ±1 Ò � ÃAÔ��jÅ í Í 4.24 ×�x{À�"-¯Ù����Ú	à�Û�¤ ]�_ ¬�À ª�Ü£Ý2Þ ×Aû2ß@Ã'Ô�Ä�À ÁÙ� z  ÀÇ ñ í FPGA ¤�àá�â2ãK×�äeâ�À�å��g���NË\Z�£�×�äeâ`ï  À�Î
£/�g��î�À�æ�ê í ±1 ��ç O G Ñ Å&I#��Ä�è/é�vJÂ{R�ê�î�À�Å�ë�ì#À,Î�£/ê&I#��í�Ç ñ E �î ¤�Î
£�×'äFâ�À��K��&ª2Ü�£ Ý2Þ ê&|-ï{M"ä2ðSÃ'Ô+ÃJÆ�í í £ kHz ��K�ª2Ü�£ Ý2Þ ×��¯ïL¬Øç�í/��ÇØ�çUê�ñ,ò#��í�É�Ê�ê&óPM íô�õö ê�÷{ø�ù�'Ò�ú@Ã,í�Å
��å	×�û#Æ�âXÔ HXI/SGD ��� Î)£ ÐÑ ê ±1, 0

î
−256 ∼ +255 ç&Ã,Ç�Å�Í 4.25

î ïÏ�2� ±1, 0

ç −256 ∼ +255 �g� Ð2Ñ ê&|-ï{Mýü��gÀ'æ�þ Þ ê�î2À�ÅÔ�¤2Ç ñ ØJ¤��=ù�¤�s#í=×AÖ�ÿNÃ�Ç����×��:�����/ê�î�À�Å

4.4.4 ���
	������� ò�������� FIR ������� �
!�"
BGO #%$'& APD (*)%+-,/.1032-465 fJm�n�e�7�8

Á�ð:9�;-< î K>=@?1A\Â�B'CD9FEG<,����À�Ç ñIH �)Æ �%JLK-M¤Uª&ÜJ£ON&Ó-çQP-R�¤Uª&ÜJ£IN�Ó�< õ
ì í EL¤Uª&Ü&£jç&èS<LT�U/Æ�Ç&�\~�12¬�À î <WV ñ ÀW�-��ê�î)ÀUÅÏÔ&¤&Ç ñIHYXIZ <\[-]4ÃU�Jí*JLK^M
PIRNç 241Am P@R/¤�Ü@_`<ÏÄba4Ã í Ô�¤�ÜI_/<\cOd�Á-e{v�fhg-i (Discrete FourierTransform:DFT)H î KO=�ª�Ü2£%N�Ój< Ä'a6Ã�Ç&Å DFT ¤-k�ø�ì+��ì 4.13 ��ª�Ü2£%N�Ó{��ì 4.14 �Il4ñ��{ïÀJÅ
x[n] �>c*dSm6n-o{¤bm%n@PpR#��îN¯ í G[k] ��Ô2¤�ÁbeØvqf@g*i#��ª�Ü2£%N�Ój<Aý/¬�Å N ��Üp_+¤
è'e%;Yr)£��	î�À�Å BGO+APD ¤%J-KIM-N�Ó@ç 241Am PbRpN�Ó#¤,ª�Ü£pN�Ó`<JÍ 4.26

HLs ��À�Å
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G[k] =

N−1
∑

n=0

x[n] exp

(−i2nk

N

)

k = 0, 1, · · · , N − 1

(4.13)

∣

∣G[k]
∣

∣ =

√

Re {G[k]}2
+ Im {G[k]}2

(4.14)

 0.01

 0.1

 1

 10

 100

 1000

 0  100  200  300  400  500
Frequency [kHz]

BGO+APD(Gain100,-15deg) -> HICPreAmp+ADC128S102 Noise vs Signal(241Am) Spectral Density
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Signal

Í 4.26: BGO+APD(Gain100,-15deg) HICPreAmp,ADC128S102
H�t À 241Am PbR (

²
) ç^J^K

M ( ° ) ¤�ª2Ü�£*N2Ó

Ü�_{¤�Ä*a HOu í�=�t+v�W/·&t�>v�w/� × í�ÀLx*y6ç �>z ¤ Þ þ��6{�À�Ë&¤ (HIC t+v�W/·&t )

< × í�Ç�Å/|�¤)Í î~} ThU�¬ì{ï\ªÜ£�<Y�S��À�Å@POR2Üb_ H �'J-KOM-N�Ó4ËW�{Æ  À�Çb�^�)ªÜ
£pN�Ó��>��~�¤L�2Ó4Ë^{�ÀJê@� 120 kHz �'����hPORpN�Ó�ê�J^KOM-N�Ó t ¯�Ë��
���  =2ígÀ�Å�Ô
|��/Á*�L91;�¤h�p��¬�ì�ïUª2Ü�£j<��SÃÏ¡2¢�<3�{Ç@�'= 20 - 140 kHz �>¯ H �gÀ t � H>� N�¬/À
|�ç H ¬/À�Å

�I�6�b�%�����6�
(Shaper)

� ñ�Èj< × í�Àhx6�6�&ß*�*���: %¡  À¤ê6¢@£#Ì*¤2Á*�L9�;�¤�Ü*_ ö _p¥�¦)È (Pulse Shape

Amplifier:Shaper) �%{�À�ÅÜ�_j< ö _�¬/À�å��JÕ�ª2ÜpN2Ó�¤6J@KbM�<I§�Â1¨ ÃW��P�R{¤ PreAmp

ñ-© H Ê6¡*�/Ç shaping time( ®3� CR-RC ªI«{¤bm�©2£ ) < ë*¬#¬#À�|�ç3�OPpR�¤�ª�Ü�£'N�Ój<
���®�ïñ&¬�|/ç�ê*�{ï)À�Å6¯ } H �#í Shaper °+ç²±*�'³`´�Ü*_#ê%µ/¶IBp¢�·@´h_ H�¸ À�Ç��@�
ADC Ãq¹'º�í ¸�» ´gé1¼�Â1¨�ê%{�À�Å ClearPulse(CP) 4417 ½:ç Ortec 571 ½`´ Shaper ¾h¿#åÀ �%�-x*Á�ê%{�ÀÇ��-�2Æ-Â6¾�|-´ Shaper

HhÃ í-Ä2Ü�Å Ý2Þ <3��Æ�è��IÇ';�9{Á���9`;b< � À6|
ç H Ã�ÇJÅ�Áp��91;�< � À�å���Æ-Â Shaper ´>Ä2Ü�Å*N2Ó�<3È�É`Ê)Ã�Ç)ê@�I§�;Ì*¤ H ¾>Ä2Ü�Å ÝÞ êIË s Ã�= u } Â>��ÆÇ6ÌY�Sª-«/¾ CR− (RC)n ª-«/´ n=4 �%{'Í�çÏÎ%¡pÐSÍ&ê@Ä2Ü�Å Ý�Þ kÑ ê t �ÖÓ î } ¸ í%´b�IÒ/ª%¾bÓ*?Ô¨�Õ'96?IPpR�< Shaper

H ±�º�Ö6çÏ±Ø×�Ç^³1´^Ä�ÜpÅ'N�Ój<
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Ù
4.13 ç Ù 4.14 ´ DFT �Ok Ñ ×Y�/Ô*´@Ú î } Ä�ÜpÅ'N�Ój<L�`��Ç@Û1|LÐ HSt Í CP Shaper ´

shaping time ÜpÄ2Ü�Å Ý2Þ ê�Í 4.27 �%{�ÝÞ� Ortec Shaper ´>Ä2Ü�Å Ý2Þ ê�Í 4.28 �%{'Í>Û
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Í 4.27: ClearPulse Shaper 4417 ShapingTime

ÜßÄ2Ü�Å Ý2Þ
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Í 4.28: ORTEC Shaper 571 ShapingTime ÜÄ
Ü�Å Ý2Þ

àpá �'â{ø shaping time �%{6ã^={Ëq�ä×\Ä2Ü�Å Ý2Þ ê�Â�Ð'=�í6Íb´)ê&Ó î Í>Û�|�Ð/<hÚOå
×�Ç
Í�ê�Í 4.29 �%{'Í>Û
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Í 4.29: CP ç ORTEC Shaper Ä2Ü�Å Ý2Þ ÚOå

Í 4.29
H ¾�æFÝ H ClearPulse ´ Shaperτ=1

H@u'ç Í3Ä)ÜOÅ Ý)Þ <IèYÅ6�h� ×�é�ê�ë�´ X�ì ®&í
=ípÍ3Û^|qÐ t Ý Shaper ´�Ä�Ü@Å Ý�Þ < Ù �h�*º*´^��{>Ð Ò |G(ω)| =

(

− ω
ωP eak

){

exp
(

− ω
ωP eak

)}

î
|G(ω)| =

(

− ω
ωP eak

)2 {

exp
(

− ω
ωP eak

)}2 ê Ã í%´��6¾ ¸ í î ç²Î%¡*ÐSÍ^Û t ã^=1|@´^Ä�ÜpÅ ÝÞ <3��Æ�Î�Åj<Lk Ñ º�Í t Ê H º�Í>ÛIí6çb×�=b�%���%¾>Ä2Ü�Å Ý2Þ < Ù 4.15 çb×�=Ik Ñ º�Í>Û

|G(ω)| =

(

− ω

ωPeak

){

exp

(

− ω

ωPeak

)}

(4.15)
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�I�6�b�%�����6�Oî
FIR

�����6�^ï
ð ò/´ FIR ñ*�L91;3ò�Å`´^k Ñ ¾hó�=-�p�*ô�õ'�pö�÷Iô�õ�øp?pÓjù^ú�½��%{6ãIé-Û/û�´pé��-kÑ�Ù ø^ü6ý^þ HLs ÍIÿ »���� �^Ò��-�'¾pûO´>k Ñ��	� <�
�b=-òOÅ�<Yl���×Y=��*éIø@�LÒ��L´p¢^£� ¤pñ*�L91;I´������%¾��
×��������-�/�%Í6|�� H�¸ Íbé��-��� � Ù"! }�# �%Í6|�� H º�Í>Û

gn =
1

ωs

∫ ωs/2

−ωs/2

G(ω)exp(inωT )dω

=
1

ωs

∫ ωs/2

−ωs/2

G(ω)cos(nωT )dω + i
1

ωs

∫ ωs/2

−ωs/2

G(ω)sin(nωT )dω

n = −∞, · · · ,−1, 0, 1, · · · , +∞

(4.16)

Ò$�O�6¾&%('`´ Ù A.40 ´ t Ê H üSý@þ H*) ã^=1|*|>� G(ω) <�+�èLÅ,� [ æ(� ] ×q� Ù 4.16 ´
sin ´�-~</.�U
×>éOøI�/|-´^k Ñ(� � �%¾>ò�Å ì +�0�132 ¸ ÍhÛ�x`¾>ò�Å�ø�+�0�1/´hê*ë*��4�_�ø5

4.30 6�732p{'Í t Ê/2"8:9;hÖ"2�<>= ¸&?A@ ø��3=�B1×:�/Ê@|�Yø:� ! ã@é^Û'|�Ð�¾ 5 4.31 6
7S´AC6ÊD2hòbÅ�ø:+	0 1S´Lêpë��&E�F�GO´�H	I�J6�:K	L KM��<N=/�PO Q%º�ÍOéO�"8&9�;�2�K6ø&R ç} Ð�B�×:���@� 5 4.30 ´"C�Ê ¸&?"@ øA��SAB�×:�`Ê�´O�%{'Í>Û
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time [1 unit=855ns]

FIR Filter CoeffientType [BPF 25-150kHz Tap16,fs=1.17MHz]

No Filter
Coefficient:Even
Coefficient:Odd

5
4.30: òpÅ1´&0�1(T`´*U3��2VCOÍ�4�W�´*O(X ( Y : ZM� ¸ Í'új¼�¢S·Iú*[�\%�&6 : +(0(1*òpÅ�ñ*�]�^ 2h±
×>é���=@´*4 W'�`_ : a(0�1pò�Åjñ*� ]�^ 2h±
×>é���=@´*4 W )
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5
4.31: ò�Å�ø�+�0�1/´hê*ë ( 6 ) ��a(0�1/´hê*ë ( _ )

|3ÐVb-ª�c6º�ÍOéb� 2�¾ 5 4.30 _�7S´�C6Êd2hòbÅ6ø&a�0 16�p{-ÐeCS�Þ��f Ñ ×dB Ù 4.16 ´ cos

´�-Sø�."g B sin ´�-Sø�h%ÐAe"C*�IÛ%â�i BPF ( ±p�põ 100-300 kHz) bda(0�1*� +�0�1/´>ò�Å��
�
×>éhê*ë/´>Ä�4�Å(j�T$b 5 4.32 2h��º^Ûj|-´ 5 b/k1Í`l ÝÞ�(a(0�1nmo+�0�1���<>= ¸ UV��ø%{
Í�C�Ê/2p¾*k"g ¸ �IÛ
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5
4.32: ò�Å�ø�+�0�1p��a(0�1/´hê*ë32"CIÍLÄ�4�Å(j�T (BPF 100-300kHz)

Ä(4*Å�j(T�2	q��B�a�0(1rms+�0(1�2&<t= ¸ U3�%¾ ¸ �>�²Î6¡*Ð`Íbép�@� G(ω) b/ajèhÅ,� [ æ
� ] ×/B�u Ñ ×>é-Û�|�ÐA2"C/ÝÞ� Ù 4.16 ¾*v�ÅNb/wAx�×/Bb�%�'´ Ù 4.17 ´"C�Ê/2 ¸ Í>Û
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gn =
2

ωs

∫ ωs/2

0

G(ω)sin(nωT )dω

=
2

ωs

∫ ωs/2

0

(

ω

ωpeak

)

exp

(

− ω

ωpeak

)

sin(nωT )dω

n = −∞, · · · ,−1, 0, 1, · · · , +∞

(4.17)

|-´ Ù b�u Ñ º�Í6|��Y�:a(0�1/´>ò�ÅNb Ñ �-º�Í6|��Yøp�3=OÍ>Û gn ¾*yVl&z/´���=@´%ñ*� ]�^
ò�Å{C/Ý Ù 4.17

! }�| } ´I¦ ( H�I(J�Å ) b/~S�	B�u Ñ b/�"�@�*ò�Å hn bd�$�-º�Í>Û/û�´>ò�Å !} �3�^Ä�4�Å(j�T32'ú � ù1¨�×��`×>é ì ´Oø 5 4.33 ��'Í>Û��~·@ú�¼-·I¤�Ä�4�Å`¾ 1.17 MHz �
�~Ý���H I JbÅ/¾ 20 z6� ωpeak10 kHz

!>�
300 kHz �-�6ú � ù/¨3×dB��%ÍLÛ3�Oé�Lä×���Ä 4bÅ�j

T�ø:�����3=*B(�6Í ! » Ê ! b/k`ÍIé ��2:Z{� ¸ ã-é Ù 4.15 ´ Peak 2 80 kHz b/���ä×>é ì ´ ì
ú � ù1¨�×/B(�6Í>Û 5 !t� ¾ 300 kHz b8:9;V�qº�Í ì ´p¾�W�ø:�6Ð�B(�6Í@ø`��û-Ðp�`�/¾*������ �Wº6ÍdW$bd�`ã�B��%Í���qøO¡ ! ÍhÛV�^´AC6Êd2�¢-£ � ¤�ñb� ]�^ �3â*�S´hÄ	4bÅ�j TS´/W��
��Ý ¸ ø � 8:9;�Ä�4�ÅNb"�:�`2*O"g6Í����Yøp�3=OÍ*ñ*� ]�^ b � Í����Yøp�3=@é-Û

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  100  200  300  400  500  600

G
ai

n

Frequency [kHz]

FIR Filter -Analog Tap20- [Peak]

10 kHz
20 kHz
40 kHz
60 kHz
80 kHz

100 kHz
120 kHz
150 kHz
300 kHz

2.7*(x/80)*exp(-x/80)

5
4.33: FIR ñ*� ]�^ � Shaper(

Ù
4.15) bd���
×��>8:9;/�V��b/O�X~¯L��éhê*ë/´>Ä�4�Å(j�T

Ò�ª'¾>Ä�4�Å(j�T32`q(� B��$8:9;-ø 50 - 60 kHz 2 ¸ Í*ñ*� ]�^ b ��� º�Í>Û���Ð�¾ shaping

time � 1 - 2 usec ���-���pÍhÛ%× ! ×���ZM�²¢-£ � ¤�ñ	� ]�^ ¾ Ù 4.15 b�ZA2 � � ×héIø:� 5 4.26

b3��� k/ÍV��[	\ � �S¾¡:¢`£ � ��â*�V2�¤A�^Ä 4bÅ � ��bY�6ÆIÛA�^´hÄ 4OÅ/¾�[	\�4`W32�q��	B
8&9�; !N� ¸ ° ��! 2`¥bø6Í � �6���*ÍV�:Î'¡�Ð�ÍOé`�&�"�^´AC%Ê ¸ ¤A�^Ä	4bÅ � �6ø&[	\ � �S´¦�§ ¸ ñ"¨:; ^ ��'Í/©Aª�T ì �'Í>Û*ûA�h��¤pÄ�4�Å � �32�«�¬`´�Sñ:®jù1¨�bd¯VgOÐAe>�"��ø��
ñ � ]�^ òbÅ�ø^� ×�° ±V2 ¸ ÍO´I�bº`²(B'´hÄ 4OÅpôV2�B	�ñ&®1ùS¨�bD¯"g:���^´��ñ*®1ù/¨�ø"¡
¢`£*§Sù/¨³2�´ � ø��*Í ! » Ê ! b/µ�²�ÍhÛSû��L�^òbÅ32h� ×¶O X�bD¯"g`B-Ä 4bÅ�j	TV2��ñ&®`ù
¨�b�·&¸6�*º�Í>Û�û�´pé � 5 4.34 ´"C�Ê/2>ò�Å h0 = 1 �d�~Êº¹ ]�^ è�ÅNbd¯Vg6Í>Û
Sñ:®�ù`¨�¾ 5 4.34 2��'Í�C�Ê/2&��» ì�¼ �-ò�Å(½p�L´-Ú`¾$b�
�	B n=0 ´%ñ�� ]�^ ò�Å(½$b

~��ä×>é-Û 5 4.34 ¾ 150 % ´hê*ë$bd¿
×/B(�6Í>Û
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100 %
150 %

n

Coefficient Value
With Offset

W/O Offset

5
4.34: Ä�4�Å(j�T32�Sñ:®jù1¨�bdÀVg6Íbé �*´ FIR ñ(� ]�^ ´>ò�Å gn

ÁVÂ 2^òpÅ hn ��×�B 5 2`×^é ì ´N���%ûp´^ò*Å !{� Ä(4*Å�j(T�2`×-é ì ´bø 5 4.35 � 5 4.36

���*ÍhÛ 5 4.35 ¾ 5 4.34 ´�Ã Ä !N� n > 0 � ¸ ÍC%Ê/Å*ñ ¨3×DB��%ÍhÛ 5 4.36 ¾ 1 2�L Æ�X ×DB
�%ÍhÛ^Ä 4bÅ j T�bdk�B&� ! ÍC6ÊD2A8&9�;I´��"�p¾�O'¡�ã�B�� ¸ �bø��-ó�Ç � 2LÄ 4bÅ�j T%ø�È
��½/° ç ·&¸6�1¯LÐ�B(�6Íb´Oø�� ! Í>Û

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10  12  14  16

hn

Tap Num

FIR Filter Coefficient -AnalogFilter- [Peak:60kHz,Tap16]

W/O Offset
With Offset 50%

With Offset 100%
With Offset 150%

5
4.35: Ä 4OÅ�j TV2��ñ&®1ùS¨�b>Æ ç ÍIé	�p´

ò�Å hn( É32"Cbã&B Sñ:®jù1¨�´*Êpë�ø:Ë ¸ Í )
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5
4.36:

5
4.35 ´ à òOÅ32�q ç Í3Ä 4bÅ�j T ( É

¾ 5 4.35 �¶0�Ìä×/B(�6Í )

��Ð � ¢@£ � ¤/4 W�Í�W1¢�·@ú(b�Z"2/×>é%ñ(� ]�^ 2�Sñ:®jù1¨�bd¯Vg'é ì ´-¹	Î�½ � ¸ BPF¸�» ´%ñ(� ]�^ b�
�� B�Ï�Ð�¨\¤�Ñ:Ò"bdÓ(Ô6º�Í>Û

4.4.5 Õ,ÖØ×�ÙÛÚNÜpÝßÞpà FIR á{â,ãMä,å
FIR ñ � ]�^ b�
�� B�C/Ýæ¤"�	ç�½$bDè � º�Íbé`�(2�¾�é ê ¸ ñ�� ]�^ bdk6Æ ç Í/ë § ø�*Í>Û
û	ì�é	� 2�»�í ����î �*Í FPGA · î �"= ¸ Ý FIR ñ�� ]�^ b/
�*éAÏ�Ð,ï�ð Ñ&Ò:ñ � ì�é	��2ò ��ó�ôp¹`õ	öpë � 2�÷(øbdù�ú�CSÝ ì�û ñ{ïºü�ý�þ î ó�ô�bd�1ã^é�ÿ�ÿWø�ï 9 ^/] î ÷�ø�ì ���
2����	�SûA� î ��
� û ñ�ïDü`ý	þ î ì FIR ñ(� ]�^ b�
��'é	����b/���Ié��û ñ{ïºü&ý:þ î FIR b�����ú��Oé`��2���4	W�¹(9 ^ b�
���B��`ö�����ÿ�ÿ\ø�������ú(����4	W$b
�� î ="!Ae*û ì*4 W�2 FIR ñ(� ]�^ b$#%�/B:�3�VÏ�Ð ï�ð�Ñ:Ò2�ú&�3��=�2�'�i�4 W('	)Nb+*
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, ú������- î =.���0/¶�$1"932�ü:ý:þ î �"45�/�V���-76�8{�$�9�"�^û�� î ��
�� FADC Boardî 4 WNbdÓ(Ô��	���$�:ì���=�ì*4 Wjñ�::9<;jù�ï=� 5 4.37
î �9�	�

[1] [2] [3] [4] [5] [6] [1024]DataNo.

[1] [2] [3] [4] [5] [6] [1024]DataNo.

[1] [2] [3] [4] [5] [6] [1024]DataNo.

Waveform 01

Waveform 02

Waveform 03

Until a user’s set time

Waveform 01
Time

ADC Data

5
4.37: FPGA

î ì*4 W�Ó(ÔA÷ì`¹9 ^ ñ�::9<;jù�ï

�?>@úA@�>�ð�B�4�CD� Á�E 2�»5-7FV� 1.17 MHz
î �9�	� 1 4 W î 1024 G Ó(Ô����Ûï�@IH�J%ø

250 usec �,ï�@KH	L6ø 600 usec ÿD/ î ���+�"�$!�� 1000 usec. ÿD/³Ó ÔúM!�e&È�Nì APD [	\ 4
W�ø.O.PV2��Q���"�.��J<LVì¡&¢`£Ab$R��M� !>� î ���+�$�&ì9S�:*9.;`ù3ï�b/ZA2�Ó�Ô5�"��4	W$b5

4.38 2�T"ú��$�"!&� 241Am b BGO
�(U

(1cm V ) 2���B`� APD W�X î �$�(���Y-�ì î �����
APD � -15 Ê"2+Z��?��� Gain ø 100 2M�9�C�ÿD2Y�dB����"� Á�[ î �A�&ì�C�ÿ��*4	W�b 10000 G
ÿ0/�Ó(Ô�ú&�	�
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BGO+APD(Gain100,-15deg) HICPreAmp RI:241Am Waveform [No Filter]

5
4.38: 241Am b BGO+APD(Gain100,-15deg) 2�\�]�� HICPreAmp ��^	[(\>b FADC Boardî Ó(Ô��	�*4 W (fs = 1.17MHz)

��ì:4�W>b�#"ú FIR S(� ]$^ �._�¥�ì�`�N î ����A�"! � ìS(� ]N^ � ±1, 0 _	�D�*H(IJ�C
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ø 16
î �a����bAS(� ]�^$c CNb�B�4�C(j�T32�¿%�	�&-:ìOø 5 4.39

î �9�	�
• 1 1 1 1 0 -1 -1 0 0 (FIR2bit)

±1, 0 2"dY�+�-*ì+��4`W`Í	WVþ>^ú�ì�8�9(;>ø 80 kHz ì�-*ì`2/»?-eFA��-*ì(b7f�F î �9���
• FIR BPF #�g�h 25-150kHz YS:®�i�ï 150 %

• FIR Analog1 Peak:60kHz YS:®�i�ï 150 %

G(ω) =
(

− ω
ωP eak

){

exp
(

− ω
ωP eak

)}

b�Z"2(�/B�ñ � �	��S(� ]�^ �
• FIR Analog2 Peak:60kHz YS:®�i�ï 150 %

G(ω) =
(

− ω
ωP eak

)2 {

exp
(

− ω
ωP eak

)}2 b�Z"2(�/B�ñ � �	��S(� ]�^ �

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  100  200  300  400  500  600

G
ai

n

Frequency [kHz]

BGO+APD(Gain35) FIR Filter Coefficient FrequencyResponce [SampleFreq.=1.17MHz,Tap16]

FIR2bit 1 1 1 1 0 -1 -1 0 0
FIRBPF 25-150 kHz Offset150

FIRAnalog 60kHz Offset150
FIRAnalog2 60kHz Offset150

5
4.39:

û S�ïDü`ý	þ î ì FIR S(� ]�^ ì	���V2�jk�"bAS(� ]�^$c C�2`ql��"B�4�C(j�T

±1, 0 ì�S	� ]�^ �+m"ì9S	� ]�^�n U0�/B&H I�J<C�o 8 z n �dB�k9�+�<p<�*�A��!� ±1, 0 b"j9k
�"PAB�ì"q�r9sVb�P�B�t�g��	ul	2��<kMv��Mk(ì î G(ω) =

(

− ω
ωP eak

){

exp
(

− ω
ωP eak

)}

ìA8*9�;
����o 80 kHz

n ����-�ì`2D»A-eF�k�-�ì b$j�k�B<k����A�7!��/4�W`Í�W"þ�>+w�ì shaping time=1.5

usec 2�<`Ç	0`Ìa�DBMk9��� FIR BPF �<'"i�ö�� î 80 kHz oG�x"2.��� 0 - 175 kHz, 25 - 150 kHz,

50 - 125 kHz ì	#�g9h n ��9S(� ]N^ b�ñ � �D�y�ì�z/»�-D¤Yk�Ð%{<i*Å�| ] 2e}�.� 25 - 150

kHz b�f3F î k�����y�ì 25 - 150 kHz ì BPF v � (S�®�i�ï�b/¯3g�B�k3=/�y(ìG î »�-D´(¾
o�~�kY-*ì.o 150 % }���� ì î � � î ��y�!Vb�fAF�}�� FIR Analog1 p<��� FIR Analog2 -+'*�
2*��p�
��A8&9(;d�"�bdO�g	B&»a-�¤k	Ða{.i�Å0| ] 2�}�����-&ì�b�f"�&���V2�y��"v � &S&®Ai
ï�bd¯Vg B�k&�&By ì�G î »5-º¤&k Ð5{<i*Å�| ] 2=}�.�&-:ìb$f"F î k�	�
��! � ì�S(� ]�^$c CNb+jk9� FIR S(� ]�^ 2*4 W 4.38 b$#%�	�&-:ì<o 5 4.40 v � 5 4.43

î
�9�	�
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5
4.40:

5
4.38 2 FIR2bit S&� ]V^ bK#a�$�/4�W
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BGO+APD(Gain100,-15deg) HICPreAmp RI:241Am Waveform [FIR BPF 25-150kHz Offset150%,Tap16]

5
4.41:

5
4.38 2 FIR BPF 25-150kHz b"#3�

�*4 W
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5
4.42:

5
4.38 2 FIR Analog1 60kHz bI#��+�

4 W
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5
4.43:

5
4.38 2 FIR Analog2 60kHz b�#��+�

4 W
5

4.40 ��S(� ]�^$c C&o�P"B:Í�C(�(ì î ¦ @ o��%����m3ì�S(� ]�^ 2�*(²�B���¢(>"o ¼ k�ì<o� v�+��p<�"mVì9S � ]�^ �&ZM��ì�4`W n * , �DBþ�>.��9 Å���9Mï�o���pA���D��v��Mk"� n o:k
B n !Y�	�N�:ì*4 WNb+jk B�Ï�Ð ï�ð�Ñ:Ò"b$�Yk9�&-:ì<o 5 4.44

î �9�	�
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BGO+APD(Gain100,-15deg) RI:241Am HICPreAmp Histogram(FIR Filter)

NoFilter
1 1 1 1 0 -1 -1 0 0

FIRBPF 25-150kHz Offset150
FIRAnalog1 60kHz Offset150
FIRAnalog2 60kHz Offset150

5
4.44:

û Stï�ü�ý*þ�2�C�� FIR S�� ]3^ b�j9k���ÏdÐ,ï¶ð`Ñ*Ò�* , (BGO+APD 241Am -15deg)

241Am ì 59.5 keV 8:9;�o 70 ch. �0/�2��a���9y ì ��� ªVb/k(� � 2������+���+
*��¤AÐ5{�i
Å0| ] 2�bDè � î =�B�k���ì.o3CV��u�v�+�N�&ì 5 v � � FIR Analog1 v FIR Analog2 S � ]�^
o:»5-�´��&o�9� ne� u�!Y�	�

4.5 ADC
���������

HXI/SGD ��q�l��	þ(;����.�	ÅM� ] 2³ì APD [	\�b&¹A��� ^/] OM�ú��<�	��ì+W<X (ADC W
X ) ��_¥�ì"CAÿ$� §�  o�vMs � !9¡�k�	�

1. 1 MSPS

BGO+Preamp [ \Nb�� öAú&�M��� 1MHz
î�¢��Aî �9�	�

2. 12 bit
��� ª

3. ¤�£�^
ADC WMX 1 ch. ���a� 50 mW �

4. ¤�¥�¦
80× 80 mm ì	§�¨"·9� APD ©�ª 14ch.

� ì	� öY«�¬A"®"�`ú&�	�
¯�° n ktÿe±�²Yo�³?´7!&��µ�¶ î· ����¸�¹ ADC W�X n FPGA "RYº APMU P9»0�	¼(½a´
!��	£�^�� 1.4 W

î�· �¾¹ APD ©�ª 1 ch.
· �a� 0.05 W _Dz�ì	£�^ î�¿ ñ î(À �-:ì�¹?yY��¡

APD ©Mª 14 ch.
î

8× 8cm ì+§�¨Y� ADC W<X�¹ APMU-FPGA ¹	b�Á3þ�Â�Ã�ð�«�¬D�Ä�Å��"�?Æ
¡�����´$��k�ì î ¤�¥�¦ î�· �Ç n o   ¸�´K!9¡�k�	�<È�É(�MÊ�oY�.� ADC WMX&oM_�Ë�ì+Ì 4.2î�· �	�
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Í ��Î Ï�Ð�Ñ Ò�^.C MSPS Ó�^.Ô�Ð Õ�ù�£�Ö (@3 V) ×�]�Ø�Ù�Ú
NS ADC128S102QML 8 0.5-1 serial 0.9 mA 100 krad(Si)

TI THS1206-EP 4 6 para 62 mA Û
ST TSA1204 2 0.5-20 para 31 mA(10 MSPS) Û
ST RHF1201 1 0.5-50 para 15 mA(0.5 MSPS) 300 krad(Si)

NS = National Semiconductor

TI = Texas Instruments

ST = ST Microelectronics

Ì 4.2: HXI/SGD ADC WMX�ì	È�ÉQ@KÜ ï

THS1206EP ��þ<ÂYÃ�ð"Ò^?Ý9>:ì	CYo 4 Þ nàß Æ�¹�áa>.w�@�>	ð"B�â�C�-�ã9ä 1.5 MSPS (6

MSPS  4 Þ î�� l�� )
î9· ��o�¹�å&æ��9ç�èYÓ	^DÝ�>�o�éDê Í ç�ëM�(ìM�M¸�ì.å&æ��9ç�è<Ò9^DÝ

> n=í '.î · � inout Ý�>+ì��M¸�®�ï9o�ð�ñY�M�?��¹�«�¬<¥�¦o�³A´e!�¡�k���Ç n �t�½�� n�ò�ó
�+�?Æàk�� TSA1204 �+Ò�^0Ý�>�o 2 Þ�î.á�>�w0@�>�ô$BMâMCa-Kõ   �+ö5�$¡ ¢M� �	Ú�÷&�ø�N�o�¹
ST Microelectronics ù�î�pM}+×�]�Ø�Ù�Ú(ì�ú [ �û���¡�üa´7
�¹DpM� APD ©�ª 1ch. �	ö�ú&�"Õ
ù�£9^0- 15 mA

n�ý �eþ&k�� RFH1201 �"×M]�ØMÙ�ÚYì+ú [ $ûD�+¡ ¯M°&ÿ lMì����.î9� · ��o�W
X�¥�¦�o 15.75× 9.65mm

neý ��� Æ�¹aÝ�>�ì+C5- 1 �(�.N À 48 Þ · �M��¸�©�ª�Ø�o ß Æ�����¡
��p
	 �Yy�!�´	�t�½�¹ HXI/SGD ���Yz�î ADC128S102QML  ADC WMX n ��¡�f��%�	���

4.5.1 ADC128S102

National Semiconductor ù(ì ADC128S102QML �	¤?��k�¥�¦��Moa´ 0.05 - 1 Mbps o���÷�î.¹
å9��ç����a-��A@��+è.#�©Yì��<¸�éDê({=è�#�©Y��*���¡���Ø?- ý �aÆe¡���º�� ò [�� î.j�k��<�M�
×�]�Ø�Ù�Ú(� ��õ!��k9��¸�¹�����'�"(ì	Ú÷ì$#YÊ�ú [ j ADC128S102 �Ç�Ç+î���jk�	��_�Ë
ì+Ì 4.3 � ADC128S102QML

n
ADC128S102 ì	§�Þ
%&��Ú÷Y$ÅsY�	�

ADC128S102QML
n

ADC128S102
n ì 'Dk���áa>.w?@�><ô"B�â�CAì�{.>���ì �a�$¹+×�]9Ø�Ù

Ú(ì (�Û�¹�WMXDì	ä À ��)�*�î · ��¹ AD ë��,+�Ð9¹(Ý�>��!-�¹/.�Ã&i�.�ç10
2�>.ô<�+P Æ7'!3�î·54 6
ADC128S102 7,��Â&Ã�ô�Ò�^AÝ�>�7 8ch.

·54 o.¹58�*(� AD ë����û&½ 4 ì�7 1ch. }�l
��ì<î 8ch. P&¡19:	 n � 4 n y�ì	Ò�^AÝ�>�ì$; �=<Y½9�/>?	¡<á?>�wD@�>.ô$B�âMC&o ò�@ 1/8 �ACB ¡���pD	 6 APMU îE7 APD 8�N���ö/� 4 AD ë���W�XA��F?�+! 4 £^�o 50 mW _Ë5��ì
î.¹ APD WMXG89N�	öIH�¡ ADC128S102QML $89N�$JLKNMO?�¡
PI£�^�Q
7&R S!��k 6 ÇUT��
>�?�¡1V APD W�X&î 1 MHz ZY,[�î À4 6

4.5.2 ADC128S102 \^]C_C`IaIbdcfe
ADC128S102 7.å�æ��9ç�è<Ò,g,h SCLK ¹ CS ¹ DIN ìUiEj�î ·,4�6 Ç�ì�iGj�î.áCk�l
m�k�ôZn
â&o�UpY¸�¹ AD ë����û:	=ÒGgAÝ,k.Z;LK��Y½�¹ AD ë����û:	�ç10
2&k.ô�Up�qE� 4 6 AD ë
�OrUTEs"©Mª!7.åæ��9ç�è&Ó g0Ý�k�î ·,4 DOUT t?´ SCLK �$u
?+¡Ó$g
rUT 4$6 V?Ý�k	ì�v�J
$Ì 4.4 ��wMÅ/� 4 6�x&y òGz îG7&ÇUT�´	 FADC Board î1{�|E� 4 6
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}:~
ADC128S102QML ADC128S102

Sampling Freq. 0.05 - 1 Mbps 0.5 - 1 Mbps��� ÷ 12 bit (=4096ch) 12 bit

��Â&Ã�ô�ÒGg 8 ch. 8 ch.� ² ��� (VA) +2.7 < VA < +5.25V +2.7 < VA < +5.25V� ² ��� (VD) +2.7 < VD < VA +2.7V < VD < VAm����G�1k"Ü ��� (Vref ) =VA =VA��Â&Ã�ô�ÒGg��1k�� 0 to Vref 0 to Vref

Õ�� � g 2.3 mW(3V) / 10.7 mW(5V) 2.3 mW(3V) / 10.7 mW(5V)

W�X��,� 9.91× 6.35mm2 5 × 4.4mm2

W�X�þ�r 1.78 mm 0.9 mm�&� .�Ã���. 0.8 MHz - 16 MHz 8 MHz - 16 MHz

åYæ��ç"èMÒGg SCLK,CS,DIN SCLK,CS,DIN

åYæ��ç"è(Ó�g DOUT DOUT

AD ë&�,+�� �,�5���Ï �,�5���Ï
×���Ø�Ù�Ú 100 krad(Si) ÛIH

Ì 4.3: ADC128S102QML/ADC128S102 ��Þ�Ú÷
SCLK Serial Clock

6 áCk�lDm�k�ô�$û�	Zs<¸�ì5.MÃG�$.	î · K¾¹ 16 MHz

ÒGg9î 1 MSPS
6

CS Chip Select
6

AD ë&�Dì on/off
6

’L’ î on
6

DIN Digital data Input
6 �.ÂYÃ�ô"ÒEg�Ý5kMU;dK�<(½ 4 s�¸9ì�Ò/g 6

b‘000‘ î ch.0 ¹ b‘111‘ î ch. 7
6

DOUT Digital data Output AD ë��å5��çMMÓ$g 6 CS h ’0’ ì��¹ SCLK� �G���5  ¹ MSB ta´¢¡ � 12 bit Ó�g 6
Ì 4.4: ADC128S102 åYæ��ç"è�Ý,k

�CmZ��è£�©(ì�s�¸�¹���Â&Ã�ô�©�ª��ÒGgOH s0´ AD ë&�,¤(ì<åG�ç�h 1 clock î�¥   Ó�gDr�T4 ��¦ îG7&�5Æ¾¹ 1 clock § � ¡ � Ó�gDr�T 4 6,¨ H   8�* ADC128S102 ì AD ë&��h on
� � 4©

DOUT ta´+Ó�gDr�T 4 åYæ��ç"èM©�ª�h�ª,«&Ê�¬��®G�D¯ ~ ��ì�t&U° 4 +,�/h5�,±9ì<î CS

U²Y¸�¹�åG�ç�³,´�ç10
2&k.ô�h�µ�õ � � 4 6 ADC128S102 ìG.�Ã���.�ç10
2&k.ô�1¶ 4.45
� Å� 4 6

86



¶ 4.45: ADC128S102 SerialTiming Diagram[29]

· ¸�¹ ¸ ��ºG» Ó ���5¼&k�½	è�¾�¿��G� 4 >5	 ADC128S102
� �5¼&k�½	è�å,��ç¾IÒ,g&� 4�6 Ò

g,h�ÀEÁ�H$s0´ ¨ ì��/¼5k�½�è � ö&Â�H$s�Ý�k � Ò5g
rUTEs&��Â�Ã�ôZÃ�ÄEh AD ë��OrUT MSB t
´¢¡ � 12 bit

� h DOUT ta´+Ó�gDr�T 4 6 Ç�ì Å�Æ!7 Serial Peripheral Interface(SPI)
©ZÇ5È T4 £�Ã&+�� ©¢É ÆNÊ   ± 4$6 SPI £�Ã�7 ý �±YÝ�k�î · K��h?´7å,��ç�Q �$Ë,� ´ ¸1Ì�Í5Î © � 4

Ç © h�î À4 6 APMU
� > 4 {�|�îG7 ADC128S102 h 1 MSPS ¾ ò ª/� 4 s�¸ � ¤&ÏDì FPGA

î 15 MHz .MÃ/��.&¾ZÐ&Ñ�H   ± 4$6 ¶ 4.46
�

SPI ì,ÒMÃ���.�¶E¾Zw<ÅE� 4$6 ¶�ì MOSI
© ±C	

ì&7 Master Out Slave In ìÇ © î�¹ ADC128S102 î57 DIN
� · s 4$6 MISO 7 ¨ ì�Óî Master

In Slave Out ì&Ç © î · K¾¹ DOUT
��Ô
Õ � 4 6 Slave Select ìÖ�î ·54 SS h ADC128S102 ì

CS
©U× Ø ì v ~ ¾ZÙf	 6

Master

MOSI Data
MSB LSB

MISO Data
MSB LSB

MOSI Data
MSB LSB

MISO Data
MSB LSB

SCLK

MOSI

MISO

SCLK

Control
SS

Slave

¶ 4.46: SPI £,ÃDÒ�Ã���.1¶
Ú/Û 7 Slave

�$Ô!Õ � 4 ADC128S102 tOÜKå5��ç�¾5PGÜ&	$ì.î SPI £�Ã�î9ì MISO Ý5��Þ © �
K¾¹ ¨ ì MISO ÝG�:Þ=ì ��Þ
%&�E.�Ã���.�ç10
2&k.ô ( ¶ 4.47) h,¶ 4.45

©�©   P É Æ�Ê   ± 4 6
SPI £�Ãî57 · ¸1¹ ¸ � Slave

Î
OP-Code

©�Ç,È T 4 Ý5��Þ�ìU¿&��å5��ç¾���ÃG� 4�6 Slave ß�î
Ç�ì<åG�ç&¾ º/» ³LK¾¹ MISO ÝG�:Þà��ìt MOSI ÝG�:Þà��ìt�¾Zá/âCH7¹�P5H MISO ÝG�:Þà�
Ü È .MÃG��. �$�5�&��  å5��ç�¾ Master

Î ��Ã5� 4$6 ÇZT � >�?   ý ��±YÝ&k�î · Kã��hOÜ Slave

tOÜ Master
Î © å5��ç�ì���ÃEh���÷�î ·,4$6 ADC128S102 î57 OP-Code hG��Â�Ã�ô$Ò5g��E¼5k

½�è&ì$¿�� © � 4 6
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SerialSS

SerialClk

MOSI OP Code

MSB LSB

MOSI OP Code

Master In Slave OutIdle GetOPCode
  Check
OPCode WaitSS Idle

<Slave>

<Master>

2clk

Master In Slave Out Mode

MISO

MISO 14 LSBMSB

State

¶ 4.47: SPI Master In Slave Out Mode

4.6 ADC128S102 äæåèçêé FIR ëíì^îðï ñæòôóöõø÷
ADC128S102QML 7�ù�ú,û �&ü�ý r T�s
P.ìGþ&hM¹ Ú · î�ÿ��Dî ò�� � 9 � T�s���h/�,±Es
¸ ¨ ì	Ú÷�¾ x&y � 4 ��õ�h�� 4 6 HXI/SGD ì,��Â&Ã�ô Û	� P�²�
,s APMU

x&y �� BBM 7
2 � �	������ ±Es�Ê�îDP���� r � 4 ú z }f~ h ß ±Gs
 � x�y û&���C¾��C?   ± 4 ìMîE7El��
����.I¯=ì<Ü�E�����è © H   � � �G� �&± 6�¨�� î ADC128S102

x&y û��� ¾! #"IH � ¨ T!¾
FADC Board î1{�|E� 4$� © î ADC128S102 ì x&y ¾�ûC?�s 6 · s � BGO

©
APD W�X � � ì

ADC128S102
x�y û��%� © HXI/SGD î�ûG± 4 PreAmp

�%&%'�( ± HIC
x�y Û)�

(HICPreAmp)

¾$ûE±   ò!� ì+*, Û	� �+( ±!P�ìG¾.-�ª�H � ¨ ì0/1�î�ì FIR ��2�354&¾$ûE±5s06%7�³,´ � ¨
H   FPGA 8�î�ì FIR ��2�354�h�9�: �� �<;=3 Þ �+>? h�� 4 ìt © ±O	 � © ¾�@5�/s 6

4.6.1 ADC128S102 ACBEDCFCG
� TIÜ�H ADC128S102 �%I�J$K � {�|L�� ¾+M � x&y û��� ¾�"�[ H s 6 ��%N�" �POE¦�Q+RS�T0UV

:B
� , �5  ± Q0W x&y û����H$¥�X Û	� ¶/¾1¶ 4.48

� wY,�Z Q0W � H x&y û��� � T0[
g � lCm�\�k�l Ã�ÄO¾�]�q_^   ± Q h � lCm�\�k�l Ã�Ä T)` H Ã,Ä!a$��K � ADC128S102 H [ g
�1k�� T+b H Ã&Ä!a�c&± © ± ¦ c&±5s%
�\�d!��e [ g5tOÜ ADC128S102

· a�H&� �0f%g Û	� ¾�hi ^   ± Q0W ¶ 4.48
© ¶ 4.49 h�"�[j^ s ���H+k�l�a�� Q0W

¶ 4.49: ADC128S102
x�y ����m,� ( n�½�o�4 �pq W�Xrs,ß )

¶ 4.50: ADC128S102
x�y ����t,� ( u<4�
k �

K q W�Xrs,ß )
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ADC128S102 H$o���	o�4 y5� kPe5¾0M � FADC Board 8$H FPGA a ADC128S102 nEkO¯
���	3GÝE����	3 © 6%7���/ÝE����	3!H ü�ý ¾�^ � \�d!��e�6%7C¾Z³,´j^ s0� ? h,¶ 4.51 a��Q)W � T T Function Generator

���YQ
10 kHz H b�� 6�67O¾ [ g�^   ± Q)W � H �!�����+� ±

c06Y7 ¾�³�´$a �$  ± Q+W � H�{&|����Y�EÝG����)3!¾�û5±   6Y7 ¾�³�´�^ � �%2�3�4�H+J�K�¾ xy Z Q0W
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Sin 10kHz by ADC128S102

Sin 10kHz

¶ 4.51: ADC128S102
�!�Y��  ³,´j^ s b!� 6 (10 kHz) Ã&Ä�6%7

4.6.2 FPGA �E� FIR ����`������E�
FPGA ���� FIR �����$�

4.4.5   ��O ±  �¡ ��¯£¢)�)\)a FIR �P2¤3�4¾¥rPs�^  )¦%§ ^�s W �Y� a T 6x7�³�´ � FIR �x2
354 � VETO Ã&Ä { g � u�3�:x¨ y ¯�©+: ¯£eª	«�³,´�H$¥   ¾ FPGA 8 � rs_^   r�¬ ×) H®¯ ¾�"±° � ¨ HY8%a FIR ��2�354�h�9�: ��0²<;=3 Þ�¾.³�´$Z Q Ht¶µ � t�H)· z ¾�¸ �¹W

FPGA 8a�H FIR ��2�3�4 T)º q�»%¼ ��2�3�4+½%¾ � ��2�354 ©=¿ �� �ÀÁ H Ë o�a�H0ÂÃ �· s ¨ � Ü�H+ÄÃÅ�ÇÆ%Ã!È�ÉÊ © c Q0W · s FPGA a�H+ÂÃ�Ë �!Ì)Í °#È�� Q HPa	ÂÃ Ì¤ÎÏ ^
c ¦)� È c Ü�c�± W ¨$� a FPGA 8Ya�H�ÂYÃ � T ®��!¯=²,��¯ã¾.Ð,û¶^�s�Â%Ã ¾.¸ � � © � ^�s W
26( ÑÒÓ!a 11010) ¾+M � ®G�D¯Ô²5�I¯=H0Õ�Ö$c	×�ØG¾1¶ 4.52

�+Ù Z W ®G�D¯Ô²5�I¯ © T ¨ HxÚ
v!H ���U� ÓÛC¾�Ü � ·YÝ T0Þ � ¸ Ü¤Z � © a�� Q0W ¶ 4.52 H ���U�)� Ü�H�²5�I¯ T ÑÒÓ�H0ß
È�8%È Q HPa	ÓÛ!È�à¶á �P� Þ H�²�âI¯ T ß%ã�ä	Z Q HPa)Ó%Û!È)å�æ!çYc Q+W0è!é ° � n ê�ë�ìíÜ
ç�²�âjìîZ � È 26 × 2n ï c�° � Þ ç�²�âjìîZ � È 26 × 2−n ï c Q0W
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26 = b”11010”

0 1 1 0 1 0 0

1 1 0 1 0 0 0

0 0 0 1 1 0 1

1 bit Left shift :

2 bit Left shift :

1 bit Right shift :

= 52

= 104

= 13

= 26 × 21

= 26 × 22

= 26 × 2−1

ð
4.52: 26=b’11010’ H!ê�ë5ìÔ²�âjì

� H�êë�ì=²�â�ì#ñ�û�ò Ý Â%Ã�ñ ��ó ï ^.ô 30× 53 ñUû�òYô�×!Ø!^ Ý Ì HxÈ ð 4.53 a�� Q�W�éõ
30 ñ ×32, ×16, ×8, ×4, ×2 H0ö�÷!a ð 4.52 H �!� ç�ê�ë5ì#²$â_ì¹Z Q)W ��� axÂ�Ã5ç O�øQ+ù Ó¶ñ 2 H0Â�Ó5H)ú5ç)æ�û�Z Q	W � H0ö�÷!a T 53 = 32 + 16 + 4 + 1 c�HYa 30 × 32, 30 × 16,

30× 4, 30 þ ø ñ�ü±° { ^ ��ý H+ú�ñ�ü Q+W � � Z Q � ï a 30× 53 = 1590 ñ�r%þ�Z Q+W � H�ê�ë
ì=²�â�ìÿÂ%Ã T���� È����$cPÈ	��
%Ó�HPò��c Q�ù Ó�ç Ì���� a �xQ+W FIR âY2.3�40a ` H ù Ó�ñ
û$ò Q ï � T � H��YÃ<ñ�¸ � Ý�� a�Æ%Ã<ñ)Z ���!� ò�HPa�����c%ò W

30 × 53 = 30 × (32 + 16 + 4 + 1)

30 = b”11110”

1 1 1 1 0 0 0 0 0 0

0 1 1 1 1 0 0 0 0 0

0 0 1 1 1 1 0 0 0 0

0 0 0 1 1 1 1 0 0 0

0 0 0 0 1 1 1 1 0 0

0 0 0 0 0 1 1 1 1 0

30 × 32 =

30 × 16 =

30 × 8 =

30 × 4 =

30 × 2 =

30 × 1 =

×1 = 960

×1 = 480

×0 = 0

×1 = 120

×0 = 0

×1 = 30

= 1590

ð
4.53: ê�ë5ìÔ²�âjì£ñ�Ð���^ Ý ÂÃ�L��

� H!ê�ë5ìÔ²�âjì ÂÃ<ñ��$ò%ô FPGA 8%a FIR â�2�354%ñ.rs_^ ����� 6�H06%7<ñ.ü� j^ Ý W! ��^ Ý FIR â2.354 T ù Ó!È [1, 0, -1] a#" Q0W þ�$�H z#% 4 ï Ñ è v!H z#% 4xH+¾�æ�ñ.ü Q ï
ò ��Ì HPa ��& 4.3 a M=2 ï ^ Ý Ì H ï(' ^�ò W���� 6�c�HPa�)�*�È,+Ä_^�ô�ò Q- T�.	/ È01 cHxa {�2 Ì 0 1 ï c Q+W � H ð 4.54 a Ì	ý)� È,34� �!Q Ý�5 b ^�6 q "�^.ôò Q ï(7�8 ��Q+W
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ð
4.54:

��� 6 ï FPGA 8%a FIR â�2�354 [
ù Ó 1,0,-1] ñ:9_^ Ý�� H06%7

FPGA a<;+H FIR âx2¤3�4Pñ:��òxô)6P7!H�ü� �=�>@?�©.: ìÔePª0«HBAY´�ñ�¸ � W ! �%Z Q FIR

â	2#3!4 ù Ó T m 4.5 çDC�EYôYò Q.W ; � � T ¡ â<ì£¢BF�\)a%H�©�:Cì=exª+«%ç O ò�ô�= ù Ó�È ±1, 0

H Ì Hxa�" Q [1 1 1 1 0 -1 -1 0 0] ï ÀYÁ H�ÓYÛ�a�G Ì£>Y? È�" � Ý FIRAnalog2 Peak:60kHz H�âI ë5ì 150% ñ:JLKa�ò Q0W Ý�M ^ FPGA a�N%Ó�H$n %Pz<O#P ePç ��� ^�ô�ò�c%ò�HPa FIR8bitT
FIR Analog2 Peak:60kHz H!â I ë�ì 150% ñ�M�ç�^.ô ±255 ç�Q é%Q 
%Ó�çBR�Sj^.ôò Q+W ð

4.55 ç T M4T#H 220 H�U�V5ñDW è NYÓ�ç O�øQYX�Z Ó�[%J ï =�\�],��ò Q ±255 
%Ó�ç O�ø%QYX�Z
Ó�[%J�H�^`_�ñDC#E Q+W ð 4.25 ç�" � Ý ��� ç�=`
YÓ�ç�R�Sj^�ô Ì¤ù Ó�U�V$È 28 ca� ��X�Z Ó�[
J�ç�R�b�È�c!ò Ý�5 =	;	H ��� c ±255 
Ó!a Ì N%Ó�H+ö�÷ ïYdfehg�i È#" Q ïkj�l á ��Q0W
Ú`m ù Ó�n�o p�q�r�a�$ò Q�ù Ó�s
FIR2bit ±1, 0 1, 1, 1, 1, 0 ,-1, -1, 0, 0,

FIR8bit ±255 t�
Ó 10, 19, 31, 48, 67, 82, 80, 51, 123, -51, -80, -82, -67, -48, -31, -19, -10

m 4.5: FPGA a#t FIR â OBuwv a�$ò Q â OBuwv.ù Ó
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ð
4.55: FIRAnalog2 Peak:60kHz Offset150% Tap16 a ù Ó�È 220 NÓ ( x ) ï 28 
�Ó ( y ) a@tX�Z Ó�[J
^:�5^z=#;�t ±255 
%Ó�ñB��ò Q ; ï a FIR â ODufv t w�y<P È�{ 100 v � ï}| 6£c Q+W ð 4.56T
241Am

Z�~ ç � ^#m 4.5 t FIR8bit â OBuwv ñ ¡ âjì�¢FY\xa,9�ZYv � t Z�~ a#" Q0W ;,t Z~ ��� ¡ âjì�¢FY\xa�©��±ì£eª	«�ç�^�= 241Am t 59.5 keV � % oñ.üE° { Z ï ð 4.57 ï c Q0W
;,t ï / â OBuwv cj^�È��X 120 ch. �5µ�ç�= FIR8bit â OBuwv È��X 55000 ch. �5µ�çL� % o	È� ôò Q txa O��	ý 460 à<t�â O:ufv0wy<P a�" Q ï æ@� Q+W ; � T â ODufv�ù Ó�È ±255 tB
YÓ
c�t%a FIR â OBuav t [@2 ï {,2 t#� ù�& 4.7

� ° {,2���� È O5�xý â OBuav.ù Óft)ß���µ�ç	à
á ��Q ���¥a#" Q0W
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ð
4.56: BGO+APD PreAmpOut 241Am

Z�~
( � ) ï ¡ âjì�¢FY\xa FIR8bit â OBuwv ñ:9_^ ÝZ�~

( � )
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ð
4.57:

ð
4.56 t Z�~ ���k �� � Ý 241Am 59.5 keV ©��Eì¤e�ª�« ( Ü : â OBuav v�= Þ :FIR8bit

â OBuwv � )

[�2 ï {�2`��� t�� / áPñ d�e@� �¥ò�ç�^ Ý�� È,���<tB�÷����$ò�txa�=�â O:ufv+w�y<P a {�2��� ñ:�a�B���!È#"�����â OBuwv)w�y�P�� ð 4.57 ��� 460 ïY� � ô�ò@��� Ý�M�� À%Á t�â OBuwvù Ó�ç è òYô�â ODufv0w�yLP ñ 1�� ��Ý ò�t`��;�;B� � â O:ufv0wy<P ñ�� â O:u�v�ù Ó�tB�<t�Ó
t+ú�  ï 1��@¡ ����¢ 4.5 t FIR8bit â O:u�v M ï â O:ufv0wy<P�� 511 ï:� °£=f� %�¤ �	��¥ 5Ý { 460 ï 2 à#¦#� ¿ 8@� ò�t����� � ò`� FPGA � � FIR â O:uwv t�§ 2�¨ %@v ç � � =<;,t
â OBuwv�©�ª�P �,�a�B���!È#"���� Ý�M��B« Ã�Ë � FPGA �#t���¬<ñY�® � ¡f¯ � Ý�5 = « Ã �
ê�ë5ìÔ²�âjì°��¸	± Ý � é ï 5 � ï FPGA �#t FIR â OBuwv`� ¦#��t & 4.18 = & 4.19 ïY� ���

FilterGain ≡
M
∑

m=0







hm hm ≥ 0

0 hm < 0
(4.18)

y[n] =
1

2k

M
∑

m=0

hmx[n]

2k−1 < FilterGain < 2k

(4.19)

FIR �����$��²�³�´`µ FPGA ¶�·�¸�¹�º�»�¼
HXI/SGD �#t ¨ %@v ü� �½�¾<ñ:¿#ÀÁL��§ � � M ø�Â�Ã�ø ÝLÄ t�Å ð 4.58 ç�"�� I ë5ìkÆ�ëÇ ð �#"���� ASTRO-H HIC È�ÉL],Ê�Ë�Ì (HIC PreAmp) ç 1cm APD Í�Î<ñ è�ø =�Ï PYÐÒÑ:%v ç 1cm

�
BGO Ó<Ô$ñ I ë�ì ��Õ � APD Í�Î ï BGO

� Æ u�ÖY×fØ�Ù�Ú t�ÛYç�Ü#Ý�ôò@���#;
Ý��+ñ:Þ�ß�à<t�ÛPçBÜ�Ý=�¿�á#�,â�ã ¡ ��ä�t�ß�V@��"�� -15 V!ç I ë�ì � = APD ÍÎ�ç � 400 V

t�)�*�ñ:å<æ Õ �a;YÝ�çLç�±)ô APD
©�ª�P��

100 �wè�ç � ô�ò@� [6] � HIC È�ÉL],Ê�Ë�Ì����YtÇaé Æ P Ç § 2��� � ADC128S102 È�É�ê�ë�ç�Ü 2�¡ ����;,t ï / ADC128S102 È�É�ê�ë � 3.3

V �,ì�A � ô%ò#���<;�t�0`í5ñ FADC Board ç�ç`±�ô ADC128S102 î�ï�=�ð�ñ ¨ %#v t�ü� óòô�
�<ñYõ	± Õ �
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400 V @ -15 deg :  (Gain 100)

PreAmp

ASTRO-H
HIC Test Amp

Al Box
RI BGO

APD 1cm

inverter

ADC128S102
ADC Test Board FADC Board

FPGA

Digital Signal
- SCLK
- CS
- Din
- Dout

constant-temperature bath

ð
4.58: ADC128S102 ÈÉê�ë�ñY��ò Õ ðñ ¨ %�v ü� ½�¾ I ë$ì}Æ�ë Ç [BGO+APD(Gain 100,-

15 V )]

;BÝ4� I ë5ìhÆ�ë Ç ç<çwö£= 241Am 60 keV t HICPreAmp
��� ñ�ü� �,Õ Z�~ ñ ð 4.59 ç�÷¡ �	;�Ý#Å�� � 6 ü� L� / ô�ò��`��è�ø:�@t Õ�5 =@^�_ ï�ï � ô Tektronix ù�úLHLÏ�û��ü % Ç

TDS3032B çPô	ü� ��Õ dfe 60 keV t HICPreAmp § 2��� ñ ð 4.60 ç�÷ ¡ �	;YÝÒ� � d�ý ç
ü� @� / � ò Õ�5 = ð 4.60

� dý�þ t Z�~ � � � ò���^�_�t Õ�5 ADC128S102
��� � ����ÿ����

E�ô�� ö£= é Õ�� ��� t`H	� I ë5ì ï�
 u �� ª ì°Å�� ø�ç�ø�ç���
 � ô�ò@���
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time [1unit=855ns]

BGO+APD(Gain100,-15deg)->HICPreAmp+ADC128S102 RI:241Am [No Filter]

No Filter

ð
4.59: BGO+APD(Gain100,-15 V )

ADC128S102 ñ@�_ò Õ 241Am
Z ~

[ � OBuv c � ]
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BGO+APD(Gain100,-15deg)+HICPreAmp ADC128S102 vs Oscillor [PreAmp] RI:241Am

Oscillo PreAmpOut
ADC128S102 NoFilter(inverse)

ð
4.60: HICPreAmp

�,� ñ ADC128S102( x ) �
H�Ï�û��<ü % Ç ( y ) �	ü� ��Õ Z�~

�
4.60 ��� Z�~ t+ü� � ��� � 6°õ 8 Ý�ô�ò@���.ò�æ@����� Õ ¢ 4.5 �Lç`� FIR � O:uwv.ù��

ñB��òYô FPGA ����� OYufv ñ 9 ��Õ Z�~ ñ � 4.61 = � 4.62 �B÷ ¡ �f;:Ý�� ��� ��� Ø FÆt��/ � � ±)ô"!#� OBuwv%$ �+ü� � ô�ò@� Õ�5 Z�~f� dfe � � � ò`�
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�
4.61: BGO+APD(Gain100,-15 V )

ADC128S102 &a�(' Õ 241Am
Z4~

[FIR

2bit � OBuwv ]
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BGO+APD(Gain100,-15deg)->HICPreAmp+ADC128S102 RI:241Am [FIR 8bit Filter]

FIR8bit

�
4.62: BGO+APD(Gain100,-15 V )

ADC128S102 &w�(' Õ 241Am
Z4~

[FIR

8bit � OBuwv ]

;�t Z�~ Å�) ¨ u � � ± Õ Æ�*�û�+Ï�F ª 
 � d�, t Z~ � � ±.-�'#�,��&/�10L� Õ5 = � 4.63� FIR8bit � OYuwv � Ortec Shaper(τ=2usec) t X�Z�� [�2#&B= � 4.64 �L;,t3� OYuwv �Lç±�-
HICPreAmp

��� &:
 ~ ��Õ Z�~ &:C@E<���
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�
4.63: FIR8bit � OBuav ( y ) � Ortec Shaper

(τ=2usec)( x ) t X�Z�� [�2
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�
4.64: FIR8bit � OBuav ( y ) � Ortec Shaper

(τ=2usec)( x ) �Lç`� HICPreAmp
Z�~ t�
 ~

;,t X�Z�� [�2 ò Z�~ &Y3w��� FIR8bit
��Z�~ 
 ~ t54L� � Shaper � d�6 V��#"����87@æ@���� � �9 ª�: t5; � ¯ � Shaper Å�*�<�=���> � '`�a;,t FIR � OBuwv &5?�� 3.2.2 @ PoGOLite

��t � 3.11 ò � 3.13 �@ç��BA:�C�D+FE Ù5G�H )1IFJ %�u & êpK� �BÕ FIR � O�u�v �@t�A:�C� +�EÙ�G�H )BI�J %�u &:A H � =�L�Ý���ç,±.-�M� ��Õ AB�C��+�E Ù ¨ %#v Å � 4.65 � � 4.66 ��"����L�ÝON�Ý 241Am � 137Cs t�AB�P��+�E Ù ��"�����QORS� � -�= Ortec t Shaper � PocketMCA �
ç`��A��(�8+�E Ù Ä C@EB-1'@���
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4.65: BGO+APD(Gain100,-15 V ) ADC128S102 &5T�'�- FPGA ����M1U ��Õ 241Am A��(�+�E Ù
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4.66: BGO+APD(Gain100,-15 V ) ADC128S102 &�TO'1- FPGA ���"MBU �,Õ 137Cs A��V�+�E Ù
Z~ &D�� ¡ � � �W� Ø F�Æ d/, � FPGA �X'wøY�OZ\[ Ø F�Æ�� Ä FIR � Ozu�v �@ç�±%- 241Am� 137Cs � Ä �`� Ñ"] Ï_^ u [ Å 20 `�a 15 bwç<ödcO'�� Ñ�] Ï_^ u [�&%e H �	f5-�'����aç`±.-

8 � 16 g�h�i � tfè5j	a:tB� ODufv Ä g�i ÅBk	öml 9 ª: &:{ 3/4 �/n�o@�	f5-�'#�3p3� Åq1`@±
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Õ � ¨ O I v:u � O�u�v t XZF� [F2 � Shaper t Ä tF��r"s ¡ ��ç#ø%�.tFu �BÕ Å�lv3' FIR2bit� ODufv t � Å�U�w��5xBq�y Õ FIR8bit � O:ufv çLö Ä cO'�� Ñ"] Ï�^ u [D&zU�-�'#�B�B\�{ � p
t X�Z�� [�2#&/|�}~� � -l	ç�ö°��'����#&ze H ��f�.� � &z� � -1'\� �

Shaper &z� ��Õ PocketMCA t ¨ Z v �8�F� ¡ ����l 60 keV � 662 keV ���1�"����Z������� l ¨�� IB�/�	� � ����� Ä Å#Æ�*�û�+�� � �����z� 6 �	�.23��&%e H �	f5-�'3�B��rF�@��� Ñ]
Ï#^Y��[��5����� �.� `3���Æ�*�û�+�� � ���"�5�@Å�cO'��	� � ±5-�'3��Å"l\p:Ý � PocketMCA� ¨ IB�z��� � �����������	�Y¥	���@Å�  � � Õ ��l�¡¢ � ��	£`�	f�¤�'�¥ PocketMCA �1£�L��¦B§1¨ 6�©�ª �"« ] �¬& 0 V ��Xl 0 V `�a5���1�1�S&5���B�~��5-S.-B'���¥ ADC128S102�.®�x	��£�l ª ��« ] ��& ¨ Z3�X¯�°�� Õ�± �B¥	��²��lF³����Wz-�������&/´Fµ�¶O� Õ ��l 9 ª: �5�����@Å�·�¸ © PocketMCA � 2 ¹\�z¤B�5¥<ç`±.-�� Ñ�] Ï_^º��[Y�5��& ��» © �"��¶O� Õ ���£�l�¼��(� 
 �3��&/½�'�c��1�"����Z�¾�� é × Æ é ¼ � &/¿�u�¶��.À�ÁLÅ3kB��¥
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Â
5 Ã Ä Å Æ Å Ç È

Æ1É�¼ �Ê Ï�Z���[Y��3��� BGO ÓLÔ��5Ë�Ì�¯�°_&:õ4øX� © PoGOLite © £FÍ�Ê�Î�Ï	��Ï"��¼ÙÐ1Ñ l ASTRO-H © £ HXI/SGD �����B�Ò � I��5�#� � �#��&�TO' Õ Ë�ÌB¯�°�&Yõ	± Õ ¥�ÓÔ �1L,Ý�N,ÝO�ÕB'�-"Ö3¡�¤3���/��&z×�0	��¥
• PoGOLite

PoGOLite © £zØ�õFÙ�Ú��#ç�±/-5Û�Ü	Ý%Þ © k�� PDC ÞK�YÆ�É�¼ ��Ê ÏZ��V[ßÞ © k�� SASÞ ©�àFá ��â�ã#�:Ý�-�' Õ Í�Ê�&/r�ÕB�/ä�TBÍ�Ê���¶3�Bp1��Å © f Õ ¥�pDÝB�@ç�öDÍ�ÊBÒ�å ]+�Å 1 Í�Ê1���1¤�� Õ ��ËBæ12 ÄXç�è3é l PDC Þ © £�ê1ë_����§Bì1í�áO�O��î<æl�A����+�E Ù M1U�á��_ï¬ð�îW�YÝ	�Bp3�.��¤@± Õ ¥3p��5ä3T�Í�ñ#& PoGOLite ò�á���ó�fXô	õ"l.ö÷�ø ��§1ì�í1lFÎOù	ú�û��"����A5�(ü8ý�E�þ�M1UOÿ��������	��¥
 �����������������ûXù��XZ1�������3¶3�����������¼Fþ ÐFÑ � �<±!��¥"�����#��ûXù��¬Z�£"$���%'& ] ü!(  �¤*) l,+�-�.�¿ ø0/�1 �2�31¤�30��� à�á ø"4	5 ¶76	8 ø ¬l 
 ���û/ù9��:��<;�û=-���o�>@?"u�A���B�3 5�CED ûGF<H�ûý�I���A<��$	��JLK'M�:��O� 1/6
øONP û D û�F<H�ûý�¶���pO(%ÿ ©#Q ��¥3p��0�����7��û/ù9��:������¼�þ@��RO3�2O������S�TòLUV���@3�W�X<��������Y'Z*6��ºÜ_Ý�¶��O[O(,������"��¥

• ASTRO-H

ASTRO-H � HXI/SGD-APMU
ø�\ 3�23£�Í�ñ��5ò']'^�_��"`�a 5�C�b É�¼ ��Ê ��:��dc

(BGO e�f ) � APD g�� ø 6�.Ë�Ì�£"hO�*��i"��; �dc ø ¤3�O6	8 ø FPGA © Ò � K3�.�j � �#�'�"R@3L��¯�°	ÿ��Ok�����¥!l3Ù1Ú © £,m�no(�3�8 FPGA p�q_��a C �@�"rLs © ï
FIR

j � �_�£�%L:Gt��"u'v�¶���I���A�w'�<��(��O[O(,������=W BGO e�f<( APD g��0Wò�xy(/�,z'{��"������|OÕ@F<H b û�F (HICPreAmp) W ADC128S102 �!RO3�2 b�}@~ ý��0��G� ���'�K"�FÒ � K3�.� j � �_� (FIR
j � �_� ) � 1

5�C��'� �W@���"����������"��¥
FPGA © �!hO3�����i��7;º��c�� � � ¶O����� ø 
,� bG}	~ ý��'� �G� �!I���A'w��V���0�2	��� j � �S��(D·\ï��V3�(��Ok����������SÝ,W#���2 FIR

j � �#���,�'��� 59CE� A��µSÝ	,�¥ FPGA © ��§����0�K�2�� j ü P � b © �<�'� �'�����0� FIR
j ��� �'� ����W	�G� C�� � © ·�ï'6"3�ï � �zò�x ø" @¡ [O( © hO����i��<; � cºÿG� � ©�Q �O[L(,�����"��¥¢�£ £ PoGOLite £�[ �G¤�ø"¥�¦ �"�#§ 
 © Íñ � ÒFå9i�ý'���@3�W!¨1Î � Ï�` ©�© ¡ 6@8 ø¶	§5¥ ASTRO-H £.ö��3	ª ��« � I�¬�A'w��7� � Q Ý�=WV � I�¬�A ��® � ¯L°O±Lª ��« ( Ë�Ì�06�)³²�{�´¶µ ®�·O¸ Q § ��5 ��¹�º ø�»�¼�½ 2'3*µ¿¾�ÀOÿ0Á�§�Â'� ½ 2L� � e�Ã<�0[ � 2 Ä ø�Å½ µ �'� ����§ APMU Æ�Ç'È'É<�!RO3�2�ò0Ê ½ W� � z'{'h	Ë*��i!�7; � c=��� �O¸ Q § ��5 ��0��§"Â
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Ì Í
A Î Ï Ð Ñ Ò Ó Ï Ò Ñ (Digital

Filter)

Ô�Õ ø j�Ö �V× (�Ø�Á�§�w�� �!��® �!Ù0Ú0§�WOÁ�§�3�Ø�Û�Ú0§�Y�Ã<��|OÜ�xLÝ � [L("� ÞOß,Â'àá�â�ã�ø�\ 3�2,ä'{���å�ÿGæ ½ 3,ç�è7� é	�L§L6O8 ø@½ ��)êW�ë ��� ì ¸"í�î ß	§Gï ø ¬�ð0ñ�+�-ò "��`	a ½ ��)�(�W Ô�ó ø j�Ö �V× (�ô<±!2#õG� � R�ö#Ø!÷�ø ¸ Á�§!Â7[ �!ù�úO¸ j�Ö �#× � 5û §�ü'ý	Ø�?�þ ¸ � 4 ß	§�ÿ������ ò ��¸����
	 W j�Ö �#× ��� w�� � I�¬�A ��® �"Ù�Ú0§�WLÁ�§30Ø�ÛLÚL§�Y'Ã���|	Ü�xOÝ � [O(��(E���	ß@§"Âj�Ö �7× Ø�� � ¯������ ø 6�±,2�� Q µ������ ø"® û §O[O(%ÿ����7§"Â
• h��'¯�� j�Ö �7× (Low Pass Filter : LPF)

• ���'¯�� j�Ö �7× (High Pass Filter : HPF)

• ���'¯�� j�Ö �7× (Band Pass Filter : BPF)

• ������ j�Ö �7× (Band reject Filter : BRF)

[�� C Ø�¯������ (pass band) W��! ���� (stop band)
� B@3 ø 6�) ® ������2�3L§Lõ ��¸ Á�§!Â" ��±!h#��¯�� j�Ö �V× (�3�8Gõ � Ø�� ��$#%	� 6O8 ø �'I�¬ ��® Ø#�& ½ W,h�I�¬ ��®��#' ��¯

����°�§Oõ ��¸ Á0§"Â�æ ½ µ � 4 ß@§0ª ��« � � ø#( : × ����ÿLÁ@±��&)�*�WO[ � LPF
ø ¯O°	±

�'I�¬<ª ��« �+�! ½ 2 ( : × ���<��8 
 µ-, Q �"°	§L[L(XÿGu�v ¸ Q §!Â/. j�0 i	ü ò  � �#��+�! OßO§�( Q Ø�. j�0 i�ü ÿ 0Hz
� �#� ¸ Á�§L[0( 5�C ����¯�� j'Ö �#× ��RL3L§0[L(�õ,Á�§"Â[ � 6O8 ò j�Ö �V× �&1/2�W�Á�§�3�Ø&3�A  �' *0k�°�2�RL3L§0[L( ¸ ª ��« ( ( : × ���<�54 ) ·ß76	8 ò j�Ö �7× �76�8	ß@§"Â	/9V� �7���	ÿ/:<;�=�ÿ 1

� ¯����LW#:<;�=Oÿ 0
� �� �� ��'
>G® û C �#§ ã@? j�Ö �<×�� )

*'WGI�¬�ABA0( � :C;#=OØ+D@E �#F A.1
� 6O8 >�G °	§!Â F A.1

>�\ û § fc W fcL W fcH Ø�HCIGI�¬A (cutoff frequency) (�3�8�õ ��¸ W�¯���� (��� �� �&J 'I'¬�A ¸ Á0§"Â
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gain

f0

0 fcL fcH

BRF
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0 fc

HPF
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f0

0 fc

LPF

gain
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0 fcL fcH

BPF

Pass Reject

1 1

11

F
A.1: K j�Ö �7×�� ¯������0W
�� ���� � 6	8�ß

A.1 LNMPORQTS�UWVYX Z\[ U^]_X`VaS�UWVYX
b �'W���� � I�¬�A ��®dc � )e�*µ ��> RL3 Cef 2'3�g � Ø7h�i0ñkj@l ( l D W�m�n > 6`±�20Ø

OP-Amp
ò  � g�o c RO3@g b�}@~�p j�Ö �7×,¸+q �Br f 2 Q g,Â+D
E ��F A.2 s+h�iut+j
l (

l D@��'0��b�}@~�p Low Pass Filter
¸ Á0§"Â

In Out

F
A.2:

b�}@~�p
Low Pass Filter

DCE ��v�w@¸ Ø�h�i (R) t�jCl ( l D (C)
� _ ¸�x �By f §!��z�{���z (time constant)

c �
A.1

�<|�}7>
τ
¸+G ß,Â

τ = RC (A.1)F
A.2

��~+��� z��<�By��
��ÿ�� Ein t!����ÿ�� Eout

�@��� Ø!� A.2
�<|�}7> ò §"Â

dEout

dt
+

1

τ
Eout =

1

τ
Ein (A.2)

[ � � c5������®�� z���t ½���v µ�t�� Ein = E sin(2πft) t5� }��C� ¬ ��c ���kr�°Cg�)�*�� ~� ����¬ � t � =@Ø
Eout

Ein
= |A| sin(2πft + θ) (A.3)
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|A| =
1

√

1 + (f/f2)2
θ = − tan−1(f/f2) f2 =

1

2πτ

t ò §"Â�� � � A.3
|�� � f � f2

ò y |A| ' 0 t ò � � f � f2

ò y |A| ' 1 t�� } LPF
¸ Á§��<t�s ® �@§GÂ " �L± C=500 pF � R=500 Ω t ½ g�)@*@� f2 = 637 kHz

��� ¬�z ¸ :<;�=�s
1/

√
2 = 0.71 � > ò §,Â C=500 pF � R=500 Ω

>V½ g!)
* �+���d>�| §&� � ¬�z0ü�:�;�=���� cF
A.3
>&� °�§"Â

 0.01

 0.1

 1

 0.01  0.1  1  10  100  1000  10000  100000

G
ai

n

Frequency [kHz]

Analog LPF Frequency Responce [C=500p,R=500]

F
A.3:

F
A.2
>#� � � C=500 pF � R=500 Ω �&)�*�� � ¬�z� �¡

	�F � |
} ò � ¬�z > üLß�¢�:@;#= c-G*½ g |C} ß c-� ¬#z� �¡ (Frequency Responce) t5£�¤�Â
��� |C}5>�¥+¦�§�p�¨ Ö�© × Ø�h�i��kj@l ( l-ª7�	Á�¢���Ø�«�l�¬� × ò ��&®�¯�°#o c�±�' *²�³ ¢#´ û ¸ õ¶µ@1 >�q�·	¸�¸ ¢!Â<��� |C} ò ®�¯�°#o >�| ¢ ¥+¦C§�p�¨ Ö5© × Ø!ÿ�� c ¾�À�t ³¹ ��º<l�» © ò LPF

¸ Á f�¼!½ ��)�è�õ�¾�Àut ½ ò ��Â�¾���g�Ú+��¿eÀ��!ÁÃÂ ò ÿ�� ~+��>#� ��/Ä#Å�Æ�Çdc5q�· ßC¢#g�Ú > ÿ�È ~���	 ñ#�������&É�Ê<Ë ò!Ì å >C| ± � °#o�Í�Î�s!Ï ¸ ¢
�
t cÐ!Ñ ß<¢�g�Ú > ��� �<	@> LPF
c�Ò<ÓkÔ7��¸ g+Õ¥+¦�§�p�¨ Ö�© × Ø�º�l+» ©×ÖÙØ ÿ���Ú@Û � ò s�y7¾���Ü�Ý#Ø&Þ�ßCÚ ¸ ¢Lõ��/Ú�Ø�Û�¢+s��#à�á	 � ~��<>/� � � Ø�¾ f Ú0Ø&â � ò ��t��+ã+s@Û�¢&Õ ¥�¦�§�p�¨ Ö�© × Ú�Ø ��ä z��#� c7å�æ�>�çÅ Ú ¸ ò �/��è�gdé/ê > Ì�ë Ú ¸ ò �/��è�g�3�ì ò ��� â'ãBc�íî} )@*
��j+ïñðòs����<¢!� q�ó~�� s ½�ô@õk> ò ¢kt7� }�(�ö�÷/ø ð�sCÛC¢/�ùy5ÚCÛC¢�Õ!à�ád�,ÿ@È ~�� òûú Ø Ä�Å�Æ�Ç ��g'Ú> � ��ä z�ü�ý c�þ ¢#´ û Ú#õ | ��s���ÿk���
��y��&��� > Ø�� ��ä ��� ��ä s�� �����	� g&ÁuÂò�
 «��s��kè f���� � � |<� ����� ò���� c�í�} g�Ú > Ø�¾ f y 
 «��Ø�� � � ¸ Ü�Ü���� ò �

��ü�ý�Ø��Lß |C} ò ¨ Ö�© ×�>�Ô ò�� � Ø ò y ò ��Õ ¥�¦�§�p�¨ Ö�© × Ú�Ø��ÃÂe�&Þ�ßLß�¢ ��ä z
ü�ý c� g�ß ¨ Ö�© ×�c�! ü Ô!> ��� �<è�g!ÿd���0ñ�¾��#"�� ¥�¦<§�p °�o<s�$�%'&'å Ô g&)�*��
 «� ��ä z�ü�ýCs Ì ¯Lß�¢)(LÝ�¡Cs@Û�¢/g�Ú ! ü Ô g ¥+¦�§�p�¨ Ö�© × Ú0Ø�¾�� 
 «� c+* t Ô> ���=ò ¢
�
t�õ�,�-ûy f ¢&Õ�¾���g�Ú�� ��ä z� �¡ > é�ê+�Cs@Û � �.uÂ >�/ ������s ë�0 Ú ¸
¢ ¨ Ö5© × s����t ò ¢&ÕC¾C��Ú	�îÂ=Ø ¨ Ö�© ×+>/( Ö�1 × © ¨ Ö�© ×�c�2 �
¢
�
t¶Ú
¾ f�c5q�·ß<¢C�Ct >�Ô g+Õ( Ö�1 × © ¨ Ö�© × Ø�µ@1 ò â�ã ��)�*�� ¥+¦�§�p�¨ Ö�© × te=�3<¢�t54�«Cj!ïÃð > ò ���dÔ è

102



} s���3�ì ò �'6 > ò f<¼ ò ¢�7 ú ¥/¦�§@p�¨ Ö�© ×
|d� õ�j+ïñð98�s�é:-By f ¢!Õ�è�g���� c( Ö1 × © ���ut Ô7��;î} g�Ú AD
Ì�< . >@�<Ô7� ô�- ¼#= � Ö?> � ò�ú ><| ¢�$�% Ì å�s�@ � �

À >�Ä#ÅBÔ g â�ã�A Ý c Þ�ßCÚ ¸ �<r�y >�B � �+í ² f ¢ (DC 1FE7©G�H >DI�JFK E ��L�M�@ ��NO�P ¢
�@t-s�Ú ¸ ¢�Õ LSI Q P ¢
�
t-Ú ~!��ô�õRI ¾#��S�ìûr�T�� ����Uû¸ � Ì ¯ Ô T ��� � Ò��
�V�Ú IXW�Y s Uû¸ ��ÕC¾ Ô��
¥+¦�§�p�¨�C ©ZE ÚF[ q�· s�\#]_^ ��ä z� �¡
Ú@Û ���:I�JDC 1FE© ¨�C ©ZE ÚF[ �#� s	(�`�Ú@Û fC¼�a H Ë�T#����^@¢ I � IX! ü�(�`�Ú�Û � �kr�y+T#bZc ö E Q P
¢
�
t�T |���¨�C ©ZE+d Á Ì�ë Ife�g Ú@Û�¢&Õ�h � � JDC 1'E7© ¨�C ©ZE [!°/o c�2 �
¢/g�i#j�k
��l@� c+m�nùÔ �<r�y+T�¾��& �¡
��y ¦ «Fo�ïÃð ��ä zFpFq�� ��ä z�r�s�Ú Ô ��Ü�Ý�s'^#��t5� }J�ök÷�ø ð I Û�¢&Õ
è#g�t�u�s��@�kr f �C¾���v<��t�u�s+���kr f ¢�è�ÚFT A Ý cw � Ô ^'x fC¼
^ûy)^��@�#Ú GHz y)z_-C¢ |�} ^�Û@è � T�{ ��ä ^	t�uZ[ ; -�^��/Õ�¾���g�i JDC 1|E�© ¨�C ©E �����}^#~���y ¸���� t���� Ô �
è� ¦ «'o+ïÃð ��ä z|pFV�� ��ä z�r�s�y	�#� P ¢)���_[ ¥+¦§'��¨'C ©�E t ±}� � ²�³ ¢^ ú t�� � �<�Ct I ,�� P ¢����<s
Û@¢!Õ�

A.4 T�� I µF�|^ J�C 1FE7© ¨�C ©:E y � ³ ¢�Õ��)��[���¯��� ¨�C ©ZED� � }�I �/Ú+� Low

Pass
¨�C ©�E �#���'��Ú
Û@¢!Õ x[n] [!�
�t�u<Ú
Û � � y[n] [ w �t�u<Ú
Û@¢!Õ n [�F��y)� Ô �

t�u:[ x[n],x[n+1],x[n+2]...
� B � � �
¢&Õ n ����������Q Ô � � ¸ ��ª¡ +» ÷   ��� Þ}T�¢Z£P ¢!Õ Z−1 [�¤�¥'� �)¦R§ I �#Úk���y�t�u}��¨�© P ¢ � ¸ [ 1 clock ¤��Fª w	«�¬ ��¢C� � yZ®¯P ¢!Õ

Z
-1x[n]

y[n]

1
2

�
A.4:

J_C 1|E�© ¨'C ©�E �#� : ��¯'��� ¨'C ©�E
�

A.4 y�° « t�u x[n]
� w	« t�u y[n] y 2 ¦ ª J_C 1|E�© t�u G�H T � x�¢ G�H'±�² y)� Ô �³ Ú
Û@¢�´�ý ±�µ ³ (differential equation) T�¶ ¸ � P � p|q@� ³ A.4 T�^
¢!Õ

y[n] =
1

2
(x[n] + x[n − 1]) (A.4)

· è�¸�¹!� � A.4 [�º Y �#���y+�d¢ I ��Ú�» Ì Q|��¼ Ô ¦ tu�� � ¸ T7Ü�Ý�y�Ê�½ Ô »�7 � �ú¿¾ .}�/Ú Ì Q��'^�x	� ¼'w#«�A Ý I ¾ § Ì ²ÁÀ ^ ¦ Õ�Â � ª Low Pass
¨�C ©ZE��+¦¡§ ² x+Ú@Û

¢!Õ�¹+� ¨'C ©�E y)Ã'�:T!� 2BÔ � I �� � A.5
� �

A.6 Ú
Û@¢!Õ�¹��D[ ½_Ä�Å�Æ�½_Ä#Ç � 2010

% 1 È 1 ¿+É À 12 È 31 ¿�T � x�¢�»#Ê = [32] � Ì Q�y+� Ô � I �/Ú�Û�¢&Õ�Ë � ��Ê = y�hF�'��Ì
T�Í Y Ô � I ��´�¯»�hù¿�Î�Ú U�¸ � Ì ¯ P ¢���i	Ê = � U è�ÉF^ Ì QD�¯Ï � �Ð¸fT � ¦ Õ 24

Y
�#���y � � ª
» §�ø ð Ô � I ����Ñ � Ú@Û�¢&Õ_¹��#���Q}TDÂ_¸ÒhB¿Xp:Î���¼ Ô ¦ Ì Q��'^ � ^
¸9»�Ó'Ô�� Ì QD� ² ÉÕ¸×Ö P � ^ � ª ¦ ¢!Õ¯Ø�Ù:T�Ú�- ¼ Ì 24

Y Ú¯���¡y)� � ���#Ú|[#@ � »�h
¿&�	���:^��#Ú���¯'��� � [#k Ô¿Û § �¯»�¹�� I�J_C 1|E�© ¨'C ©�E}� Ú�-C¢!Õ
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�
A.6: 2010 % Æ�½_Ä#Ç �#Ê = (1 ¿X��� )

A.2
Ü ÝßÞáàãâåäçæ èéÜ ÝßÞáàãâëêìÝíâîà

A.2.1 ïñð¡òôó�õRöø÷úùRû
JDC 1FE�ü:ý C üZED� Û'þ|Â § T�»¯t�u_[�ÿ���� � t�uDÉ À J�C 1FE)ü t�u:T Ô ^ � ªF[�^ À ^¦ Õ_ÿ���� � t�u�[�Û|þ���Þ�Ú¯���FQ (sampling)

¬ �|ª	��
Ft�u (discrete signal) T�^�¸9»��
^ ú T}Â � ª����'Q (quantization)

¬ �_þ!Õ�¹���� < © µ y AD � < (Analog-Digital Converter)������� ¹��DT}Â:¸9»����'Q���� T �������#���'�'»�� B! �#"%$¯�#t�u x(t) [���
't�u x(nT)

(n: &' )
� ^Fþ � T [	h�(%��"R¸9»��)*��^,+�ª I ´��.-0/��'^ ¦ ��i�1%2 P þ �43 �#»�5 B É6�


DÉDy�798_T�:9; P þ��i	»_¹�¹<�F[9�
�tu�y x[n]
� ¶=+�¹ ��� P þ � AD �?>�yA@ §CB �|^�D

�¡y � A.7 T�E P �

Time Time

Amplitude Amplitude

Analog Signal AD Converter

�
A.7: ÿ	�0� � t�uF� AD �>F��D�

p|q�|[#���'Q P þ	G#����H'¡y�I¡ 	JLK�  � ��H�' (sampling frequency)
����� ¹ ��� P þ �3 �#» JDC�M E�ü:ý C üZE ��GFT9NO}^���[ AD �?>�P��%Q�R!SUT!� UWV�¬ �F[�^*+XI� �JLK	  �

�H?'_^���:¹�¹9�'[9���Q_[<Y�Z}^0Q�R!S[T��6@�\���� I � � �X»�5 B ����"'þ � P þ � pFq��] �|[}¹��}Â § ^	t�u¡y J_C�M E�ü t�u �_^ (���ª�`:i|þ �
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A.2.2 a ð}õ ócbedgfLh�ikj�lnmeokpeqsrut#vswex�yéù�zn{sy�|~}��k�
�4������0���<�%�?�#�0�6���
��� M�� ü:ý � ü � yA��#�Dþ�V��6NO_^}¹ � [��?� ý � ü � �W�<�DÂ § ^�����»,�<�DÂ § ^��

H?'���ZyA� · �¯É �+¦¡§ ¹ � ��"'þ �|ý � ü � �<�!���#� � A.4 �"�$��DÂ §���� ��R�  � ��¡� � �5Ó}ª�����¹ � ��� V þ � � A.8 � � ��R�  � ��¢ ¦ À �_þ9£���O���y�¤%¥_þ �

Z
-1

x[n] ax[n]
a

x1[n]

x1[n]

x[n]

x2[n]

x2[n]

x1[n] + x2[n]

x1[n] - x2[n]

x[n-1]

�
A.8:

��� M#� üZý � ü � � ��R�  � £��,¦| 9§#¨©: WS
ª«#¬�#®
¹'¹	É À � B � � £��  �}ý � ü ��¯�° �6��H�'���� ¯�±W² �}þ 3 � ¯�³ 7��}þ ��´ A.8

¯�°
�	µ#¶�� ´ A.9 ��"Fþ���·'��� ý � ü �¯ �W$�¸ � �}þ �

Z
-1x[n]

y[n]

1
2

´
A.9: ��·'��� ý � ü � � � ��R�  ´ (

´
A.4)

¹�� ´ �?¶��}Â §�� ´�Z ±�µ ³ (A.5) ��E ¬9¹ þ � ��R�  ´ �#"Fþ �

y[n] =
1

2
(x[n] + x[n − 1]) (A.5)
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º%»#¼�½L¾A¿�À�½?ÁÂ
¹�� ³ � 3�3�Ã�Ä ¹�� ý � ü � �L����Â §�� �?H�'?�?� ¯ � · ��É���»�Å�Æ Ä �fª LPF ��"�þ Ä

ZFÉ'þ��	»C(	�  ���<Z'É À ��¦6� Z �	> (z-transform)1
ÄX¦�§�Ç � ¯ ¢ ¦ þ � Z �	> Ä �A��
�È%É	�

��Ê?J�Ê�Ë��?> (Laplace transform) » 3 ¸�<�
 ý ¨WKÍÌ6�?> (Discrete Fourier transform:DFT)

��Î�Ï Ä ³ 7�Ð ¹�Ñ�Ò þ � ��
�ÓÔ ¯ x[n] Õ0� ¹!¯ Z �>c��¸ Ç � ¯ X(z)
Ä �ÖÕ�Ð À � n < 0 �× ÒÑ

x[n] = 0 ��Ø�Ù�Õ?Ú�Û%�	µ#¶���Ü A.6
¯<Ý ¸�� �

X(z) =

∞
∑

n=0

x[n]z−n (A.6)

Þ �AÜ ¯ X(z) = Z {x[n]} ��ß�� Þ Ä�Ç "�þ � X(z) � z � z = exp(iωT )
Ä ×�à ÕCá0� ω = 2πf Õ

T = 1/fs
Ä ×%à þ � fs ��I,â	J4K�â�ã<��H' � ��� X(z) ����H' f ��ä<'0�#"Fþ Ä Z�åDþ � ÞÞ � x[n-1] ��Ó?Ô ¯ Z �?>�� Ñæ þ � x[n-1] ��Ó�Ô ¯ Z ��>���¸ Ç � ¯ X’(z)

Ä �Dþ Ä µ�¶���ç#è
� � þ �

X ′(z) =

∞
∑

n=0

x[n − 1]z−n

= x[−1] + x[0]z−1 + x[1]z−2 + x[2]z−3...

= x[−1] +
∞
∑

n=0

x[n]z−n−1

=

(

∞
∑

n=0

x[n]z−n

)

z−1

= X(z)z−1

(A.7)

n < 0 ��� x[n]=0 ��"�þ Þ Ä ��é�ê%�Dþ � Þ ¹ �%ç�$ Ñ x[n-1] � Z �?>!� X(z)z−1
Ä × + Þ Äë � V þ � Þ ¹ �	ì#Û�í ¹ ¸6Ó�Ô x[n-1] ��Ø�Ù Ã ë Õ�ì?î#ïc�6¸ x[n-k] � × Ò�Ñ Ç	ð DF�6��> ëñ�ò �#"Fþ � x[n-k] � Z �>�Ü ¯ µ#¶���Ü A.8 ��¤%¥_þ �

Xk(z) =

∞
∑

n=0

x[n − k]z−n

= X(z)z−k

(A.8)

Þ � Z �>F����ó ¯<ô ¢��}þ Ä Ü A.5
¯

Z �>��}þ Ä V �õFö#÷�è<��ø!��ù�Û � Ü A.5
¯

Z �
>c��¸ Ç � ¯ Ü A.9 ��E�� �

Y (z) =
1

2

(

X(z) + X(z)z−1
)

=
1

2
(1 + z−1)X(z)

(A.9)

1 úCû.üÖýÿþ����������
	������� n < 0 ������� x[n] = 0 � �����������! �"$#%	 Z &�' þ�( �*)�+ Z &�' ý
,��-.�/ ���0���*1�+ Z &�'!�32  *4%5�4�,067	 . �98 þ*:�;�5�<ÿý*=?> / �@-
X(z) =

∞
X

n=−∞

x[n]z−n
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X(z) �!ACB�Ó#ÔW���%H�'��#Z ¯ ß � Ñ ×ED Õ Y(z) � ² B��%Z4��� ¹4¯ ß � Ñ�Ò þ � Û 3 D Õ
�#�GFIHW�KJ ¯ML!¹ON �%�n��¸ ��� M0��PRQ � P*� �GS%H�'��%� ¯?TVU Þ Ä ë � VWU � � Þ �
H(z) = Y(z)/X(z)

Ä �ÖÕ Þ � H(z)
¯ Ü (A.9) �YX Ñ �[Z U Ä Ü (A.10)

Ä<� U �

H(z) =
Y (z)

X(z)
=

1

2
(1 + z−1) (A.10)

Þ0\
H(z)

¯9]_^ ä�' (transfer function)
ÄA����

Z `?> \ (_a,ç D z = exp(iωT )
Ä × + Ä Õ ]^ ä<'F��Ü (A.12)

Ä<� U �

H(ω) =
1

2
(1 + exp(−iωT )) (A.11)

Þ0\ ]_^ ä�' \Mb ��ced�'���" U � ]K^ ä�'!���A ² B \�fhg J��Mi#� U SH?'��?� (
fhg �� )Ä Õ[A ² B \?jek[l �?i%� U S�H'���� (

jek ��� )
\ Ú�Û \?m[n ¯ ��Û_o fpg ���!� ][^ ä<' \q i b �?ier��ÖÕ jek ���!�?set!�?ier%� U o4ç?$ ÑG][^ ä<'F�?u \ ç�è<� Çwv à U o

H(ω) = |H(ω)| exp(iθ(ω)) (A.12)

ÞÞ�x �9��� fIg �?� ë NO � \!x Õ fIg �� ¯ SH?'��� Ä � Ñ0y è�o Þ0\Mz ·e{!| Q � PF�\ S�H'����!�!}h~%Ê�¨ \?� Üh�_�et \?� Ü � � ¯ ¢ ÒÑ µ#¶ \ ç�è<� � U o

|H(ω)| =
1

2
|(1 + exp(−iωT ))|

=
1

2
|1 + cos(ωT ) − i sin(ωT )|

=
1

2

√

1 + cos(ωT )2 + sin(ωT )2

=

√
2

2

√

1 + cos(ωT )

=
1

2

sin(ωT )

sin(ωT
2

)

(A.13)

É x!��� ¸!ç!è�� ωT = 2πf/fs
� \[x Ikâ�J*K�âãMS�H�' fs

¯M� Z ¹�N�]W^ ä�' \ q i b Ü
A.13 å��$SH?'�� ë Z%å U o fs

¯
1MHz

ÄK� Ñ SH?'��?� ¯�� Z Ñ J[�%R0S � ¸ Ç \ ë ´ A.10x " U o Þ�\ ´ åV� z ·W{_| Q � PL� � LPF
Ä Ò è Þ Ä ë ([�  ��Z�å U o 3 ¸�ÚW� \ {_| ¯9LU Õ Ä Ò è Þ?\ Q � PF� �_��Æ x �6IWâ�JFK6â	ã9SH�' Ä�ð ö�S?H?' \M�[�hx � å0�[� ë � Ò ç%è

� Ç�� / U ë Õ ´ A.10
¯���U Ä�� Ñ \?�[��x �_� ��å \ �e� ë " U Þ Ä ë Z�å U o
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´
A.10:

z ·W{_| Q � PL� S�H'���� (Tap=1,fs = 1MHz)

µ�É ë z ·e{K| Q � PF� � ×#à U � �%R�  ´ å��$SH?'�� 3 x ¯�±L² � U9�[� xY� U o Þ0\ �D�� � � ��R�  ´ Ð6/�Z�åC� Ñ�Ò�¹pNMT UK¡ D � Ñ \ Q � PL� � Çw¢ r x VKU o HPF
xh� U l ZQ � PL� Õ_£ fW¤ � � \G¥K¦ ��Ç \ åV� FIR(Finite Implulse Response)

Q � PL� Ä Ò ��¸?ce§ �Q � PL� 3 x S�H[¨���� ¯9� Z U £e© ÄªI« U o

A.3
¬ ¯®±°³²µ´¶·²¸°º¹¼»

ÞÞ�x �<í[½ ¤ Ä�¾ ¥ �?¿ ¨ \ æ x�À[Á Ð ¹�U £_Â�Ã � Q[Ä�POÅ \MÆ[Ç Ä ]_^ ä9¨�Õ?S[È_¨eÉ_Ê¯9� Z U o

A.3.1 ËEÌÎÍÐÏÒÑÔÓCÕ×Ö (LPF)

z ·W{_| QeÄ�P�Å!ØMÙOÚ�Û�� Z�¸0ç�è�Ü LPF
xh� U o ´ A.9 Ü � U ç�è�Ü�íe½ ¤�\ ¨ ë 1 Ý \

Ø�Ù ÃFÄÞ ~Yß�ËEà�S[È_¨[áãâ�ä xY\M�_� Ø�å[æIçpU ç%è�è Ç \ Ã ë Õ Þ?Þ�x Ø ç D ì�î�ï � ¸ Ç\hé L D y è�o
Z
-1x[n]

y[n]

Z
-1

1
M+1

Z
-1

ê
A.11:

zeë {_| QWÄ�P�Å \ ì�îOÃ[èhìe�Cí�î ê
Þ�\ ìe�Cí�î ê åV��ïê \ �[¨Wð é {_| ç�UWQWÄ�P�Å xh� U Ä ð�å U o Þ�\ íe½ ¤�\ ¨ é M

Ä
ç�U Ä l ð �eñ Ü ØGòhó \ Ü A.14 Ü[è U o
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y[n] =
1

M + 1

M
∑

m=0

x[n − m] (A.14)

ÞG\ Ü é Z `Wô � Ñ!]e^ ä�¨ é � ZhõCö \ ÷ SYÈe¨YÉWÊ é9ø�ù � õCö \ ë u \ ç0è�è�Ü A.15 Õ
A.16 Ü[è U o

H(z) =
1

M + 1

M
∑

m=0

z−m (A.15)

|H(ω)| =
1

M + 1

∣

∣

∣

∣

∣

sin
(

M+1

2
ωT
)

sin
(

ωT
2

)

∣

∣

∣

∣

∣

(A.16)

ÞG\ SWÈe¨YÉWÊ�Ü�åú�	ÐWû Ú Û ÷ ð ö�ç0è�Ü0SWÈW¨YÉWÊ é íY½ ¤ ¨Yü�ÜhýY�Cí�à � õCö \ ë ê
A.12

xh� U o Þ�þ ö fs = 1MHz
÷ � Ñ ýe�Cí�à � Ñ�ÒIU o
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ê
A.12: ì�îOÃ[è zeë {_| QWÄ�P�Å SeÈ[¨WÉeÊ (fs = 1MHz)

í[½ ¤ ¨ ë0ÿ « U Ü�Û þ Ñ0å[æhçpU �_� Ü�� ¡ ë ååI� Ñ�ÒYU \ ë ð%å U o � å � Õ ¥!¦ è�� Dx����px û U ÷ Ò è��
	�íCà ë � U ì � Õ�í[½ ¤C\ ¨ xY\ æ � å�S[È_¨eÉ_ÊCÜM`ï é�� « � þ è Ò\Kx��� Ü �[�Ré `á ç�U Õ ÷ Ò è ÞI÷ Ø�� � Ò o�� « N ê A.12 åV� Ø Õ 300kHz
é���� SeÈ[¨÷ çpU ÞY÷ Ø�� ��� ÷ ð%å U o�áCÜ ��� ��� U�� S[È�� � Üpö�	0íMý P \ ç%è�è�ö \ ë � � þ U õ

Z�Õ! þ ë�"$#&%&')(+*&, è \ å Û è�å é T �!õ ( x y è.-�/ ë � U o

A.3.2 021 ÑÔÓ�Õ×Ö (HPF)

l ð QWÄ�P Å ö zWë {[| QWÄ�P Å ÷ ð�3�4 ¥_¦ è�5�6�è ë �.7�8 ë � � QWÄ�PRÅ xI� U o l ðQWÄ�P�Å \ ìe�Cí�î ê é òhó \ ê A.13 Ü�9�: U o
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Z-1

x[n]

y[n]

-1

Z-1

Z-1

ê
A.13:

l ð QWÄ�P�Å \ ì�îOÃ[èhìe�Cí�î ê
Þ0\ ê åR�$ð%å U ç#è9Ü 4 �&;C\�<>= ÷ 4 æ>? \�<>=�\�l ð é L�U ç%è�è�ö \�÷ èh� �&� U o� \ õ_Z?`?ï ë � ä D è � <>=�\ Ø�Ù Ø l ð>@>8 ë 0 Ü�á&ARû 4�B ÜM`ï ë�C û � <>=�\ Ø�Ù Ø l ð

@>8 ë�C û � b ÷ è U o� \ õ_Z l ð Q[Ä9P�ÅGØ } Q�D í�à��$E[S[È <>=�é+F íCà �G4 � S[È <>=éIH æKJ : U High Pass Filter(HPF)
÷ è U o l ð Q[Ä9P�Å \ ì[�Ií?î ê åR� l ð �[ñ Ü é � Z U÷ òhó \ Ü A.17 Ü[è U o

y[n] = x[n] − x[n − M ] (A.17)

M
Ø zeë {_| QWÄ�P�Å�L ð�3)4 íe½ ¤�\ ¨ xh� U o Þ�\Ml ð �eñ Ü é Z `[ô �M4 ][^ ä�¨ ÷ S

È[¨WÉeÊ é � Z U ÷ u \ ç�è9è�Ü A.18
4

A.19 Ü[è U o

H(z) = 1− z−M (A.18)

|H(ω)| = 2

∣

∣

∣

∣

sin
MωT

2

∣

∣

∣

∣

(A.19)

Þ�\ SeÈ[¨WÉeÊÜ é ö ÷ Ü�íe½ ¤ ¨WüCÜ ê Ü�ß � õ�ö \ ë òhó \ ê A.14
xh� U o>N,âGýO	�â�ã

SeÈ[¨ é fs = 1MHz
÷ �M4 íe½ ¤ ¨ é 4 P�ä xRQ � õ�S)T é ýe�Cí�à ���)� U o
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A.14: URVOÃ[è l ð QWÄ�P�Å SeÈ[¨WÉeÊ (fs = 1MHz)
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W�X Q \ � � ç!J�Y �$i_¨ x Ø èVâ 4�Z>[ W�X Q é�Q �>�&� U o�\[½ ¤ ¨CÜ�]I�G^[} Q�D íCà (0

Hz)
é�_a` EYSWÈ �e��é>F í�à ����� U�b ÷ Y � l ð QWÄ�PRÅ!Ø HPF

xI� U ÷ ð Y�U o � Y ��4b \ Q_Ä9POÅ ö z[ë {K| Q_Ä9POÅ�c 3&4 ¥!¦ è Q[Ä�POÅ è \!x���d � � ç � �
	�íCàfe � U e 4 S
Èe¨hÉWÊ Ø \W½ ¤ ¨�Ü \�g Ü�h)i ���j� U \_xK$� Ü0SeÈe¨YÉeÊ é ` « U ÷ �Kk�lam Ü Ø � Y è� oIäKõ 4 l ð \ É_Ê ( 4Rn \ È [ é ÿ ð ç�ojb ÷ ö � o \Gx  \ �CÜIöMp>q ç�o ->/�e � o o ê
A.14 Ü � o ] k Ü 4 \[½ ¤ar ¨�Ü�]G� � Ø ¥!¦ è HPF

x Ø èVâ 4�s�t r�H æ � e ù�u ��� ä[� �� ä k b ÷ ö � o o zeë {_|�v Ä�w�Å+c 3)4>x�� � Ü�p�q ç�o -�/�e � o�y

A.3.3 z|{~}
\[½&� r�÷��[ø � r 6�T�:IÜ�]�� 4 É����_È_¨ é���� o���� � é � Á ç�ojb ÷ öG���&�)� o�y ê

A.15 Ü �&� � r ì&�Cí�î ê é�� 9 ç�o�y

Z-1

x[n] y[n]

a1

Z-1

a2

1-a1-a2

ê
A.15:

�&� ��ì&�Cí�î ê
� ë&�R� v Ä�w�Å��$� ð�v Ä�wOÅ ÷��O� � v Ä��|��� íMî�e�i ; ç�o�yKb þ Ü�]��*É�� r �_È>�é�� ���|� ( � : çao�b ÷ � �)� é��&� ç�o�y0òpó r�  A.20 Ü � ð�¡ ñ  �é�� 9 çao�y a1

÷
a2Ø ì��Ií?î ê Ü+¢ m o �[øar ¿ �!£$e 4   A.21 Ü>� o ] k Ü ��� � r �>� �[È>� F0

4 ��� r�¤>¥
¦

B0

Y¨§ª© ø ç�o�b ÷ e����)�j� o�y

y[n] = a1y[n − 1] + a2y[n − 2] + (1 − a1 − a2)x[n] (A.20)

a1 = 2 exp(−πB0T ) cos(2πF0T )

a2 = − exp(−2πB0T )
(A.21)

«>¬� � ÷ �[È>�eÉ_Ê éI  A.22
÷� 

A.23 Ü � 9 ç�o�y äKõ b þ Ü�] � � �_È>�eÉ[Ê é ý��Ií�à
�?õ�ö rhé ê A.16 Ü � 9 ç�o�y¨b þ Ø��&� �eÈ�� F0

é NK®GýO	�® W �eÈ�� r 1/6(
b r S)T 167

kHz) Ü!� 4 ¤�¥ ¦ B0

é�¯ «�� ý&�Cí�à�� �)� o�y

H(z) =
1 − a1 − a2

1 − a1z−1 − a2z−2
(A.22)

|H(ω)| =
|1 − a1 − a2|

√

1 + a1
2 + a2

2 + 2a1(a2 − 1) cos(ωT )− 2a2 cos(2ωT )
(A.23)
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A.16:

�&� � r �eÈ��WÉeÊ (fs = 1MHz, F0 = fs/6)

A.3.4 °²±a³ ´wÑÔÓCÕ×Ö
\e½)� r�÷.�eø � r 6&Tj:pÜ�]!� 4 �&� � ÷ Ø B Ü?É&�&�eÈ�� é�µj� o v Ä�w�Å ( ¶IíM·av Ä�wÅ
)
é � Á ç�o�b ÷ öM���)�j� o�y ê A.17 ÜYì&�Cí�î ê é�� 9 ç�o�y

Z-1

x[n] y[n]

a1

Z-1

a2

b1

c0

ê
A.17: ¶píI·av Ä�w�Å ì&�Cí�î ê

òhó r� 
A.24 Ü � ð&¡ ñ  Ré�� 9 ç�o�y a1

÷
a2

4
b1

4
c0

Ø ì&�Cí�î ê ÜR¢ m o �eø
r ¿ �
£
e 4 �&� � c 3 Ü   A.25

Y¨§ ¶hí�·av Ä�w�Å r>¸ ? �eÈ�� F0

4 ¶IíM·av Ä�w�Å r�¤�¥ ¦ B0

Y¨§
© ø ç�o�b ÷ e����)�j� o�y

y[n] = a1y[n − 1] + a2y[n − 2] + c0(x[n] + b1x[n − 1] + x[n − 2]) (A.24)
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a1 = 2 exp(−πB0T ) cos(2πF0T )

a2 = − exp(−2πB0T )

b1 = −2 cos(2πF0T )

c0 =
1 − a1 − a2

2 + b1

(A.25)

«&¬K � ÷ �WÈ)�YÉWÊ é�  A.26
÷ª 

A.27 Ü � 9 çao�y ä[õ b þ Üa] � � �WÈ&�hÉWÊ é ý)��í
à��?õ�ö rhé ê A.18 Ü � 9 ç�o�yKb þ Ø ¶píI·av Ä�w�Å r>¸ ? �eÈ�� F0

é NK®GýO	�® W �eÈ��r
1/6(

b r S)T 167 kHz) Ü!� 4 ¤�¥ ¦ B0

é�¯�¹ � ý&�Cí�à�� �)� o�y

H(z) =
c0(1 + b1z

−1 + z−2)

1 − a1z−1 − a2z−2
(A.26)

|H(ω)| =
|c0

2{2 + b2
1 + 4b1 cos(ωT ) + 2 cos(2ωT )}|

√

1 + a1
2 + a2

2 + 2a1(a2 − 1) cos(ωT )− 2a2 cos(2ωT )
(A.27)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  50  100  150  200  250  300  350  400  450  500

G
ai

n

Frequency [kHz]

Notch Frequency Responce [fs=1MHz,F0=fs/6]

B0=fs/10
B0=fs/50

B0=fs/100
B0=fs/1000

ê
A.18: ¶píI·av Ä�w�Å r �eÈ��WÉeÊ (fs = 1MHz, F0 = fs/6)

A.4 FIR
´»º·²¸°

� ë>�$� v ÄGwCÅ���� ð
v ÄGwCÅ�Ø \_½�� ÷½¼Kø � r ¾)¾ è�6>T&:j£ � õKõ ��¿ vVàGÀ�Á�Â 4ªÃ �� À+Á+ÂRÄ l ^�� Á e ,&Å ���K� 4�Æ>Ç öÉÈ�Ü�Ê ¹ õ+e 4 �� Ü��[È>�eÉ_Ê é�Ë�� § þ è ��4$Ì&ÍÎ e Ú ÷MÏ Û Ê ¹ è � ÷ b+Ð e �&Ñ ��� � õ y�Ò � r v Ä�w�Å é 6 g T l : ojb ÷ ���[È>�eÉ_ÊCÜ���Ó é��a¹ o�b ÷ öM���)�j� o e 4 FPGA
r�Ô�Õ # Å�Ö é�× � ¯�Ø ç�o £ m �� þ e+ÙjÚ J þo ö rhé �Û��õ � y  b ��ÜÞÝ Ø ï�q r �eÈ��WÉeÊ é�ß o�b ÷ e ù�u o FIR v Ä�w�Å é�Q � o�b÷ Ü!�?õ y

113



A.4.1 FIR ÑÔÓ�ÕÔÖ
v Ä�w Å r ÉWÊ é Í�à o õ � Ü 4 v Ä�w Å Ü)á
®Iâ w # <&= δ[n]

é�ã�ä � �  r�å)æRé$g o S
T�e�� o�y  þ�é v ÄIwOÅ r áa®Gâ w # å�æ (impulse response)

÷ ��k y áa®Mâ w # <>= Ø�òWó r 
(A.28) ��ç J þ o�y

δ[n] =







1 n = 0

0 n 6= 0
(A.28)

PpäO� 4 � o�è�é Ü 1
÷ ��k <>= é�ã�ä � �  r�å>æ�é�ê o ÷ ��k ö r �)� o�y!b r áa®Mâ w #å&æ Ü�] o ù�äR<�=Ré h[n]
÷ ç�o�y!b r

h[n]
Ø

1
÷ �Kk á!®�â w # <�=Ré�ãjä �?õ ÷ û rWù�ä �

� o e 4>ë Ü ã�ä><)=�é x[n] Ü
��õ ÷ û!Ü Û k è o$Y)ì ¹ o�y�L�é n
r ÷ û r�ã�ä><&= Ø x[n]

4
b r�÷ û rYù�äR<�= Ø �); ä+� r�ã�äR<>= x[n]|n=0,1...n

r á!®�â w # å&æ!r�íÐ÷ è o�y0ç è laî�4 
(A.29)

÷ è o�y

y[n] =

n
∑

m=0

h[n − m] · x[m] = h[n] ∗ x[n] (A.29)

b þ Ø
m = 0

r�÷ û r�ã�ä+<>= x[0] Ü�] o á�®Mâ w # å>æ e�ï�ð n Ü ��¹ o�ñ�ò 4 m = 1
rO÷

û r�ã�ä><&= x[1] Üa] o�ñ)ò 4�ó ÷Gã�ä><&=�r�ô ï!ð�e �
¹ o�ñ)ò é�õ �GT l :põCö r e$ï!ð n

� rYù�äR<�= y[n] Ü[è � �)� o ÷ �Kk.ö&÷ �j� o�y ∗ Ø�b r ∑  Ré�ø[ø ��çù�?õ�ö r � 4�ú g�ûg+øWø
(convolution)

÷ �ük yOb r
y[n]

é
Z
¯ ô çao ÷ 4 Z

¯ ô r�ý)þ Yÿ§ 4   (A.30)
r ] k Ü

è o�y

Z {y[n]} = Z {h[n] ∗ x[n]} = Z {h[n]} · Z {x[n]} (A.30)«�¬O � r H [z]
é�Q � o ÷ 4  

A.31
r ] k Ü[è o�y

H(z) =
Z {y[n]}
Z {x[n]} = Z {h[n]} (A.31)

P�ä�� 4 á!®�â w # å&æ h[n]
r

z
¯ ô�e «�¬O � H(z)( ä_õ Ø H(z)

r B
z
¯ ô�e h[n]

÷ è o�yb r áa®Gâ w # å�æ h[n] e���� L)é�� Ü 0 Ü_è o�Y 4  k �Wè � Y �����
	 r v
� w� Ü�ð m ojb÷ e ù�u o�y  þ���þ�r v�� w�� é FIR(finite impulse response) v�� w�� 4 IIR(infinite impulse

response) v�� w�� ÷���� y  þ��0þ�r�����é «>¬
 ������� ç�o ÷ 4 FIR v�� w��� z−1
r��! 

  4
IIR v�� w���� z−1 "  ç�o ��#  � ÷%$�� �)� o�y  r õ � 4 IIR v�� w���� |H(z)| e�&

� " $ o ��� ý ej�¨� 4�'�( � " $ o S)T�ej� o�y!) v�� w�� r+* ¾ $ �!�-,�ç A.1 "/.�0 y
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Filter Name FIR v�� w�� IIR v�� w��
á!®�â w # å&æ�1�2 L�é �3� &3�
��4 ¡�5   y[n] =

M
∑

m=0

hmx[n − m] y[n] =

M
∑

m=1

amy[n − m] +

K
∑

k=0

bkx[n − k]

«�¬O � H(z) =
M
∑

m=0

hmz−m H(z) =

K
∑

k=0

bkz−k

1−
M
∑

m=1

amz−m

ç A.1: FIR v�� w�� ÷ IIR v�� w�� r �!�
6 � Õ ��w v�� w7� , ��� 0 o ( � 4�8�9 ¥ Yü§ ¸ ? ¥�:�r+; � ( � o � �  r B ) e�#=<�v��w� r ] k "/>�?=" $ § $ � b=@ e�� o�y�b�A�� #�<�v
� w� eB&��+C r \�D&��,�EjP bF@ "=G u
�IH�J o�YK§ ��� o e 4 IIR v
� w��� ����K ×�$ J�\�D&���+L 4 >�? $ ��M>� ��ý ,�E�P bF@ e
���&��� o�y � Y �ON IIR v�� w��� 9�P r/Q
R ,�v�� �|���TS+U 0 o!V ��ø
W�X � e�Y-Z�[ ç Ao ��� ý e��K�\N�] V k ]7[_^ l $ J @/` ä�Q
R eBa � �IH���] k bF@ e�� o�y Ü~Ý �%b�c N >�?$+; � ¥ �+d�ef@ �%H�J $ J r � b&b � � ^3J � 0 J FIR v�� w�� "�g J�HBh à o�yi�j K $ FIR

r ��4 ¡�5   Nj¢
]�k «�¬O � r URV [ �   A.32 N A.33 �j� o�y

y[n] =

M
∑

m=0

hmx[n − m] (A.32)

H(z) =

M
∑

m=0

hmz−m (A.33)

b r�  ,�l�m�^+N Ã �ù� K " \!D��
N%n ¦ � rIo ð�, ¯�¹ o�b�@ " ] � HBN
p�q [ (direct form) Nr ð [ (transposed form) N 1�2�s (cascade form) N�t
u [ (lattice form)
$v�r/w�x , ß ojbF@ e` u o e!N w�x e�y{z * ¾ ��� o p�q [ ,/|�J o�b�@ "�0 o�y FIR v�� w7� p�q [ rF} � SBU�~

,+�F� r ~ A.19 "/.�0 y

Z
-1x[n]

y[n]

h0 h1 hM

Z
-1

h2

Z
-1

~
A.19: FIR v�� w�� } � SBU�~ ( p+q [ )

b r ] k " FIR v�� w���� ��� \�D)� @ N ô \�D�� r+Q�R "/� g , Y m N�� Aÿ§ ,%� x � V zr �j� o�y � r � g hm(m = 0, 1, · · · , M) ,&v�� w��I� � @ � kBN FIR v�� w�� � � ��M�� �&ý
, Ë � 0 o � e $�� u��j� o�y
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hm =







1/2 m = 0, 1

0 m 6= 0, 1
(A.34)

@�� �7, Ë � 0 A���~ A.9 " � o \�D&�>��e 1
r ��� �R� v
� w� } � S/UB~ ,�� b �3Z�N�] V

hm =



















1 m = 0

−1 m = M ′

0 m 6= 0, M ′

(A.35)

@�� ��, Ë�� A=��~ A.13 " � oI�
4 v�� w�� ,�� b ��Z o�y g ]�� �
� �$� v�� w�� z �
4 v��w�� z FIR v�� w�� r U
���j� o�yR��� �>� v�� w���@.��4 v�� w���� \�D)� r �ù� Y ¯�Ø ��Z$ Y � V e�N FIR v
� w��� � A " ¼�¹ H�v�� w��� ��e ¯>Ø ��� $ V � N Y $ �B� G $ ��M>� �ý , @�o�b�@ e�������Z o�y�� ¹ � FIR v�� w�� ,/|�J A��
~ A.20
r ] k $+� 9 ¥ ,IE g BPF

z�� x ���)�j� o�yOb%A�� 100 - 300 kHz , � 9 0 o v�� w�� ��NR\�D)��� � 1024 �j� o�y
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A.20: FIR BandPassFilter (

� 9 ¥
100 - 300 kHz,fs = 1.17MHz)

A.4.2 FIR �������T�-����� �
FIR v
� w��� � G $ ��MR� ��ý , ß¡F¢ @�£�` u¡ @ ���7m A ¡ £ N ��� �$� v�� w���$��4
v�� w��@ ��� H�v
� w��� �7, Ë��=¡ d
e�£ � ¡ y �
¤ V ��¥ D&�>�7,%¦ g�§�g ¯�¹ H ô Ý¨¤��
M>� ��ý , Í)à ¡ N @ J-©I£�ª+� � $ [«N ô�¬ �I ��� �7, ¯�¹ V�@ ZB¤���MR� ��ý z Í&à ¡ d
e£ � ¡ y FIR

¬ �� � ¤ «�¬O ��® § ��M�� �&ý ,I¯ �F¡ @ �F�=¤   A.36 ¤�°�© " $F¡ y

|H(ω)| =

∣

∣

∣

∣

∣

M
∑

m=0

hmz−m

∣

∣

∣

∣

∣

=

√

√

√

√

(

M
∑

m=0

hm cos(mωT )

)2

+

(

M
∑

m=0

hm sin(mωT )

)2
(A.36)
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¢ ¤   ® §±4 ® ¡ °�© " N ¥ D��¤�� (M) £FªR� $ [\N ô-¬ �� �%� � (hm) " z�� G Ó £ �¡ y ¥ D&�>��N ¬ �� ��� �3¤/²��=³ � &�� "�´ J�µ v�� [ $ �«N @ H�z�� � $ J £ ¦ g�§
g � §¶�· � " Íjà ¡ @ J¸©º¹3ª " � J�® $ J y ¬ �� ��� � £ � � H$�=M&� �)ý £ Ë � 0 ¡ ¤�� � $
[\N�»�¼¤���M�� �&ý £ � � H�� A "+½�0 ¡�¬ �� �I� �-, Ë � 0 ¡ °�© "�0 ¡ y ¢�¢ � � LPF

, FIR
¬ �� � ��� x 0 ¡ ]+�F¤�¡�¾7, ��@ �%H�¿3À 0 ¡ y

#�< LPF
�!~

A.21
@ $=¡ y+Á�Â ��MR� ωc �=��¤���M>��� ����¦ � £ 1 ¤ 8�9 ¥ @ $ �\N ωc �Ã N!Ä�á=Å�ÆÈÇ ��M>� (ωs/2) ]�� ���j¦ � 0 ¤ ¸ P ¥ @ $=¡/É G(exp(iωT )

��Ê � "�Ë ¹=¡ #�<3¤
��M�� �&ý @ �%H+��Ìù�%H�J ¡+É «�¬O � H(ω)

@%ÍÎ ¼ÏR� � � ¡ £ N H(ω)
� ¬ �� ��£ � �

H�N ¬ �� �I� �=N ¥ D)��® § ¯ � V+Ð�Ñf@ �%HF¤���M�� �&ý @ �%H�Ò/Óÿ�%H�J ¡+É

ωc

G(exp(iωT ))

ωs/2

0
f

1

~
A.21: #�<�K $ Low Pass Filter

¢ ¤���M�� �&ý ,   "�0 ¡ @ �F�=¤   A.37 " $F¡+É

G(eiωT ) =







1 |ω| < ωc

0 ωc < |ω| < ωs/2
(A.37)

¢�¢ � FIR
¬ �I � ¤���M>� ��ý @ ¬ �I ��� � �   A.33 ,IÔ V 0 É�¢ ¤   ��Õ�Ö ¬ �7×OØ ¯Ù ¤�Ú�Û���� ¡ Z
¯ Ù

A.8 ¤   @�Ü [ÞÝ�H�J ¡ ¤$��N   A.33 z Z
¯ Ù Í+ß N ¬ �7×OØ ¯ Ù   @ ¶$ 0 ¢ @º£ �3Z ¡/É #�< ¬ �I ��� &��+C�¤ ¥ D&��,�E î N�m § " 9�P ® §�à�á ]��=¤�â�H=¤ Q
R"�½ ��H ¬ �� �%� � £ Ë ] � H=J ¡ @ 0 ¡ (n = −∞, · · · ,−2,−1, 0, 1, 2, · · · , +∞)

@ ¢ ¤+#F<
LPF

@
FIR

¬ �� �I� �¤  ���   @ $F¡+É

G(eiωT ) =

∞
∑

n=−∞

gnz−n (A.38)

gn

�
G(eiωT ) ,I� b 0 ¡ V � ¤�N
&3��C�¤ ¥ D)� £�ã�c 0 ¡%ä ��¤ ¬ �� �I� � @ 0 ¡+É�¢ ¤  � z = exp(iωT )

@ �ON ¬ �-×OØ ¯ Ù 0 ¡F¢ @ ����M>� ��ý G(eiωT ) ® § ¬ �� ��� ��,�¯ �=¡¢ @�£�`�á ¡+É�¬ �� �I� � £Bå 2�æ �j� ¡ @ 0 ¡ @ ��¤ ¬ �ç×ºØ ¯ Ù Ð�Ñ�   A.39 " $F¡+É

gn =
1

ωs

∫ ωs/2

−ωs/2

G(eiωT )exp(inωT )dω (A.39)

n = −∞, · · · ,−1, 0, 1, · · · , +∞
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¢�¢ ]+� � â�HF¤ FIR
¬ �� � � � 8 ¤   �j� ¡+É�¢ ¤   A.39 " LPF ¤/#�< @ $F¡ ��M�� �ý� 

A.37 ,Iè å m�³ ¡+É$  A.37
�+é  � @±ê �ÿ�%H�J ¡+É

gn =
1

ωs

∫ ωs/2

−ωs/2

G(eiωT ) exp(inωT )dω

=
1

ωs

∫ ωs/2

−ωs/2

G(eiωT ) (cos(nωT ) − i sin(nωT )) dω

=
1

ωs

∫ ωs/2

−ωs/2

G(eiωT ) cos(nωT )dω − i

ωs

∫ ωs/2

−ωs/2

G(eiωT ) sin(nωT )dω

=
2

ωs

∫ ωs/2

0

G(eiωT ) cos(nωT )dω − 0

=
1

nπ
sin

(

2nπωc

ωs

)

n = −∞, · · · ,−1, 0, 1, · · · , +∞

(A.40)

¢ ¤   A.40 ¤ Ð�Ñ ® §¨4 ® ¡ 8 �«N ~ A.21 ,+ë
â " � b 0 ¡ " � &3�BC�¤ ¥ D�� £�d�e " $¡ V � b�ì K " � � x ��Z $ J É �%®O�ºN   A.40 ® § |n|
£ n ¹ H�J{[ "�g A N��¤ ¬ �� �I�

� Ö gn

�
0 "/´�í ZIN�â�î��ByTz�YçZ�J � � Ö�@ �!� 0 ¡ @ &�ï���Z ¡ Ö " $F¡/É � ¢ �j� ¡�ð¥ ¦

(|n| < L) ,Fz � H ¬ �� � ¤ � �-,Iñ�ò�K " Ëa�F¡�¢ @ "�0 ¡+É�¢ ¤ ð�¥ ��Ò�óõô A�V ¬ �
 �I��ö , g̃n

@ 0 ¡+É!ð�÷�ø�ù Ò�ó ¡�¢ @ ù b�ì K $�ú�¬ Ç�û!ü
ý±N!þ3ÿ���û!ü
ý " ì�� 0 ¡�¢@�£ ù Z ¡ °�© " $�¡ £ NF�
¤�ó Â���4 ¤ ' å 2 m/®çô ¬ �I � ¤�� ø���ý " ×BS��  £�	{Î H�

]�© É � ¢%ù N3�
¤ ×BS�� �,��
 ù z��� 0 ¡ °�© "B0 ¡ V�� N���� ö (window function)

@ J
©Bz�¤=,%|FJ ¡/É3¢ A�� �
¤ ' å 2 ��4 , $=¡�� [���ôº® "�0 ¡ °�© "���� ô AFV z�¤ ù N ×BS��
�¤��� " YçZ[��! 0 ¡+É � Ã ¤�"�,�] @#� ¡ @I~ A.22 ¤�°�© " $F¡+É

n
-> Infinity<- Infinity

g[n]

n
L-L

g[n]~

x

n

window function

n
L-L

h[n]

filter coefficient

~
A.22: FIR

¬ �� �I��öf@ ��� öf@ ¤$� �
�%� ö�� °'&_#�<3K $F¬ �� � ,I� x 0 ¡ Ã ù � � e ù$(�¡ £ N��%� ö �!¤�z�¤�¤ � ß�)+*-,�.
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m�N3] V APD
Q
R ¤ 6 ÿ$/10
# "�2 J
H � #�<�K $F¬�3 �/�¤�E g�>�? $+;�4
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