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Abstract This paper presents an architecture and a synthesis method for programmable numerical function generators

(NFGs) of trigonometric functions, logarithm functions, square root, reciprocal, etc. Our architecture partitions a given do-

main of function into non-uniform segments using an LUT (Look-Up Table) cascade, and approximates the given function

by a linear polynomail for each segment. Thus, our architecture can implement fast and compact NFGs for a wide range of

functions. We have developed a synthesis system for NFGs that converts MATLAB-like specification into HDL code. We

show and compare three architectures implemented as a FPGA (Field-Programmable Gate Array). Experimental results show

the efficiency of our architecture and synthesis system.
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1. " #%$'&
( )+*-,

, . ,/*-, , 021�354 6 , 7 , 4�698�:<; *-,�= , >+?@BA�C9D E5F
, G C , HJILK�MONP , Q5RS F P/8T:B;JU/V82WX�YJZ�[]\�^�_a`+b c9d

. e `�f ; *B,/= , gJhiMajJk2l Y ;Jmn�o
, prq Y2srt�u�Y5v5d o , wyx+8{zy6 or| } _a`�d W X5Y = ,~���� j2kylrm n��9� d w�x � oy}�� fa`�d . �5�5� Y *B,��

z6�� d<�� ( ���/;��K�M , oy� _-c2�5� )
� =

,
*{,�L�{�

s��r�i��Y5� ;��5� m n � d 1+� oy��� �� Y w�x Y9v9d o ,
wy� � Y z 6 ���¡  ��� � = ,

*B,�� oy¢/£ [ 8�¤¥��¦ ,
�J�§�

Y ;rm n/o�¨{©T� 8 d .
� ;ª � , wy�5�/;yz6 � = , CORDIC

(COordinate Rotation DIgital Computer) l AL«9�¬® [1], [20]
�

¯ � _°`Ld<± ¤]²i³<l A�«��°¬�® o ³-´T³-´ \�^�_°`�d .
¯ �

u 8 FPGA µ�¶y· � � ,
,¸ z�6 IP (Intellectual Property) ¹5³b

CORDIC
� ^º ³ b�c9d . CORDIC l A�«/�a¬5® = , »¼6 ,½ h�M¾456 , ¿ �-À5Á ��Â AÃ+Ä ; ��� 824�69; ± ¤]²i³ �/�
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1 Æ�Ç-È<ÉJÊ°ËJÌÎÍ<Ï�ÐBÑ¥Ò

¤ ,
*-,L� w2�� Y z 6 Y £ d ª � , ~��Ó� jrkrl�Ô £ ;�l A�«�a¬�® ¹³ bJZ�[aÕ�fa`�b c�d o , Ö�×�³�ªBØ �-Ù d � = , ����2Ú5Û ³�ª ± ¤Ü²�³ � | � d .

� ;ª � , CORDIC l A�«��°¬® =
, Ý�Þ+8�:�; �   � , w x982zy6 oy|�} _°` 8 c l ß �aà �½Lá ¶ �Bâ ³ bc�d [10]

o
, w ���;2z6 � w�x � � 8   lß�aà � ½�á ¶ � = , ã+Ô £ Y�v�d .

wyx�8 ,y¸ zy65äJå�;Jmræ ��¹ ³ b ,
*�,��<çy, ;Jèré�ê YJëì ³ ,

� ;{èré ê � mræ � d py� oBíyî _Ü`5brc+d [8], [17], [19].ï�ð ë ì+ñ�ò�ó ë ì � ^+c ª ,5¸ z�6/äyå = , U/V8 *{,L� Úô u w2��� Y wrx � z�6 Y £ d ª � , õö98Jp � Y�v�d o , ÷ su 8Jm æ�¿ �<À � ø � = , ùT¹�úT: íyî _a`+b c 8 c . û�ü Y=
, LUT ý�þ à ��� [7], [12]

� ^5c ªrã ÿ������ ø ,
ï�ð ë ì �

��� [ ,�¸ z56/äyå�;
	 ø , ¿ �{À � ; �5ø � � í5î � d . û
l ��� Á����� = , LUT ý�þ à � � ;�� ^ �/� ¤ , ����� ���º ;2ã5ÿ���� � W�� Y £ , U/V58 *{,L��� � u � ï5ð ë ì � d
w�x Y"! ¶$#  M¥8 ,5¸ z�6+äyå/;&%(' �5ø o�)�* ¹B8 d .

,
¸ z�6�ärå+;�%+' �ø h5H � ��, 1

��- � . û ��ø ½ þ Á ® = ,
MATLAB ÿ�; ,y¸ zy6�g{h§M/. 0 1 1 Y�2�3�_` ª�4z
5�U 6 f %
' u � HDL

! �	� � � ø � d . 4z
5�U�¹ ³ b ,
, ¸/*<,

f(x),
x ;������ [a, b], ¿ �-À 4�z�� d ,¸ z�6+ärå9;�7�8�9�: � ^c�d

. û �ø ½ þ Á ® = , �<; , =?> f` ª������ ��@�A 6; �
��B�W��i³ , C���� � ï5ð ë ì � d .

ó �
,
,¸ z 69ärå/;�9D:� Ø�Ei³ , zy6 � ^5c9d 4�6�F�;B� � ( � KTM , )

� 6�GB� d .
�

HT�
, 9D: ØDE Y 6�G _°` ªy�� � � ¹ � , HDL

! � � � � ø
� d .
ûü = , I J�; �   � 	 ø�_�`/b�c�d . K 2. L Yy^�M ;�����<� 8   . K 3. L Y ,

*-, ; ïð ë ì l A�«/�¬5® � - ³ , K 4.
L Y ,

ë ì ê � z 65� d ,¸ z�69ä2å/;�	 ø � - � . K 5. L Y ,
û ,¸ z 6+äJå+; FPGA

� ^5c ªrmyæ5� � A cb<3�N , K 6. LY =
,
c�[ A 65; *�,L� û ��ø � � ^5cb2��ø ³ ,

í�î ³°ª ��ø
��; ���/� - � . û , ¸ z 6�ärå�;�9�:yØ�E = , O � ? ,DP ¼9;
ª � , [15]

��Q�R � d . û�ü = , [14]
��S�T ³°ª � ; Y�v�d .

2. U V W
X ��� 2.1 Y ò�Z�[ � � , \ Y � æ _` ª ,�¸ r

�

r = dn int−1 dn int−2 . . . d1 d0. d−1 d−2 . . . d−n frac

¹ � 2 � d . ª�]§³ , di ∈ {0, 1}, n int
=<^9,?_ ;��K�M , ,

n frac
= � , _ ;T�K�M , Y�v+d . eJ;�¹ £ r

=
, IDJ�;rê Y

z 6 Y £ d .

r = −2n int−1
dn int−1 +

n int−2
∑

i=−n frac

2i
di

ûyü Y = , ` ,T� 2 ;�a , Y � æy� d ª � , b �$c � o 8 c�d ¤ ,
n int

=�e D �K�M �gf�h .

ikj
1 lnmpo/qsrutwvsx/y{z+|{}�~ , �g���g����� Scilab [16] }u�w�����w��}���� .

X ��� 2.2 Y�����¹ = ,
� ¹�; ¸ ¹ ë ì ¸ ;�:�W<��. ¸�� ºD� ³ ,

b � , ûü Y = ,
*B, ë ì Y ��� d 9�: ����� ��� ,

¸L� õ d��
; ò�Z?[ � � ,�\ Y � æ�³ª�� � ��� d 9�: ����� ����¹ c   .��  �D��¹ = , 5U Y =�> fa`�d 7�8 Y £ d 9�:/; ��¢ ¸ Y9vd

. b � ,
��  ��� ��� = , 7�8 Y £ d<ë ì 9�:9; �5¢ ¸ Y�v�d .X ��� 2.3 Y¢¡�£ (precision) ¹ = , m , zr6 � ¿�¤ d õ � � , ;

e9¹ Y+v+d . b � , n ¥<¦¨§©¡D£�¹ = , m , z6 � ¿ c5b õ � �, o
n �K�M , �98�ªD« , n int + n frac = n

� ºD� � d . û üY
, n �5K�M ���9; ,�¸ z 6+ä2å = , n �K�M ���; ärå � º��
� d .X ��� 2.4 Y¢¬�£ (accuracy) ¹ = , m , zy6 � ¿�¤ d � ,D\ I�J
;Bõ � � , ;�e¹ Yvd . b � , m ¥�¦�§¬�£�¹ = , m , z26 � ¿c5b � ,D\ I�J;2õ � � , o m ��KLM , �+8�ªD« , n frac = m� ºD� � d . û�ü Y , m �5KLM¯®��+; ,¸ z 6+ä2å = ,

� ,D_
m

�5K�M ��� ,
� , _

m �5K�M°G{� Y 8r¿ 6 A , GJ� ¸ ;
9�: o
2−m ;yäJå � º�� � d . m � KTM±®�+;�G-� ¸��<Ù d ª � � = ,
z�6�²?³ Y = ,

�r` I�´�;�®5� Y z 6�� d�µ |�o v�d .

3. ¶¸·º¹¼»¾½�¿ÁÀÃÂ�Ä�Å
*B,

f(x)
��� ��Æ [ ï�ð ë ì � d ª �5� , �<; , x ;����D�

[a, b]
� c�[ A 6�;D��� � W��5� d .

� ³ b ,
� ;<C���� � ¿ cb

, f(x)
� ï�ð *�,

g(x) = c1x + c0

YJë ì � d . eB;�¹ £ ; ëì 9�: = , ������; ���<B9;yW�����¹+Ç , c1, c0 ; ¸ ; ò A �È�É � d .Ê"Ë ��;+è [ = , ���"� � ÿ¼����B�W�� ³ *, ë ì � � 
[2], [5], [17].

� ; �   85ÿ¨�?�5W��T� = ,
�/� Y�v ¤ , w

x/8rä2å � � ø9Y £ d o ,
*B, �+�
Ì b =

, ��� , oy¢/£ [ 8�¤
��¦-m æ Y £ 8 cr� � o v�d .

s 1 , �<��� �$Í ÿ?��� � W����d Í ÿ?���JW���� = , Î���Ï�Ð�Ñ�Ò Ó�Ô�Õ , Ö�×<Ø�Ù�Ú�Û"Ü�ÝwÞß�à ×�Ø�á�Õ â�áäã�Ï�Ð?Õ�å æ . çgèéç ß�êäë Í Ö"×�Ø<Ù�ÚDÛì
, ç$í�çgí , î�ï ß ×�Ø�ð ñDò
ó (4. ô�õ ö )

ê�÷ ø�ù�ß Ý , úû�ü�ù á�ý�þ�ÿ�ò�ó�Ó��������	� ê�
��� æ . ��Ó�������ã��� � æ���� ù , [8]
ì

, ��� ß Í Ö�×<Ø�Ù�Ú�Û?ã�� � ç!� . ��Ó�"
Û ì , ñ�#	$"ã�Ù�Ú � æ%��ã�&(' � æ�()�Õ , *,+ ß ×�Ø�ð ñ�ò
ó�ã�-	. � æ . ú û�ü�ù , â�á&ã�Þ ß<à ×�Ø�á�Õ�Ï�Ð�Õ å , / �
Õ10	2%35476 ß á�ý�þ�ÿ�ò�ó"ã�-	.�Õ�å�æ ê , 8:9<;1=>4 ß>?
Û�Õ,@�æ���� , ACB�D . ù%E çGF à�ß<à . H(8�I�J�K(4�L,M�Õ ì ,
LUT NOP IQ9°Ó%R(S ù Ü"Ý , T,U�Ó Í Ö�×�Ø�Ù�Ú"ã>/ ��Õ�0
2�3�4V6 ù�W�X Õ å�æ��,� , H Y?Õ ì , AZB	D. ù%E ç[� Í Ö?×
Ø
Ù�Ú(8>\^]�_G`�aDã�b � .

3. 1 c�d�e	f(g�hji1kml n
HoY�Õ���� � æ�×�ØDÙ?Úp8�\7]p_�`1a�ã(q 2

ù b � . �
Ó58,\:]r_>`^a ì , sutv)�ç�F , â�á f(x), ñ�#5$ [a, b] w
Üxoy1zäÏ?Ð&Ñ&Ò c ã,{}|äæ~) , Ù"Ú ù Ü�Ý�-�.������ t� Ó�×�Ø [s0, e0], [s1, e1], . . . , [st−1, et−1] )��(�&â�á&Ó��o��ý
v0, v1, . . . , vt−1 ã���t � æ . -�.���������F�Ó�×�Ø ù w à F , Ï
ÐDÑ�Ò ì , c �DÔDÕ�@�æ . HDÙ�Ú�8�\p]j_!`�a ì , � ��Óo���,�
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�%� �����m�
f(x), �!��� [a, b], ���%�!���%� c.� � �� �¡!¢
[s0, e0], [s1, e1], . . . , [st−1, et−1], £%¤ �m��¥Z¦�§!� v0, v1, . . . , vt−1.

¨�© ª�« ¡!¢�¬
[a, b] �®°¯ , ±�² ¨�© ³�´�µ �!��� ¬<¶�·%¸	¹ .

1. º�»�¼¾½�¯ ¡!¢ [s, e]
³Z¿ ®ÁÀ , Â!Ã (s, f(s)), (e, f(e))

¬ZÄ ¹ £%¤ �m� g(x)
¬CÅ�Æ%¹

.
2.
¡!¢

[s, e]
³�Ç%È À f(x) − g(x)

¬ÁÉ�Ê ³ ¸	¹ Ã x = pmax

¬ZÅ>Æ
, maxfg = f(pmax) − g(pmax) >= 0  ¸	¹ .

3. ËZÌ ³ , f(x) − g(x)
¬<É�Í ³ ¸ ¹ Ã x = pmin

¬ZÅ�Æ
, minfg = f(pmin) − g(pmin) <= 0  ¸	¹ .

4.
¡!¢

[s, e]
³�Ç�Î ¹ �!����� ¬ error = |maxfg −minfg |/2, £%¤ �Z� g(x)

¥m¦�§!� ¬
v = (maxfg + minfg)/2  ¸	¹ .

5. error <= c Ï	¼<Ð , Ñ ¥%¡!¢ [s, e]
³�Ç�Î ¹ ±�² ¨�© ¬ZÒ�ÓG¸	¹ .

6. |maxfg | > |minfg | Ï�¼CÐ p = pmax, ÔoÕ×Ö�Ï Î ½�Ð p = pmin  ¸	¹ .
7.
¡!¢

[s, e]
¬ Â!Ø ¥�¡!¢ [s, p]  [p, e]

³ ¶�· ® , Ù ¡[¢ ³Z¿ ®¾±�² ¨�© ¬°Ú µÜÛ ¸ .
Ý

2 �!��� ¥G�! �¡!¢GÞ>¥m¶!·�ßmàá�âäã�å

� ù S à æ Douglas-Peucker 8�\�]�_[`�a [4] Ó�æ�S Õ,@éÝ , ×
Ø [s, e] Ó	ç�èo� (s, f(s)), (e, f(e)) ã�éäæ�Ï�Ð,����â�á g(x)

) f(x) Ó�Ñ�Ò ê�êë�ù�ß æ���ã�Ù�Ú�� p )�ç , ×�Ø�ã�Ù�Ú�ç[Fì1ímî�ï ü ß "�ÛDÕ(@Dæ . Ù�Ú(� p
ì

, [s, e]
ù w�ðDæ x Ó�ý�ã

��F�ñ�ò�æ,��)gÕ	óôjð ë �éæ ê , õ�� ì�ö í Ó�þ�ÿ(÷�Ø ã ø� æ . õ���Õ�H Y�Õ ì , ø��	��þ	��Û [6] ã�S à F , ùú,û í Ù�Ú
� p ã>óô1ð æ ( q 2 Ó 2. w"Ü�x 3. Ó�üý ). Hj8>\p]5_G`(aì

, �,�
ý v ã%S à F>�	�?â$á g(x) ã%þÿ ?��������	� B � æ
��)gÕ , f(x) )$Ó ê�ë Ï�Ð�Ñ�Ò�ã�
�� � æ .

3. 2 �		�������
×�Ø [si, ei] ã segi )��	� � æ�) , Ù�Ú(8�\u]�_�`a<Õ�� ë �

���?×�Ø ì , seg0, seg1, . . . , segt−1 )���� ÕDåDæ . � segi

ì
, õ

������� ß æ[��?â�á gi Õ
Ï<Ð � æ���� , @ æ ý x
ù w(ðDæ�â

á f(x) Ó�Ï�Ð�ý y
ì

, x ã ��!�×�Ø segi Ó�����Ï�Ð�â�á
y = gi(x) = c1ix + c0i (1)

Õ<þ�ÿ � æ . c1i w�Ü�x c0i

ì
, õ������#"�$ Õ<þ�ÿ�Õ å�æ .

c1i =
f(ei) − f(si)

ei − si

w�Ü�x c0i = f(si) − c1isi + vi

��Ó c0i ã�%()�Ó����?â�á gi(x)
ù'& s ç!F)(ý � æ() ,

gi(x) = c1i(x − si) + f(si) + vi (2)

ê � ë ��æ . h = ei − si )�ç , h ã 0
ù Ï�*�ð�æ�) , c1i = f ′(si)

) ß Ý , �!��ã gi(x)
ù'& s � æo)

gi(x) = f
′(si)(x − si) + f(si) + vi

ê � ë �"æ . ��Ó�$ ì , si

ù woð�æG�,�	+-,�å
Ó�.	"DÓ�K-/10%I243 Õ(@äÝ , H�Ï�Ð Û ê , ×�Ø�Ó�áäã'5,� � �o)gÕ , ý�6 ü�ù ì
T,U�Ó�Ñ�ÒDÕ�â�á�ã�Ï�Ð�Õ�å�æ��)�ã�b ç[F à æ .

4. 798;:=<?>A@CB;DFE;GCH=I=JLK
4. 1 M-N��#O�P�Q#R
3. 2 ô�Ó (1) wäÜ�x (2)

ì
, ÎAS+ýéã)� X,� æ ê ,

W�X� æ$á
ý�þ�ÿ�ò�ó�Ó�T,. ì � ß æ . (1)

ì
, q 3(a)

ù b � ÜVU ù , x ã
��!�×�Ø)W�X i ã�þ�ÿ � æ�×�Ø�ð ñDò<ó , c1i w&Ü�x c0i Ó�Y�á
� , Z�ÿ�[ , õ�ç[F�\Dÿ�[�Ó 4 ô Ó�T. ø�] Õ W X Õ�å�æ . . ? ,
(2)
ì

, −si Ó'Y�á#�,w�Ü�x x + (−si) ã�þ�ÿ � æ�ò
ó ê \1^éÝ
q 3(b)

ù b � 5 ôDÓ'T	. ø	] Õ W�X ÕDåDæ . � ù , (2)
ù w à F ,

si = (x Ó-_)` n − k a	=u6 )× 2k )�ç[�u)�å ( Ö?×�Ø�Ù�Ú ), ×
Ø'W�X i

ì
, x Ó�_)` n− k a =56 , x− si

ì
, x Ó<Ô)` k a =u6ù õ�������Ö¨ç í ß æ���� , q 3(c)

ù b � ÜbU ù , c1i w�Ü�x c0i

¡!¢ ¡[¢�c�d
s0

<= x <= e0 0

s1 < x <= e1 1
...

...
st−1 < x <= et−1 t − 1

(a)
¡!¢fe � �m�

LUT LUT LUT

(b) LUT g'hjilkVm
Ý

4
¡!¢fe �'npo

Ó Y�á	� , Z�ÿ�[ , õéç�F'\�ÿ�[�Ó 3 ô Ó'T	. ø	] Õ W�X ÕDå�æ .
HD�.bq	O	K(a�Õ ì , /	��Õ10	2�354 6 ß á�ý�þ�ÿ�ò�ó�Ó��
� ù , q 3(b) Ó	8�IoJ>K�4>L(M�ãjr,S � æ . 6. ô?Õ , s ô Ó8�I
J�K�4�L�M<Ó�t�u W#v ã �&ß�à , H�8	I�J�K14�LoM
Ó�wyx,w&Ü
x�ù�ú�ã%b � .

4. 2 c�d	z�{yO�P (Segment Index Encoder)
×�Ø<ð�ñ�ò�ó ì , x ã�s�t )Dç�F , x ã'�4!?×�Ø segi Ó ×�Ø

W4X i ã	��t � æ . x ã n a=^6}|,� ) � æj) , ×�Ø<ð�ñ�ò�óì
, â�á seg func(x) : Bn → {0, 1, . . . , t − 1} ã)� X�� æ . �~ ç , B = {0, 1} Õ(@�Ý , t

ì ×�Ø
áäã�� � . H�Y"Õ ì , q 4(a)
Ó�â
á seg func(x) ã	q 4(b)

ù bV���jF à æ LUT N(O�P,I
9 [7], [12], [13] Õ W	X�� æ . â�á seg func(x) ã BDD (Binary

Decision Diagram) Õ-� X ç , õ�Ó BDD ã�S à F�â�á�Ù	� � æ
�o) ù Ü�Ý , LUT N�O�P�I 9 ê � ë �&æ . LUT N,OP I�9wÓ��� ß>W X Û ù ô à F ì , [7], [12] ã$õ öu�G�(� à . LUT NOP�I
9wÕ ì , ��� � æ LUT Ø�Ó���X���ã1�[I \r) à�à , õDÓ���X��
á&ã��GI�\�ár)p�-� . 0	2!3j4r6 ß LUT NO P I 9�ã W X	� æ
�o� ù ì , �!I \�á�Ó�
-� ê��Dø Õ�@�æ . ��I�\�á ê�ë å à ) ,
LUT Ó-�	/,` ê�ë å í ß Ý ,

W X�ê#�'��ù�ß æ . ç èäç , ×�Ø�ð
ñDâ�á seg func(x)

ì
, [13] Õ>b��G�,��ñ�ý ù Ü�Ý , ��I�\�á?Ó� � à 0�2�3j4r6 ß LUT NOP�IQ9/Õ W X Õ�å�æ	�() ê , ý�6ü�ùj�#� �G��F à æ .� ñ�ý 4.1 � [13] ×
Ø$á�ã t )�çG�1)$å , �ZI�\<á ê /-� dlog

2
te

Ó LUT N�O P�I:9�Õ , ×�Ø�ðDñ�âgá seg func(x) ã W�X Õ�å�æ .
H�D.�Õ ì , 0	2�31476 ß LUT NO�P I 9 WX Ó	�(� ù , ��K����� 8�O MDD (Multi-valued Decision Diagram) [11] ã!S à æ .� � , LUT N	O P I 9 ì , � LUT Ó��	� B�� ê-� xDÕ�@ æ��,� ,
3y/4�10�/�2�ü�ý ù ÜDæ�/�� ��ê z�� ù�W,X Õ�å�æ . �b��F ,
LUT NOP IQ9°Ó%R(S ì , /���Õ�0	2�314 6 ß ×�Ø�ð ñDò<ó�ÓW	X ã � x ù�� æ .

5. FPGA ��BF �¡=¢
X�£ Ó�¤ ß FPGA

ì
, 6,ý ]�¥ (LE, CLB) Ó�¦ ù , §�¨:_l©

— 3 —



Segment Index Encoder
(LUT Cascade)

Coefficients Table
(ROM)

Multiplier

Adder

x

y

i

c1i c0i

(a) y = c1ix + c0i

¥«ª ¬

Segment Index Encoder
(LUT Cascade)

Coefficients Table
(ROM)

Multiplier

Adder

x

y

i

c1i f(s )+vi

Adder
-s i

i

(b) y = c1i(x − si) + f(si) + vi

¥«ª ¬

Coefficients Table
(ROM)

Multiplier

Adder

x

y

i

c1i

MSBs LSBs

f(s )+vi i

(c)
 �¡[¢�¶�·�¥ªj¬

Ý
3 ®�¯ ¥�ß k�°±�²«³�´

� =>4%�/ � ß Z�ÿ�[ (DSP) ãlµ^|�F à æ . H	D	.bq�O K�a ì ,
��� ë Ó-¶,I 9p·-¸�8-¹	ºäã�»	ù�¼(S�ç , á�ý�þ�ÿ�ò�ó�ã�-.� æ . Ho8�I�J>Ko4>L,M
Ó ×<Ø�ðDñ�ò�ó (LUT N�O	P�I�9 ) )½Y
á�� ì §�¨7_© � =>4 , Z�ÿ	[ ì DSP ¾ � =u6 , \�ÿ-[ ì 6�ý]	¥ Õ õ��#��� W-¿� æ .

5. 1 À��	Á��-Â�Ã�l#Ä�ÅX�£ Ó FPGA
ì

, /� ß Z�ÿ-[¨ã'µp| F à æ ê , Z�ÿ-[äÓ��
/(` ê ë å í ß æ�)�õ�� ù)Æ?à-Ç	È ÷ Ø4% ë å í ß æ��(� , /
� ß á�ý þ�ÿ?ò<ó�ã)�äæ���� ù ì , ZDÿ-[&Ó	��/(`	
-� ê��Dø
Õ,@Dæ . ZDÿ�[�Ó-�-/,` ì , Y�á c1i Óba	=u6ná ù'É	Ê	� æ��,� ,
H�ô?Õ ì , c1i Óba�=^6©á"ã�
�� � æ%"�Û�ã'Ëò"æ .�-Ì

, c1i Ó�Í�Î�ý ê ë å à	Ï D&ã�Ðu|�æ . c1i Ó�Í�Î�ý ê	ë
å à )�å , c1i

ù�÷�ø�ß a=�6©áÑ% ë å í ß æ . �
Ó^)�å�Ó1a�=
6�á&ã�ù�ú�û í 
-� � æ��(� ù , H,D�.Òq OKoa ì , [8] Õ�br�
�o�	O�P�IV_%2�Ó�"�Û?ã�S à æ . |c1i| Ó�ý ê ë å à )�å , c1i ã
c1i = c1i × 2−li × 2li )f� X ç , YDá�� ù ì , c1i × 2−li Ó�ýr)
li Ó�ý&ã)Ô�Õ � æ . c1i × 2−li Ó�ý ì , c1i Ü"Ý li a�=^6 � � í
� X Õ å�æ . õéç!F , ZDÿ�[�Õ , c1i × 2−li × (x− si) ã�þ�ÿ¨ç[�Ö

, 2li ã-q�× 6ÙØ�ÿ � æ�()�Õb%,)gÓ�ý c1i(x − si) ã ��æ . q
×76ÙØ�ÿ�ã�S à æ�"�Û ì , Z ÿ�[&Ó��	/(`-
-� ù » ù?Õ,@ æ ê ,
S à ß�à "DÛ ù t�ò , Ñ Ò ê ë å í ß æ . H,D.Òq	O	Koa�Õ ì ,
Ñ�Ò���Ú"ã �?ß
à , y�z�Ñ�Ò	��Û<Õ ê	E�ß li Ó�ý�ã$ÿ(� � æ . ÿ
��ç!��ú û , �oF�Ó�×�Ø segi

ù w à F , li Ó�ý ê 0
ß�ë í , q#×

6ÙØ�ÿ�[éã W-¿ ç ß<à .
" ù , c1i Ó�ý ê)Ü Ó Ï D�ã Ð�|Dæ . c1i

ê)Ü Ó�ý�Ó1)�å , c1i

ê
� Óu)�å ù tò , 1 a=�6 ë å í ß æ . õ1��Õ , c1i

ê�Ü Ó�ý�Ó5)
å , H	D .bq�O�K�a<Õ ì , |c1i| Ó�ý})�Ý#XVa =u6°ãlY�á�� ù Ô�Õ
ç , Z�ÿ�["Õ |c1i| × (x− si) ã�þ�ÿ¨ç[� Ö , 2 Ó���á � ò�ó ù Ü
Ý�%()�Ó�ýäã �éæ . � ~ ç , ��F�Ó ×�Ø segi

ù w à F , c1i Ó�ýê � ß"ë í , 2 Ó���á � ò
ó�ã W-¿ ç ß<à .

5. 2 Þ�Ã�ß-à�Ã4ájâ�ã�ä�å�æ�ç-è#é
H�á�ý�þ�ÿ ò<ó ì , O>\,I��1=^6�ã�/(� æ���� ù , ò
óbê<Ó��

ØDÿy¾ � =^6°Ø ù 3�/y�40�/^2 · � � OyëDã'ì,s¸ç , �jFDÓ�Ø
ÿ#¾ � =�6°ã)���	B#���íäæ . q 3(b)

ù b�ç!��á�ýDþ�ÿ ò�ó�Ó
��Ø�ÿ#¾ � =^6¾w"Ü%x�3�/��y0)/52jî�á�ã'� 1

ù b � . �éÜ?Ý ,
H�á�ý�þ�ÿ ò
ó�Ó>3�/#��0'/j2jî�á ì ,

ê � Õ LUT NO P I 9
Ó)î�á +4,

êë Õ LUT N	O	P�I 9{Ó�î�á +6
ù�ß æ . ��Ø�ÿ#¾� =^6{Ó Ç	È ÷�Ø ê�ïDà �,� , H�á�ý�þ�ÿ�ò
ó ì , ø�ð ù / à O

\,I��5=�6 ( B���ñ�ò�á ) ã)ó�.�Õ åDæ .

ô
1
���)õjö npo ¥«÷jø�ù�ú�ø	ûýü��þ ö)ÿ������ ÷ ø�ù�ú�ø	ûýü��

1.
¡G¢«e �)no (LUT g'h ilkVm ) n cas

2. � � ô 1
3. � ö�� : x − si 1
4. 	 ö�� : cli(x − si) 1
5. 
�� � þ ö� ( � ù 
�� û ) 1
6. 2

¥Z¦���� no ( � ù 
�� û ) 1
7. � ö�� : cli(x − si) + c0i 1� õl÷'ø)ù�ú ø	û½ü��

n cas + 4 ∼ n cas + 6

n cas: LUT g'hjilkVm ¥fü��
ô

3
�! �¡!¢�¶�·   �¡!¢Z¶�·�¥�¡!¢Z��¥���

�����!���%� : 2−17�m� �!��� ¡!¢m�
f(x)

�! �¡!¢�¶�·  �¡!¢Z¶�·
sin(πx) [0, 1/2] 127 257
cos(πx) [0, 1/2] 127 257
tan(πx) [0, 1/4] 112 257

1

x
[1/8, 1] 702 3585

1√
x

[1/32, 1] 620 7937
√

x [0, 1] 231 32769
√

− log(x) (0, 1] 584 32768

6.  ������
6. 1 e	f(g�h1ijkmln��������d
H�ô�Õ ì , HD	.�q O�K(a�Ó�ù,ú�ã�b � ��� ù , Ù�Úo8�\�]�_
`,a�Ó
þ�ÿ�÷�Ø�ã%b � . � 2

ì
, [13] Ó W	v Õ�R,S¼ç[��â�á ù Î

ç�F , �b� ß y	z Ï�ÐDÑ Ò�Õ�Ù�Új8�\p]j_!`�aDã E S�ç��^)�å
Ó�þ�ÿ(÷ Ø ã�bºç!F à æ . �1ê�Ó Sigmoid ) Gaussian

ì
, �DÔ

Ó?Ü1U ù ñ�#p�[��æ<â�á�Õ�@�æ .

Sigmoid =
1

1 + e−4x
Gaussian =

1√
2π

e
− x

2

2

H�Ù�Úo8�\^]1_�`�a�Õ ì , ×�Ø ã��! ü�ù üý�ç�F ì1í �(� ,
þ�ÿ(÷DØ ì , ×�Ø
á ù�É#Ê�� æ . y�z�Ï�ÐDÑ Ò"ã � � í � æj) ,
×�Ø�á ê 55|�æ���� , õ�� ù Æ�à þ�ÿ,÷�Ø�%�" í ß æ . ç�èäç ßê�ë

, � 2 Ü�Ý , y�z�Ï<Ð�Ñ�Ò?ã 2−25
ù çGF�% , H�Ù�Ú(8�\u]�_

`,a�Ó
þ�ÿ�÷DØ ì ,
W�v?ù S à �>�(F�Ó�â�á ù Î¼ç!F , 2 #���Ô~ ��� .

W	v ú û Ü�Ý , H�Ù�Ú�8�\�]1_�`�a ì , / � ù ñ #�$�ã$ Ö?×<Ø � Ù�Ú�Õ å ,
W S ü Õ�@Dæ()&%j|�æ .

6. 2 ')(	�g+*!,�-!.0/�1��+2�3
H�ô Õ ì , q 3 Õ�b¨ç���s�ô Ó�8�I,J�K�4�LM�Ó�t-u W�v ã �

— 4 —



ô
2
¶�·�ßmà�á>âäã�å�¥«õjö54�¢

[msec]�Z� �!��� ���%�!���%� : 2−9 �����!���%� : 2−17 �����!���%� : 2−25

f(x)
¡!¢Z� õjö�4�¢ ¡[¢m� õpö54�¢ ¡[¢m� õlö54�¢

2x [0, 1] 8 0.1 128 0.1 2048 80
1

x
[1/8, 1] 39 0.1 702 30 11218 280

1√
x

[1/32, 1] 31 0.1 620 20 9946 300
√

x [0, 1] 12 0.1 231 10 3941 110
√

− log(x) (0, 1] 23 0.1 584 40 12089 1840
log2(x) [1, 2) 8 0.1 128 10 2048 70
log(x) [1, 2) 6 0.1 89 0.1 1437 30
sin(πx) [0, 1/2] 8 0.1 127 10 2027 50
cos(πx) [0, 1/2] 8 0.1 127 10 2027 50
tan(πx) [0, 1/4] 7 0.1 112 10 1787 50
Sigmoid [0, 1] 8 0.1 127 10 2020 60
Gaussian [0, 1/2] 2 0.1 32 10 512 10ª�6�7�8

CPU: Pentium4 Xeon 2.8GHz 9&: â : 4GB
OS: Redhat (Linux 7.3) C ; û½÷'ø	ú : gcc -O2

ô
4 ®�¯ ¥�ß k�°«±�²«³�´ ¥ª�<�=�>

npo ¥@?�A ( B A ): 16 C �!�D?�A (15 C ��� B A )
FPGA E�F ø h : Altera Stratix (EP1S10F484C5)G © ��HJI k à : Altera QuartusII 4.1 (

I k à � ù 
�� û : EJ��K àL�NM � )�m� O H
A

O H
B

O H
C

f(x) #LE 9@: â 	 ö Freq.
ü�� 4%¢

#LE 9@: â 	 ö Freq.
ü�� 4%¢

#LE 9@: â 	 ö Freq.
ü�� 4�¢

sin(πx) 106 19355 8 124 7 56 107 20061 2 185 8 43 82 14848 2 188 3 16
cos(πx) 136 19543 8 126 8 64 116 20169 2 187 9 48 67 15417 2 184 3 22
tan(πx) 106 19355 8 125 7 56 116 20039 2 190 9 47 83 29696 2 183 3 16

1

x
153 172102 8 125 8 64 172 172119 2 179 9 50 112 278594 2 – 4 –

1√
x

182 159826 8 124 9 73 183 160861 2 178 10 56 145 557119 2 – 4 –
√

x 191 43610 2 182 8 44 175 44359 2 179 9 50 195 1048576 0 – 1 –
√

− log(x) 226 164944 8 125 9 72 230 164957 2 176 10 57 206 1114112 0 – 1 –

Ù �m� f(x)
¥ �[�!�+P ,

ô
3 ÁË0QÁÖ5R ¹ . “–” P ,

ª�< Ö�S!Ï È ¯ ÆT=�>VU@W ¼¾½�Ï�X�YG¯�Ñ> ¬TZ\[G¸	¹ .
#LE:

G ©^]`_ ¥&a�� 9@: â : 9@: âcb [ C ��� ]
	 ö : 9 C �!� ×9 C �!� 	 ö���¥&a�� Freq.: d�e`f^g � [MHz]ü��

:
÷ ø�ù�ú�ø	ûýü�� 4�¢

:
��� X	¼ � �Vh Ö ¥`4%¢ ( i ø ± û 
 ) [nsec]

ß U . H�ôkj ì , l!m�n	��� , q 3(a) n	8�IoJ�Ko4�L,M�ãjT�. A,
q 3(b) n8�I(J�K(4>LoM�ã T. B, õéç[F�q 3(c) n8�I�J�Ko4
L(M�ãjT�. C )��#� � æ . t	ukn ��� ù , o��)p ì , �b��q�â^r
n^r�ý þ�ÿDò<ó?ã)s ôsn	8�I�J�K(4�LoM\j FPGA (Altera Stratix
EP1S10F484C5)

ù�W�¿ ç�� . ��r�ý�þ�ÿ?ò�ó&ã 15 a=�6ut(�
)�çGF W�¿ ç!� . � ~ ç , vJw�x�y ì , 2−17 j,@�æ . � 3

ì
,
$0z

{+|\}0~ ) z {J|V}0~ n {J| r , � 4 � , ��8�I(J>Ko4�L�M ù^�
* í r�ý þ�ÿs�J��n�¶,IQ9p·�¸�8J��)�w�x��)t�uL�!F0�)� .
� 3 �)� , �1êJn��(F�n���r���w��	F ,

$�z {+| rk� z {0| r
n�� } ����j�@s� . ��� , s��)�5r����)n��5rkj�� ,

{0| rknJy
� ë�� � . T�� A w���x-T!� B � ,

$!z {�| � n }�~ � WX j� �\��� , �4�!q��5r����kq0� {0| r)j0� ¿ j � � . �0� , ���
C j!� ,

z {J|V� n }0~ ��J�� sj � qJ�!��� , ¡+�k�^rkq�¢�n
��£�� z {�|+}�~ j�¤ {�| r�¥J��q0����r��V�! )j � �V¥ ,

{
| rk¥0¦¨§5qk�J�5r�j�� , ©!r�ª)¥0« � §5q¨�¬�®5��¯�¥�°5±
��q�� . �s² , ��� C ³s� , ª�´0µ0¡��k�\¶�·0��µ���¶�� , ©�¶
ª�µ+¸�¹sº�¥ FPGA »sµs¼V½¿¾@¸�¹�ºs�^ÀÂÁJ�!�s� , FPGA �
�+¯)³ �0Ã ��Ä+� .
ª 4 ��� , ¡+�k�^¶)³�� , ��� C ³�µJ�+¯�¥VÅÂ¤�Æ+Ç�³ , È0ÉÊ�Ë¿Ì ³!Ís��Î�Ï`¥�Ð0��� . ª 3 ³VÑLÒ��)Ó�£� , ¡+����¶��\ÔÕ�Ö!×

, Ø�ÙkÚJÛ5¶LÏ&ÙkÚ+Û^¶�µ\Ü�¥JÝ0Þ�ßVà¨á Õ . â!µ�Ó�£ Ãã ¶)³ × , ��� A, B ( Ø0ÙkÚ+Û\ä+å ) Ïæ��� C ( Ù)Ú+Û5ä�å ) ç\Ô

Õ!Ö
, ©�¶�ªkµJ¸�¹�º�ç5« �0Ã Ü�¥+èLé Ã Õ . �!� C

×
, Ú0Û\êësìJí�î�ï � Ã Õ �)� , âsµJä)µJð�ñóò`ôVõ+ö+÷øÏ Ê ¹�ù)ú5¹

É�û+¶ î\ü\ý ³�þ , �!ÿ A � B Ó��Æ0Çs³�È+É Ê�Ë Ì Ã �J¯�¥����� � . Ò`�ÂÒ , �+�
	�������+¶���)µ ã ¶k³ × , �!ÿ C
×

©�¶!ªk¥�«�þ�§ Ã �æ¬�®5��¯k³)þ Ã �sÄ+� . ª 4 ³ , ��ÿ C µÊ ¹sùkú5¹�É�û�¶�¥ 1 Ï Ã Ä Ö�Õ�� ã ¶ × , Ú�Û5¶�¥+«�þ�§ Ã
�¬k® , ©�¶�ª)¥ ã ¶!ªøÏ&Ù
��ç Ã Ä+�kÎ�Ï î���� Ò Ö0Õ�� . ·
»!µ)Î�Ï�� � , ��ÿ C

×
, ¡�� ã ¶�ç��øÒ Ö!×�� � Ã �+ �!!³�Í� ¥ , �+�
	��
����+¶"��kç × Ø�#!þV³�Í � Î�Ï`¥%$�Á � .

�!ÿ B
×

, ��ÿ A Ó��'&� (�µ0¸�¹sº î àøá�§�³)þ , Ó��T�Ã Õ
DSP )+*-, Ì ³+��¯k³kþ � . Î � ç)Ó.� , �sÿ B

×
, �sÿ

A Ó��&Æ�Ç Ã ��¯k¥ �/�0� � . ��ÿ A ³ × ,
ã ¶ √

x
î 1 Õ �2 Ö µ ã ¶ÂçVÔ Õ�Ö , �sÿ�´+³JÅø¤43�576�Û�µ�8 Õ �"+)�*-,Ì ×

, &�%(�9sÄV� . �0� , ��ÿ B ³ × ,
2 Ö µ ã ¶�ç\Ô Õ�Ö , ©

¶�ª)¥VÅ ¤:3�5�6sÛ�µ%8 Õ �"")�*., Ì 9sÄJ� .
ã ¶ √

x çVÔÕ!Ö�×
, ��ÿ A ¤@©�¶�ª�¥\Å!« 3 5�µ;��")"*., Ì 9sÄV���!� ,

¼V½¿¾@÷s¥!Ð�<���ç5� Ã Õ ��ÿ A ¥\��ÿ B Ó7�@Æ Õ�=�> ¶ î� � . ·�»�µ)ÎsÏ�� � , Æ0Ç Ã FPGA �+¯ î � � ����ç × , &�
(�µ+¸�¹�º ü+ý ¥
?�@s³�ÍA� , &��(�µ+¸�¹)º î ��B+C § ü0ý
³�þ � �!ÿ B ¥ , ¦ §�µ ã ¶�ç��LÒ Ö;�
� ³�Í � ÎsÏ`¥�$kÁ � .

6. 3 D�E
F-G�H I
JK�L ³ × , M0N�O!ÿ�P�Q
R�S�µ%T�U î Ñ�¬)�)��ç , [8] ³+Ñøá
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V
5 W�XZY�['\�]�^:_:`

FPGA a4b�c�d : Xilinx Virtex-II (XC2V4000-6)eZfZgZh%ikjml
: Xilinx ISE 6.3 (

ikjml�n�o�p�q'r
: a smt lvuxw�y )z�{ y4|:} ~Z�Z�:� ���Z�Z� �Z� \�]�^ [8] \�]�^

f(x) � { �:{ � { �:{ �Z�4{ �:{ ��� ���:{ �Z{ ���
√

− log(x) (0,1] 1 32 3 5 123 20 163 133 14 105
sin(2πx) [0, 1

4
] 0 16 1 8 153 10 65 133 14 105

cos(2πx) [0, 1
4

] 0 16 1 8 164 11 67 133 14 105

� { : � {Z� \ �Z� u { n int
�4{

:
�4{Z� \ ��� u { n frac���:{

: �Z� ���4{ [MHz]
�:{

: �Zc o%� c r �:{���
:
~Z���������%�:� \ ��� ( ��c�� rmp ) [nsec]

� Ö�Õ�� T�UøÏ K O�ÿ7P�Q R+S�ç�Ó��è+ÿ¨á �+� ìJí µ�T�U î
Ý�Þ�¬ � . [8] ¤ ,

K O!ÿ¿Ï���éØ!Ù�Ú0ÛJä!å�çkÓ �:���� 
¡ !î�¢ Õ�Ö�� ¥ , £�¤ Ã Ú+Û5ê ë!ìVí�î è+ÿ!¬ � � � , ¥�¦)çsÓ �
ö ò¨§�, Ë Ã ¦�!�³ ë�©�ª�î Ø�Ù�Ú0Û � ä�å Ò Ö0Õ�� . ª 5

×
,

¶�«�¬
 ìVí�î [8] ÏZ��é��®)³J�0¯ Ò �;¯�° î Ý�ÞLÒ Ö�Õ�� .
ª 5 Ó�� ,

K O�ÿ�P Q�R+S × , ä�å�± î�²�³ ¬ � Î�Ï Ã § , Æ�ÇÃ ÚJÛ\ê ë�ìJíkî è+ÿ�³�þ , ¥�¦�´�¬ á ��� ¶
«"¬
 ì\í [8] Ï
�5Ù)µ�T�U î ¤ZµJ¶�«�¬
 ìVí�î è+ÿ�³�þ � .¶ ñ�· ²�³ µ � �:¸ ¹ ¯ ° ×4º�» ¬ � ¥ ,

K OJÿ+P%Q�R"SV³ × ,¼�½ Ã�ã ¶�ç;�!¬ � 24 ¾�, Ì "®kµV¶"«�¬" ìJí ¥ 125MHz
·�»sµ�N"¿ =�> ¶)³J�0¯�³�þ � .

7. ÀÂÁÄÃ�ÅvÆÈÇÊÉ
K�Ë ×

, ¡ � ã ¶ , �+¶ ã ¶ , �+� 	"�� , �0¶"�
 Ã ¢`µ ã ¶î ¬��¬ � ¶�«�¬
 ìJí µ�ö+ñ+Ì%R Ë;Í+Î Ï�â�µ.M�N�O0ÿ�! îÏ�Ð Ò � . LUT (Look-Up Table) Ñ"Q"Ò�ñóò × ,
ë ©�ª µ�Ó � µ

Ø!Ù�Ú�ÛVä�å î Æ�Ç)³�È�É Ê�Ë Ì çV�� �³)þ � � � , ¦ ¼ Ã!ã
¶ î ��B+C § �"�� �¡ ³)þ , Æ�Ç�³�È�É Ê�Ë Ì Ã ¶�«+¬" ì+í
µÔM�N�O�ÿ î;Õ U�ç\¬ � . ��Ö�ç)Ó�� , Ø!Ù�Ú0ÛVä�å�! × , Ù�Ú
ÛJä�å�!s³ × �0¯k³)þ Ã Õ%×�Ø Ã�ã ¶�ç��¿Ò Ö ¤ , Æ+Çk³�È�ÉÊ�Ë Ì ç\��¯)³�þ � Î)Ï î Ñ¿Ò � . Ù � ,

K O�ÿ7P
Q�R+S × , ¥
¦)ç�ÓVÄ Ö ´"¬ á ��� ì\í Ï��5Ù!·�»�µ�T"U î^ï Ä � ì\í�î M
N!è0ÿ�³�þ � Î�Ï î Ñ¿Ò � .
Ú Û
K�Ü�Ý × ��Þ , ß+Þ�à�á º , â�ß Ë ú�Q.ã�ä�ÿ�å+æ , ç K áè�é�ê�ë

, à+á Ü�Ý"ì çkÓ � .
K�Ü�Ý µ�í�î Ï Ã Ä � [13] ³sµ
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