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Design on Scalable FFT Processor Using Tree Transformation Technique

student : Yi-Hui Lin Advisor : Dr. Lan —-Rong Dung

Department of Electrical and Control Engineering

National Chiao Tung University.

Abstract

FFT and IFFT have been broadly applied to xDSL technology. There have
existed a large number of FFT algorithms, such as radix-2, radix-4 and
split-radix. Designers may use any of them to implement FFT/IFFT
computations according to systemrequirements. Papers have presented
architectures for implementing specific ‘\FET algorithms; however, few
papers propose general architectures for - exploring possibilities of
parallelization. This thesis“proposes a tree-based FFT algorithm that
gives designers a good position to view the parallelism of FFT algorithms
and hence provides a handy tool for FFT/IFFT architects. The tree-based
FFT algorithm is highly scalable in terms of the number of processing
elements and pipelining buffers. The scalability makes tradeoffs between
memory and processing power tractable. To demonstrate the feasibility of
proposed tree-Based FFT architecture and its correctness, we implemented
a 64-point SR-2/4 FFT on FPGA platform and verified the functionality

using FPGA emulation environment.
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Poik B > R R B 2 A v R H sy B (butterfly) E ~ v v
A 1B & -2(radix-2) i BBl (butterfy) k9 3 - H g &2 5

X4k +2l, +1))

N/4-1
= DX+ x(n+ N /AW 4 x(n+ N T2)W, M2 4 x(n+3N 7 4)W 20 W @w i
n=0
N/4

- z_]{[x(n) (=) x(n+ N72)]+ (1) ()" [x(n + N 74) + (=1)" x(n + 3N /4) w1 = ik,

where 1,l, =01 and k=0~N/4-1

BN B edE TR A B RA-2(radix-2)siE B S Nk F
-2 (Radix-29) g B2 » @ 2 BB P & 5 54 | ehihEof "
EH - A AP A -20adix-2)ReiE 2 F K FE 2 R
-2%(Radix-2%) p-i# & * ¥ dbdle @ & Af oerizh2 3 %5 (twiddle factor)

gkbﬁz‘g") ’ I——ﬂll'b;}i\;h&/é% %E"hlgtﬁ IEJ_EZ'HT\]__" gu‘ﬁ:ﬁ/l) o

@ H by U] (butterfly) s i € &2 2w 4 5 ek -A(radix-4) £ 7

oot A-A(radix-4)hB A E oa TS FIR e B [BL=])

-1 -1

~

-1 -j -1

[®-+ =] Radix-2° FFT butterfly ¥ =

#£ N=16 2- % 5|3 » 12T B35 7§ -2%(Radix-2%) p-i# & » ¥ #
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e Iga, o

x(0)

x (1)

x(2)

AN P
AN NXX S

x(3)

AW/ XXX

x(4)
x(5)

x(6)

x(7)

x(8)

==
VAT ==
NI =

==

x(9)
x (10 )

x (11 )

x (12 )

X (13 )

; X XEX
Vs \\\ R

X (14 )

;?/ A< <

x (15 )

d (W -

1% 3 F]+ (twiddle factor) ¢ vt #2b o

1
\ . Nwe /‘\ J><
-1 = 1 T

[B+ =] &g earradix-22 butterfly B2

Flpt B A (radix)sF 5

X (0)
X (8)
X (4)
X (12 )
X (2)
X (10 )
X (6)
X (14 )
X (1)
X (9)
X (5)
X (13 )

X (3)

X (11 )

X (7)

X (15 )

] &2 A -2(radix-2) @25 kot @ F U F IR [BL e )

NIV

2 rArE &k et 3 )3 (twiddle factor) &b o i Eipieng
# (radix)ehj% & 7+ 2 8 - PE(Processor Element) sy 3 m &

(radix-8 FFT) &% & 2 -
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215 3-8 i & = ¥ &3k (radix-8 FFT)i% & i3

A1 -2 0 E > i (radix-2 FFT) & -4 g B = #
# 3k (radix-4 FFT)z f6 » » o3 @ % L % «hih-8 P & = # f 3%
(radix-8 FFT)erw & ;2 2 F > 0™ 5 -8 i & = # & 4% (radix-8

FFT) i & 2

X @BK+1) = x(nw,FDr

>

N-1
=0
7 N/8-1

mN
z z X(n-f— )\Ni\gsk+l)(mN/8+n)
m=0 n
7 N/

m=0 0

Il
=]
I o
AR
| —
X
7~ N\
5
+
3
oo‘Z
N s
o
3
~Fl
E
~ X
o]

- 1{{x(n) +x(n+ —)W +x(n )Wf' +x(n+ ﬂ)W4" }
= Z
"~ {x(n + —) +x(n+ —)W +=x(N + —)W L x(n+ —)W }N TV W

1=0~7 and k=0~N/8-1

§ 0L EE B @A A8 peid & 2 i (radix-8 FFT) g
v

NPE I MR IR 1 - 8m;}ﬂg( d L R i R R o

# A g it B (butterfly) B 25 % 7 2. o
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RS
Y ‘,/";l 9,

/
RIOKIAXAN,

O SV N AN N

/57 ‘%‘}\\’\
LN X\ O

f’il»*‘«g\“« \

<\

[®-+ 7] Radix-8 FFT butterfly # =~
d K-8 i o 2 F i (radix-8 FFT) s B 0% 974 4 gy i i
B pE A ¢ digitreverse s 0 k-4 P & 2 H R

(radix-4 FFT) &g & % “r ol 2 e

2.1.6 £-2°p-i# % = ¥ (Radix- 2° FFT)% & i+

B r = B A2 (radix-2)2 25 — B A-8 (radix-8)e= 2

A-8 -1 & = 4 (radix-8 FFT) i & 2 % & #* A -2(radix-2) <

_’5\‘?3&°ﬂ/ﬁ—%/é‘

ETINS
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X (8k + 41, + 21, +1,)
N /8-1

{[x(n)+x(n + —)W, + x(n+ —)W /" +x(n + —)W ']
> 2;\1 | 4;\1 21 6;\1 |

FIx(n + %) +x(n+ %)wéiI +x(n+ %)wf' +x(n+ %)w‘;']wg'}wN"'wN"k,8

N /8-1

) + W+ 2200) + WW.S (x(n + 220 W x(n + 220)]

n=0
+[x(n+ %) +W i x(n + %)) +W,2W S (x(n + SYN) +W,rx(n + %))]WSZ'ZW}W (et 2lzeloyy ok
where l,1,,1; =01 and k=0~N/8-1

2

2

(1= J) frwy = ﬁ(1+ )& B A

d Fo g s 2w, = >

e
3
(=1
i
pat}
=0
<k
)

F]+ (twiddle factor) # # Z & & * I|4F #c3k 2
o R ZERRY FHfE BouFY > FWH - U2 H A (PE)F R
FAm A S o B AR ER Y { F A(adiX)i AL R IRE
- L H ~(PE) > 6 ff B GA TG R ] T R A

(radix) »  #-8(radix-8) L & B ¥ B

H 2% poig > F i 3 (Radix= 2° FFT) e 48 ( butterfly) & 4 25

e 6 6 o o

® o

=
® 6 & o o o6 o o
! S iy N
.><.

® X(k

x(n) .\
x(n+N/8) @

X(n+2N/8) @

~

+——@ X(k+4N/8)

I
s

® X(k+2N/8)

x(n+3N/8) @ 1 o W +—@ X(k+6N/8)
x(n+4N/8) @ X(k+N/8)
x(n+5N/8) @ X(k +5N/8)
X(n+6N/8) @ k X (k+3N/8)

L.'—\Hg
® 6 o ® o o o

x(n+7N/8) @ 1l —@ X(k+7N/8)

[®- =] Radix-2® FFT butterfly ¥ =~
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2.0.7 & 3]- A ¥ 24 P3¢ & > F 3 (Split-Radix24 FFT)i% & i
A B]-3 Bop-iE = ¥ 3 3% (Split-Radix FFT) [17]5 %+t % 3 7

3 (twiddle factor) 2 w7 e chiA 3 > E 3 BAF cnA 325 N 0 38 B 4f
R E D B o ¥ E 4 A B[-2 B 24 P-if & > H 4 3% (Split-Radix24
FFT) g & % > %) 5 #h-2(radix-2) 22 #k-4A(radix-4) Z_+* % @ * g
B FIEH A FRfe VR A58 0 B Ak 24 B E

¥ i 3 (Split-Radix24 FFT) o w2 © &4 = 28k -2(radix-2) 5 45 B
(butterfly) 2 2k -4(radix-4)k U] (butterfly) i p? B 4o i j7 % = & 3)- 4
# (Split-Radix) - + = Bt i 2(radix-2) & 1 B8] (butterfly) £ [ B+

= Yo + = ghenf-2(radix-2) i - Bl (butterfly) L. [®B] -+ ~ )

x(0) >e . . . - » X(0)
o L N A T

o L N e

x(3) ‘ W W N X (12)
o AT/ AN "
“ WL SN N > e
© \\MII.IA‘\“AQ. ‘o
o }m{.ﬂm oo
P NI
o I e NN/ v XK “
@ PN we NOO we N e >
o AL XAKX @
. IIl\\WMW. ca
o [\ w /AN o
o -mnm» s

[+ -] -+ = gradix-2 butterfly B3
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x(0) X (0)
x(1) x4
X(2) © X (@)
) X (12)
x(4) X (1)
%(5) A X (5)
x(6) \\(.\(// ~
\e&.ﬁyl X ©)
x(7) 0":{“};’" X (13)
x®) /‘4@&‘\
TA R AN x(2)
x(9) //,. O X (6)
<(10) oy X (10)
‘) X (14)
x(12) X (3)
x(13)
O 0
‘(1) X (11)
x(15) X (15)

[@B-+ ~] -+ = Bwirradix-4 butterfly B2

-3 #c 24 P @ = 4 (Split-Radix24 FFT) 241 * 4p I h

>0 22 (radix-2) &2 A -4 (radix=4)siyg 5 02 2 o o o 0 P oafk
-2 Peik E 2 E g (radix-2 'FRD)BA L% 2. > ¥ U F E;Lfaﬁ;:év’ﬂﬁi%] al
#HH 2 3 7]+ (twiddle factor) ¥ % 1 #712 gf&ﬁxﬁﬁi&] Al S
% o e A h-4(Radix-4)hR A% 7L 3 i AR-2 (radix-2)— He e R
o B [BL ) w g A4 Pk i 2 1 (radix-4 FFT) 4r 3-2
Poid 1 2 F e (radix-2 FFT)ehaf 2 A7 fe R o J8U b e gk ko o
Sk iR T S EIE R e sr VR B St SN

E B AR e P F]p EOT I BB e ﬁiﬁi%l ~ g % 2 - 2(radix-2)

N

7

Jo

20§
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N/2-1
X(2k)= > (x{n]+x[n+ ])WN,2 where k=0~N/2-1

n=0

BB gk ey g i@ % A -d(radix-4) shiw B2
N/4-1 N
X(4k+1) = Z{[x(n) x(n +—)} {x(n +Z) x(n +—) }N“VVN”/Z

X(4k+3)= N/f:l{[x(n) X(n +—)} [x(n +%) X(n +3—N)}}W§"\N,ﬂ',‘4

B3 auE B 494 0 A 2)- A B(SRFFT) i B (butterfly)

ik AE R WA AR Lk & [B44 ]

x(n)
} use forX(2k)
x(n+N/4) Wy
x(n+2N/4) X(4k+1)
x(n+3N/4) : D—>X(4k+3)
-1 4 -1 :% >
3

Wy

[®L+4 ] split-radix2/4 FFT butterfly ¥ =

dARE A RF T FRA B LSRR

WTEF NELAEL G B = s 3)- B(SRFFT) B A 40
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radix2/4

l

radix2/4

l

radix2/4

l

P LU N AN I A 74 =
P Y/ B A\ VZA I B
x(3) j\\ / / Z \><></ A g =>-1<= > X(12)
o L] e
o L L LR N >
X(6) =/ /l\\. L =><><. . . > X(6)
o ANIRZAN CD= e
X(9) :\ Z W =\/ =>_1<= > X(9)
x(10) > :\\/Z W =><><. . . » X(5)
x(11) J/ /XX\\& W W A 'j =><= > X(13)
o AN o A : @
x(13) J/ / 1\\X g /><><\ & * /: . 1>, > X(12)
wo Ll N\ T ILEEIL X ———
x(15) ~/ 1 \ k =/ 1\. i =/ l\z ] =><= > X(15)

[B-+] L= geosplit-radix2/4 butterfly B2
B2 25 2]- A H(SRFFT)™ 10 jf g2 i e > R B H £ 7 1

AR 3 I ﬁ%l M2 ow (R PIE & A -2(radix-2) 2 A&

-A(radix-4) e e B L (PE) 2 % oo Fph 0 g Lot A B-A M
(SRFFT) @ & 2 # w2 B- A MK F ) o 55 H-r(radix-r) e:g
#p? IR A-8(radix-8) 5 H & 3 A (radix)er:EH 0 Flpt o -
24 Poit @& > 4 (SR24FFT)= di 42 & A 2]-Adc 28 pig & = F

# 3% (SR28FFT) -
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2.1.8 & &)- 3 # 28 P & = ¥ 3% ( Split-Radix2/8 FFT)ix & /2
b e N de iy Bk * A -2(radix-2)siE B E 0 @ B BBk
* 2k -8(radix-8) chiw & i 2 A) & 4 B-hdi 28 P W 2 OE H

( Split-Radix2/8 FFT) i & i :

N/2-1 2

X(@2k)= Y [X()+ x(n+ W

e+ x(n + 2w+ xn+ MNywz 1oxn+ Nywg

X@k +1)= 8 8 8

Py N 3N /1 SN, 2 TN ans s g nk
+[x(n+ E) +x(n+ ?)W4 +x(n+ ?)W4 +x(n+ ?)W4 W W W

where 1=1357 , k=0~N/2-1 and k, =0~N/8-1
T : o N2,
d b oeiE B R R Ted g e A BB W, 27(1—J)’ff'
3_\/5 - r o A 9 L‘ﬁ S [PRY O = [ N
Ws —7(1+J)r' H - A FphH L2 B Y gl_g £ od b

SFF B R v 0 A5 A T Bl il B (butterfly) snE & o

x(n) o\
x(n+N/8) @

x(n+2N/8) @

x(n+3N/8) @

x(n+4N/8) @ 1>< L ® L ® X(k+N/8)
Wi ><.
x(N+5N/8) @ ® ® ]><0 P e -1 X (k +5N /8)
X(n+6N/8) @ 1 o ° ° ° ® X(k+3N/8)
j W
x(N+7N/8) @ -1 ° ° -1 ® .  o— -1 ® X(k+7N/8)

[B= - -] split-radix2/8 FFT butterfly & =~

B N=16 4 05 » H B0 o
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x(0) X (0)

o N N/ > e
oo NN X <
AW/ VAN
SNV XXX ‘o
SN /XK >

X (10)

o AN AN =TI

-j W,
x(7) > -t - X (14)

x(8) > X@®
Wi

RO, AN
Y, NNV 64
Y/ N ZANT =
N/ V00 o R
R/ NS ANZE= G
N/ WV 954
RO A 5 N

[B=-+=-]) -+ = gaisplit-radix2/8 FFT butterfly B8]
2.2 P g ﬁﬁ#ﬁ;(FFT) 20 B ’]f#_

Posk & 2 i (FRT) e 1 2 7 B bosd 08 B anml W 2 31
& {’E' %‘Q(Plpellne)rﬁﬁ “?g# ’f?: » ] pL {‘—'J'ifl«““ TF':L/T = o

$#20F R (Pipeline)inZE 4 ¢ > #F - Bl LRI Z(PE) ARk o
1%%{%@%&5g&&ﬁﬁﬁoﬁ»%ﬁ?ﬂg@%@g@%,

2 LA AR R o 2 A N (througtput)
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# s (Pipeline)P-if & = g (FFT)RM M7 » 5 ¢

1. -2 7 gz B4 » B (Radix-2 Multipath delay commutator ,R2
MDC)[21]

2. #5-2 H gz af & 32 B (Radix-2 single-path delay feedback ,R2SD
F22]

3. -4 % g a B 4E w B (Radix-4 Multipath delay commutator ,R4
MDC)[21]

4. 3-2% % pjToas 8 4 5 B (Radix-2° Multipath delay commutator R
2°MDC)[16]

5. -4 H gz af 2w 32 B (Radix-4 single-path delay feedback ,R4SD
F)[23][24]

6. #-2° ¥ gt B w B (Radix-2%single-path delay feedback ,R2°
SDF)[16]

7. 7-8 7 Bz af A B (Radix-8 Multipath delay commutator ,R8
MDC)

8. £-2° % pr /T uf B # » B (Radix-2°Multipath delay commutator ,R2°
MDC)[16]

9. -8 H pr 3z af & $2 % (Radix-8 single-path delay feedback ,R8SD
F)

10. #£-2° ¥ i 2 48 4% % % (Radix-2° single-path delay commutator |,

R2°SDF)[16]
11. ~ ) A& #(Split-radix) 7 £ [18]

2T ke B[ Fm AR 2 e
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2.2.1 A-2 % g s s Bk » B(Radix-2 Multipath delay

commutator ,R2MDC) 4 %8 3 5&

PRI G B E R FRA2 i 3% (radix-2 FFT)

¥ S(pipeline) sl 428 4f - H AWM L [H- +=]-
N2 Ni4 —Outputl)
radix-2 tudii-2
[nput —» bstterﬂy bljtterﬂy
N4 %(?—boutputl
T
MUX W !

switch

[B =+ =])R2MDC' # %% 2 2

gﬁ%]»%mﬁﬁi‘ﬂ Pt EE o 0 R N2 & TR ,-F,g

Erie 0 3 ng}&ﬁﬁTﬂ#’i%? N/2+1 & 3L » > Tt &% - &
i Bl (butterfly) s » s L S 5 - L85 N2+L £ F v

A

HomH 2R ERA P RS EaT i’ﬁ%:’:;ﬁi’ij
< (twiddle factor)dp sk 2_ 16 * 5 > T N/A i3 B2 R B 5 -

&ﬁ%ﬁﬁﬂ%iﬁ%i%ﬁNMﬁﬁﬁﬁﬂ’ﬁTﬁﬁ—&ﬁ%

\*‘%1

LA EFM 7RI THRRA - FH - By - LR ¢
8% - mehy NIA+L & 8 pF i ~ 5 2 & chig i) (butterfly) #38



N/ 68 B o 2t e R enB 5 % 500 B T ) Bl LA

R

2

Gt Y T g R Ag YRRl (butterfly) ook 2 B & RUE X
§F - XOREELBE DT HE N > F AR E R IIER
(butterfly)zii@ * & 7§ 500% o 443t 8 Zhe FFT #7F @& * enilf 5 B
4+2+2+1+1=10 B % A N 27 DFT FFE £ N/2+N/2+N/4+N/4+---
+2=3NR-2 B FHE - bRFEFF?  FFF- b fmFE- BR2

® oo gk E 5 loga(N)-1 o

2.2.2 #-2 H g3 2 Biw 3 F (Radix-2 single-path delay
feedback ,R-2SDF)# R 3

PR E AT Benfon DIFEILE - bR g g endf s Bie
%?%#éﬁ—&ﬁﬁ%%@”’&ﬁﬁﬁﬁﬁﬁWﬁééQEﬁ
& 2 & e P2 B (Radix-2 single-path delay feedback ,R2SDF) » 2~ N=16

g&;f; ’|}|J-—3”- ) ;Fl g]zljﬁp“f o
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radix-2 radix-2 radix-2 radix-2
butterfly butterfly butterfly butterfly

input > _,< )_. - ‘ —> - ‘ > —» output

W w B

[M-+w] -2 R2SDF A% i#

Reg Reg B E—

model : mode?2

[Bl- L7 ] R2SDF shbutterfly ¥ ~ 50

FTRErFLBLEE - £ 3R e % - souy bRl (butterfly)
PR o B E N R BE T - i BY oA RE o

BERE G- Bl EY > F] R gt i it (butterfly)dt 0 -

=
RS
se
F_*
B
R

2o A 3N/2 -2 BAET G BE L N-1 BT

)
IR
e
fim
)
N
W

FE7 5 logy(N)-1> F15 -+ - B g0 g & - B3k
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& B oo ¥ o3z Bevap i (butterfly)ehi * F 0 §_% 509 o

2.2.3 #-4 % BT af B 3w B (Radix-4 Multipath delay Commutat
or ,R4MDC) # 48 % #

A -4 7 B o & ¥ ow B (Radix-4 Multipath  delay
commutator ,RAMDC)# # 7 &2 2 -2 5 gt a & 3 » % (Radix-2
Multipath delay commutator ,R2ZMDC) 78 H5 07 » = %@%l N I
IBRX 4L 1B m T v - % INR2BR GE 2 Ad L

Z R R Y 4 GFER S endk e B (commutator) o Flpt sk B E by ik
(butterfly)srig * Z 1 ¢ % N28%e B 2“7 * % Zk-4A(radix-4) =714

A RS SWESES S N g D RN ¢ R B

3N 3N/16 — Output0
N2 —b@—b N6 N8 — Outputl
radix-4 radix-4
Input — butterfly butterfly
M —b@—> N2 N6 —— Qutput2
—b@—b 3NI16 P — Output3
MUX switch

[®-++]1 RAMDC & %% #
d T g R - s 5 R 3 BRZEHY N B
DFT 7 & 3(logs(N)-1) > o * ¥ &8 #¢ 7 & chik ;2 B+- R2MDC Ar

R2SDF 7% - m RAMDC % & 5N/2-4 B RT3 B> » v 2 50 #73 dh e
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;b_lgﬂg‘_g o H I 1L *Pf#—p A ez A B ‘j‘Pmm‘lH’ o

2.2.4 #-2° % g5z & % B (Radix-2° Multipath delay commuta
tor,R2? MDC)# # 3¢ 5&_

A& E G0 A-A(radix-4) oA MIEHR 0 @ P A B2
(radix-2)eh2E 2 F R > &% mradix-2° F &3 B2z BREFE

logoN-2 % > %3 B £ 2 & 3N/2-2 B >+ RAMDC # o

N2 — Nd—

radix-2 radix-2
butterfly butterfly

5

MUX

T T

swatch switch

[®- -1 R2’MDC # 4%

2.2.5 -4 H g5 s A 32 B (Radix-4 single-path delay feedback
R-ASDF)H %8 % #

RASDF sl 48 %8 21 R2SDF ¢hZg ff+ #fin > 7 A A3
Radix-4 g 5 i pF > ¥ 03 3B radix-4 ks # * €0 radix-2 ¢
Lo Hfegx v d logy(N)-1 % 3 logs(N)-1 e F i i8] (butterfly)
BakiEeni ¥ 5 ¢ T 25% @ T radix-4 g ik (butterfly)zk 3+

R Y g oradix-2 4F 32— 2k o T BT % RASDF ﬁ?ﬁi?ﬁ#*§°
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N/4 |e N/16
N/4 N/16
N/4 N/16
radix-4 : radix-4
butterfly "1  butterfly
input ——p —?—“ > output

W

[®_- - ~] RASDF sl % #

N/4 N/4 N/4 [N/4 }
Sz N e =

— 4 = = L =
model mode2 ode3 mode4

[Bl- -4 ] RASDF butterfly ¥ =~ 7] fi

2.2.6 #-2° ¥ pr 22 YE e 32 B (Radix-2° single-path delay feedbac
k,R2°SDF) A % #

P cnig 3 Y 5 49 18 * 3 B JK-2(radix-2) e -8 (butterfly) 2
F - B 3 -4A(radix-4) ey -8 (butterfly) » 2 755 B s k2 B 22

RASDF A 48 % 4R b » H A M % o™

33



radix-2 radix-2 radix-2 radix-2
butterfly butterfly butterfly butterfly

input » - x }—>» - ‘ —> T ‘ —» —» output

-] W -]

[®=-] -~ 8 R2’SDF A 4%

2.2.7 #-8 % ¥ Tt & » B(Radix-8 Multipath delay commutat
or ,R8MDC)£H§¢.H§_

# % ff22 2 % e RIMDCrmule, St ¢ iy 45 1) (butterfly) e 7

oo i % eni 2k-8(Radix-8) s di-[B) (butterfly) » @ * % - &

R

FAEE TN/ endf s BiA g iexiy i (butterfly)2 i85 - 7 &

% B 7(logy(N)/3-1) » %75 B 1B # ON/2-8 i -

—— NB output)
—Q‘HW output!
—()—{ 2N output?
nput  ___ R (O 3N output3
butterfly _®ﬁ Olltpllt4
B () outputs
{ v | () outputd
7\ —O INIG4 F— output?
MUX

[#=-+-1 R8MDC & %% #
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2.2.8 #-2° % g 121 & # » B (Radix-2°Multipath delay commutat
or R2°MDC)A # % 4

A AL A = B fA-2(radix-2) s 4 (butterfly) % F 3n
- B £ -8(radix-8) =i ik B (butterfly) » E 3k 2 B i 55 5~ 2

2(10go(N)/3-1) » #75 E B o > 3 (3N/2-2) B o

S

N2 — N4 — N8 —

radix-2 radix-2 radix-2
butterfly butterfly butterfly

— N ) — N8 O N6

T T T

swiich switch switch

MUX

[M=+ -1 R2MDC L %

2.2.9 -8 H gt Tz 3w B (Radix=8 single-path delay feedback
,RBSDF)A 8 % #

HA A2k e A% - K -8(radix-8) iy U] (butterfly) % 57 3R -

i PE> a2 Bar s> 1 logs(N)-1 % 5 B i g > 1 (N-1) & -
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N/8 N/64

N/8 N/64

N/8 N/64

N/8 N/64

N/8 N/64

N/8 N/64

N/8 N/64
XX XX
N N
W, Wi
A\ AT
" - \ We X 1 ) \ Wg

[Fl=-+=] R8SDF & % i

2.2.10 4 -2° ¥ g7 2t B 3 » B (Radix-2° single-path delay commut
ator,R23SDF)A #8 3¢ #
HAT AN 0 = i g -2(radix=R)erisnl W] (butterfly) % F - B
] | n,” rq
-8(radix-8) i 44 (butterfly) - 3% B 3 1og>(N)/3-1 % % % i #icis  3

D

|; N/2 i| |; N/4 i| |; N/8 i|
Radix-2 butterfly Radix-2 butterfly Radix-2 butterfly
N S/ N
\% ﬁy
- 1
] W W

[F=-Lw] R2°SDF A % i
v b e A AR 2 Y A -A(radix-4) 0 G Ap ke 0 B R R Ly

-] (butterfly) =g 3.7 F > & F_ip $tenrs fic(ordern) % % 7 0 ki ep

36



@ R E R o

2.2.11 & %] 2 %<(Split-radix)# #8 7 4§

%+ [18] » H & 48 2 %#&r[%] +37]):

bp_pre_in

4HIFO 2HRO 1 FIFO
hp_nxt in
pre_mod
| mimod L

§ FIFO i|

1

mul - mul
L mode “@—‘ mode | . L+ L+
— w1 Ll e e ot ot BRI BRI —
din[L-1:0] dout[L+4:0]
) pre_mod n pre_mod .

¢ XRWIIWR ¢

bf_mode[1:0 Y bf_mode[1:0]
— nxt_in nxt_out .
KRWR-XIWI
mimod ol | AR nxt_mod
D e ¢ 5D

BF_counter{3:0]

[®=-+3] splitradix2/4 # %87 #

] 5 4 ] e 24(Split-radix2/4) e -] (butterfly) B35 24 % <
) I Lﬁg,ggz%gf#’r v %A 'g}af CEF IR R

%z 67 A i gt B (butterfly)§ (CEEE A > ¥ AgE B
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2.3 F3

e IR o ergh-r pPoid & =

# 5

1.

2.

3.

4.

& = & 4k (split-radix FFT)# 22 5 &

ie * F o == (bit-reverse) e ;‘ﬂi%l
SR I S B L
g

W@ % 2 E & fE (radix-r FFT) 2 & 3)- AL ol
BRRA dob g2t
CE SR B
EY g R e
LIS daplis
ke 18] (butterfly) &L fo 1407

CHETE S SERS L B

RECE - 2gb SER: AL

AFRERIR 5 S A S [18]0 H 5

[
il
4y

Tﬁ;ﬁi’ L) [%\"‘]:

DFT size Radix-2 [Radix-4 Split-Radix

8 D D

16 10 8 8

32 34 06

64 08 76 72

128 D58 186

D56 642 492 456

512 1538 1082

1024 3586 0732 D504

D048 8194 5690

4096 18434 13996 12744

8192 40962 08218
[#-1 F£:2Fiper



SUERTECE: N EFEAE I S € N P AT

S EEEFFT) S @ # P sidd A B A T2 0 d 2B

Ay

JRe S E IR AR R SR Y Y o A B AR 24 Pk 1 2
(Split-radix 2/4) 7 B & 5 B & M > 4ok & b 2 4 0 AP £

- B 24 P-ig & > 3 4% (Split-radix 2/4) 5 B E:E#E o

x 10 complex multiplication
= T T T T T T T
% radix-2
& radix4
O split-radix

35k _

The number of Twiddle Factor

05 _

[

0 & & g & § ? ! & !
{ 5 6 7 B 4
The DFT Size N=power of 2

[B=L>] Fi2Bamgfer ot ik

b.i& & i B
T SEE cnpE Y H = % standard  unix clock » 2 %4 [19]
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FERYEAATZ L [H

B g4 it

L

A

¢

3

Ry
EH

R T SR A4

DFTsize  |Radix-2 [Radix-4 Split-Radix
16 1000 700 900

128 2100 0 1800

256 4400 3500 3800

512 9400 0 7900
1024 19900 16000 16800
2048 42100 0 35400
4096 90900 72200 76400

(iE

Lo e v E R s 4k

* g He (radix-4 FFT)chi@ & B B > #7100 € o

Computation Time
T

= ¥ ## (radix-4 FFT) ¢ €45

The Computation Time of utility'clock'
o

®
ol

*  radix-2

&
<

radix-4
split-radix |

04
6

&
7 8 E] 10 i
The DFT Size N=power of 2

[F=-+-1 EXPdE R R
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C. Baci g o

dme BB &EayFEiz o 7 OUFRAr i 2 F i (radix-r
FFT) R ACf * 0 3 Bl rondpdiepr it i@ * > @ A B- 2 24 Poig &
* ¥ # 3 (Split-radix 2/4) frz-2 P-i & = E # % (radix-2 FFT)dF 5
EAT PR LG 2t o T AR A B- A 24 P E 2 R
e (Split-radix 2/4)  fe k-2 -3¢ & = F 3 3% (radix-2 FFT) o
d. ¥ 8@ (butterfly) e p 14

A w o d gt (butterfly) sk A E S k5 B ¢ AN > A2

Beid = # i $ (radix-2 FFT) 2@955.

X > X

n

X2k+l

Xn+ N /2 1 Wi
[Bl= L+ ~] Radix-2 FFT Butterfly ¥ ~

A4 Pk & 2 4 (radix-4 FFT) 2. B125 5

A 4

X4k

) \/ ><
» X
>

1 : -1 WN3n> X aksa
[F=-L1] Radix-4FFTButterfly ¥ =

A 4

3>< 3><
+ T
w z
Pz =
~ N
N

>

—

w w
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A - fhdi 24 P = E #  (Split-radix 2/4) 2 B2 5
Xn v g X 4k
Xnin 4 : :: : > X 4iis
Xnini2 /\ >< - > X 4xs1
X > X
n+3N /4 -1 'j -1 w2 4k +3

[®= ] Split-radix2/4 FFT Butterfly ¥ =~

d 12+ e -8 (butterfly) 2k v 02 8

& 3% (Split-radix 2/4) 525 1k S % 2R o7 A8 3 T+ S

- 24 pid i =

a2

=

¢ RIT B

R o5 angh-2 Pk i = @ feradix-2 FFT)E J-4 Poii 8 = ¥ i3k

(radix-4 FFT) i & i o

Flpoarg o e B [£2] 72

, Butterfly L7
Fhg2EE | @ran %4 ;
Radix-2 % i 2" R
Radix-4 [ B - 4" N1
Split-radix B4 e 2" 7R
% Solit-radi Radix- Radix-2 &t Radix-2 &t
i it-radix adix-
P Split-radix Radix-4
2= ] FFT &2 v &
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SEEATE At RAPEIR . AL R IRE L R FFT Y

PE i e

a

St Bt A kP & faradix G 2 7 R e
FIRL AR A S R - R B R MR g G o s

ARRAOHM > AR HERBEIPHEE Lo
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FZ% BHRE EHITFE 2

73 e DFT/IDFT % 7 2% FFT/IFFT ey 5 2 x> & 25 3

2 18 R F A5 iy U(butterfly) s B 25 0 55 d [20] 5% 0 By fE 3 dep Mk
(butterfly) B 2520 P st Ja e £ - BABCHE r Bt B £ 54 2
e e59%% 47 (downsampling rate) ro H @ 1 94 e £ F @& * dug B E LA
or Reig = s (radix-r FRT) 0™ A W zip -2 pBoig & = F 3%
(radix-2 FFT) > -4 -3¢ & = ¥ 3 3% (radix-4 FFT)% » &]- A #c 24 P

& = 3 4 4% (Split-radix 2/4)4e e 3% X BHK Bl -
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3.1 &-2 B3 & = Fikk (radix-2 FFT) ;7 %= ~#f
[Fe L -] 542 $iF &> F &% (adix-2 FFT) (a) %

Polyphase | & (D)L iF % SRk B C) A AEA, - B¢ ARRAE ¢ o

dcs w5 g=[1,1] ,h=[-1,1] -

b :

- X

-1

S
X X

n+N/2 —> 2k+1

REe

20
\

(a) Radix-2 Butterfly (b) Polyphase Form

g 12 > XZk

b 12 _'(?_' Xyt

Wy

(b) Direct Form

[Ble - - ) Radix-2 FFT ;# % = <~ K5k B
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d PR A AR EER 0 N PEZ DN Bhanp] ot B S

B L [Mez > -]

=] L]
4>><

«— — | | e—
s B [F
> >
2] =

T

— 4~
: :

>

[Ble L =) Aobradix=2FFT 5% % - <~ A5k B
¢ [@e =] AP orRFORLRE S o g 3l o~ TR - T
% F =7 (bitreverse) m ﬁ;-l Iz s 5 ko i (bitreverse) » #7ru SN 7
* i FFT e 82 - & 4 2 B (DIT)fe~ 4 (DIF) » @ & 2 3 7+

(twiddle factor) ﬁi%l » g B § R LF w iz (bitreverse) e 5b o
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3.2 -4 P-i# & > g (radix-4 FFT)i§ % - ~ 8

e I® A 53+ A -4(radix-4) chid it B (butterfly) B = = = Bk
Bl 7 I e £.2 3 %5 (twiddle factor) stz N > A [Ble 2= ]
e E gk B Ny LG LE o

APBN=16 gtk # - LB L [Bletz])-

g v2 >
> h Hv2 >
— g v2
h »v2
N Bra i %1_ S h b2 e
g v2 > -
> h v2 —
— h =
2 ozl
h ~v2
56 %1 N N
16
J I
it g2
> g v2 >
— h v2 —
> g 2
h ~v2 %%H
W2 T oh v2
kR e e
16 g >
1j — h "2 >
h [v2 g}—[
" Pohih ]2 )
12 ]
Wig
Wig

[Ble =] -+ =2 radix-4 FFT & % = ~#H5 B
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3.3 A - 8 24 Pid & > F 3% (Split-radix 2/4) F %= ~H

o 32 AN i ey S ds A B]-A i 24 Poig & > H 3 4% (Split-radix 2/4) ik

U(butterfly) B = = ~ KRB > 2 T U N=16 253 > & [BleLte ]

g v2
—> h v2 >
— g v2 B
— g >
h ~v2 %%%*
g pv2 %%%*
— h v2
1
— h —rv2 Wsl )l g 2 L
h ~v2 %%%*
—" 11 L — h v2
W g v2 >
g v2 >
— h v2 >
> g pv2 . I
h b2 %%%*
12 — h v2 —
Wi 1
— h v2 —» Wll6 g g 2
j — h v2 >
h b2 %%%*
! — h v2 >
Wig ;
Wig
Wi

[Blz L2 ] L2 split-radix2/4 FFT 5% % = ~ #Hk B
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3.4 A-4 Poii & = FH e (radix-4 FFT)i% 8= < #f

fox@ st e JL-4 Poig & 2 3k (radix-4 FFT) i 5§l (butterfly)
Ba 4 ARHREl AWM BTER AR RA RN 3 BRI
o BAME AW T OFA A QWD > 2 R F i
#eau s 1 g0=[1111] g1=[-11-11] > hO=[j -1 j 1]4v h1=[-j -1j 1] »

L [®e+3]-

(@) radix-4 butterfly (b)  Polyphase form

A 4
y
<
SN

GO

\ 4

G1 > v, ’

\ 4

HO > v4

71 H1 > ¥4

—>

(c) butterfly of filter form

[Fz 7] Radix-4FFT %%z ~ 4k B
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ALl FESe ARk E L [Ble L]

Yo [Pw [ X[0]
M [Mw [ X8
> 0 > v —»>
Moo v [ X[
M v [ X[12]
Mo [Plw [T X2
Pl gt [P v [ x[10]
g [ w ’<> >
Mo [P w [ X[6]
WN0
Wy Y M [ X[14]
S WNZ
Wy ™ M w [ X[1]
X[0]
x[8] = My X[€]
o Pho [P v
. Mo [Pw [ X5
X[2] WNO
X[10] W M [Pw [ X[13]
X[G] W,\}
x[14] W Mo e X[3]
1
el )
x[5] Y [Pw [ X[11]
X[13] It [P v —’<1>—> -
X[3] i ho w [
W
X[11] N X[15]
X[7] W,\Z > hi » *4 —»
x[15] Wy

[Ble -] =2 radix-4 FFT %% » ~ &5 B
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3.5 Wi E L ARk Bl FFT hig %
P - g s o AP matlab 2 B3RSk E Y B
WE I FEeh o

1. %% N=8radix-2 #&=~ - “hkE > & [Ble+- )

r-2 FFT{o) and tree-FFT(*)

o b
i
N ———#
wi
b—%
iy
o—%
L

[Blz + -] ~z2tradix-2FFT(0) &2 = ~#FFFT(*)

2. B N=16 thradix-4 #& =~ - ~4HKkE > L [B = L+ ~])-

r-4 FFT{o) and tree-FFT(*)

TTETTTTI TT :

15

[He -+ ~] = 2heradix-4 FFT(0) £ = = #f FFT(%)
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3.5 7 N=16 crisplit-radix2/4 # = = “KHE B > L [Ble L4 )

sr24 FFT{o) and tree-FFT(*}

45 =
35 .

251 i #

1.5} =

TTSTTTTE TT ‘

15

[Blz 4 ] + = gaasplit-radix2/4 FFT(0) ¥ = ~ 4t FFT(*)

4.5 N=16 coradix-4 #&=2 v, gL E - L [B7 L]

r-4 FFT({o) and 4tree-FFT(")

451 .
351 T

e & &

15F .

TRTTMI ik

15

[Bz ] = 2enradix-4 FFT(0)2 v = #f FFT(¥)

52



DN EE mgigq] >k H &% R3% 5 92 (sinc function) s d L

,\m
Kﬁ
&)
g
=
N
NN
d
4
b
M)
7

d T @ e b 8 FFT w8 % v

%’E

FEE s BEDS LA bR B L F] A 0 enghdes b s T A
P edHmE > tr B R RE ) Lbfﬁmﬁﬂ wA % e

(impulse) » # %% & [M7 +- ]-

r-2 FFT{o) and 4tree-FFT(*)

0.8} .

06| .

04} .

03} 1

0.2F .

01k .

0 10 20 30 40 50 60 70

[B -] =+ geradix-2 FFT(0) £ = = #f FFT(*)

3.6 2%

|

PR % 32 0 24522 I FRT 7 & 32«0 butterfly 875 > 45

d ek @ Eidg s EEER LI R FFT avg s 0%

‘:El

?Lbd)]ﬁ'}#m/ﬂ/i‘i I o
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4.1 242

FEIRDR Z V(T BT R A REA I A B pfgans A p
TSN - A B E PR NPF Y A 59 A 5 (throughput)
B enfiin T 3 PR AR T RN EF IR b F - B
BHEE S 2 ha e Aok LS N2 AEY > F G BR 4
A0 ¥ o ﬁi]&gi\‘g’%c o FIP AP R AFRE ST - fApAE 2+ jteration 4 F
HE - BRI AT BB g H e F - Bl
TR EE 4B i A F(throughput) e - 8w e FRT & 10 4%
TR Ren s T OEE S S e @hpEoy AV en g ) 5 (throughput) s €
$ 2 hs et FP AP RS B LAk AR ERKDE
4 ¢ (throughput) ™ e pF s RT3 B ehlicp &> o B P oy A2 [ 24 P
BRItz [BI=2])r2 @ g2t XREOTR LA
2R FFT B R % > £ gl™ 2 BT > A2 H B FRT 8

M

e
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& &, &,

X7 X3 X5 Xl X6 X2 X4 XO

b21 b20

o

(E

b, b, b, by

[Bz =] #4257 R H
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bitreverse xO~xN

false true
v v
o1 ~ AoNj4 Dot ~ Doy
80 ~ Aggara ) byo ~ baiana™™) Co ~ Coviara™) dyo ~ doan™")

] [ ] [ ] [} L ) L[] L] ]

[ ] [ ] [ ] [ ] { ] [ ] [ ] [ ]
s=log,(N)-1 CRCI o .o o s=log,(N)-1

A A 4
v v v v - 4 | —
X, Xz Xnia Xansa il o oo Xniza Xy

[B7 =] #AEaurizH
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v

5o ARG A

LAY 3 R

Z (throughput)) :

SR 1685 6] )

clk input 1stMAC R1 2nd MAC R2 3rd MAC R3 4rdMAC output
1 [xOx8x4x12 X0x8x4x12 a01a02 |a01la02a01-a02 |allbll

2 [x2x10x6x14 x2x10x6x14 a03a04 |a03a04a03-a04 |al2bl2 |allal?all-al2 [a21b21

3 |x1x9x5x13 x1x9x5x13 a05a06 |a05a06a05-a06 (al3bl3 |b11b12b11-b12 |c21d21

4 x3x11x7x15 Xx3x11x7x15 a07a08 |a07a08a07-a08 |ald bl4 |al3aldal3-ald |a22b22 |a2la22a2l-a22 |a31b3l
5 [x0-x8x4-x12 X0-x8x4-x12 b01b02 |b01b01b01-b02 |c1ld1ll |b13b14b13-b14 |c22d22 [b21b22b21-b22 |c31d31
6 [x2-x10x6-x14 |x2-x10x6-x14 b03b04 |b03b04b03-b04 |[cl2d12 |cllcl2cll-cl2 |e21f21  |c21c22c21-c22 |e31f31
7 |x1-x9x5-x13 X1-x9x5-x13 b05b06 |b05b06b05-b06 |c13d13 |d1ld12d11-d12 |[g21h21 |d21d22d21-d22 [g31h31
8 |x3-x11x7-x15 |x3-x11x7-x15 b07b08 |b07b08b07-b08 |c14d13 |cl3cldcl3-cld |e22f22  [e21le22e21-e22 |i31j31
9 d13d14d13-d14 |g22h22 |f21f22f21-f22 |k31I31
10 021922921-g22 |Im31n31
11 h21h22h21-h22 (031p31
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$ - RS B

clk input 1stMAC R1 2nd MAC R2 3rd MAC R3 4rdMAC output
1| xOx8x4x12 X0x8x4x12 a0la02

2 | x2x10x6x14 | x2x10x6x14 a03a04 | a01a02a03a04 | allal2

3 | x1x9x5x13 Xx1x9x5x13 a05a06

4 | x3x11x7x15 | x3x11x7x15 a07a08 | a05a06a07a08 | al3al4 allalzal3al4 a2la22 | a2la22a21-a22 |a31b31
5 | x0x8x4x12 X0x8x4x12 a0la02

6 | x2x10x6x14 | x2x10x6x14 a03a04 | a01a02a03a04 | allal2

7 | x1x9x5x13 X1x9x5x13 a05a06

8 | x3x11x7x15 | x3x11x7x15 a07a08 | a05a06a07a08 | al3ald | all-al2al3-ald | b21b22 | b21b22b21-b22 |c31d31
9 | x0x8x4x12 X0x8x4x12 a01a02

10 | x2x10x6x14 | x2x10x6x14 | a03a04 |a0l-a02a03-a04| bllbl2

11| x1x9x5x13 X1x9x5x13 a05a06

12 | x3x11x7x15 | x3x11x7x15 a07a08 |a05-a06a07-a08 | b13b1l4 | bllb12bl3bl4 | c21c22 | c21c22c21-c22 | e31f31
13| x0x8x4x12 X0x8x4x12 a0l1a02

14| x2x10x6x14 | x2x10x6x14 a03a04 |a01-a02a03-a04 | b11bl2 |

15| x1x9x5x13 X1x9x5x13 a05a06

16 | x3x11x7x15 | x3x11x7x15 | a07a08 [a05-a06a07-a08 |b13b14 -| bll-b12b13-b14 | d21d22 | d21d22d21-d22 |g31h31
17| x0x8x4x12 X0-x8x4-x12 | b01b02

18| x2x10x6x14 | x2-x10x6-x14 | b03b04 | b01h02b03b04 | cllcl2

19| xI1x9x5x13 | x1-x9x5-x13 | b05b06

20 | x3x11x7x15 | x3-x11x7-x15 | b07b08 | b05b06b07b08 | cl3cl4 cllcl2c13cl4 e21e22 | e21e22e21-e22 | i31j31
21| x0x8x4x12 X0-x8x4-x12 | b01b02

22 | x2x10x6x14 | x2-x10x6-x14 | b03b04 | b01b02b03b04 | cllcl2

23| x1x9x5x13 | x1-x9x5-x13 | b05b06

24 | x3x11x7x15 | x3-x11x7-x15 | b07b08 | b05b06b0O7b08 | c13cl4 | cll-c12c13-cl4 | f21f22 | f21f22f21-f22 | k31131
25| x0x8x4x12 X0-x8x4-x12 | b01b02

26 | x2x10x6x14 | x2-x10x6-x14 | b03b04 |b01-b02b03-b04| d11d12

27| xI1x9x5x13 | x1-x9x5-x13 | b05b06

28| x3x11x7x15 | x3-x11x7-x15 | b07b08 |b05-b06b07-b08| d13d14 | d11d12d13d1l4 | g21g22 | g21g22g21-g22 |m31n31l
29| x0x8x4x12 X0-x8x4-x12 | b01b02

30 | x2x10x6x14 | x2-x10x6-x14 | b03b04 |[b01-b02b03-b04| d11d12

31| x1x9x5x13 x1-x9x5-x13 | b05b06

32| x3x11x7x15 | x3-x11x7-x15 | b07b08 [b05-b06b07-b08| d13d14 | d11-d12d13-d14 | h21h22 | h21h22h21-h22 |031p31
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clk input 1stMAC R1 2nd MAC | R2 3rd MAC R3 4rdMAC output
1 X0x8x4x12 X0x8x4x12 a01a02 a01a02 all

2 x2x10x6x14 Xx2x10x6x14 a03a04 a03a04 al2 | allal2all-al2 | a21b21

3 X1x9x5x13 X1x9x5x13 205306 a05a06 al3

4 x3x11x7x15 x3x11x7x15 a07a08 a07a08 ald | al3aldal3-ald | a22b22 | a2la22a21-a22 |a31b3l
5 X0x8x4x12 X0x8x4x12 a01a02 a01-a02 b1l b21b22b21-b22 |c31d31
6 x2x10x6x14 x2x10x6x14 | a03a04 a03-a04 b12 | b11b12b11-b12 | c21d21

7 X1x9x5x13 X1x9x5x13 205306 a05-a06 b13

8 x3x11x7x15 x3x11x7x15 a07a08 a07-a08 b14 | b13b14b13-b14 | c22d22 | c21c22c21-c22 |e31f31
9 | x0-x8x4-x12 X0-x8x4-x12 | b01b02 b01b01 cl1 d21d22d21-d22 |g31h31
10 | x2-x10x6-x14 | x2-x10x6-x14 | p03b04 b03b04 cl2 | clicl2cli-cl2 | e21f21

11 | x1-x9x5-x13 Xx1-x9x5-x13 | h05b06 b05b06 cl13
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13 | X0-x8x4-x12 | x0-x8x4-x12 | po1po2 | bOL-b0O1 | d11 f21f22f21-f22 | k31131
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17 h21h22h21-h22 |031p31

WRyp s boengife > N0 R - ) oA 17 BREE g B OB 1 o X
¥ 5§ Bl (butterfly) 3T 2 Sk pF > A PL R RIFEHE TR F

fE o MAC 22 8 5 % ehifg % o

59



RS

s

"L AR G A A T A 4
The register number of different FFT size
1200 . T T T T
*  pipeline
& treet
O tres2
1000 —
200 -
é 0 -
&
%
400 -
&
200 -
o @
® & o]
o & & & & & $ C\) | 1
1 2 3 4 5 6 7 8 g 10
The DFT Size M=power of 2
(QUER 0 IR Ak
IR AR Perig % wn pipeline AR E T B

o

PRT KR BEERG LI

Poid

{

o

- jEP T BN

i B 1—}%
RE g R NA B G ER A

¥]+ (twiddle factor) R 4 i 2

60



Fle R * bk R o AT Y o TR APapigg o 3
HuTFR 55 -5 MACH w23 BF - 3B FF -
Boen®ry Bfcp > HBA 4 [BlT L7 ]

number of register for different MAC
300 T T T T T T T

250 .

200 F -

150 |- -

100 |- -

50 | -

s
a . ' ' . o ar
] 1 2 3 4 5 6

2" Mac

[F7 + 7} MAC, #icp 495 5 % b 4

=
o

61



4.2 Mk WK

AR s PR A 4T 0 0T SRR ARk SRR A A

2%, §, [}fﬁf] T €1 = ] o
Wi
Wi
W, 2 1
16 Reg#?2 W Reg#4
Wl% W80
1 1 1
— A\ 4 A l Y 7 3
—) 2MAC H&)—» IMAC A»é o IMAC |& @ IMAC |o+—»
—
1 1 1
-] -] ]
ng W80
Wleé W83
Wi
Wi
CEEES T e
EREAHT e B L [B T ] dE A kb

TH~Z S BieRi - B HEss R (coefficient memory - CM) »
I e Re AR 0 TR Y F T 2 TR LTI 4 R T

+ (twiddle factor) 73 22 » ¥ — B £ 2 743z 8 48 (Data memory » DM) »

LA AL R



Data
Memory

Comtrol Unit

MAC

i

Coefficient
Mernory

(B -+ =1 Bbik FRT 0 " 1% 4 4 5L

421 F 4 BeBiET R

APLrai-—fArFa@LE A ¥-fAfkHEBLFEE L1
Bk-j iE > TREGEL IR L5 ] 5o Ak BRI AT R

B odvk 1, k- emF 5 Bk - SLen e 5 %] (twiddle factor) 7 3%

\

9

4
e

e @ FZ AR E - BEne R B RN (R ] AR

-

AAE? > 168 FFT S 6] AP Ay - %@ * §- R4 X

Ehie- %R * R A2 E P B syt %o ks
Boab - hB  ALFLIAFHRNLZE 22X FL &k
FERm fF iR v - AP S RBAPMOS K2 Bk EBE R
)’I&?J'J:}U/ﬁiéﬁﬂ{:%ﬁfﬁﬁxi;ﬁii BIBT 4 Yo kiz B2
@ - el B B R - Behii ki B2 L 4 B Y foengk
2B o F]pt oA iR % r A E 4w & 2 (Coordinate Rotation

Dlgitial Coputer, CORDIC)e3k 2 B o H A AR @A P g™ K 4

e

wp

o

63



slaout

sldl

s1d2

x0 ——
X2 — ~
x3 T
-]
slbout
[+~ ~] $-ff4wizE~
regla reg2a
sar > I T
sm
5 -]
W
sbr

|

reglb reg2b

[M7-4] $-ffkhiia

64

s2d1

s2d2



+ >
2's
complem ——pf
ent

[B= L) $=ffw2EA

4.2.2 &> 3% % & ;2 ( Coordinate Rotation Dlgitial Coputer,CO
RDIC)% ¢ ¥

CORDIC ;% & i :
Fl% DFT ei@ & § ¢ 5 &= i 5k &5 %]+ (twiddle factor) s
FooAAEST G T O RERSFIS R E 0 Ak R kiE

A(xlyl) ex%iEise BT B(X2y2)> m BELAETF 4 7 & ¢

{xz}_{cose sin&Mxl}
Y, —-sin@ coséd ||y, (4.2.1)
%6, =tan"27

1 tan g,

{xz} Jl+tan®d,  Jl+tan®6, {Xﬂ 1 {1 Z_k}[xﬂ
Y, tan 6, 1 Yi] 1427 -2 1y
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=t

0=+=+3 (+tan?2%)
2 =

n-1

0=> uk)b +e, where u(k)=1 or -1
k=-1
7l2 k=-1
and 6 = o )
tan' 27 otherwise (4.2.3)

CODIC #vg 3 i

2.1 335 4 b % Bie(scaling factor)

K =(ﬁ\/1+7j1

& (4.2.4)
344 R Pk AR ALYD)RE + 220 2 e
X(0)=u(-1)y , y(0)=—u(-Dx (4.2.5)

4.2 (53R - Famt B30 0 3(n-1)

{xa+n}:{ 1 ,402*}{“0}
yai+D | [-u@2* 1 Ly() (4.2.6)

5.5 P& htsE N keniEh ) L H K PTE LI EE R

e B (x2,y2) -

x2 = Kx(n)
y2=Ky(n) (4.2.7)
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Processng statoz Fitting Successful
Timing requirementsanalrss statnz Mo requirements

Chip name dpffind

Dievvice for compilation EFZ0E1500EBCAS2-1
Taotal logic elements SO12/51840 (9 %)
Tatal ping 08 /493 (19 %)
Taotal EXE hits 07442368 (0 %)
Device for timing analvsis EPZ0K1500EBCAS2-1
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Timing requirementsanalyss stabne Mo reguirements
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