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{RAE 4 A7 256 = FFT 032 85 Y TP 4% 7t
T O, HEE

(T It R U0 91~ 5 490 B 5 1 T TR 2 B, 2R A 067000)

W OB % T AL TG T HA 0 H 7] (Field programmable gate array, FPGA ) #9 /&7 4 & A& 256
ik A ¥ et & 3% (Fast Fourier transform, FET) 4 26 1P H ., R AR EMBRG A2 E Ffot i
23R fi R 4% (Single-path delay feedback, SDF )R K&K EMMA TR VS B FTH AU R FEEHLILE.
AT BARAR A R A - T —FF B 4 i W A 45 5 4 (Canonical signed digit, CSD) % 4 5 % £ B % A
AR B R TR R T Wi 5 3t i 55 09 L3R k35 5, F 03X AR 5 ok B8 A8 95 45 Ik A48k
B F % 449 R ik A 4% B (Read only memory, ROM), #Z 4 3 £ IP # % F QUARTUS PRIME + &
#4744, f Cyclone 10LP FPGA £ 9L, %R 27, % FFT 4% % & & T M % 4 100 MHz, T
2445 45 5 # FFT i 5, 3% 45 3% 5T (Logic elements, LEs){# B & 5 32 12 4k 4% (Memory bits, MBs) 4 A &
A 3978 LEs#= 6 456 MBs,

K Peak MRt T MR T R CSDFRE LR AREEM R RA
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Design of IP Core of Low Hardware-Cost 256-Point FFT Processor

YU Jian, FAN Haoyang
(Physics and Electronic Engineering College, Hebei Normal University for Nationalities, Chengde 067000, China)

Abstract: An IP core of low hardware-cost 256-point fast Fourier transform (FFT) processor is designed
based on field programmable gate array (FPGA). In order to reduce the complexity of twiddle factor
calculation, the radix-2' algorithm based on decimation in frequency and the single-path delay feedback
(SDF) pipelined architecture are adopted. For reducing hardware-cost, a cascade canonical signed digit
(CSD) complex multiplier instead of conventional Booth multiplier is proposed for the operation of twiddle
factor W35 multiplied by the corresponding sequences. Also, the proposed cascade CSD multiplier can
remove read only memory (ROM) for storing coefficients of twiddle factors. The IP core is synthesized by
using QUARTUS PRIME tool and is implemented on Cyclone 10LP FPGA. The result shows that the
proposed FFT design can work under a maximum clock frequency of 100 MHz which occupies only 3 978
logic elements (LLEs) and 6 456 memory bits (MBs) hardware-resource for 24-bit signed number FFT
operation.

Key words: fast Fourier transform (FFT); twiddle factor; cascade CSD constant multiplier; pipelined

architecture; hardware-cost
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P A8 BL AR 3 (Fast Fourier transform, FET) & B 15 400 5 E 5 8 220 HR | J0 LA 1E 38 40 4
52 H (Orthogonal frequency division multiplexing, OFDM) 3 17 & %+ A s 19 732 82 ', 4 IEEE
802.11a/g/n & ER ¥ I T Bk $ A (Worldwide interoperability for microwave access, WiMAX) . G~ A
JR 3% ¥ (Wireless personal area networks, WPANs) F1 K 178 # (Long term evolution ,LTE) %", fE A~
[ OFDM R 4, 2% 80 1IE I T FET AR KB, 40, WIMAX RS FET (1R FE U8 HF 256
RFFT AR AR BE, BT — P 2 256 s FET Ab Bl R b 22

£ OFDM R4 h i 32, FFT BLHUR i ol B 2% (s SR O 1 b JURE 1R il As , & A AR 22
F X AT THFSE . 2R R BT FET Ab BER I, A1) FH A 45 € 5% %0731 55 (Coordinate rotation dig-
ital computer, CORDIC )5 ¥ [ IG5 {20 1 A 11 #E 5 71 3k 42 1 3 3 010 Ak -4 B0k 25 4 s 2> FRT 4b 74 2%
F16 B 28 % R FE 5 Fan 25 ) A 397 ¢ 15 2% 5 CSD(Canonic signal digit) 5 $0f 1 2% 1R & 77 22wl /b e
e FET 4 B3 38 0 B8 25 A s Wang 2555 7 00 B8 1 AR | 38 1 7 —Fh 2 T8 2 28 M 3 0009 9% ik 2%
TS B0 T A B FE T A0 325 04 52 B 5 A BhR bk 5 e o R B S0 5 11 O Ak, b b ek 2R O BE
M 26 B> FET Ab 3 B8 P AR (9 04 5 SN A% 26 42 1 17 25 F Turbo 45 # 19 FFT b B 258 S0 8 )5 %
e AR BEF T 55 o

SRR VL ARAE FET AL BR 2% (093 TE v oy 32 28 00 B 0 8 U, DA 1 ) 3k 6 AF 9 7 A B 2 TR W 5
18 S B v I, 1S LR T A A 3 3fe 1k i 5 HL A il ROM R 58 B, JC 15 A 200 by 42 i) G e 18 #°E ) fil
PRI . BT, ARSI T T —Fh 3 F I 0] 4 A2 17] B 31 (Field programmable gate array, FPGA ) FAK
BE P IRAS 256 2% FET ARG TP B, 28 T 98 A e % X 7 B T H 35 2 2% B2, SR T 220 B 3k R SDF i 7k 2k 4
Pk 5 B 1, 4t T — A ER 4 CSD B BT Tk A L 38 a0 Ik B I8 B8 BT DA R R B B DT R 8 A
JEHG R F W 35 55 8 AT 5 1 2 80T 132 55, A1 B JE 250 ROM % e i IR 7 32 BOHEAT 474, IR R AR T A4~
FFT b B a5 B A 88 2 A

1 ZIRE

HEINTFH Ry 2 (n), 4 N S E{E B 28 i ( Discrete Fourier transform, DET)X (£) & X R
N—1
X(R)=> 2(n)W¥ 0<k<N-—1 (1)

A BEsE N F W= e N,

A S (1) v i g AR R o 28 i 5 5 O R O o 10 Rl AR A SR E ) o PR Tukey 5 Cooley
i H0 Y -2 R A R o 4 SR T T e D 0 L A e ) BRI () 5 R R R AR . S T s i
e A e i Be-A SRR IS 1T AR, BUOR B AE R AR NE % IH 1 0 S A% i B R R SsSB40 L A
Gy FREAESCI . J5 o -2 Bk B AR T -2 B0k R LA 5 L T R T 2 A B BT 45 K A i 4%
G I A — R IR RE R T IO A 4R % . JE T IE-2" 300k 0 256 55 FRT AR PSR (0 B A48 7 A Be . A
B RAE AN -2t KA B B BB AR B T 5 -2 A A R A TR BT AR (R A A R A 2 S BUR
[\ B BEE R TR . 2 1 AR AE T, 256 4 FET 268 8R4 B B % R 7 AP o A, HorP i
“— 7 R s B, I T AT B S R R S 1 A AT A e, PR RS R BT . R LRI, BT
FLA TR B T T da B i 5 IO 4 R e R T, -2 B R AE AL B 256 45 FET 35 i o L
PR AR SCRY IR -2

W E R UL, FET &b BEES ZRAG — 0T 43 Sk A AN ] 9 28 280 . I T A2 /R 2244 (Memory-based architec-
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Table 1 Sequence distribution of 256-point FFT twiddle factor for radix-2* algorithm

Jie % 41 1 51

ok R
1 2 3 4 5 6 7

$E-2 W s W s Wi W, Wi Wy =] 642

Sk-2f =] W s =] W =] Wi =] 492

H-2° _] Wy W sse _] Wy W, _] 504

g2 =] Wi =] W s - Wi =] 480

ture, MBA) MK e 420 00 i — Mt el 32 b B8R 0, B BEIR BAOC , A7 Gk 2R G 5 B A2 BT 4, X
Folt B2 5 89K B 6% 9/ i 5 149 A8 42 RN D A L (ELR BN A ik AR HE SR Ry, TG T A RO Y S e A
TR o TG B SR ARG S U T FE BT 2 0 R A B s (H LA R s ek i . UK AR FET &b
PRSI BE T ST LAY R W Bk XA < BT ) ) 157 (Feed forward ) 1S [) 52455 ( Feedback) o 8 18] 52 4% X AJ 434
PR GIE SR 5 4 (Single-path delay commutator, SDC) Fl £ [ #iE iR % #% (Multi-path delay commutator,
MDC) "5 7z 45 3R] 43 S B A SR 67 i (Singlepath delay feedback, SDF) il £ % %iE 32 1 F2 15
(Multi-path delay feedback, MDF )", 15 i li] 545 KUK AR L , 670 1) 5245 JXURS LA T £ B 1 42 1 32 5, 2
] 52 45t XU Hf ) MIDF 849 85 SDF 80 75 S8 AE 0 2 W RE VR 95 . i1 T SDF 2244 B A Bl 5% 5K #
I8 5 TSI AF R, PR AR SO 311 SR F SDF i /K e 4844 .
2 256 = FFT AL 3225 IP A% 1% it

B 1R o 32451 256 AL FET (19 SDF K R 28 . i 18 1T %0, A SCi i FET 2 3% 404
FH 7 2 8 1 SO 50 (BF T BRI BF I 8Y) A [ 25 2 09 8 3R 2% oh 5 o0 (HH T 45 3508 S o0 9 g A R 445
IR DA R R A ) DA e QAR R (1 S Bk ik AT T AR . 4R AR 5 ] T U045 8 BT 19 S O
JiE 5 PR ¥ 11 5 BT 1k is SR (IR 5 3l A AR R B A o O T RS T D R AR i A L O BT ks B A R
CSD # Bofe i 5 K 52 Wl o

[ (£ (2 ()

N BFI BFII BFI BFII BFI BFII BFI BFII X(k)
x(m) c t c‘?‘ c t ¢ c t ¢ 4?# c c
WIIG 256 WliG
CLK—] 7 [ 6 | 5 ] 4 [ 3 [ 2 [ 1 [ 0 |

1 287k 256 51 SDF FFT 451 &
Fig.1 Block diagram of 256-point SDF FFT with radix-2* algorithm

2.1 BEHET

&1 2 [T 75 S AS SO 4 1 19 256 5 FET b 31 &% TP 4% i 5 888 B oc iy RAR 254 L [ 2(a) o BF T 24, &
2(b) N BF [ B, ST B0 3 B2 PR Bl 22 v 200 HY B A BT B B0 2 5 8 Bom gz 81, Hovh B 1T 00
TEBLICRR T AT A B INA 2 58, R B AT B — i 5 L 2 T AR R B R dnlEl 2(b)
i a () Flx, (n+ N/2)REH AT S5, 2, () M2, (n + N/2) R ER A FF A0SR, 2, (n) A
2 (n+ N/2) i B B 5238, 2, () L 2 (4 N/2) AR e B 0 508 50 jE 3 7 A o R R BT 44
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x(n) 0 2Ny X 9 Z(n+N/2)
() 0| 2 +N2) x(n) (1) | z(n+N/2)
} x(n+N/2) L z(n)
x(n+N2) R z(n) 0
X+ N/2)— =t 'L z(n)
x(n+N72) — z(n) “ ZHE oo
N
! %T)‘Iﬁ'I‘H‘J}?%UiEﬁT T
tc
(a) Type BFI (b) Type BFII
2 BT TA
Fig.2 Block diagram of butterfly unit
AT B A5 S . OB BoTE R RS |, fa A B PR 81 A i RO il A B e kS A AR R L B

FNEN/24 808 (N FET S50, #2 0 R  A B 5 58 10 A7 A 23 A2 4 b 00 $5008 4 ok i 17 52 B0 sk
s, BB BRIT I AT M B BONL B B AR T — A B B 0 A B ek B A R —
B B 119 JE a0F 56 Hh B IR 28 s BT

2.2 CSDE#iFkik=E

— B U, A R B B W T BT 1 B AR A AR N 4 e B TR R AT A2 BRORe vk A8 SRk A9 B OE
o o R LR AR SCRIT T A 256 a5 FET Ab BE &8 75 B2 Fl CSD S0 L 28 TIER N7 Wi 5
W s BRI IE 5
2.2.1 HETFT#HHBET Wi CSDF R *%

R MATLAB XA SCHr i i 09 256 55 1P AZ S AT SR, 36 1 P28 2 B BE 5 56 6 B BRI e % B 7
Wi 1 53 00l G R AR RS A A

(1) % 2 By Bt : tw=[zeros(1,16), ones(1,16), 2xones(1, 16), 3xones(16) ] i_stg2 =[ 0.xtw, 2.%
tw, 3.%tw ]

(2)5 6 Fr Bt tw=repmat([0000024601230369],16);i_stgb=tw(1,:)

F UL AT AT, 72 BT CSD # B vk BT I T f5 M BE 6 IR ol - Wiy, W, Wi, Wi, Wi, Wi, Wik,
HA Wh=1,Wh=—], Wh=—X Wi, Wi=—1W}, Bt Ui 5 &3P IEHH T Wi, Wi, Wi
Bl MR R Ws=0.9239—j0.3827, W{;=0.707 1 —j0.707 1, Wi, = 0.382 7 — j0.923 9, i LI R 7%
XF 34~ R H (0.923 9,0.382 6,0.707 1) i#F47 CSD k. 3R 2 FioR 2 34N BUE 19 CSD &R, 8 T (R IE &
fb M 7 L (Signal-to-quantization-noise ratio, SQNR) , iX B3k £ 52K b 12 0, W15 48 223 in 7% K SQNR
I T WA AL . 3 BTN R ASTR] A A 320 55 1 AE R [ e T F 24 B9 45 14 F BT 75 31 89 SQNR i .
I 3 AT, S I K o 12 2, SQNR {ELA 2 1 4 A

R2 REFKRIBFHEMNCSDERT
Table 2 CSD representation of three constant values with 12-bit word-length

figidl) CSD #R
0.923 9(Re { W1 }) 1 0 0 0 0
0.707 1(Re { W) 10 <1 e 0
0.382 7(Re { Wi }) 0 1 0 0 1
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R — 2T AR A FR AR A8 TE B R S )
ol =R D NN = /A S R B VNE VB L N K
(Common sub-expression sharing block, CSE) , % 2
W LT 0 i B R B 1017 B 1017 B kR A B

CSE, K 1t —1. TR

Pl 4 7 75 4 3 T D T W 0 CSD 3 HORe TR
e B LS A RO B B 2 It |
46 L KCHR 1 6 35 5 U A 10 5 2OY 91 55 B B 16 T BESHIE T /it

i P N NG TR E-2 8 SQNR R
W BT R ORI O . SR g (0 NIRRT RAE Sk SQNR L
Fig.3 SNQR comparison of different twiddle factor

7, 0F L T B A T ofe U % AT R 29 7204 LEs B9l
&

word lengths for radix-2‘ algorithm

——

Im{d W} | or f4—————% +

CSD
BRI - &

w0 - o
E.%
=
&

CSD
B

W N = O

-
8 m [—1H>
é -

|
|
|
|
Re(dW) | o
|
|
|
sell sel2 :
4 TERCTHERE 1 Wi Y CSD ' $OR vk 4% 224
Fig.4 Structure of CSD constant multiplier for twiddle factor W,

2.2.2 EELHEMET Wit BBECSDFHEEE
CSD H $T 1 %% 19 52 2% B MO e i DX 7 011 B A 0, Bl o e 2 DY) 7 o S0 A B0y 8 22, CSD
W BT I P B MR B R G N WL NAB R 1 64 i, %3 A9 CSD # Bk ik e e B B
SAYE J 5% A R B L R RE AR ] RO R TE . T BE R N W i
REOTRDE T AR SCIE T —Fh 3 4 CSD B 1L #8 | l 1 X HEFE T W s 10 i (AT & FEAY 4 L 36
Bk /D e e PR T B0 G o AR BE 5 TR 7 0 6 BRPE R e B T W 5 1 (- X R0 43 31 8 A IX 5k
(A~H) , ¥ A X IUiE 5% 10 3R IR 0 Whs =2, + jy, (p = 0~32), 8 2 HoAth DX 3805 % [H - 1) 2R 3k =X
ALGE I A DB RS AR A TR W3R 3 TR .
M XK 7 2 B B T W $8 B Bl i i = 0~255 00 5 p = 0~31, A4 S8 1 p 40 hy p =
Ap,+ po(pr=1~8,p, = 0~3), #k— L4 /NSAF IS I . I 8 40 5 1 # BUE 247 CSD Ak,
FF 4k AR R 9 AT Bk E S R CSE 2 it it 53 CSD # B k& W b AT 2 B Be () B Bl iz
SR TE I — A B 0 ROk 8 B AR I B Rk X (2) Bk . fln RSB d X W5, 4
pr=3,p,= 1HIT]
dX Why=d X Wi =d X Wi X Whi=d X(Re { W, -+ Im { W5 })X(Re { W - jIm { Wi })
(2)
F A TR Nl BT BE R I W12 41 RUE 1 CSD KR, CSE, by 21 € i [ 1l 2 7 <1017 (5%
101),CSE, H ik b 7 Bl i “ 10 17 (5% 1 01) , CSE, S 48 2 i 15 el &2 119 “ 1000 17 (5%, 1 0001 ) .
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F3 S AR E F X AL B R G
Table 3 Mapping of twiddle factor in eight symmetric regions

X 35k p e HE S ik
A 0~31 x, Vp 1y,
B 32~63 ) -z, —y T,
C 64~95 Y -z, Y1,
D 96~127 -z, Y —z,+ iy,
E 128~159 -z, 0 T, 1,
F 160~191 Yo z, VT,
G 192~223 — z, —y, T,
H 224~255 x, — Ty 1Yy

T4 12FK 12EAETHECSD R

Table 4 CSD representation of twelve constant values with 12-bit word-length

b Re { W, —Im (W%}

1 1.0 0 0 0 0 0 0¢I 0 1730 0 1 0 130 0 1 0 0 0
2 1.0 0 0 0 0<I 0 120 0 0 0 1o o0<io 0 0 T
310 0 0 Tx0<1 0 130 0 1 0 RS 0
41 0 0 01 0 T30 0 1 0 0 0¢ b0 0 0 <1 T
51 T 0 0 07TIx0 0 T 0 0 0T 0 0 o i
61 0 130l 0 Ivo0<i 0 130 o0 10 0T 0 T
7 <1 o0 0l 0 30 0 0 1 0¢< 2000 1 00T
8 <1 001 <10 1o o o<1 T 041 0 0 0
b 86 —Im { Wi}

0 1 0 0 0 0 0 0 0 0 0 0 00 0 00 0 0 0 0
1 1.0 0 0 0 0 0 T 0 0 0 0 0<1 0 [>0 0 1 0
2 1 0 0 0 0 0 0 < iro0 0 0 01 150 0 1 0 0
5 1.0 0 0 0 0 071 50 0 0 0 01 b0 T 0 130

(&1 5 FT 7R o8 35 FC T e 55 TR 7 W g5 B B2 CSD 5 BT 15 45 1 S8 AR ek 1] . 1 5 () It 7y 3 IC T e
K W g 1 H3 32 CSD B0 1k 25 1 32 S AR, JL b fe I CSE A B piy Jin ik B 0T A7 RS B HR 5% 18, 4T Jr e
B0y A RS S e, ) ORT SR 0 T8 A 3 2 A A TR M 0 0 Sl WP A0S 8 3 1 3R ST H T
R AT AR

M T R 4% CSD A A T W B B i SR vk iz 350, 25 B 3OS AR FET Ak 3 4% 19 i B 3 B AR, oA 17 0k
/D AR AR, E TR I B R RO VL 42 1 A A AT K R R F AR A IR S(b) ZE B i o B 5(b) A B TR Oy
LRI 5 32 8 LT R FH 2 DX W o 0 8 7, 30 o 7 B 10— 3 o) D 15 3 9% 5 A1 8 T A A5 0 B T
Do Rl p, B HE 8 5 25 G J5 0 25 R S R G T O RE Y R R R L RO R A ofe vk e R A R A 1Y
0.96% o 55 FHI B4 A 301 T 32 4 AR LU, AR SCRT B 1 9 38 0 F e 9% B 7 W s 1 R 132 CSD % B0l 1L 25 B i 15
2y 34% LEs (4 JH 5 , [5]I5] 58 6% 7 B A7 6 i % X 22 800 ROML,
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= i
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_________________________________________________________________________________________________“ ______________________
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: ggﬁg% » By, 7 O 1737 = # 7T ‘gg |
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I | L/ |
i — = Re {d T,
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™IB1
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(a) Logic block of cascade CSD multiplier for twiddle factor s
2]~
- - — B LR (4~H)
1 %ﬁ%& — _%‘5‘/ > B el
E—WE I S0 st i\ FAN ;
4, mHm mE | EHETR T (4] plEHEE
( W"p.) — (ANH) l(d7d6ds'"do) 72 | |
P R 4] PGS
=P om0 g

WK LR
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(b) Block diagram of two-stage complex multiplication and control logic
5 3T R KT W s, B8 HE CSD U # 4 1R 4L 4 T gt
Fig.5 Overall detailed cascade CSD multiplier for twiddle factor W s

3 BREUK

AR Verilog HDL X Frig i1 FFT Ab B &8 1P it 47 @48, I+ FIH Intel 1 QUARTUS  PRIME
V-5 81 Cyclone 10LP FPGA #AT4E G FITERETHAL . 3 4h, S EUs FAR L, BARIF RS B RR 1 —
JE B i B L P A R R B A 2 B R SRR A, T LIS SRR S R zkjcﬂmxfrmﬁﬁm
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MR IR FIEREUT B Hs I 7K 0 7 5, A 305 1k T 80 i I8, 56 UE2E R Xt T 256
S24NIF B FF T a5 AR SO TR FET Ab B 28 fe K Bp A 6 n] LUK $] 100 MHz, €38 Sk 255 4~
BRI, R I FE 3 978 LEs F16 456 MBs IRE {95 . 26 5 Firs WA SOy 25 B A A i 3y R AE k1T
256 & FETACHRER A LU AR S o S T 90 Wb R AT LA, 228 3Gk s 11 E R 2RI Verilog HDL
PEAT A 7E 2L T Intel (1 QUARTUS PRIME -4 Al Cyclone 10LP FPGA #1145 & Ak REEAL . &S
FIHL, SCERL2 R T - 16 S R pl /D g i DR ¥~ (9 52 J s (B O BTS2 AN &y TREAF 52 B, iy EL7E A 21
256 S FET EHIvE 2 F A R0 T H LA Z BRI 4% B CF 2 IR T FE =7 s SCRRL7 1R T 354 MBA 4844,
SRAE— RS sl T SIS e 55 A B 42 8 Y, (0 HL A0 s R 7 Ak BB PR 7 A 5 i R FH T 53 2 8K
Fe b 4% B T ASCHR 1 4 CSD 8 RO 1488 7 28 , AR SCO7 28 T i FH ) e A2 W 5 5 /> 3 fof B /) 5 SCiR (13
KT ZBAARRA I MDC YN 78— FR I LT T B HR0R S TAEMUR (0 AR 50 R4 5 42 i
TR 2% T L [ AR 3 A2 BT 1 2 5 A 256 45 FFE T 35, B W VR FE 5 5 SOk [ 14 )i T H g 10
SRAEAL IR 256 55 FF T TR e N 50 52 2 52 B ok (1 i B i o e (3R 1), DR M7 R0 Jli A 4 1)y T O
RHAE S 25 F TR AR SO RAE B R AE R A 256 55 FET &b B g ik o LA 4.

£S5 ARBHARGEERILE

Table 5 Performance comparison of the proposed scheme compared with previous implementations

K U5 Fi Bk 5 ST R A 4 450 % /M Hz FE /s P o 12 [CREDIRS
) 5396 LEs
k(2] 10 R16SDF 101 255 faj o
8 976 MBs
) 4671 LEs
SCHik[7] 24 RAMBA 100 — 5%
16 596 MBs
, ) 48 756 LEs
SCHik[13] 12 R2%-4*MDC 330 255 =B
67 869MBs
) 4989 LEs
SCHk[14] 12 R2MBA 100 — 55
18 986 MBs
) 3978 LEs
A 24 R2'SDF 100 255 i B
6 456 MBs

6 it MODELSTM % Hi 475 BL45 R 09 I 5 MA TLAB T18045 58 (R0 He e CEcdin A9 10 512

HB AR N 1~256, Bl o, (n)=[1 : 256 ], x;(n)= 5.0 VATLAGIHER
[1 . 9256 ]) EEP“*”’{%%:{MATLAB)VI’%@% “A,, 45 5 ey 19 MATLABT AR
. s >N =H ’ 4'0_',34 Im&ﬁﬁ%% _ 190 —+—MODELSIMfi K45 5
R = 2188t
RFEMODELSIM it 7 ELEE . I 61, % o 35| 82 Suse
N . o N = 7] B184f
RS RS WA U TR A o 6?3'0_@; VNV {Z;’O SN
ﬁ 2.5F ERT FETAH
4 ERIE Sap R
1.5k <
ASCBAT T — B IRBE AR A 256 £ FET 4b 3 1.0 # sow}
WP, Wit ERAHT -2t Bk 5 SDF i K £k 0.5 %40 2&;FT§§I230 255
B, Sl T /M TE PR 0 RE R T — 00 S0 100 150 200 250

> R i 3 pir N =] FFT#{&

JRBE R TR =5 14 b ok LA Bt e e TR -4 0 B Y Fig.6 Comparison between MODELSIM simulation re-
O3l T T i R AT 52 BT v s B P T Y sult and MATLAB calculation result
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WEe N F R B AT A . AN, R T R UE AL FE R A T AR AR E B 3 CSD W RO ISR BT RSl AT
KR FFAE A 0D T K AR  FFT 4D BEAR (9 5 o TS 335 3 7 100 MHz, H ZE i X7 255 4~
PP, 5T QUARTUS PRIME V- & 2R & 45 R KW X L E A 1Y I 8 A O R8T 256 i FFT
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