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Abstract 

 
In this thesis, we implement a multi-mode variable length RFFT(Real-value 

FFT)/HS-IFFT(Hermitian Symmetric IFFT) processor which based on memory-based 

architecture. Because there is only one butterfly process element in our hardware 

design, the architecture is area-efficient. By designing the address generators, the 

processor has the variable length character. This architecture has efficient computation 

for real-value FFT and Hermitian Symmetric IFFT. In order to improve the fixed 

point precision without increasing the word length, block scaling method is used. 
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� � 	� � 	� � 	� � 	   
 �
 �
 �
 �  

1.1 ���������������� 

� � � � J� ! " # $ % &'() * +, VLSI h i $ % &å j +��2 k &

:; � � # ¬ J3 4 �,l [ Q � m 6 � E+) �n M Ë8 _ L = Ç < = � � &

� % Ã � o p q f 9r /� � Ã s &7  t +�� ~̂ &a � öK1 2 (j &u

g5 6 5 � v P +X � Ì (Ë� � $ % &w ) +¦� x ,¿ < K1 2 (j öy _

I z � { | « & [ \ ] ^ _ ` (Orthogonal Frequency Division Multiplexing, 

OFDM)$ % µ } L w � 9 

[ \ ] _̂ ` ~ � 1960	� � � å �[1]+¦0 Ú &� &�Z çè < � ~̂ ��

& ISI y z+� r /� àCD� ! " # $ % � � q � J� � h i $ % &� � +�

� OFDM $ % �� à� v � � 9u C 1971	Weistein Ebert[2] å �ËØ E'

(op q r s (Fast Fourier Transform, FFT)öné '(op q r s (Inverse Fast 

Fourier Transform, IFFT)6 � � � V _ � � &$ % +OFDM $ % � l [ Q � v P 9 

� � 8 _ &1 2 $ % +� � :; < = &1 2 3 4 >? @ A B CDEF G H I 3 4

(ADSL)JK(CDEF G H I 3 4 (VDSL)+ L = &1 2 3 4 >CDM N 3 4

(DAB)OCDP � Q R M N 3 4 (DVB-T)J IEEE 802.11a/gS3 4 +T U , OFDM

$ % /1 2 V W 9�X ; Y Z [ \ ] ^_ ` &� � 3 4 T a E FFT/IFFT 6 b

c+d,>e f g :h Ki j k l m &'((n)op q r s (FFT/IFFT) " # t:

u U v � � &y z9 

FFT/IFFT� OFDM $ % � 0 Ú � S &� � +�Z å æ ¦da &[ \ _ � � +�

� � &� � 3 4 ¦da �[ \ � � C� � � � � � +�(1.1)[3] å æ Ë� � � � 3

4 da FFT/IFFT &r s � Cö� � (¤9:� 6 � +� FFT/IFFT r s &� C

5 _ Èda &� �à� � � R � � ¨ � � . £ ö� Ì +d,/Ë�� �  � C

Ki  O� �à�� Ok R � ök Ä j Sa � +S �T &� �  ¦® ¯ &f g �

/ v Ú 9 � � & FFT/IFFT � � b c ® ¯ ¢ ] / 0 � + pipeline ® ¯ ö
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memory-based ® ¯ +@ Z :h Ú � K(� �&3 4 6 � +pipeline ® ¯ &FFT/IFFT

U µ   &� � +��@ Z ,� � R � _ ` /õ b &¡ +È memory-based ® ¯ ¢

¢ £ ¦a � 9² ñ+�:; �E OFDM $ % &� � 3 4 � +� FFT/IFFT " # t

�r s � C/¢ . &+È¦� E¤ R §̈ ©< ª « 9 

 

 

� 1.1¥+ � � 3 4 da FFT " # tr s _ ` JY Z � � (j  

 

¦ b �+FFT/IFFT¦� E&§ ¨ � � M +� · U � EZ OFDM $ % � +© ª «

¬  O® « Ō � � ! &" # , µ ° m & °̂ ] ÷ SCD� ! " # +FFT/IFFT

� ± < v Ú &: ² �Q 9¼f g :h < i j Q � �´k � � a � &¢ . £ ¤

FFT/IFFT " # t+§¢ êCD� ! " # �� � �©/b E9 

 

1.2 � � � � 	 
 � �� � � � 	 
 � �� � � � 	 
 � �� � � � 	 
 � � (OFDM)  � � � �  

_ � � 1 2 $ % ³ # U §³ m K(1 2 &´Æ Y Z ] µ l N h k (1 2 (1 2 (

¤/³ m & N/1 )&� î Y Z ´Æ+¶ §¦E N h · � � � à1 2 +>¸(1.1)d

¹9� �E_ � � 1 2 à++ ] µ Ê &k (Y Z ´Æ¦¢ Î º �§¨ . _ N»+

� @ Z ^ ¨ � ¼ ¦� · � � �& ½ ! ^~ § ¾ ` N »+ r ² ¢ , ¿ k { _ v I

z À Á Â Ã (Multi-path Delay Spread)d }  & ¢ ! � Ä Å (Inter System 

Interference, ISI)9² ñ+_ I z À Á Â Ã ð ËÆ l ¢ ! ��&Ä Åñ+� ¨ Æ l
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OFDM 3 4 � � � º Ç �&Ä Å9/Ë È É ð ² Ä Å+Z Ê :h OFDM É Ç

� Ë Ì ËÍ Î º �(Guard Interval)Ç A /Ï Ð � Ë Ñ (Cyclic Prefix)+>¸(1.2)d

¹+ ²́ Í Î º �&£ ¤Ò Ó _ 2 Z dÔ c �µ _ _ I z À Á Â Ã +�� OFDM

º Ç � ¨ v C�:h OFDM º Ç Ä Å9Õ � Ö � C× Ø � Ù OFDM º Ç �&Ä

Å+ Í Î º � ¢ , ¹ º � 1 Ú ½ ! + � ² Û Ð Ñ +§ ¨ Ã � � � � Ä Å

(Inter-Carrier-Interfrernce, ICI)+� ! � � �� � ¶ ¿ [ \ « 9r ² +/ËÉ ð ·

� � �& Ä Å i � + � � Í Î º Ü � ½ ! / OFDM º Ç & Ï Ð À Ý (Cyclic 

Extension) 6 Þ - · � � �&[ \ « 9 

 

�

�

�

�

 

¸ 1.1¥OFDM�_ � � 1 Ú ¹x ¸ 

 

¸ 1.2¥OFDM�Í Î º �¹x ¸ 

 

1 4 &] ^_ ` (Frequency Division Multiplexing, FDM) U Ø E^ n � � \ ß &

· � � 6 ê · � � à ² � � á � Ä Å+>¸(1.3(a))d¹+� OFDM(Orthogonal 

Frequency Division Multiplexing) È U Ø E · � � à ² � � & [ \ «

(Orthogonality)ê¸ �^ n � á \ ß & · � � �   � Cá � Ä Å&Ï ý +X §�

�E_ � � 1 2 ¥ B & ~̂ i À å j +>¸(1.3(b))d¹9 
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(a) 

     
ÄÆÅÈÇÊÉÌËÍÇÊÎÍÏÑÐ

Ò|ÓÔÎÍÕ×Ö\Ø ÕÌÙ Ú
Û ÓÔÜÍÇÊÕ

 

(b) 

¸ 1.3¥(a)1 4 _ � � 3 4 &· � { ] â +(b) [ \ ] _̂ ` 3 4 &· � { ] â  

 

Ú b c[ \ ] _̂ ` - . $ % +µ   &É B U Ø E IDFT/DFTdÃ � &[ \ · �

� 6 � C+¸(1.4)/Ø E IDFT/DFT& OFDM - . ¹x ¸9¦� kX /ã k h ¢

Î & N h Ö - . Y Z + kX /ã k h ¢ Î & N h çä Ê Y Z +Ø E IDFTö DFT

& % [ B ¢ å ))(( kk XIDFTDFTX = 9�b ü :h [ \ ] ^_ ` 3 4 à+IDFT

ö DFT ¢ { IFFTJ FFT 6 b c9 

 

�� � �

0,kX
1,kX
2,kX

1, −NkX

0,kX
1,kX
2,kX

1, −NkX
 

¸ 1.4¥æ Ã à�[ \ ] _̂ ` 3 4 ¥ ç  

 

� 8 _ � � 1 2 3 4 � +OFDM $ % � � � /1 2 V W +�< = Ð è � +>?

@ A B CDEF G H I 3 4 (ADSL)JK(CDEF G H I 3 4 (VDSL)+�L =

Ð è � +>CDM N 3 4 (DAB)OCDP � Q R M N 3 4 (DVB-T)J IEEE 

802.11a/gS3 4 � U Á { OFDM $ % 6 1 2 9 
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1.3 ���������������� 

m ¬  0 Ú /b c:h , memory-based ® ¯ /° ± &_ ¥ ¢ . £ ¤'((n)o

p q r s " # t+¦é ê � � " # t&S �T O® ¯ f g Oi  ] ÷ O� � b c

ö c ë 9� ã ì í Ù � ½ ¾ P î Ë: � µ � � E6 < i j g � æ Ã op q r s

(Discreat Fourier Transform, DFT)&'(op q r s (Fast Fourier Transform, FFT)

S �T +� V W ¦� �ï ð ¤9ã � í §å  0 ñ � � & FFT/IFFT " # t� �

b c® ¯ +] ò / pipeline ® ¯ J memory-based ® ¯ 9ã ó í Ù � §ô @ 2 Ì

Å Æ/b CÅ Æ& FFTO2 Ì Å Æ/ Hermitian Symmetric Å Æ& IFFTd� E&

S �T ü P î +�Ê §, memory-based ® ¯ /0 Ú v � +6 f g :h k � � a

� & _ ¥ ¢ . £ ¤ RFFT/HS-IFFT r s " # t ® ¯ 9 ã � í 0 Ú � õ î

memory-based ® ¯ _ ¥ ¢ . £ ¤ RFFT/HS-IFFT " # t&� � b cöc ë +� ]

÷ " # t&i  9µ Ê +§�ã öí ü h U ¬ öe 6 &f g9 
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������������  DFT/IDFT � � �� � �� � �� � �  

2.1 � �� �� �� �  

� 8 _ CD� ! " # ö� � 3 4 S § ¨ �+ æ Ã op q r s (Discrete Fourier 

Transform, DFT):u � S � v Ú &� � 9� �+�:h �� ECæ Ã op q r s

&̧ à� ! " # 3 4 � +'(Q �C¦� �Ê &U d U Ò Ú &+r ² � q f �Ë

8 _ '(g � DFT & S �T 9< 8 _ É T ¢ E6 ÷ b :S �T Ç b ø &ï ð ¤

Ji j +� S �T �:� &ù " # t�b cà+ú T C Ì T C§u û Jg �&

(¤< % +¼½ ¾§�Eú T C6 ÷ b ¦g �ï ð ¤9:h µ � � <́ i j &S

�T /'(op q r s (FFT)S �T +r /ü � · ¢ ,§u û DFT � �&g �ï

ð ¤ý )( 2NO þ ¶ � )log( NNO +� {́ Z ¦S �T &� � « +� FFT S �T

? � ä £ Z � VLSI � b c9 

FFT S �T &° m ³ # U §”£ ¤/ N�Å Æ&æ Ã op q r s &g �] çl 8

_ ` & æ Ã op q r s ” 6 � C < i &� �9FFT(IFFT) S � T < 0 ñ � B &]

ç+ã :ñ /� ] à(Decimation-in-time, DIT)&S �T +̧ §³ Å Æ ][nx � � ]

ç l 8 _ ` & · Å Æ+� Ê ¶ � Ê h ` Å Æ& r s + � : ñ / � ] ^

(Decimation-in-frequency, DIF)& S � T +¸ æ Ã op q r s ][kX � ] çl 8 _

` &· Å Æ9m í §P î FFT(IFFT)S �T &:; � � î B +> raidx-2Oraidx-4O

radix-22J split-radix 2/4S[4][5][6]9� �µ Ê V W + � � S �T &g �ï ð ¤9 

2.2 Radix-2 FFT/IFFT � � 	� � 	� � 	� � 	  

2.2.1 FFT ������������ 

����. Decimation-in-time ������������ 

� ½ ¾g � DFT à+K¤&i j ¢ ý ] çg �l 8 _ � � &̀ DFT g ���

C+�X h 2 i +ï C� C knNjkn
N eW )/2( π−= &@ A «  � u « 	 � Ø EC+�S

�T &] ç� U ° Z ³ æ Ã Å Æ [ ]nx ] l 8 _ ` Å Æ+¼A �/] àS �T 9 
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:h £ ¤/ N&æ Ã Å Æ [ ]nx +¦æ Ã oØ q r s ¢ ,�¹/¥ 

[ ] [ ] 1,,2,1,0,   
1

0

−==�
−

=

NkWnxkX
N

n

nk
N �    ¦�  ( )Nj

N eW π2−=         (2.1) 

Á { § [ ]nx ] l 
 C� J� C� 0 h » ] +½ ¾¢ ,�C¥ 

[ ] [ ] [ ] ( ) 1,,2,1,0,   12 2
12

0

12

0

122 −=++= � �
−

=

−

=

+ NkWnxWnxkX
N

n

N

n

kn
N

nk
N �        (2.2) 

� ]2[][ nxng = ´ ]12[][ += nxnh +È¥ 

              

[ ] ( )

[ ] [ ]kHWkG

WnhWWng

WnhWngkX

k
N

N

n

N

n

nk
N

k
N

nk
N

N

n

N

n

kn
N

nk
N

+=

+=

+=

� �

� �
−

=

−

=

−

=

−

=

+

         

 ][ ][         

 ][ ][

12

0

12

0
22

12

0

12

0

122

             (2.3) 

¦� ][kG J [ ]kH ] ò / [ ]nx �� C� J
 C� & 2N � æ Ã op q r s 9 

            
[ ]

[ ] [ ]kHWkG

WnhWWngNkX

k
N

N

n

N

n

nk
N

k
N

nk
N

−=

−=+ � �
−

=

−

=

                    

 ][ ][2
12

0

12

0
22           (2.4) 

¸(2.1)/  � �] à æ Ã op q r s ] çl 0 h ó � &] à æ Ã op q r s &

� i ¸9� # +½ ¾¢ , � � ³ 2N � & æ Ã op q r s ¶ ] çl 0 h � C/

4N � &æ Ã op q r s +� þ ] çÑ ï +È¢ �] à'(op q r s 9Ñ ¸(2.2)

/ � �] à'(op q r s � i ¸9 

 

:h £ ¤/N� radix-2 DIT FFT&g �ï ð ¤>Ñ d¹¥ 

                  NNNM 2log)2/()( =                      (2.5) 

                   NNNA 2log)( =                         (2.6) 

¦� + )(NM J )(NA ] ò � �ï Cú T Jï CÌ T &h C9 
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¸ 2.1¥ � ] àæ Ã op q r s ] çl 0 h ó � &] àæ Ã op q r s � i ¸ 
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¸ 2.2¥ � �] à'(op q r s � i ¸ 

 

����. Decimation-in-frequency ������������ 

] à& FFT S �T U ³ 2 Ì Å Æ [ ]nx ] çl 8 _ ` Å Æ& DFT 6 � �9� � Q +

½ ¾� ¢ ³ 2 �Å Æ [ ]kX ] çl 8 _ · Å Æ6 '(g � DFT+X ñ FFT S �T

A /] Ŝ �T 9 

:h £ ¤/ N&æ Ã Å Æ [ ]nx +¦æ Ã oØ q r s ¢ ,�¹/¥ 

[ ] [ ] 1,,2,1,0,   
1

0

−==�
−

=
NkWnxkX

N

n

nk
N �    ¦�  ( )Nj

N eW π2−=       (2.7) 
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§¦ [ ]nx ] l 0 � +È¥ 

             

[ ] [ ] [ ]

[ ] ( ) [ ]� �

� �
−

=

−

=

−

=

−

=

+−+=
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12

0

12

0

12
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1

2
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N
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N
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N
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N

N
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N
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N
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N

WNnxWnx

WnxWnxkX

       (2.8) 

¦� [ ]kX &� C� J
 C� ] ò /¥ 

       

[ ] [ ] ( ) [ ]

[ ] [ ]

[ ] [ ]( )�

� �

� �

−

=

−

=

−

=

−

=

−

=

++=

++=

+−+=

12

0
2

12

0

12

0
22

12

0

12

0

222
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 21 2

N

n

nr
N

N
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N
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nr
N

nr
N

N

n

N

n

nr
N

rnr
N

WNnxnx

WNnxWnx

WNnxWnxrX
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[ ] [ ] ( ) [ ]

[ ] [ ]

[ ] [ ]( )  2                

 2                 

  21 12

12
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12
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12

0
22

12

0

12

0

2122
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� �

� �

−
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−

=

−

=

−

=

−

=

+

+−=

+−=

+−+=+

N

n

nr
N

n
N

N

n

N

n

nr
N

n
N

nr
N
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N

N

n

N
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nr
N

n
N

rnr
N

n
N

WWNnxnx

WWNnxWWnx

WWNnxWWnxrX

    (2.10) 

� [ ] [ ] [ ]2Nnxnxng ++= O [ ] [ ] [ ]( ) n
NWNnxnxnh 2+−= +È¥ 

       [ ] [ ]�
−

=

=
12

0
2  2

N

n

nr
NWngrX  ´ [ ] [ ]�

−

=

=+
12

0
2  12

N

n

nr
NWnhrX           (2.11) 

¸(2.3)/  � �] ^ æ Ã op q r s ] çl 0 h ó � &] ^ æ Ã op q r s &

� i ¸9� # +½ ¾� ¢ ,� ] àæ Ã op q r s :� � þ ] ç+È¢ �] ^'

(op q r s 9Ñ ¸(2.4)/ � �] ^'(op q r s � i ¸9 

 

:h £ ¤/N� radix-2 DIF FFT ¿ < � DIT � � &g �ï ð ¤¥ 

                  NNNM 2log)2/()( =                    (2.12) 

                   NNNA 2log)( =                       (2.13) 

¦� + )(NM J )(NA ] ò � �ï Cú T Jï CÌ T &h C9 

 



 

 10

0
8W

1
8W

2
8W

3
8W

 

¸ 2.3¥ � ] æ̂ Ã op q r s ] çl 0 h ó � &] æ̂ Ã op q r s � i ¸ 
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¸ 2.4¥ � �] ^'(op q r s � i ¸ 

 

2.2.2 IFFT ������������ 

����. Decimation-in-time ������������ 

:h £ ¤/ N&æ Ã Å Æ [ ]kX +¦né æ Ã oØ q r s ¢ ,�¹/¥ 

[ ] [ ] 1,,2,1,0,   
1

0

−==�
−

=

− NnWkXnx
N

k

nk
N �    ¦�  ( )Nj

N eW π2−=     (2.14) 

ö] à FFT:� +Á { § [ ]kX ] l 
 C� J� C� 0 h » ] +½ ¾¢ ,�C¥ 
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[ ] [ ] [ ] ( ) 1,,2,1,0,   12 2
12

0

12

0

122 −=++= � �
−

=

−

=

+−− NnWkXWkXnx
N

k

N

k

nk
N

nk
N �   (2.15) 

� ]2[][ kXkG = ´ ]12[][ += kXkH +È¥ 
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[ ] [ ]nhWng
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n
N

N
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N
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nk
N
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N
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N
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−
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0
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0
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0
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0

122

         (2.16) 

¦� [ ]ng J [ ]nh ] ò / [ ]kX �� C� J
 C� & 2N � né æ Ã op q r s 9 
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[ ] [ ]nhWng

WkHWWkGNnx
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N

N

k

N
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N

n
N
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N

−

−

=

−

=

−−−

−=
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 ][ ][2
12

0

12

0
22          (2.17) 

½ ¾¢ , � � § 2N � &né æ Ã op q r s ¶ ] çl 0 h � C/ 4N � &n

é æ Ã op q r s +� þ ] çÑ ï +È¢ �né ] à'(op q r s 9Ñ ¸(2.5)

/ � �né ] à'(op q r s � i ¸9 

 

0
8W

1
8
−W

2
8
−W

3
8
−W

0
8W

0
8W

2
8
−W

2
8
−W

0
8W

0
8W

0
8W

0
8W

 
¸ 2.5¥ � �né ] à'(op q r s � i ¸ 

 

:h £ ¤/N� radix-2 DIT IFFT&g �ï ð ¤/¥ 

                  NNNM 2log)2/()( =                     (2.18) 

                    NNNA 2log)( =                       (2.19) 
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����. Decimation-in-frequency ������������ 
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2.3 Radix-4 FFT/IFFT ������������ 
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� � � � �N� radix-22 DIF FFT�H -Q R � � 

               NNNM 2log)8/3()( =                      (2.47) 

                 NNNA 2log)( =                         (2.48) 
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� � � � �N� radix-22 DIF FFT�H -Q R � � 

             2log
2( ) [(3log 2) 2 ( 1) ] / 9NM N N N= − × + × −          (2.52) 

                        2( ) logA N N N=                     (2.53) 
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������������  FFT/IFFT � �� �� �� �  

3.1 �������� 
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Ö 3.1�16a R2MDC � � � � � 8 9 pLMÖ 

 

� Radix-4 MDC 

R4MDC LMÝ R2MDC LM�Þ 9 x ß �¿ ¯ # D�8 3 radix �# D>´b

µ � �N nNa FFTià �R4MDCLMc  R2MDCLM� �o �� 
 �á i

â qk ¯ �K � �	 
 ã´�E  e >�LM�È n butterfly o �p]�4 Ñ �

p' / ³ j c 25%�0 k ¯ 3log3 4 −N n�4 Ä�p� N4log n radix-4 butterfly

o �p¦ 42/5 −N nÛ Ü p>Ö(3.2)YN n¬ c pipelineLM� 256a R4MDC

� � � � � 8 9 p> 
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Ö 3.2�256a R4MDC � � � � � 8 9 pLMÖ 

 

� Radix-4 Single-Path Delay Commutator 

Radix-4 Single-path Delay Commutator � ' / N n� ä U� radix-4����£ Þ

P radix-4 butterfly o �p� Yå X �N *  Uæ � radix-4 butterfly o �p(È ç

o �j ¨ radix-4 butterfly o �p��°N nÀ H )�' ( È N n butterfly o �p

j k è é N n�4 Ñ �p3�Í© ê * �ë qk �4 Ñ �p4 ì Y 1log4 −N �

0 �4 Ñ �p�' / ³ E � e m 75%>0 �LME £ qk Û Ü p�n4 í

42/5 −N î ï 22 −N >Ö (3.3)YN n ¬ c pipeline LM� 256 a Radix-4 

Single-path Delay Commutator � � � � � 8 9 p> 

 

 

Ö 3.3�256a R4SDC � � � � � 8 9 pLMÖ 

 

3.2.2 Single-Path Delay Feedback (SDF) Pipeline Architecture 

¡ · £ ¸ ¹ pipelineLM�½ N �K � 1 2 T U>�T Uð Y Single-path Delay 

Feedback(SDF)T U��T U*  / b# D� radix FFT���>�LM�8 9 T

U�¿ ¯ � £ À ÁÂ Ã É Ê ñ ò 5 ó Û Ü p� � Ë Ì Í�Õ ô v butterfly o �

p8 9 >SDFLMc õ e �ö Ü � ÷ ' / ³ (100%)¦ e �4 Ñ �p' / ³ ��

É Ê o �Íqø ( À H Â Ã �ù Â Y digit-reversed(À ÁÂ Ã Y in-order)> 
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� Radix-2 SDF 

R2SDF ¿ ¯ � l / ñ ò 5 ó Û Ü pPú û Û Ü p�' / 4 ì ��r m ü c ý ³

{ ' / Û Ü p�ì �>Butterfly o �p£ �� X À H Ü þ N nñ ò 5 ó Û Ü p

��?3È n��°�� j ± c N ní Butterfly o �pÀ H �� �É Ê �4 Ñ

�p�q��LMq' / ��4 Ñ �p� Butterfly o �p�n4 ] R2MDC ã

D>~ �LM* £ Û Ü pn4 î ï j k 1−N nÛ Ü p��Ï Ð � �k ¯ � � _

� �>�4 Ñ �p�' / ³ Y 50%>Ö(3.4)YN n¬ c pipeline LM�× Ø a

Radix-2 Single-path Delay feedback � � � � � 8 9 p> 

 

 

Ö 3.4�16a R2SDF � � � � � 8 9 pLMÖ 

 

� Radix-4 SDF 

D� { �R4SDF LM�� � T U] R2SDF LMã 	 >« Y R4SDF LM� �

radix-4 butterfly 8 9 pPo 
 �q�� butterfly 8 9 pc å nÀ H � ��£ �°

� nÀ H Ü þ ñ ò Û Ü p��?�  � �N nÀ H � �É Ê �4 Ñ �po ���

T U* � �4 Ñ �p�' / ³ � Y 75%>á i�radix-4 butterfly o �pã´�E

 �	 � � © ï û c � n� �p��� �' / ³ � 25%>qk K � w � �k ¯

1log4 −N n�4 Ä�p� N4log n radix-4 butterfly o �p¦ 1−N nñ ò 5 ó Û

Ü p>Ö(3.5)YN n¬ c pipelineLM� 256aRadix-4 Single-path Delay feedback

� � � � � 8 9 p> 
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Ö 3.5�256a R4SDF � � � � � 8 9 pLMÖ 

� Radix-22 SDF 

@ A radix-22 DIF FFT������ * �( m N nd R [ 	 R2SDF� R22SDFL

M>�LM� butterfly 8 9 pc Z�� U BF2�� BF2��3È ��° BF2�¦

BF2�o �p� ± £ ZÀ H ��°�N Ü þ ñ ò 5 ó Û Ü p��½ N nÀ H �Y

� N ���À Á�0 « Yj c 3 BF2�8 9 p � ���À H � �� k ¯ É Ê �4

Ñ �po ��ë �LM' / m ��4 Ñ �p4 ì  R2SDFLMû >�LM��

4 Ñ �p�' / ³ � ] R4SDF D(75%)�qk K � w � Y 1log4 −N n�4 Ä�

p� N2log n radix-2 butterfly o �p¦ 1−N nñ ò 5 ó Û Ü p>Ö(3.6)YN n

¬ c pipelineLM�× Ø a Radix-22 Single-path Delay feedback � � � � � 8 9

p> 

 

 

Ö 3.6�16a R22SDF � � � � � 8 9 pLMÖ 

 

3.2.3 Convergent Block Floating Point Pipeline Architectures 

N O PQ �pipeline FFT 8 9 p_ � z E _ R S �̈ �� � � / fixed pointLM

P1 2 >á i��� � � � « Y fixed point�� � } 
 c � �q� fixed point FFT

8 9 p_ � ¯ �� � 3b�� �Í�� � 
 � � >N �* �r m  e �6 7 	 6

� T UY3 pipeline FFT�È n��°� � ��� �� � } 
 �~ � �� ��
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� � � q( m �À H � � } 
 £ ±  À Á� � } 
 ! >½ N �� � 6 7 	 6 � 0

# k � � ��� � � } 
 �T UY' / block scaling �T U[12]>Block scaling

B T U� l / [ 	 floating point �" # �â £ È �� fixed point � U�À Á�

��² q3�# D��X Ä# D� block $ % ?& ' ã .́ � scaling factor��

�[ 	 floating point� " # Pø (  e �� � 
 >B � £ � m Z� Block scaling

T U�X \ Y Block Floating Point (BFP)] Convergent Block Floating Point 

(CBFP)> 

Block Floating Point (BFP)��T �� �È n���o �� �� ( bDN n block

$ % �" # �) £ È �� block $ % qo �H �_ V À H * + , H P�- m È �

�� scaling factorÍ�Õ £ qc �À H * É Ê ãD{ scaledP� 
 � N ���À
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� ¯ Ò È n���6 Í� * ( m � N ��qk � scaling factor�´ pipeline FFT

LMPQ ��T U� # * � �>q8�c ½ N �* � 0 * . / 3 pipeline FFTL

M�� ä T �Y Convergent Block Floating Point (CBFP)T U> �T U¿ ¯ �9

��� radix-2 FFT���Y. �� £ radix-2 È ���À H �í : N ��1 2 X

ÄZn� ¬ c # D scaling factor�À H ; � block $ % �É Ê  � � butter�Í�

Õ � �Zn¬ c # D scaling factor�À H ; � block $ % scaled�� ¨ : < ��

�À Á>É Ê : < ��Í* ( m 4n� ¬ c # D scaling factor�À H ; � block

$ % �á ÍÕ £ � scaled�² �T U8 9 � = >�m _ Í��� * �> 2 FFT�

È nÀ H block $ % � � ¬ c N n? ( � scaling factor>Ö(3.8)Y16a radix-2 DIF 

FFT �N n . / >Ö(3.9)YN n¬ c CBFP pipeline LM�× Ø a Radix-2 

Single-path Delay feedback � � � � � 8 9 p> 
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Ö 3.8�16a radix-2 DIF FFT� CBFPLMÔ  Ö 
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Ö 3.9�CBFP pipelineLM�× Ø a R2SDF � � � � � 8 9 pLMÖ 

 

CBFP �̀ a3b�* 3# � � À H � � } 
 �� � � �� À H 6 7 	 6 � ø (

� � >ê ' � µ � ��À Á6 7 * Ê � � �CBFP E ± 3: N n�� ª £ �À Á

6 7 scaled ï  � �@ 5 ��� � �o �� � 
 >~ ã´� CBFP k A B  J �

Ï Ð � 0 �À H latency E £ ± Ë } > 

3.2.4 �������� Pipeline � � � � �� � � � �� � � � �� � � � �  

�� £ C ¡́ · q¥ �� � pipeline FFT 8 9 pLM�radix-2 multiple-path delay 

commutatorDradix-4 multiple-path delay commutatorDradix-2 single-path delay 

feedbackDradix-4 single-path delay feedbackDradix-22 single-path delay feedback�

� CBFP pipelineLM� radix-2 single-path delay feedback Ò LM��  �Ñ �

pDbutterfly o �p¦Û Ü p�qk 4 ì ��' / ³ >í �(3.1)]�(3.2)°��

� * �� � delay feedbackLM delay commutatorLMqk �K � k t  û �

0 �� K � �' / ³ E  delay commutatorLM�� K � ' / ³ e >~ �� v �

LMPE �x F � { �delay commutator ¬ c  e � throughput rate>�G �H á

' / CBFPLM* �� � fixed point�� � 
 � � �~ ã´��Ï Ð � k t  Þ

¡ LM� � 1.5I> 
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� 3.1�� � � pipeline���	 
 � �  � 

 

 

� 3.2�� � � pipeline���	 
 � � �  � 

 

3.3 Memory-based �������� 

� � � ��� � pipeline ���� � � � � memory-based �� [10][11]�

memory-based �� ! " # � $�	 
 � � % & � ' � ( � " � � radix-r 

butterfly ) * + ,-./�� radix-r butterfly�0� 1(3.10)/2 %1(3.10)� 16

3 DIT FFT �4 5 1%6 butterfly ) * + �-.7 8 �%9 : ; < �= � �

butterfly > ? @ .(A B CD )%.E F ; < � butterfly GH I .D � ; < (9 J K

L)%MN O P-.D Q �N O P/� 	 
 -.R S � pipeline��T U V �WX

A R � radix-r butterfly ) * + �-.O P% Y Z [ \ ] ^ @ _  ̀ a bc d e

f g h i ) * + �N � %j � memory-based ��k� l .� �m n � o �# �
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p �q r s %t � u � � split-radix vq r s �w �l .� %� � � fixed radix
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1 3.10�163 DIT FFT 4 5 1 

 

z pipeline��� { %memory-based��| � o } ~ 
 ,� � FFT-.��� %

6 radix-r butterfly ) * + : �-./� � twiddle factor�,� � � � } ~ 
 ��

� j �� -.�%��� � � � -.� � �} ~ 
 � � �� � � � �� � %/Y

� � o ) * � � � FFT h i %�� � � �� � � } ~ 
 ,� � � �� � %

memory-based ���  � �R } ~ 
 ��z  } ~ 
 ���R } ~ 
 ���}

~ 
 ¡ o �¢ in-place £ P%| ¤ �¥ ¦ A butterfly-.+ -.G�§ _ � /�

¨ } ~ 
 �© ª�« ¬ / ® �© ª%1(3.11)�R } ~ 
 memory-based���

O ¯ 1�C  } ~ 
 ���� ® £ P¡ o �( � ° ± } ~ 
 �² i � ® %� -.

� � ³ � ´ µ ] ¶ butterfly-.+ -.%1(3.12)�  } ~ 
 memory-based��
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�O ¯ 1�Z · ¸ ] %¢ in-place £ P�R } ~ 
 ��6	 
 /� �} ~ 
 � 

} ~ 
 �� T � ¹ �º » � 

 

  

1 3.11�R } ~ 
 memory-bsed��c d e f g h i ) * + O ¯ 1 

 

1 3.12�  } ~ 
 memory-bsed��c d e f g h i ) * + O ¯ 1 

 

� ¼ ,¥ %� �a b� N� FFT h i � o ¦ ½ Nr
N

rlog× � radix-r butterfly-

.%W: � radix-r butterfly-.¾ ¿ ¦ A r2 ��} ~ 
 � À ,E Á �/Y k�

� �o -.a b� N� memory based FFT/IFFT ) * + ,¥ %Â Ã � o �} ~ 


� À �Ä� NN rlog2 × ��Å C%¤ � ��Æ � � memory based FFT/IFFT ) *

+ ,¥ %6} ~ 
 � À /� Ç È �Â clock cycleÄÉ T É ³ ! " 6-.Æ � ��

° Ê O P Y Ë T 6} ~ 
 �� À /� �Â clock cycleÄ� 

1. � � high-radix���%N O P Ì $� À �Ä%ÍÎ k�ÏÐ Ñ 6	 


Ò Ó b� 

2. X A Ð Ñ } ~ 
  ® Ô Õ ,Ë T � À �/� �Â clock cycleÄ� 
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Ð Ñ } ~ 
  ® Ô Õ �O P�° Ê %� �� �  Y � �� ® V Ö � � �R �

multiple-port } ~ 
 ,! " %ÍN O PÏ¶ 	 
 × Ø Ð º Ù� � Ê O P%��Ú

} ~ 
 � Û Á V ±  ( r ) single-port } ~ 
 ,! " � �� ® r Ö � � Ü� �À ¨ r

Ö � � �Ý �� 

3.4 � �� �� �� �  

� Þ ß �%��à á " â ° �ã � � � ,x y FFT/IFFT l .� ���%� � �

pipeline��z memory-based��� 

Pipeline���  � �MDCä SDF ° O P,x y %6�MDC� throughput rate

�å%SDF/� o } ~ 
 z@ .R S � � �$�� � ����Memory-based�

�%N ��' � � � radix-r butterfly ) * + ,æ ç 6-.%� �� Y Z [ \ �

� Ð Ñ -.R S �� � D %! "  ̀ a b�FFT/IFFT-.%Í6� o �V �clock 

cycleÄ,E Á -.��(3.3)�º 3Äh i pipeline��z memory-based���

 �%6�è � } ~ 
 º » é � %N ê�ë h i �3Ä%W memory-based ��

k� ) * � � h i �%� �� � �� � S ì (buffer),� � D �ë h i �� � 

 

� 3.3�º 3Äc d e f g h i � pipeline��z memory-based�� � 

í Þ B %pipeline ��# � u � � � o å throughput rate �î ï �%Í« h i 3

Ä�º 3Ä�%pipeline ���ð ñ bÚ # � ò ó % X A ô õ Ð Ñ ö S a b�

O P,÷ ø ð ñ b%ÍÎ k�6-.R S ù} ~ 
 /) * �ö S | ú ô õ ` a %

t 	 
 × Ø Ú Ï` º W	 
 d b| Ïû ü Ì $�� � Ð Ñ ö S a bD %CBFP 

pipeline�� ÷ ø -.ð ñ b%Í� � � V ý _ } ~ 
 ,! " �Ck� � o �þ
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$ throughput rateWº 3Ä�î ï ,¥ (0 ADSLþVDSLvî ï )%memory-based

����� ��m n �j 6-.R S � � Ï� � 3Ä̀ º CÐ Ñ %t  ! " �$
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 × Ø %� W � � Ð Ñ } ~ 
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������������  � � � � � 	 
 �� � � � � 	 
 �� � � � � 	 
 �� � � � � 	 
 � FFT/IFFT � � � �   

4.1 � �� �� �� �  

� Å � å throughput rate�î ï �%memory-based��Z �  pipeline��! "

å throughput rate � � %Ík� � � � �þ$ throughput rate î ï �(0 ADSLþ

VDSLvî ï )%A � memory-based��� throughput rate Y � 	 6� � W


��$�	 
 � � þ�å�ð ñ b(BFP) Y ùh i 3Ä � � `  v� 3%� ú

� �þ$ throughput rate î ï �%memory-based����� ��m n �Þ á � �

¡ � %� � x y � �$	 
 � � W ` a b�c d e f g h i ) * + �C

memory-based ��� 	 
 x y O P � p � 	 / � % t Þ á � Ú � k

memory-based���c d e f g h i ) * + � � � � �� à � 

Þ ß Ú � �  Y � � � @ .x Ä�� � memory-based ��) * + �N ) * + k

� ) * x Ä FFTä Hermitian Symmetric IFFT ! " � �Æ � �) * O P%W|

 Y � � @ .� ¼ � FFT Ü IFFT�Þ ß � � Ú � " � � ) * x Ä FFT �

Real-Valued FFT(RFFT) l . � %ù � � ) * Hermitian Symmetric IFFT � 

Hermitian Symmetric IFFT(HS-IFFT) l .� %N ° Ê l .� ��( � 6§ � 8 �

� s ,! " � �Æ � �-.[13][14][15]��GÚ � � � " radix-2   £  ̀ a

b FFT/IFFT ��þradix-4   £  ̀ a b FFT/IFFT ��%ã G� Y V £  ̀ a

b RFFT/ HS-IFFT��� �Â ! � 

4.2 Real-Value FFT(RFFT)/Hermitian Symmetric IFFT 

(HS- IFFT) � � 	� � 	� � 	� � 	  

4.2.1 RFFT ������������ 

� 0��/� � �%ë ú " a b� N�Ò Ä8 � �" # e f g h i (DFT)Ô $ %

 X A c d e f g h i (FFT),! " �Æ � �-.�Å C%º V Ä� FFT l .�

��� ^ @ ,@ .Ò Ä8 � � DFT%Í� �% � � (0 ADSLþVDSLvî ï )%
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ë h i �8 � x & B �x Ä8 � �6x %�� Y ( � x Ä8 � h i GÔ $ ��

% k'  s %,! " � �Æ � �-.�Þ » ( Ú � � � kx Ä8 � " # e f g h

i �) Ê * �+ � �O P� 

������������ 

� o � N3 Complex-valued FFT(CFFT)l .� ,@ . N3x Ä8 � �" # e f

g h i �ã , R �O P¤ �- x Ä8 � . / Á 0 é �1 �Ò Ä8 � G%� H .6

N3 CFFT2 �0D 1(4.1)/2 � 
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� �� 8 � ][nx �x Ä8 � %�6h i G� ][kX %x é ¾ � < k ' % 0 é ¾ �

= k ' �/Y > ^ y �° �va b� N �x Ä8 � ][nx z ][ny %? � Ò Ä8 �

][nz 6x é � ][nx 8 � þ0 é � ][ny 8 � � 

@ @ @ @ @   [ ] [ ] [ ]       , 0,1, , 1z n x n jy n n N= + = −	                  (4.1) 

j �" # e f g h i �A s -.%k ][nz � e f g h i G ú " � 

[ ] [ ] [ ]
       { [ ] [ ]} { [ ] [ ]}     , 0,1, , 1r i i r

Z k X k jY k

X k Y k j X k Y k k N

= +
= − + + = −	

  (4.2) 

6�D B rÜ i � � ê�x é z0 é �X A x Äh i �k' s  ú D P� 

]}[][{]}[][{][ kYkXjkYkXkNZ riir −−+=−              (4.3) 

9 B ° �PC %Z [ \ ��� Ú ][kX z ][kY � D _ ,� 

[ ] [ ] [ ]

1 1
        { [ ] [ ]} { [ ] [ ]}      , 0,1, , / 2

2 2

r i

r r i i

X k X k jX k

Z k Z N k j Z k Z N k k N

= +

= + − + − − = 	

  (4.4) 

[ ] [ ] [ ]

1 1
       { [ ] [ ]} { [ ] [ ]}      , 0,1, , / 2

2 2

r i

i i r r

Y k Y k jY k

Z N k Z k j Z N k Z k k N

= +

= − + + − − = 	

 (4.5) 

¤ 0� E /¥ �% ][nx z ][ny F �x Ä8 � %e f g h i G� ][kX z ][kY �

Hermitian Symmetric �  s �/Y ' � @ . ][kX z ][kY � G H 2/0 Nk ≤≤ 2

 %WZ · ¸ � � � 0=k z 2/Nk = �% ][][ kZkX rr = þ ][][ kZkY ir = ù

0][ =kX i þ 0][ =kYi �A N  � %� ë � �h i ° �Î � a b�x Ä8 � %��

 � N O P�Æ � �! " � 
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ã G� Ê @ . N3x Ä8 � e f g h i �O P%�-� � � / 2N 3� CFFT ,

�Æ ] -.R � N3x Ä8 � �" # e f g h i �¤ 0� D 1(4.3)/2 %Ú a b

� N �x Ä8 � ][nx � Á < Ä8 � ]2[ nx ù = Ä8 � ]12[ +nx ° é � G%? � a

b� 2/N �Ò Ä8 � ][ny % ]12[]2[][ ++= njxnxny 6x é � ]2[ nx þ 0 é �

]12[ +nx �¦ A 2/N 3� CFFT-.%G: 7 X A ( � x Ä8 9 h i G� s Ñ

Y ) * %2 ú ][nx �" # e f g h i ][kX � 
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� �a b� N �x Ä8 � ][nx %Ú 6 < Ä3Ü = Ä3� > Á a b� 2/N �° x

Ä8 � ][nh Ü ][ng � 

12/0         ],2[][ −≤≤= Nnnxnh             (4.6) 

12/0    ],12[][ −≤≤+= Nnnxng             (4.7) 

Ú 6I � " # e f g h i � 

1 / 2 1 / 2 1

/ 2 / 2
0 0 0

/ 2 1 / 2 1

/ 2 / 2
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         [ ] [ ] [ ] [ ]  ,      0 1

N N N
nk nk k nk

N N N N
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N N N N
n n

X k x n W x n W W x n W

h n W W g n W H k W G k k N

− − −

= = =

− −

= =

= = + +

= + = + ≤ ≤ −

� � �

� �
(4.8) 

6� ][kH z ][kG � � � ][nh Ü ][ng �" # e f g h i � 

? ][ny �� a bv� 2/N �Ò Ä8 � %WA ][nh z ][ng ° x Ä8 � /± Á %6

x é � ][nh þ0 é � ][ng � 
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12/0     ,  ][][][ −≤≤+= Nnnjgnhny          (4.9) 

D P�6" # e f g h i � 

12/0     ,  ][][][ −≤≤+= NkkjGkHkY          (4.10) 

W             12/0     ,  ][][]2/[ −≤≤−=−∗ NkkjGkHkNY       (4.11) 

A B ° P% Y J ú ][kH Ü ][kG � 

12/0     ,  2/])2/[][(][ −≤≤−+= ∗ NkkNYkYkH       (4.12) 

12/0     ,  2/])2/[][(][ −≤≤−−= ∗ NkkNYkYkjG      (4.13) 

ã G%7 X A ][kH Ü ][kG ,� ú ][kX � 

10     ,  ][][][ −≤≤+= NkkGWkHkX k
N         (4.14) 

j � ][nx �x Ä8 � %6h i G� ][kX � Hermitian Symmetric  s %��' �

ú " � N 2/0 Nk ≤≤ G H � ][kX � 2 �W« 0=k z 2/Nk = �% ][kX �'

�x Ä ]0[]0[]0[ ir YYX += þ ]0[]0[]2/[ ir YYNX −= �A N  � %N O P Y �Æ

� � kR � a b� N �x Ä8 � � 6e f g h i �| ¤ �¥ /-� " � CFFT

' � 2/N 3Ä%�K Þ �3ÄN T � ¹ � 

� �a b�N� radix-2 DIT RFFT�@ .Ò Ó b� 

@ @ @ @ @ @ @ @ @ @ @ @ )2/(log)14/()( 2 NNNM +=              (4.15) 

@ @ @ @ @ @ @ @ @ @ @ @ )2/(log)42/()( 2 NNNA +=              (4.16) 

6�% )(NM Ü )(NA � � ê�Ò ÄL � ÜÒ ÄÑ � ��Ä� 

4.2.2 HS-IFFT ������������ 

¤ 0E × /M %� ë h i �8 � ][nx �x Ä8 � %�6" # e f g h i G�8 �
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 � Hermitian Symmetric �s N �t ��|  Y � k6O P e f g h i �8

� � � Hermitian Symmetric 8 � %( � N Hermitian Symmetric� s ,O Q _

�Æ � �O P e f g h i � 

� � a b�N�" # 8 � ][kX 
 � Hermitian Symmetric�s N %�� 
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Ú N ][kX 8 � � 6O P e f g h i � 
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t  A ][kX ,� ú ][kY %7 Ú 6¦ ½ 2/N 3Ä� Complex-valued IFFT(CIFFT)
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4.3 Memory-Based Radix-2 ����� � � � �� � � � �� � � � �� � � � � FFT/IFFT � � 	� � 	� � 	� � 	


 �
 �
 �
 �  

4.3.1 Radix-2 DIT FFT ������������� �� �� �� �  

¢� Raidx-2 Decimation-in-Time(DIT) FFT l .� ,x y N ��%6í Þ -.R
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.D � ; < (9 J K L)MN O P-.D Q �W: � butterfly @ .E G%ÏÚ ! S
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Butterfly-.+ �̂ �§ � -.S %F ^ �-.S � � M_ � � © ª̀ a + (Data 

Address Generator, DAG)Üb Ä© ª̀ a + (Coefficient Address Generator, CAG)

/̀ a _ ,�© ªQ } ~ 
 c d ® %¦ A -.GÏ̀ a ° �§ _ ! S %§ _ ! S

� � �© ª�K Þ d ® �§ � � � } ~ 
 © ª�DAG ¡ o �� � : �; < �E

� shuffle permutation-.%� ,̀ a butterfly-.+ �§ � � � /� } ~ 
 ©

ª%CAG��� e butterfly-.+ � twiddle factor/� � � } ~ 
 © ª�D-Mem

z C-ROM � � �� ® § � � � z twiddle factors�� � S ì � 

4.3.2 Radix-2 DIT IFFT ������������� �� �� �� �  

K � IFFT%� ¼ � � �4 � ��� H ( � FFT�-.£ P,E Á %w � ' �o

� � Ú § � ù§ _ ® Ã f -.�Í� ë -. RFFT(Real-valued FFT)ù HS-IFFT 

(Hermitian Symmetric IFFT)�g %N 4 � �� h « ��j � RFFTù HS-IFFT�

( � half-size � Complex FFT/Complex IFFT(CFFT/CIFFT)� i 	 u « � post-@

processingù pre-processing,! " �Æ � �-.O P%Å CN O P/� � CFFT
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@ _ � � 
 � in-order § � � CIFFT��� 
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N O P-.D Q �: � butterfly @ .E G%� { �ÏÚ ! S ¢ in-place O P� ¨

K Þ /� �} ~ 
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� 4.10�Memory-based �  radix-2 IFFT 2 3 � � � � 

 

4 FFT �   ! " �butterfly � �� 5 6 �7 8 � �� �9 6 �� �� : ; < =

> $ bit-reverse� DAG? CAG @ A B C )DE F G H I J K L M �N O P Q R

H I J S M C )� twiddle factor M TUV W 8 butterfly � �� � ��X Y � �V

A B �Z �7 C [ \ ] ^ _ ` L M �7 8 a b H I J E F �IFFT ��� � � c

d e ��c f g h % & ' ( M)i j k N�� IFFT�, 1 NM 2log= � 

4.3.3 �������� Radix-2 DIT FFT/IFFT � � �� � �� � �� � � � �� �� �� �  

l m O �(4.7) : no p q r s - . (FFT) � 	 �4�(4.10) t u : no p q r s

- . (IFFT)� 	 �k�v w DV �x y z FFT4 IFFT {  ! | } ~ @ k� shuffle 

permutation � � � � ��� � IFFT { A B 7 8 a b E F n�� v FFT � k� �

bit-reverse �� � ��c h  ! � CAG )A B butterfly � �� @ � � twiddle 

factor E F �IFFT � � { Y , @ S M C � twiddle factor M TU� c �h � FFT

4 IFFT � 5  ! � DAG�CAG�butterfly � �� 4H I J � � �� c Y , � �

� ! �� � 1��(4.11)�� � memory-based �  � raidx-2 FFT/IFFT � � �� 
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� 4.11�� � memory-based �  D raidx-2 FFT/IFFT 2 3 � � � � 

 

� memory-based �  �� � raidx-2 FFT/IFFT 2 3 � �g h % & ' ( IFFT-en)

k FFT4 IFFT � ��� . �� % & ' ( IFFT-en� highn�bit-reverse4 conj(T

U)� � �k IFFT � ��t D�IFFT-en� lown�bit-reverse4 conj(TU)� �

� � �k FFT � ��� � �� �� FFT � �n�7 8 � � � � E � t u � �

(digit-reverse)�� ] � �] { H I J 1�� �� � V �7 C �  � ¡ � ¢ £ � �

(in-order)" ¤ ] ¥ { H I J 1�¦ � IFFT � �n�7 8 � � � ¢ £ � � (in-order)

] ¥ { H I J 1�, � �� � V �7 C �  ¤ E � t u � � (digit-reverse)" ] ¥

{ H I J 1��c f g h % & ' ( M )i j k N �� FFT/IFFT�, 1
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4.3.4 � 	 
 � �  �� 	 
 � �  �� 	 
 � �  �� 	 
 � �  � (DAG)����� � 
 � �  �� � 
 � �  �� � 
 � �  �� � 
 � �  � (CAG) � � �� � �� � �� � �  

` 0 § Y ¨ © memory-based FFT/IFFT �  1�DAGª CAG�« ¬  ® 4A B

� �� 

� ����������������������������(DAG) 

� � MN 2= �� radix-2 : no p q r s - . T5 M� stages��̄ � stage°

± ² ³ ! ´ �� shuffle permutation�g h � shuffle permutation�µ ¶ · ¸ � �

c ¹ 7 8 � � µ º ¶ � » ¯ � stage1 butterfly � �� @ ¼ 2 3 �� � � � �½
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�́ ��Ê 2 { � �c Y Ë Ì " / · ¸ � �: Á » � �Í r � ! �0 · ¸ )�

��Î �É (4.26)@ Ï �¦ 5 � u Ð w
�u Ð v
 > $ · ¸ K � �V @ Ä ² Du Ð �

�· ¸ K� normal factor ´ �n�  � 4.12(a)Y Ñ ¿ » � 4.12(b)� 

                      ttt vNIvKw 
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 J/ 6=j B C 0M N 1 &

� � @ A B C i�O P � � � � 5,3S /Q R [3,5] S �# i/T U : VG�� K 5,3S W

X 1 Y � � " K T U [5,3] @ VG/B C j�F Q 9 @ G� 

 

                     ] , [:] , [: 5,3 abjbai S→                 (4.27) 

 

Z K ! 9 [ �M N 1 \ ] ^ �  � � " B C �_ /) ` a b 0 
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]5 ,3 [: vectorbasis ]3 ,5 [: vectorbasis

i j

 

� 4.13� ] , [:] , [: 5,3 abjbai S→ �G 

c " �M N 1 & �d @ e f / Kronecker Productg shuffle permutation h i A �

j �2 0k � � � � � � �
210 ,BBB SI ⊗ l 9 �m � � " B C /` n a b F 9 [

(4.28)@ G�# J i�WX d �B C o T U � ] , ,[ 210 BBB � j�WX �" /B C �

# T U � ] , ,[ 120 BBB 0 

                  ] , , [:] , , [: 2,10 bcajcbai BBB SI  → ⊗              (4.28) 

K �d /p q �1 ] �� � MN 2= r/ radix-2 � s t u v w x WX y � M �

stages�o z � stage ` n f { | l 9 / shuffle permutation��} i� stage/ shuffle 

permutation�� 

110
222 1 −=⊗−− ,M,,       iSI
,iiM �               (4.29) 

~ M N 1 K � 9 �: Y ] butterfly��� @ � � � � � /� � � ` n B � 0 

Z K & � �� @ � �� : /� )1,,1,0( −= Nkk 	 ��  } i� stage / shuffle 

permutation� (
222 1 ,iiM SI ⊗−− )��" �F Q 9 (4.30)@ G�� 1 � � butterfly ��

� /� � � � � � B � 0�(4.14)� DAG�8 � �0 

              ],,[],,[: bcaaddresscbak shuffle →                (4.30) 



 

 50

 

� 4.14�� � B � � � � 8 � � 

 

� ����������������������������(CAG) 

� � MN 2= r/ radix-2 DIT FFT/IFFT��y � M� Stages�o z � Stage�

twiddle factor B � /� � � � { | /0M N & \ � � 16r radix-2 DIT FFT/IFFT

�� [ �: 6 7 � � � CAG/S � 0�(4.15)� 16r FFT� CAG � � � � 0 

 

 
� 4.15�16r raidx-2 DIT FFT/IFFT� CAGG� � 

 

C-ROM �   /� twiddle factor��0VG 0
NW ¡1VG 1

NW ¢! £ � 0K � @ G

/ 16r FFT/IFFTJ Stage-0 @ ¤ � � /B � 1 K � B � � �� @ � � ��¥ L

3 B � " / S0 Y ��Stage-1 @ � � /B � 1 K � �� @ � � ��¥ L 2 B � "

/ S1 Y ��| ¦ Stage-2 m § K ¥ L 1 B � " / S2 Y ��c " / Stage-3 m �

¥ L 0 B � " / S30� K � ¨ /� © �M N 1 \ ª 6 7 /« f # ¬  ® 0� �
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MN 2= r/ FFT A } i� Stage ¯ § ° � �� � � ��¥ LM-i-1�B � � 1 Y

f @ § / twiddle factor B � �F �(4.16)@ G0 

 

 

� 4.16�b �B � � � � 8 � � 

 

� Reduce Coefficient Memory size 

� ± : � �� �² ³ �N/ radix-2 � s t u v w x WX § ¤  ́ / twiddle factor

��� 2/N 0µ ¶ · � �M N 1 \ ¸ 2 # twiddle factors ) ( _ /¹ º a b : »

¼ @ §  ́ /�½ �Z K ! ) ( _ /) a ® 1 & twiddle factor  ́ ��» E�

18/ +N [18]0! 8 9 1 \ � ¾ � » ¼ FFT ¿ ¦ � /À � Á Â Ã Ä Å 0\ Q �

(4.17)32 r� s t u v w x WX @ § � twiddle factors ��� 0M N 1 Z K } Æ

Ç È / twiddle factors ¹ º Y f � É A } � Ç È � / twiddle factors�o 1 Ê Ë �

Ì � & } Æ Ç È � 
 Í Î block�Ï block��| . � Ð N ) ( _ � �   A Ñ ¹ º

/a b 0~ M N c " ¯ §  ́ block�$ / twiddle factors�Ê ¸ 2 block Ò ! _

/a b � 1 Y f FFT��@ § /@ � twiddle factors0M N K V(4.1)1 ] �block�

J/�1 K block�JZ K · Ó Ô Õ o ( X Y f �block�1 K block�· Ó ( X

" & # Ó % Ô Õ Y ��block�̄ § & block�J/· % Ô Õ � 1 Ö Y 0 

 

 

 



 

 52

 

)( 0123 bbbb

 

� 4.17�32r� s t u v w x WX @

§ � twiddle factors�G 

V 4.1�32r� s t u v w x WX @ §

� twiddle factors a b V 

 

� F d ¨ @ < �̀ × � �² ³ �N/ radix-2 � s t u v w x WX @ § / twiddle 

factors 1 K block�Y ��@ \ M N Y ] # twiddle factor @ Ø blockg# ` n E

block�B � /a b 9 0twiddle factor @ Ø / block 1 K c H Ù / twiddle factor´

  B � @ Ú Û �F 9 (4.31)@ G0 

          ))||||(&,( 01321 bbbbbbblock MSBMSBMSBMSB 	−−−=        (4.31) 

Ú Û Ü @ Ø / block�" �Ý Q ¤ Þ « A block�J@ ` n /B � (ß �� � � à

A ¯   block�J/��@ \ # @ ` n /B � ¤ á â MSBb )�@ ` n /B � F Q @

G0 

     block�¡block�� ),,,,,( 01221 bbbbbaddress MSBMSB 	−−=       (4.32) 

     block�¡block�� 1),,,,,(~ 01221 += −− bbbbbaddress MSBMSB 	   (4.33) 

c " �Ê O P ! @ Ø / block Á ` n B � Ö Y block�@ ¹ º / twiddle factor0¢

! 8 9 �M N ¯ §  ́ 18/ +N � twiddle factor � 1 0 

 

 



 

 53

4.3.5 Conflict Free Memory Addressing  

� ± : � �� �² ³ �N/ FFTWX § ¤ �  Nr
N

rlog× � radix-r butterfly�

��o z � radix-r butterfly ��ã ä � K r2 å/� � � æ ç : è 
 0@ \ ` ×

� �¤ ��² ³ �N/ memory based FFT/IFFT ¿ ¦ � : � �éy § ¤ /� � �

æ ç å�� NN rlog2 × å0ê ��� � �� ¾ Ã / memory based FFT/IFFT ¿ ¦

� : � �# � � � æ ç @ § é clock cycle�ë ¼ ë ì í f # ��¾ Ã (��s @

§ / clock cycle�ë ¼ ë î )0� Í 4 8 9 1 \ » ¼ # � � � æ ç @ § /é clock 

cycle��� �ï 2 high-radix/ð ñ �! 8 9 ) ` /' ò ó # À � ô õ ³ ö} ÷

4 8 9 �Z K ò ó � � � � � ø ù : » ¼ é clock cycle�0ò ó � � � � � ø ù

/8 9 � Í 4 ���ï21\|s �úû��/7� multiple-port � � � :í

f�µ ! 8 9 �ü À � ¨ ý ò � ö3 �4 8 9 �m �& � � � � þ �ú� ( r ) 

single-port � � � :í f|sæ � r û��Ï |sç� r û��/½ /0�Ü ï

memory based FFT/IFFT ¿ ¦ � /À � ¨ ý » ¼ �ï2ú� single-port � � � �

9 � c î /� � �I � & � � ! � ¾ Ã ò ó � � � � �ø ù /8 9 0 

k butterfly ¿ ¦ � � radix-r/ butterfly ¿ ¦ � �F �(4.18)@ G �m � � � § 	

� � r ��ïY radix-r / butterfly ¿ ¦ � 1\|sæ  (ç) r � � 0�Ü 
 �

butterfly ¿ ¦ � A |�� � � � �$ |sæ  (ç) Í û��\� / � � � �M

N ã ä ` FFT /�� � - � � � /� � � � �� C �ïY z å butterfly /� �

� � � D :� { |/� � � � �[19]0 

 

�
�

�

�
�



�

r r

�
�

	

�
�




�

 

� 4.18�Radix-r FFT butterfly 8 �� 
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MN 1O P Q ¨ @ e f/8 9 :& �� � - � C f{ |/� � � � �$ 0 

�� A ² ³� N � �� � - J /���# H I ´  /� � � B � �9 (4.34)��

& # � C E r (radix-r FFT) � � � � � �� �J �1K 9 (4.35):Ú Û # @ Ø �

� � � � �Ï 9 (4.36):Ú Û # � � � � �/´  B � 0¢ ! � C 8 9 �1ï

radix-r butterfly � � � ì A |�s_ � �f rû��:� � �Z \í f» ¼ � �

@ § / clock cycle�0 

rnn dddddaddressoriginaldata ),,,,,(__ 01221 	−−=       (4.34) 

        rdddddbankmemory nn mod)(_ 01221 +++++= −− 	     (4.35) 

rn ddddaddressbankmemory ),,,,(__ 0122 	−=           (4.36) 

Nn rlog=  

Q �(4.19)��� �  � � � � �� C / 16r radix-2 FFT � � [ 0�� � - �

B � � � � � ´  ��� � - �� � � � 0 

 

 

� 4.19�16r radix-2 FFT � � �� C G � � 

 

O P � < �MN � ° H I ´  A �� � � � $ /�� � - �� , � � E Í � � �

� � ��� � � � �� D � Bank0g Bank10O P Q ¨ Í � 9 [ �1� � /] ^

�� � - ¤ � C f� � � �Ï � �J /� � B � 0 
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        1 2 2 1 0_ ( ) mod 2n nmemory bank d d d d d− −= + + + + +	     (4.37) 

� � � � � � 2 2 1 0 2_ _ ( , , , , )nmemory bank address d d d d−= 	           (4.38) 

B � V � � f/� ��0� Bank0¡1� Bank1�a � V � �B � 0 

4.3.6 Block Floating Point Memory-Based �������� 

� F |� d pipeline ð ñ @ < �. �ß � fixed point/ � ² ³� È �@ \ fixed 

point FFT ¿ ¦ � c � ¤ /! " A × # � � "/# $ ³! " 0|. � �MN � 1

\ï2 block scaling /8 9 [12]:e % # memory-based ð ñ � � "/& Õ õ &

'0ß � memory-based ð ñ /� � 8 9 � z ( ) z ( ) * � � � Q + /8 9 �

~ 12 Block Floating Point (BFP)/8 9 :¿ ¦ �! 8 � � , & z � ( ) @ � �

� /c � �� � - . � :�« fz ( ) / scaling factor"�Ê & @ � Q �( ) /

�� � �  ) |� scaled :� S butterfly ¿ ¦ � /�� �\! 8 9 :/ 0 # $

³0�(4.20)��� ? � BFP memory-based ð ñ /1 � radix-2 FFT/IFFT 8 ��0 

 

 

� 4.20�BFP memory-based ð ñ /1 � radix-2 FFT/IFFT ¿ ¦ � 8 �� 
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Block scaling/2 rA × �1A { ò ó ��  � ² ³/3 � Q �ü �� & Õ õ &

'4 Y / 0 0� ï� �W X � �� & Õ �   s�block scaling � ' A }�� (

) � & # �� & Õ scaled E � � /5 B �\ò ó # � � # $ ³0 

4.4 Memory-Based Raidx-4 ��������� � � �� � � �� � � �� � � � FFT/IFFT � �� �� �� �  

�� ¤ � � ² ³�N/ memory based FFT/IFFT ¿ ¦ � :� �éy § ¤ /� � �

æ çå�� NN rlog2 × å0MN 1\ï2 high-radix/ð ñ :» ¼ � � � æ çå

��\ò ó � � ¾ Ã ( » ¼ � � s@ § é clock cycle�)0�(4.21)� 64r radix-4 

DIT FFT � � / 6 ¾ p q �� # � � � - / ´   � � �B � � � � �

(digit-reverse)��� � - m �� � � � (in-order)0�(4.22)� 64r radix-4 DIT IFFT

� � /6 ¾ p q ��# �� � - /́  � � �� � � � (in-order)��� � - m �

B � � � � � (digit-reverse)0|. � �radix-4 butterfly ¿ ¦ � /� � � � ��7

z ( ) /}�� butterfly 8 Ù � � (K � � Q )�� è ! ( ) / butterfly "Ý Ñ �

Q �( ) (7¥ E 9 )�¢ ! 8 9 � � Q + 0o z � butterfly � � è "�' & h :

� in-place 8 9   � H I @ A /� � � B � 0z � ( ) � ` n f{ |l 9 /

shuffle permutation�F 9 (4.39)@ G �Z K ! shuffle permutation/� � � � � �

1ï�� � - � , � - 
 z � ( ) J butterfly ¿ ¦ � @ �¿ ¦ /� - � � 0 

} i � ( ) ` n / shuffle permutation�� 110
444 1 −=⊗−− ,M,,       iSI

,iiM �   (4.39) 

K �(4.21)g�(4.22)�MN ] ^ FFT g IFFT A ) | ( ) $ @ � / shuffle 

permutation � � �. /0̄ � IFFT A � � �� ��B � s�ä ' FFTú� ��

digit-reverse /Ì ; 0o 1K ) |/ CAG :� � butterfly � � � @ § / twiddle 

factor B � �IFFT ¯ § A & # @ � �� / twiddle factor �y < � 10K × FFT

g IFFT ? � ) |/ DAG¡CAG¡butterfly � � � g� � � § Ö �~ 1& # = i

E |� > ? J 0|. � �12 Block Floating Point (BFP)/ Block scaling 8 9 :

/ 0 �� & Õ õ & '0�(4.23)�? � BFP memory-based ð ñ / 1 � radix-4 

FFT/IFFT ¿ ¦ � 8 ��0 
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4,44 SI ⊗
,442S

 
� 4.21�64 � radix-4 DIT FFT � � � � � 	 � 
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4,44 SI ⊗
,442S

 

� 4.22�64 � radix-4 DIT IFFT � � � � � 	 �



 

 59

 

� 4.23�BFP memory-based � � �� � radix-4 FFT/IFFT � 	 
 � � � 

 

BFP memory-based � � �� � raidx-4 FFT/IFFT � 	 
 �� � � � � � IFFT-en

� � FFT � IFFT � ��� � �� � � � � IFFT-en � high ��digit-reverse �

conj(��) ! �� IFFT  " #$ % �IFFT-en� low��digit-reverse� conj(�

�)& '  ! �� FFT  " (�  " � �� FFT � ���) * + , - . / 0 $ 1

2 + (digit-reverse)�3 4 � �4 56 7 8 9 � " : ; <�) = �> - ? @ A B

2 + (in-order) C D 4 E 56 7 8 9 #F � IFFT � ���) * + , . A B 2 +

(in-order)4 E 56 7 8 9 �G  " : ; <�) = �> D / 0 $ 1 2 + (digit-reverse)

C 4 E 5 6 7 8 9 ( � � � � M - H � I J � 	 
  " �KL N �G 9

NM 4log= (M � � N O = P Q R S � scaling factor<�T U V W X Y R S �)

* Z [ \ ] ^ C scaled � � ! butterfly � 	 
 �) * ( 

^ KL�_ ` a b � X �F c 5d e � clock cycle LX  " : ; �> f g h

high-radix�� �� i j �k ] l C m n oG p 8 �q r s ( 

4.5 Memory-Based ������������������������ RFFT/HS-IFFT � �� �� �� �  

Real-valued FFT(RFFT)� Hermitian Symmetric IFFT(HS-IFFT)t u v l ) * � �

�w L+ , � Hermitian Symmetric + , x y z { W | } C  " � �[13][14] 

[15](~ Y Q NK� FFT(IFFT)� � �F ) * + , �w L+ , (Hermitian Symmetric



 

 60

+ , )�> � � � H j KL� 2/N K� Complex FFT(Complex IFFT)� Y � <�

(� � )� 	 � ! � f � j � NK CFFT(CIFFT)] ^ �� � (� U � � C � e z �

	 
 V �  " � clock cycleL�U � � � � 6 7 8 � � � � z �L� NN rlog2 ×

�� e � NNN r 2)2/(log +× �( � � � <� � 	 � �� Q R S �� 	 � �)�o

� z p 8 �� 	 �� (� �� � RFFT� HS-IFFT � � t u �   Y Q ) * + ,

/ 0 $ 1 2 + (digit-reverse)¡) = + , A B 2 + (in-order)� CFFT ¢ ) * + , A

B 2 + (in-order)¡) = + , / 0 $ 1 2 + (digit-reverse)� CIFFT � � 	 G  " �

£ ¤ ¥ f ~ � H ¦ § @ ^ Y ¨ © � memory based CFFT/CIFFT � 	 
 ª 5G �

<� t u « ¬ Y Q  � HSIFFT� RFFT  " �� � � 	 
 (preprocessor)� <�

� 	 
 (post-processor)�® �(4.24)V ¯ �~ i j U RFFT/HS-IFFT ¦ § � ^ Y ¨

© M � e p 8 ° ± �² �( 

 

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

 

� 4.24�RFFT/HS-IFFT � � � 

RFFT���� 

5 RFFT ³ " ´ 9 �¤ ¥ U µ s � N �w L+ , ][nx t ¶ · ¸ � + , ][ng �

][nh �� G ¹ § ¶ µ s � 2/N �q L+ , ][][]12[]2[][ njgnhnjxnxny +=++= �

% <) * 2/N K� CFFT (Complex FFT) " � j ][kY �® �(4.25)V ¯ �T � �

�(4.40)(4.41)(4.42)(4.43)(4.44)(4.45)(4.46)� º � ][kX ( 

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

 

� 4.25�RFFT � � � 
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12/0     ,  2/])2/[][(][ −≤≤−+= ∗ NkkNYkYkH             (4.40) 

12/0     ,  2/])2/[][(][ −≤≤−−= ∗ NkkNYkYkjG            (4.41) 

14/0     ,  ][][][ 4/ −≤≤+= + NkkjGWkHkX Nk
N                 (4.42) 

14/0     ,  ][][]2/[ 4/ −≤≤−=− +∗ NkkjGWkHkNX Nk
N          (4.43) 

]}0[Im{]}0[Re{]0[ YYX +=   (4.44) ]}0[Im{]}0[Re{]2/[ YYNX −=   (4.45) 

]4/[]4/[ NYNX ∗=                                        (4.46) 

�(4.26) � � � � � � � 	
 � �� � � � � � �� � � � �� � � ][kH �

][kG �� � � � � � � � ][kH � ][kG � �  � 	 ][kX �! " # $ % & ' ( '

)�* + , - ( ./ 	0 1 N2 RN 3 4 5 �6 7 8 9 : � ; < = 	> ( ./ 0

1 ? @ A 

 

HS-IFFT���� 

� HS-IFFT B C D E � " # $ 0 1 � N 	 Hermitian F G . / ][kX 4 �

2/0 Nk ≤≤ H ( �� � I (4.47)(4.48)(4.49)(4.50)� � ][kY �: � J K L M N 2/N

H 	 CIFFT (Complex IFFT) � � ][ny � O � (4.27) ; P � � E

]12[]2[][ ++= njxnxny �� - Q ./ �R Q ./ S � ][nx 	T ( 9 U ( ./ A 

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

⋅
⋅

⋅

 

� 4.27VHS-IFFT W X � 

)4/( ) ]2/[][() ]2/[][(][ Nk
NWkNXkXkNXkXkY +−∗∗ −−+−+=          (4.47) 

)4/( ) ]2/[][() ]2/[][(]2/[ Nk
NWkNXkXkNXkXkNY +−∗∗∗ −−−−+=−   (4.48) 

])]2/[]0[)(1[(]0[ NjXXjY +−=                                   (4.49) 

]4/[2]4/[ NXNY ∗=                                            (4.50) 

�(4.28) � � Y � � � � 	
 � �� � � � � � A�Z J K L �* + , - ( .

/ 	0 1 N2 RN 3 4 5 A
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� 4.26�� � � � � � 	 � 
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NW
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� 4.28�
 � � � � � 	 � 
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RFFT/HS-IFFT ������������ 

���(4.26)��(4.28)���� 	
��  � ��� � � twiddle factor�� � �

�� � � � ��� � �
� HS-IFFT � �  twiddle factor!" � # $ �%& 

� ' (� butterfly)* +,- �. � /01 2 ��3 4 � 56 7 RFFT/HS-IFFT

3 4 � R_DAG8R_CAG %� 59 :� butterfly )* +;<=> ? 
� � @ A

B/�(4.29)7> ? !� BFP memory-based ,- C9 : RFFT/HS-IFFTDE +F

G �/ 

 

 

� 4.29HBFP memory-based ,- C9 : RFFT/HS-IFFTDE +F G � 

 

IJ9 : butterfly )* +�K L:M;N O PDE preprocessing/post-processing

�% CFFT/CIFFT �&  � )* �QO R S preprocessing/ post-processing  �

T�=� � % twiddle factor<U V R_DAG� R_CAG ' W X �YZ [\ ] ^ _

� � /̀ a b c IFFT_en d e � f 7 CFFT � CIFFT g :M�K L�̀ a b c

RFFT_en 7 RFFT/HS-IFFT � CFFT/CIFFT :M�h i �` a b c M j7

CFFT/CIFFT k Llm N�h i �=� NM rlog= / 
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4.6 �������� 


 4.1n�1 2 o p q 6 r DE s m FFT� Hermitain Symmetric IFFT�t * u �

vg w t * u ��<x y radix-2 ,- N lk L� ��z u 4 * { | } J

NN 2log)2/( ~ � p )2/(log)14/( 2 NN + /4.2 n84.3 nd e 
� � radix-28

radix-4 g . � radix � CFFT/CIFFT ,- ��o � C! 4.4 n RFFT/HS-IFFT ,

- �� ��Q
. � � � � �� } �� � ��� BFP �F M;� � � � b c |

b �/�!
 4.4n��IJ butterfly)* +�9 :K L�� � 8twiddle factor

YZ W X +�h i �RFFT/HS-IFFT��� � � Ps 	
 memory-based,- B�

�<�� � PDE s m� ��� � � � � k L� Hermitian �   � ��¡ ¢ � �

� £ � k L/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 66

������������ � � � � � 	 
� � � � � 	 
� � � � � 	 
� � � � � 	 
 FFT/IFFT � � � � � � � �   

� �� �� �� � � � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �  

5.1 � �� �� �� �  

y ¤ <� ¥¦ ¤ ' o CDE +,- s 	
§ ^ B�̈ © =� ªQ�!« � FPGA

:¬  ® ¯ =�S ° /
 5.2n85.3n<± � . � � radix�DE +;² � =§

^ �3 4 �5.4 n<� ' 3 4 �DE +³� ª̈ © ;́ µ ' (� �� } ��!


5.5n¶ <� FPGA:¬  ;® ¯ ' 3 4 DE +�§ ^ ,- �� ª/ 

5.2 Memory-Based Radix-2 � � � � 	 
� � � � 	 
� � � � 	 
� � � � 	 
 RFFT/HS-IFFT����

�  � � � ��  � � � ��  � � � ��  � � � �  

y n< · ¸ ¹ º � memory-based , - 7 » ¼ � radix-2 9 :� ½ � }

RFFT/HS-IFFT DE +§ ^ 3 4 F M/�(5.1)7=§ ^ F G ��d e DE F M�

U V DAG(R_DAG)% CAG(R_CAG)' W X � ;�YZ [\ ] ^ � � �¾<\ ]

^ ' � � p �g 5� � )* ��� 5 twiddle factor )* �¿ À 9 : radix-2 

butterflyDE +)* �C!<9 : radix-2 butterfly�g � � ÁÂ Ã x � � YZ / 

 

 

� 5.1HRadix-2 9 :�½ � } RFFT/HS-IFFTDE +F G � 

> 5,- � Ä 5` a b c M 8IFFT_en8RFFT_en�` a b c M ( 1−= RMM )

d e 
� ´ µ CFFT/CIFFT�½ � } �lm N ( MN 2= )� RN ( RM
RN 2= )Å Æs
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m:MÇ Hermitain Symmetric:MT�lm�RFFT_en b c � IFFT_en b c �

�;h i ' È É �:M�=È É :MÊÆ(5.1) ' Ë / 

 

Æ 5.1HRadix-2 9 :DE +È É :M 

5.2.1 DAG ���� R_DAG � � � �� � � �� � � �� � � �  

DAG���� 

�(5.2)7 DAG�F G ��1 2 Ì Í � � � 5 radix-2,- �DE +;Î �=¥ i5

stage� shuffle permutationÊM(5.1)' Ë /Q1 2 <U V v shuffle permutationm

Ï M3 4 � =Ð Ñ ,- �/ 

 

� 5.2H� � YZ W X +F G � 

Shuffle PermutationCÐ Ñ ,- 3 4 H 

¥ i5 stage� shuffle permutation7H 1M,,1,0       SI
2,22 1M −=⊗−− �iii   (5.1) 

<4 m+�� � Á )1,,1,0( −= Nkk 	 Ò Ó N O � shuffle permutation!Ô �Õ �

Ö � � YZ �ÊM(5.2) ' Ë / 

],,[],,[: bcaaddresscbak shuffle →                (5.2) 

×<a8b8 c ¨ � �Ø Y�ÆË �j a8b8cY�m̈ � 7 iM −−1 8 i81Y

�/J�(5.3)�(5.4)1 2 ��� � � Õ p shuffle permutation �Ð Ñ ,- �=�

F G BF �ÁÅ Æ=Y�m�ÙF G _�Áj7Ú shuffle permutation�Á/I

JW X � 5� 4 m+� � � Y�� mask ¨ � Û 4 m+ � � ³� � Y�

Ü ” AND” �C!¾<= Ý Þ � ß à ³� � Y�Ü ” OR” Ô � Õ p shuffle 
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permutation!�� Ö � � YZ /�(5.5)7 DAG�Ð Ñ ,- ��=�M7Úk L

lm N�h i (N=2M)�i7' 
 � /á7 Radix-2 butterflyDE +� Te � g

5� � )* ��0(e � g 5 DAG;� TW X � Ö � � YZ / 

shuffle

 
 
� 5.3H ],,[],,[: bcaaddresscbak shuffle → CØ Y�ÆË � 

• ••

++

 

� 5.4H ],,[],,[: bcaaddresscbak shuffle → �Ë â � 

 

� 5.5HRadix-2 DAG Ð Ñ ,- � 
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R_DAG���� 

J�(4.26)��(4.28)�Ì post-processing � preprocessing Ú� � YZ �ã � 7

{ 4/RN ,0}8 {1, 12/ −RN }8 {2, 22/ −RN }8�� { i , iN R −2/ }8��

{ 14/ −RN � 14/ +RN }�v:M�' �p � CFFT/CIFFT �k Llm N7x y ä

å � � æ �0<= ½ m Å L NN R =2/ !� Õ { 2/N ,0}8 {1, 1−N }8

{2, 2−N }8��{ i , iN − }8��{ 12/ −N � 12/ +N }���(5.6)7 R_DAG�Ð

Ñ ,- ��á7 radix-2 butterfly � g 5� Ö � � )* ��0 R_DAG Õ � TW X

g 5� Ö � � YZ /=�M 7 CFFT/CIFFT k Llm N�h i ( MN 2= )/ 

 

ç

� 5.6HRadix-2 R_DAG Ð Ñ ,- � 

 

Conflict Free Memory Addressing���� 

7q ªè 9 : radix-2 butterfly)* +ªé � T� � p ' (�� � )* ��1 2 ê

ë� �g 5 memory banks�ì<� � N O �í Â 
vg memory banks_��î

p � T� � �ï �/×7 CFFT/CIFFT)* :M�j�U V �M;́ µ � � �ð

ñ F M/= CFFT�x ò � Ö í Â Yñ 7Y�¡ ¢ í Â �' Õ Cx ò � � Yñ 


\ ] ^ _7ó ô � �õCIFFTj�C�¡ �x ò � Ö í Â Yñ 7ó ô � �í Â �

' Õ Cx ò � � Yñ 
\ ] ^ _7Y�¡ ¢ í Â / 
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201221 ),,,,,(__ dddddaddressoriginaldata nn 	−−=       (5.3) 

       2 mod)(_ 01221 dddddbankmemory nn +++++= −− 	     (5.4) 

20122 ),,,,(__ ddddaddressbankmemory n 	−=          (5.5) 

Nn 2log=  

�(5.7)7\ ] ^ ö G ð ñ (Memory Bank Assignment, MBA)�F G ��=�MB

Å Æ' ÷ � memory bank�MB_addrj7' 
 memory bank�YZ / 

 

 

� 5.7HRadix-2 \ ] ^ ö G ð ñ F G � 

ç

O )* :M7 RFFT/HS-IFFT T�á7 post-processing/preprocessing U V Bø �

ð ñ F M � ù u � T � � p ' e � � � ) * ��ú 32 l� RFFT 


post-processing  � T� � T� � x ò \ ] ^ YZ 7{2,14}�g 5YZ �ûU V

M(5.4)�ð ñ F M 2814 � ÷ � � � \ ] ^ ö G _(bank1)ü ýùu � T� � �0

1 2 (þ �3 4 � �6 7 post-processing/preprocessing�� � ð ñ F M�ìN T

P<vg w ð ñ F M³N O � � L�î p &  � � ª� T� � �ï �/�M7

post-processing/preprocessing  � T�\ ] ^ ð ñ F M�d e �� CD
� \ ]

^ ö G �h i F M�0 2� 14 ¨ � ð ñ � bank0� bank1 g . � �ö G / 

201221 ),,,,,(__ dddddaddressoriginaldata nn 	−−=       (5.6) 

01   _ dxordbankmemory n−=                          (5.7) 

20122 ),,,,(__ ddddaddressbankmemory n 	−=           (5.8) 

Nn 2log=  

C�� o p á7 post-processing/preprocessing  � � CFFT/CIFFT  � ' � ��

\ ] ^ ö G ð ñ F M� . � ��0ð ñ F MÕ N TP
vg . �  � Ü³N O �

� L/=� LF MÊ�' º �O 7 RFFT)* :MT�� � CFFT/CIFFT ð ñ :
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Mð ñ �� p R S p CFFT ��!�  � T�
ã 	 �� 
7 post-processing/ 

preprocessing �ð ñ :Mí Â Ã [�ú 32 l RFFT = CFFT �!�  � �� �

butterfly)* � � �YZ 7{2,10}�= 2 � YÆË M7{0010,1010}�� � ö G %

YZ ¨ � 7{1,0}8{010,010}�)*  !í Â Ã [ö G %YZ ¨ � 7{0,1}8

{010,010}�Qá7Â Ã �ö G YZ � � � � ��0�� � in-place:M/� E �

O 7 HS-IFFT)* :MT�� � post-processing/preprocessing ð ñ :Mð ñ ��

p R S p CIFFT�¥�  � T�
ã 	 �� 
7 CFFT/CIFFT�ð ñ :Mí Â Ã

[/�� (5.8)7 � � g � \ ] ^ ö G ð ñ (MBA)� F G ��MB_R 7

post-processing/ preprocessing ð ñ :M� memory bank h i / 

 

� 5.8HRadix-2 \ ] ^ ö G ð ñ F G � 

 

5.2.2 CAG ���� R_CAG � � � �� � � �� � � �� � � �  

CAG���� 

�(5.9)7 CAG�F G �/=� i7' 
 � � maxRM 7�½ lmDE +' ªD

E ��ä l RFFT/HS-IFFTm� � �á7
 coefficient ROM ¶ ' í Â � twiddle 

factorêë� � �ä lm� twiddle factor/CAG�Ð Ñ ,- � � � ��(� 5�

Y+Ô �î p / 

 

� 5.9HRadix-2 � mYZ W X +F G � 
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R_CAG���� 

� � P�J�(4.26)��(4.28)�Ì post-processing� preprocessing
¥Ø  � Ú

� � � twiddle �ã � 7 j±1 8 14/ +R

R

N
NW 8 24/ +R

R

N
NW ���

12/ −R

R

N
NW �=� � �

00
RR NN jWW ± 8 1

RNjW− 8 2
RNjW− ���

14/ −− R

R

N
NjW ���(5.10)7 R_CAG �Ð Ñ

,- �/=�M 7 CFFT/CIFFT k Llm N�h i ( MN 2= )� maxRM 7�½

l m RFFT/HS-IFFT D E + ' ª D E � � ä l m maxRN � � �

( max2max RM
RN = )/  

 

� 5.10HRadix-2 R_CAG Ð Ñ ,- � 

 

Reduce Coefficient Memory Size���� 

� Ê�� ¤ n' Î ��1 2 ��IJ twiddle factor�� Ü��� ° ~ � twiddle 

factor
� � \ ] ^ í Â �5m/=F MÊ��� � � U V twiddle factor�x ò

í Â Yñ Ò JM(5.9);´ µ ' ÷ C block�́ µ q ' ÷ � blockC!�� �;U V

M(5.10)(5.11)Õ p � block�' � � �YZ ��!
U V & 5 block � block�C

Ü� �  � � ! ' � � � C twiddle factor ³N O � �  Ô �Õ ' e � twiddle 

factor/ 

     ),())||||(&,( 1001321 ssbbbbbbblock MSBMSBMSBMSB == −−− 	      (5.9) 

      block�8block�H ),,,,,( 01221 bbbbbaddress MSBMSB 	−−=      (5.10) 

      block�8block�H 1),,,,,(~ 01221 += −− bbbbbaddress MSBMSB 	  (5.11) 
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�(5.11)7U V Bº ' 3 4 � � reduce coefficient memory size,- ��= C-ROM

' í Â � twiddle factor5mJx y � 2/RN " # 18/ +RN �Q7q � � P� �\

] ^ �C–ROM�(í Â 8/RN 5 twiddle factor Ô ��$ % �� 5 twiddle factor

��9 & +(mux);h i / 

 

 

� 5.11HReduce coefficient memory size,- � 

 

MSBb 1−MSBb 02 ~ bbMSB−

 

� 5.12HDecoder_Þ Ð Ñ ,-  

 

5.2.3 �������� Radix-2 Butterfly � � � � � � 	� � � � � � 	� � � � � � 	� � � � � � 	  

7q . ' �( ) § ^ �
 RFFT Ç HS-IFFT �:M��= post-processing �

preprocessing�)* � ��� CFFT/CIFFT� radix-2 butterfly)* +> ? 
� *


7� 5� � 9 w )* :M�9 : radix-2 butterfly)* +�ìIJ� + ` a b c

´ µ =)* �� � , - /v9 : radix-2 butterfly)* +� � ��. w )* :M�

mode 17 CFFT/CIFFT�» y radix-2 butterfly)* +�mode 28mode 37 RFFT/ 

HS-IFFT�¥�  � ' ()* +�mode 48mode 67 RFFT¥Ø  � ' ()* +�

mode 58mode 6 j7 HS-IFFT ¥Ø  � ' ()* +/�(5.14)79 : radix-2 

butterfly)* +,- �/ 
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NW 0
NW 0

NW

NW

 

� 5.13H9 : raidx-2 butterfly)* +�. w )* :M 

 

 

� 5.14H9 : radix-2 butterfly)* +,-  

 

v��á7y � / ' � memory-based,- ' ��� � \ ] ^ 7 single port,- �

� 0. �ª� T� X �0& 1 � � 2 \ ] ^ _� � � !¾Ò )* 0Ã [\ ] ^ �

ö Ü7g 5 clock cycles�Ê�(5.15)' Ë �D72 \ ] ^ _� � # 3 Â +�� �

� � �D’7)*  !�4 0Ã \ ] ^ �3 Â +í Â � � /Butterfly)* +� g 5

cycles 5 Ü�� )* �1 2 ��� ��g 5 cycles<� 5{ m)* ' (�s mz

u +J¦ 5" 7g 5�Ê�(5.16)' Ë / 
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� 5.15HSingle port \ ] ^ � timing diagram 

 

 

� 5.16H�g 5s mz u +s 	
g 5 clock cycles_)* �{ m)* ,- � 

 

v9 : radix-2 butterfly)* +���� � �<' � �)* � �> ? 
� * �Qá

7o � q g 5 cycles)* 5 Ü�6 0�0�(�g 5s mz u +� �� 
{ m

)* �n7 q . � )* � ��ø 8 / 

v��á7 radix-2 butterfly)* +7� 9 � �� } �§ ^ ,- �0� � z u )*

%� u )* � êë: ; p < = } > ? /� 5Ø � Ø � � radix-2 butterfly)* +�

=» y )* F @MÊM(5.12)(5.13)' Ë / 

             0 0 1 Noutput input input W θ= + ×                  (5.12) 

             1 0 1 Noutput input input W θ= − ×                  (5.13) 

=� NW 7{ mA B �C k áD �Qá7� Ö � �� } � 9 �EK7� 9 � ��

} ' ªÆË ��ä Á��Õ { }Re 0input K≤ 8 { }Im 0input K≤ 8 { }Re 1input K≤ 8

{ }Im 1input K≤ /Ê�(5.17)' Ë �� � F G � Ö b c 0input 8 1input 
{ mA B

B' � � �Á� H 
å ó F I _�Ù��� �J ' K * ;�� � j7�!

0output � 1output 
{ mA B B� � Á�� � /J��Ì �' L Õ �� � b c =

s Þ (" Þ )�ä Á7x y � Ö b c s Þ (" Þ ) �ä Á�1 2+ M�N � � Î �!

� � � �� } e �� Ö � �� } 9 g Y��O P Q Y� X �ûJ� y DE +' �

��\ ] ^ � �� } R µ �0 radix-2 butterfly)* +)* ��)* !�� �� }
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( � � � /U V S ^ :¬ �1 2 T 4 � � � b c H 
U V Þ ¨ �W X7

0.0064�vW XY ô å �Z [ ' � �� � Á� H 
ä ó F I _(ä F G _�(� �

� Y��� �� } Ô �)�07q � � � �� Ö Y�� } � ý��%� � < = }

�: \ �1 2 <x y (9 g Y��� � Á�� !� =] ^ � Y��MSBì_ `

� a (3 7b �Á��%] ^ � Y�� LSB;c ? e d / 

 

( )1 2  K+K 2K

 

� 5.17HRadix-2 butterfly � Ö � � �� � � � ��� � 

 

5.2.4 Radix-2 ������������������������ RFFT/HS-IFFT � � 	 
� � 	 
� � 	 
� � 	 
  

�(5.18)7 radix-2 9 :�½ � } RFFT/HS-IFFT § ^ ,- �/DAG08DAG1 �

% CAG ¨ � o � CFFT/CIFFT:M�g 5� � )* �YZ � twiddle factor)*

�Y Z �DAG_R8CAG_R jo � RFFT/HS-IFFT :M
 post-processing/ 

preprocessing  � T�g 5� � )* �YZ � twiddle factor )* �YZ /MBA

d e 
DE DAG ' W X �YZ e ¨ ð p f 5\ ] ^ ö G YZ _�MB08MB18

C-ROM ¨ � Å Æí Â � � )* �% twiddle factor )* ��\ ] ^ �detecte %

scaledj� ³ BFPDE ;� � < = } �Q> 5,- � Ä 5 register files�;� �

§ ^ �� } / 
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� 5.18HRadix-2 9 :�½ � } RFFT/HS-IFFT § ^ ,- � 
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5.3 Memory-Based Radix-4������������������������RFFT/HS-IFFT����

� 	 
� 	 
� 	 
� 	 
 � � � � � � � �   

��(5.19)7 memory-based radix-4 9 :�½ � } RFFT/HS-IFFT,- CF G �/

d e DE F M� radix-2,- ä � å � �� � U V DAG(R_DAG)% CAG(R_CAG)

' W X � ;�YZ [\ ] ^ � � �¾<\ ] ^ ' � � p �¦ 5� � )* ��Ä 5

twiddle factor)* �¿ À 9 : radix-4 butterflyDE +)* �C!<9 : radix-4 

butterfly�g � � ÁÂ Ã x � � YZ / 

 

 

� 5.19HRadix-4 9 :�½ � } RFFT/HS-IFFTDE +F G � 

 

> 5,- � Ä 5` a b c M 8IFFT_en8RFFT_en�` a b c M d e 
� ´ µ

CFFT/CIFFT�½ � } �lm N ( MN 4= )� RN ( RM
R NN 22 == )Å Æs m:MÇ

Hermitain Symmetric:MT�lm�RFFT_en b c � IFFT_en b c � �;h i '

È É �:M�=È É :MÊÆ(5.2)' Ë / 

 

 

Æ 5.2HRadix-4 9 :DE +È É :M 
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5.3.1 DAG ���� R_DAG � � � � � � � � � � � �   

DAG���� 

� � � 5 radix-4 ,- �DE +;Î �=¥ i5 stage � shuffle permutation ÊM

(5.14)' Ë /�(5.20)7U V v shuffle permutationmÏ M' 3 4 � �Ð Ñ ,- ��

á7 radix-4,- � Te � ¦ 5� � )* ��0(e ¦ g DAG;W X � � YZ / 

¥ i5 stage� shuffle permutation7H 1M,,1,0       SI
4,44 1M −=⊗−− �iii    (5.14) 

 

 

� 5.20HRadix-4 DAG Ð Ñ ,- � 

R_DAG���� 

á7e � T� � ¦ 5� � )* ��Q: ; p \ ] ^ ö G ð ñ � L�> ? �0()

* ã � (�� 7{( 2/N ,0),( 4/N , 4/3N )}8{1, 1−N ), ( 14/ +N , 14/3 −N )}8��

{( 14/ −N , 14/3 +N ), ( 12/ −N , 12/ +N )}��vã � )* j¦ 5)* ��� �

� �\ ] ^ ö G YZ �I� h ´ \ ] ^ ö G ð ñ � L > ? /�(5.21)7 R_DAG

�Ð Ñ ,- ��=�M 7 CFFT/CIFFT k Llm N�h i ( MN 4= )/ 
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� 5.21HRadix-4 R_DAG Ð Ñ ,- � 

 

Conflict Free Memory Addressing���� 

� � P�7q ªè 9 : radix-4 butterfly)* +ªé � T� � p ' (�� � )* �

1 2 êë� �¦ 5 memory banks�ì<� � N O �í Â 
v¦ 5 memory banks

_��î p � T� � �ï �/�M7 CFFT/CIFFT)* :M�ð ñ F M�= CFFT

�x ò � Ö í Â Yñ 7Y�¡ ¢ í Â �' Õ Cx ò � � Yñ 
\ ] ^ _7ó ô �

�õCIFFTj�C�¡ �x ò � Ö í Â Yñ 7ó ô � �í Â �' Õ Cx ò � � Y

ñ 
\ ] ^ _7Y�¡ ¢ í Â / 

 

401221 ),,,,,(__ dddddaddressoriginaldata nn 	−−=       (5.15) 

         4 mod)(_ 01221 dddddbankmemory nn +++++= −− 	     (5.16) 

40122 ),,,,(__ ddddaddressbankmemory n 	−=           (5.17) 

Nn 4log=  

 

� radix-2,- �� �radix-4,- 
RFFT/HS-IFFT� post-processing/preprocessing

 � N i j p \ ] ^ ö G ð ñ �k l �0(� þ � �ð ñ F M�vð ñ F MÊ�

' Ë �=\ ] ^ ö G ð ñ �� LTW � radix-2,- �� /�(5.22)7\ ] ^ ö G

ð ñ (MBA)�F G �/  
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401221 ),,,,,(__ dddddaddressoriginaldata nn 	−−=       (5.18) 

20122212 ),,,,,(__ bbbbbaddressoriginaldata nn 	−−=       (5.19) 

2122012 )  ,  (_ bxorbbxorbbankmemory nn −−=              (5.20) 

40122 ),,,,(__ ddddaddressbankmemory n 	−=           (5.21) 

Nn 4log=  

 

 

� 5.22HRadix-4 \ ] ^ ö G ð ñ F G � 

 

5.3.2 CAG ���� R_CAG � � � �� � � �� � � �� � � �  

CAG���� 

á7 radix-4 butterfly)* +(e Ä 5 twiddle factor)* ��0 CAG(W X Ä g

. � � twiddle factor YZ �Qêë� Ä g C-ROM ;í Â �î p � T� � ��

ª/�(5.23)7 CAG�Ð Ñ ,- ��' (Ä 5 twiddle factor)* �¨ � 7 k
NW 8

k
NW 2 8 k

NW 3 �coeff0_addr8coeff1_addr8coeff2_addr ¨ � 7' 
� C-ROMYZ �

=�M 7 CFFT/CIFFT k Llm N�h i ( MN 4= )� i7' 
 � / 

 

 

� 5.23HRadix-4 CAG Ð Ñ ,- � 
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R_CAG���� 


 RFFT/HS-IFFT � post-processing/preprocessing��� � )* �YZ � � �ã

� 7{( 2/N ,0),( 4/N , 4/3N )}8{1, 1−N ),( 14/ +N , 14/3 −N )}8��{( 14/ −N , 

14/3 +N ),( 12/ −N , 12/ +N )}�0' (� twiddle factor )* �ã � 7{ j±1 , 

8/4/ RR

R

NN
NW + }8{ 14/ +R

R

N
NW , 18/4/ ++ RR

R

NN
NW }8��{ 18/4/ −+ RR

R

NN
NW , 14/4/ −+ RR

R

NN
NW }�� � �

{ 00
RR NN jWW ± , 8/R

R

N
NjW− }8{ 1

RNjW− , 18/ +− R

R

N
NjW }8��{ 18/ −− R

R

N
NjW , 14/ −− R

R

N
NjW }/

��(5.24)7 R_CAG�Ð Ñ ,- ��=�M 7 CFFT/CIFFT k Llm N�h i

( MN 4= )� maxRM 7�½ lm RFFT/HS-IFFT DE +' ªDE ��ä lm

maxRN �� � ( max2max RM
RN = )/  

 

4max/RN 4max/RN

8/RN

M

 

� 5.24HRadix-4 R_CAG Ð Ñ ,- � 

 

5.3.3 �������� Radix-4 Butterfly � �� �� �� � � � � � 	� � � � 	� � � � 	� � � � 	  

�(5.25)7» y :M� radix-4 butterfly)* +�v9 :)* +m � � ��n w )

* :M�Ê�(5.26) ' Ë /� E �v9 :)* +�{ mz u )* ��g 5s mz

u +;s 	/ 



 

 83

NW

NW

NW
 

� 5.25HBasic radix-4 butterfly)* + 

 

0
NW

0
NW

0
NW

0
NW

 
post(pre)processing¥�  � )* :M 1  post(pre)processing¥�  � )* :M 2 

NW NW
 

post-processing¥Ø  � )* :M 1   preprocessing¥Ø  � )* :M 1 
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NW

NW
 

post(pre)processing¥Ø  � )* :M 2 

� 5.26H9 : radix-4 butterfly)* +C=o )* :M 

 

v��á7 radix-4 butterfly)* +N 7� 9 � �� } �§ ^ ,- �0� � z u )

* %� u )* N ë: ; p < = } > ? /� 5¦ � ¦ � � radix-4 butterfly)* +�

=» y )* F @MÊM(5.22)(5.23)(5.24)(5.25) ' Ë / 

   2 30 0 1 2 3N N Noutput input input W input W input Wθ θ θ= + × + × + ×       (5.22) 

   2 31 0 1 2 3N N Noutput input j input W input W j input Wθ θ θ= + × × − × − × ×  (5.23) 

   2 32 0 1 2 3N N Noutput input input W input W input Wθ θ θ= − × + × − ×        (5.24) 

   2 33 0 1 2 3N N Noutput input j input W input W j input Wθ θ θ= − × × − × + × ×   (5.25) 

=� NW 7{ mA B �C k áD �Qá7� Ö � �� } � 9 �EK7� 9 � ��

} ' ªÆË ��ä Á��Õ { }Re 0input K≤ 8 { }Im 0input K≤ 8 { }Re 1input K≤ 8

{ }Im 1input K≤ 8 { }Re 2input K≤ 8 { }Im 2input K≤ 8 { }Re 3input K≤ 8

{ }Im 3input K≤ /Ê�(5.27)' Ë �� � F G � Ö b c 0input 8 1input 8 2input 8

3input 
{ mA B B' � � �Á� H 
å ó F I _�Ù��� �J ' K * ;��

� j7�! 0output 8 1output 8 2output � 3output 
{ m A B B� � Á� � � /

J��Ì �' L Õ �� � b c =s Þ (" Þ )�ä Á7x y � Ö b c s Þ (" Þ ) �

ä Á�1 3 2+ M� N � � Î �!� � � �� } e �� Ö � �� } 9 Ä Y�� O

P Q Y� X �ûJ� y DE +' � ��\ ] ^ � �� } R µ �0 radix-4 butterfly

)* +)* ��)* !�� �� } ( � � � /� � PU V S ^ :¬ �1 2 T 4

� � � b c H 
U V Þ ¨ �W X7 0.000097�Z [ ' � �� � Á� H 
ä ó F I
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_(ä F G _�(� � Ø Y��� �� } Ô �)�07q � � � �� Ö Y�� } �

ý��%� � < = } �: \ �1 2 <x y (9 Ä Y��� � Á�� !� =] ^ �

Y��MSBì_ ` � a (3 7b �Á��%] ^ Ø Y�� LSB; c ? e d / 

 

( )1 3 2  K+4KK

 

� 5.27HRadix-4 butterfly � Ö � � �� � � � ��� � 

 

5.3.4 Radix-4 ������������������������ RFFT/HS-IFFT � � 	 
� � 	 
� � 	 
� � 	 
  

�(5.28)7 radix-4 9 :�½ � } RFFT/HS-IFFT�§ ^ ,- �/� radix-2,- ä

� å � �J DAG � CAG ;o � CFFT/CIFFT :M�¦ 5� � )* �YZ �Ä

5 twiddle factor )* �YZ �DAG_R8CAG_R jo � RFFT/HS-IFFT :M


post-processing/preprocessing  � T�¦ 5� � )* �YZ �g 5 twiddle factor

)* �YZ /MBA< DAG(DAG_R)' W X �¦ 5� � )* �YZ ³\ ] ^ ö G

�ð ñ /MB08MB18MB28MB38C-ROM ¨ � Å Æí Â � � )* �% twiddle 

factor)* ��\ ] ^ �detecte% scaledj� ³ BFPDE ;� � < = } �> 5,

- � Ä 5 register files�;� � § ^ �� } / 
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� 5.28HRadix-4 9 :�½ � } RFFT/HS-IFFT�§ ^ ,- � 
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5.4 ��������	��������	��������	��������	 

y n<� � memory-based ,- RFFT/HS-IFFT DE +�� � b c \ p | b �

(signal to quantization noise ratio, SQNR)�ì´ µ memory-based § ^ ,- �� �

� } /v��1 2 N <² � � � BFP� block scaling F M� SQNR�� � � à /

�!� memory-based�½ � } DE +�§ ^ (d f 5ß q / 

�(5.29)74 * SQNR�Ë â �� ][nxq 7� Ö � �8 ][kX q 7Ò Ó E � FFT ' )

* � �ß à 8 ][ˆ kX q 7 fixed-point FFT ' )* � �ß à 8 ][kX q∆ j7E � FFT

� fixed-point FFT ß à CÜ�| b Á��!
J ][kX q � ][kX q∆ ;d Õ SQNR�

M(5.26)7 SQNR�4 * F M/ 

 

][nxq

][kX q

][ˆ kX q

][kX q∆

−

 

� 5.29H4 * SQNR�Ë â � 

 

              

�

�
−

=

−

=

−
= 1

0

2

1

0

2

])[ˆ][(

][
log10

N

k
qq

N

k
q

kXkX

kX
SQNR               (5.26) 

 

5.4.1 Radix-2 ������������ SQNR � �� �� �� �  

Input power ���� noise power � � � �� � � �� � � �� � � � ( � � � 	 
� � � 	 
� � � 	 
� � � 	 
 � �� �� �� �  � � � � ) 

á7 memory-based ,- DE +=)* � �� � fixed-point :M)* �0
r �

³ block scaling�� � ��. s � Ö b c t X�ä å =� � u | b t X' ªV v

�Á� � � � ��Ê�(5.30)(5.32)(5.34)' Ë /�(5.30)(5.32)(5.34) ¨ � 7 radix-2

,- � FFT/IFFT8RFFT8HS-IFFT � Ö b c t X�=o t X�� ��=�� �

� �� } % twiddle factor � } 7 24=W 8CFFT/CIFFT DE +k Llmä å 7
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4096( M2 , 12=M )/J�(5.30)(5.32)(5.34)�Ì Í �
r � block scaling � � ��

� � u �| b t X� . i w p � Ö b c t X�ä å ' V v /û
� block scaling

� � ��á=7x y� scaling F M�' �1 2 ��� 	O � Ö b c t Xä T�

block scaling�³� scaling � � . ä �O � Ö b c t Xz z ½ å T�block scaling

� scaling �� � N z z ½ ä �0| b t Xi w � Ö b c t Xä å ' ³�. � x

y scaling � � Ù� ' V v �QO � Ö t Xå � � ÁC!=| b t X<i � µ Á/

��� block scaling�ù block scaling�| b t X!���� 	� { | �� � �

} =
� Ö b c t X�å T�� � <~ 40dB�Á/þ ��� � b c t X� J �

� E � FFT ' )* � ;�� � ß à t X�=t Xä å i á� Ö b c t X½ ä Ù

½ ä /� � t X� J �| b t X� J �� �Õ SQNR � J �Ê�(5.31)(5.33)(5.35)

' Ë �v SQNR � J i � � � Ö t X�o �ÙÕ p ��� SQNRÁ/ 

� � � � �� � � � �� � � � �� � � � � noise power � � � �� � � �� � � �� � � � ( � � � 	 
� � � 	 
� � � 	 
� � � 	 
 � �� �� �� �  � � � � ) 

�(5.36)7 FFT/IFFT . � � �� } ��k Llm7 4096( M2 , 12=M )�� Ö b c

t X�=o t X�� �/J��Ì �. s � �� } %� Ö t Xä å 7G �ù block 

scaling�| b t X' ª V v �Á� � � � ��Ù block scaling�| b t Xji á

� �� } %� Ö t X' ü ý�x y scalingÙ V v �RFFT8HS-IFFT � � /Qá

7� �� } � 9 �� � �. � � �� } =' ªo � � � b c t X� 9 �0�(5.36)

�' B Ë �" J Å Æ� � . � � �� } ' ªo � �� � t X�ä � � / 

� � � �� � � �� � � �� � � � � � �� � �� � �� � � ( � � � 	 
� � � 	 
� � � 	 
� � � 	 
 � �� �� �� �  � � � � ) 

Ù�(5.37)(5.38)(5.39) ¨ � 7 FFT/IFFT8RFFT8HS-IFFT 
. � � �� } ��

CFFT/CIFFTDE +k Llm7 4096( M2 , 12=M )Q� µ � Ö b c t X�� ��

} �� � 7 lengthwordpowerinput _2/_ =0.15�d e 
� ��. � � �� } ' ªL Õ

� SQNR ä å �Q block scaling�Õ p ��� SQNR/ 

 

' �7q � ��� SQNR�1 2 h i block scaling�F M;s 	§ ^ �ìQ: ;

p § ^ �
y �1 2 e d SQNR # � Õ �� 60dB/J�(5.37)(5.38)(5.39)�Ì �

� �� } 7 16Y�Ô �î p SQNR=60dB�e d �01 2 <�� �� } 7 16Y

�;3 4 DE +§ ^ / 
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� 5.30HFFT/IFFT � Ö b c t X�=o t X�� � 

(
�������

24=W � �
	 CFFT/CIFFT �������������� 4096
	�������� � ��  "! ) 

 

 

 

� 5.31HFFT/IFFT � Ö b c t X� SQNR�� � 

 (
������

24=W � �
	 CFFT/CIFFT �����#��������� 4096
	�������� � ��  $! ) 
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� 5.32HRFFT � Ö b c t X�=o t X�� � 

 (
������

24=W � �
	 CFFT/CIFFT �����#��������� 4096
	�������� � ��  $! ) 

 

 

� 5.33HRFFT � Ö b c t X� SQNR�� � 

(
�������

24=W � �
	 CFFT/CIFFT �������������� 4096
	�������� � ��  "! ) 
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� 5.34HHS-IFFT � Ö b c t X�=o t X�� � 

 (
������

24=W � �
	 CFFT/CIFFT �����#��������� 4096
	�������� � ��  $! ) 

 

 

� 5.35HHS-IFFT � Ö b c t X� SQNR�� � 

(
�������

24=W � �
	 CFFT/CIFFT �������������� 4096
	�������� � ��  "! ) 
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� 5.36H. � � �� } ��FFT/IFFT � Ö b c t X�=o t X�� � 

 (CFFT/CIFFTDE +k Llm7 4096�� Ö b c 7�� ¨ � ) 

 

� 5.37HFFT/IFFT . � � �� } � SQNR� 

(CFFT/CIFFTDE +k Llm7 4096�� Ö b c t X�� �� } �� � 7

lengthwordpowerinput _2/_ =0.15�� Ö b c 7�� ¨ � ) 
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� 5.38HRFFT . � � �� } � SQNR� 

(CFFT/CIFFT �����#�������%� 4096
	���������&�'�(��������%)�*,+ �

lengthwordpowerinput _2/_ =0.15
	-������� � ��  $! ) 

 

� 5.39HHS-IFFT . � � �� } � SQNR� 

(CFFT/CIFFT �����#�������%� 4096
	���������&�'�(��������%)�*,+ �

lengthwordpowerinput _2/_ =0.15
	-������� � ��  $! ) 
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5.4.2 Radix-4 ������������ SQNR � �� �� �� �  

input power ���� noise power � � � �� � � �� � � �� � � � ( � � � 	 
� � � 	 
� � � 	 
� � � 	 
 � �� �� �� �  � � � � ) 

� � P
 radix-4 ,- ¶ �1 2 N <�� radix-2 ,- � SQNR ¨ © /�(5.40)7

radix-4 ,- �� Ö b c t X�= o t X� � ��=�� � � �� } % twiddle 

factor � } 7W=248CFFT/CIFFTDE +k Llmä å 7 4096( M2 , 12=M )/J

��Ì ù block scaling�| b t X�� Ö b c t Xù� �û� block scaling�|

b t Xi áx y scaling�� � Ùw � Ö b c t Xä å �V v /�(5.41)7� � t

X� J �| b t X� J �� ' Õ p � SQNR � J ��Q� Ö t X� ä ' Õ p �

SQNR � �/ 

� � � � �� � � � �� � � � �� � � � � noise power � � � �� � � �� � � �� � � � ( � � � 	 
� � � 	 
� � � 	 
� � � 	 
 � �� �� �� �  � � � � ) 

�(5.42)7. � � �� } ��CFFT/CIFFT DE +k Llm7 4096( M2 , 12=M )

�� Ö b c t X�=o t X�� �/ 

� � � �� � � �� � � �� � � � � � �� � �� � �� � � ( � � � 	 
 � �  �� � � 	 
 � �  �� � � 	 
 � �  �� � � 	 
 � �  � ) 

�(5.43)(5.44)(5.45)j¨ � 7 FFT/IFFT8RFFT8HS-IFFT 
. � � �� } ��

CFFT/IFFT DE +k Llm7 4096 ( M2 , 12=M )Q� µ � Ö b c t X�� ��

} �� � 7 lengthwordpowerinput _2/_ =0.15�µ Á�' Õ p �� �� } � SQNR�

� �/ 

 

J�(5.43)(5.44)(5.45)�Ì �î p SQNR=60dB�B�� �� } # � 7 16Y�Q

7 block scaling�F M�0 radix-4DE +�� �� } 7 16Y�/ 
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� 5.40HFFT/IFFT � Ö b c t X�=o t X�� � 

 (
������

24=W � �
	 CFFT/CIFFT �����#��������� 4096
	�������� � ��  $! ) 

 

 

� 5.41HFFT/IFFT � Ö b c t X� SQNR�� � 

(
�������

24=W � �
	 CFFT/CIFFT �������������� 4096
	�������� � ��  "! ) 
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� 5.42H. � � �� } ��FFT/IFFT � Ö b c t X�=o t X�� � 

(CFFT/CIFFTDE +k Llm7 4096�� Ö b c 7�� ¨ � ) 

 

 

� 5.43HFFT/IFFT . � � �� } � SQNR� 

(CFFT/CIFFTDE +k Llm7 4096�� Ö b c t X�� �� } �� � 7

lengthwordpowerinput _2/_ =0.15�� Ö b c 7�� ¨ � ) 
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� 5.44HRFFT . � � �� } � SQNR� 

(CFFT/CIFFTDE +k Llm7 4096�� Ö b c t X�� �� } �� � 7

lengthwordpowerinput _2/_ =0.15�� Ö b c 7�� ¨ � ) 

 

� 5.45HHS-IFFT . � � �� } � SQNR� 

(CFFT/CIFFTDE +k Llm7 4096�� Ö b c t X�� �� } �� � 7

lengthwordpowerinput _2/_ =0.15�� Ö b c 7�� ¨ � ) 



 

 98

5.4.3 � � � 	 
 � �  � � � �� � � 	 
 � �  � � � �� � � 	 
 � �  � � � �� � � 	 
 � �  � � � � Clock Cycles ���� 

á7 memory-based ,- 9 :�½ � } DE +�)* � �mï � R µ ��N � �

Î . i � � k Llm�ä å Ù� ' � ~ �' �O � �� } À µ C!�=)* � �

�§ ^ ä å N � � T́ µ q /û\ ] ^ ä å � Û �½ � } ��ä � � � � �á7

\ ] ^ # � Õ o � �ä � � ' (ä å � S �QN �' h i �� �� } � � /Æ(5.3)

7� �� } 16Y���ä �½ � } � � ' (\ ] ^ ä å �� á7 radix-r butterfly

)* � �Ú� T� (0) ' ()* ��0Õ <\ ] ^ ¨ 
 r5ö G ;î p � T� (0)

�ï �/ 

C�� o p Ó �á7\ ] ^ 7 singal port :M� 0. �ª� T� X �0 radix-r 

butterflyDE +<� g 5 clock cycles�TÜ;4 * � � � radix-r butterfly)* �

� V k Llm N %9 :DE +:M�h i �1 2 �Ì Ý Þ k L ' ( radix-r 

butterfly�)* � m�� ÙÕ Ì Ý Þ k L' (� clock cyclesm�Æ(5.4)7� . �

k Llm�)* :M' (� clock cyclesm/Æ(5.5)7� . � � b � T ' ( FFT

DE +k Lä å �� � � � � X/ 

 

322 1 ×−M 322 2 ×−M 324 1 ×−M 322/4 1 ×−M

 

Æ 5.3H� �� } 16Y���ä �½ � } � � ' (\ ] ^ ä å  
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MM 2⋅ ( ) MM 2)21( ⋅+ 2/4MM ⋅ MM 4)12/( ⋅+

 

Æ 5.4H� . � k Llm�)* :M' (� clock cyclesm 

 

 

Æ 5.5H� � b � T ' ( FFTDE +k Lä å �� � � � � X 

 

M(5.27)7DE +� � . � � T ' � � �È f � XH 
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sampling rate clock cycles

operation frequency
points

×=      (5.27) 

� VDSL7ú�=k L7 8192l�s m� �k L�Ò JBM)* ' Õ � radix-4

DE +(È f 
69MHz/ 

5.5 ��������������������� �� �� �� � � 	� 	� 	� 	  

´ µ  � �� } ��ä �½ � } � � C!(� �� } 7 16Y���ä �½ � � �

s mk L7 8192 l)�1 2 � ��U V ' 3 4 � �,- x � � 0 verilog § ^ �

º � � �Qá7' U V �,- � � �0J verilog § ^ � º � � ' Õ C� � ß à

ê� C � � :¬ ß à � ý/ 

y n�§ ^ s f <�ASIC flow� FPGA flow g F M;® ¯ /=�� � ASIC flow

F ø �á71 2 �� Ì Í =§ ^ ? 
  !�Ð Ñ �mï (gate counts)�01 2 �

R S p Design Complier�? 
� � % gate simulation�� � !ø � Please & Route

�!u �DE � . R S q /# � FPGA flow�1 2 <« � QuartusII S ^ :¬ '

0� � RTL code�¾� � # FPGA:¬  B³§ ^ ® ¯ / 

ASIC flow 

á7\ ] ^ ä å i � � �½ � } ��ä � � Ù� ' . � �01 2 
 � 0 verilog

§ ^ � º � � T�i �   ! \ ] ^ ¡ � � ;� 0�¢ ! top module¾<=� � �

[��� 1 2 ��� { = �Ì Í . � \ ] ^ 
_�Ð Ñ �mï (gate counts)�Ê

��(5.46)' Ë �=� core.v7. � � \ ] ^ � RTL code�memory.vj7' � \

] ^ � RTL code/�Æ(5.6)7� design complie 
 mµ25.0 £@¤ ¥ � clock 

constraint 3 7 100MHz ? 
!' Õ p � core.v Ð Ñ �mï (gate counts)/ 

 

� 5.46HRTL code  ¦ � 
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Æ 5.6H9 :�½ � } RFFT/HS-IFFTDE +. � \ ] ^ �Ð Ñ �mï  

(� �� } 7 16Y���ä �½ � � �s mk L7 8192l� 

mµ25.0 £@�clock constraint7 100MHz) 

 

FPGA flow 

<0� � veilog § ^ � º � � �Ò J QuartusII S ^ :¬ § ¨ !�¾�� # FPGA

:¬  Bì³§ ^ ® ¯ ���7® ¯ ¤ ¥ %® ¯ F M/Æ(5.7)7�� # FGPA:

¬  B� radix-2 � raidix-4 9 :�½ � } RFFT/HS-IFFT DE +��ä È f �

X�» y B
 FPGAB' Õ p ��ä È f � Xi �
 ASICB� �á= FPGA_

Þ �© ª ì. � �« � y�0i � ��¬  � wire delay � X /' �� ® ;Î 


ASICB' Õ p �È f � Xi � 
 FPGAB�g M�B/ 

® ¯ ¤ ¥ H 

1. design softwareHQuartus II ver.2.2/ 

2. FPGA:¬ ¯ HDSP development board, Stratix edition� 

Stratix EP1S25F780 device/Ê�(5.47)' Ë / 

® ¯ F MH 

1. J data generator W X clock signal �� Ö b c �¿ Ö FPGA                   

development board�ì� logic analyzer ° Õ � � b c �Ê� 5.48(a)

' Ë / 

2. <� Ö b c Â � FPGA development board� ROM _�ìIJ

_�± ² ³ ´ +�µ ¶ ¶ W X ' (� clock signal��!� � PJ

logic analyzer ° Õ � � b c �Ê� 5.48(b)' Ë / 
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� 5.47HDSP development board, Stratix edition 

 

 

� 5.48H® ¯ F M 

 

 

Æ 5.7H9 :�½ � } RFFT/HS-IFFTDE +��ä È f � X 

(� �� } 7 16Y���ä �½ � � �s mk L7 8192l) 
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5.6 � 
� 
� 
� 
  

y ¤ s 	q C� ' o p �� memory-based 7» ¼ ,- C9 :�½ � } RFFT/ 

HS-IFFT DE +�ìU V ' (e � SQNR ´ µ � �� } �Q�!� Design 

Complier ? 
· 4 � . � � \ ] ^ �Ð Ñ �mï (gate count)�%�� # FPGA:

¬  B® ¯ /2 Æ(5.4)�Æ(5.5)����Ì Í � � . � � b � T DE +�� � �

È f � X�úÊk Llm7 8192ls m� �� VDSL�= radix-4DE +Õ È f


69MHz �̧ ¢ 
 FPGA:¬  B' ªÕ p � radix-4DE +�ä È f � X��

32MHz�û1 2 Ì Í 
 FPGA B' Õ p ��ä È f � Xi �
 ASIC B� �á

7 FPGA_Þ �© ª ì. � �« � y�0i � ��¬  � wire delay � X /' �

� ® ;Î 
 ASICB' Õ p �È f � Xi � 
 FPGAB�g M�B�069MHz�

È f � X radix-4 DE +� ��î p /× radix-28radix-4 DE +� 8192 ls m

k Le î p SQNR7 60dB�B�j� �� twiddle factor � } # � ( 16Y��

QÒ J Design Complier
0.25 mµ £@8clock constraint7 100MHz ¤ ¥ �? 


!�' Õ p . � \ ] ^ 
_�Ð Ñ �mï ¨ � 7 27.4K� 79.1K/ 
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������������ � � � � � 	 
� � � � � 	 
� � � � � 	 
� � � � � 	 
  

6.1 � 
� 
� 
� 
  


y � / ��o � q � 5�N �� �8¹ througthput rate OFDM � T (Ê ADSL8

VDSL)� memory-based 9 :�½ � } RFFT/HS-IFFT DE +�vDE +. ��

�� 4 * � ® { m� ��� FFT � IFFT�m �± � s m� � FFT � Hermitian 

Symmetric IFFT ³�� � X�DE � N � � Î O k L � �7s m(Hermitian 

Symmetric)� �T�1 2 �(« �� æ � } �{ m FFT � B!(�)u DE Ô � 


/QIJ BFP� block scaling F M;� � DE +�< = } /��� pipelineD

E +,- Ù� �memory-based DE +,- á= butterfly )* � �. i � � k L

lm�9 º Ù� ~ �0
ä lmk LT�î p Y ô ¹�§ ^ (d �Q�
. � �

butterfly)* � ��� � �î p �½ � } �3 4 /v��á7' � ��\ ] ^ 7

single port,- �� 0ùu � T� X �0 butterfly)* +�« �g 5 clock cycles

�)* TÜ�<x y (e ¦ 5s mz u +�{ mz u )* �g 5s mz u +;s

	/ìQ7q " ¹í Â twiddle factors �� � \ ] ^ ä å �1 2 �« � twiddle 

factors � � Ü� �  � � ;~ � ' (í Â �mï �IJv� � Ü�� � ° �<

twiddle factor í Â 5m~ # 7 18/ +N / 

�!�1 2 « � FPGA:¬  ;® ¯ y � / ' 3 4 � memory-based,- 9 :�

½ � } RFFT/HS-IFFT DE +�ìo � q radix-2 � radix-4 �g w . � radix �

s 	F M/Qe d vg w . � radixDE +' ªDE ��ä �½ � } 7 8192l�

s m� � FFT�
�ä � } k L�' Õ p � SQNR(ä � 60dB�Ò J̈ © ' (

� �% twiddle factor � } # � e 16Y�/
�� lm�� :Mk L��radix-4

DE +' ()* � clock cyclesm» 7 radix-2DE +�¦ ¨ C� �0�« � high 

radix�F M;3 4 � c ? TÜ(d �DE +/û high radix F M�DE +' (§

^ ( ) �� �N ���1 2 �2 radix-2 � radix-4 DE +Ò J Design Complier


0.25 mµ £@¤ ¥ �? 
C!�' Õ p �Ð Ñ �mï Õ Ì �=� radix-2� radix-4

DE +Ò ? 
!�' Õ . � \ ] ^ 
_�Ð Ñ �mï ¨ � 7 27.4K� 79.1K/ 
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6.2 � �  �� �  �� �  �� �  �  

y � / ' o %p �9 :�½ � } RFFT/HS-IFFT DE +�á � � 9 :MK L

(FFT/IFFT/RFFT/HS-IFFT)� x y�½ � } �¼ l/ ½ q �� � �� ä 9 m�8

¹ throughput rate�ä lmk L OFDM � T ��� �� �� � � �� b � T ��

Êß ? q OFDM � FDMA(frequency division multiple access) g ä � T ¼ l�

OFDMA � b � T �1 2 �« � x y¾ > k L� } � ¼ lìð ? N O �DE F

M�;± � ¿ µ À � � Á ³�� � �DE /v��� � § ^ ø 8 % SQNR;Î �

vDE +� � . Â �Æ	/ 
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