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1 E. k4 2 et % 3 (Fast Fourier transform, FFT) &2 &2 # FE2 5 AL ABMAZ S E L, KX
4F 24 A 58 4 (Ultra wideband, UWB) R 4038t T — AP ARARAF I 45 09 128 R FFT A H Bt 7 . s
FEAFELRATRAGA 22-2FF B4 EA ERAT R 2R i K 4% (Single delay feedback,
SDF)RKEEM, EAREHKEFEE L 2 E—FHA B4 E DA A F 4 (Canonical signed digit,
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Design of Low Hardware-Cost 128-Point Fast Fourier Transform Processor for
UWB System

Yu Jian!, Cho Kyungju?

(1. Department of Physics and Electronic Engineering, Hebei Normal University for Nationalities, Chengde, 067000, China;
2. Wonkwang University, Tksan, 54538, South Korea)

Abstract: Fast Fourier transform (FFT) is a key block in the field of digital signal processing (DSP). A
low hardware - cost 128 -point FFT for UWB system is presented in this paper. Mixed radix — 2* — 2°
algorithm is adopted , and single-path delay feedback ( SDF ) architecture is used for hardware
implementation. A novel cascade canonical signed digit (CSD) multiplier is proposed for the complex
multiplication of W {, instead of the common booth multiplier, which can significantly reduce the hardware-
cost. Based on QUARTUS PRIME tool with Cyclone 10 LP, the proposed scheme is developed, and the
compilation report shows that the proposed scheme has the least hardware -cost and power consumption
compared with the existing schemes.

Key words: fast Fourier transform (FFT); mixed radix algorithm; canonical signed digit (CSD) constant

multiplier; Booth multiplier; pipelined architecture
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2.1 MXEEIT

(] 2 It 7 oA 195 i 26 750 g e I B0 S0 PE AR R K L/ R FET b B 28 thas A Al 2 B30 0, 5 5 J sk AT &
Z (I AU AR L I8 2T (8 2, () Rl 2, (o + NJ/20) % N5 % A S0 9 SR L Tl e, (n ) Bl e, (n + N/2)
D N A NSO AR . Z,(n), Z,(n+ N/2),Z (n)F Z,(n+ N/2) % BT i Hh 52 805 51 9 5238
RIS o (B 7 R A0, TR T 2 50 X i AR 810 R A 8 B0 A 2 B0 ek vk 32 5, i TR B 300 B T
T B AT LB R B BONE B B LA BT B AN BB H, FERE RSB L L TR BT
EANNE 3 T VAR CF B Y EEg

| 2, (n+NI2)

E z(ntNJ2)
2 (n)

| 2n)

(a) TR (b) IR
(a) Typel (b) Type I

2 WP oT AR
Fig.2 Block diagram of butterfly structure
2.2 W/ CSDEHFRERZET
SEEE AT S e E T WM B BOoRRiE S, R B R 3 IEH R TR B W, W, WL



T o .88 TUWB R % a9 KR 45 128 5 FFT 4 22 %% 3t 361

T W= —j, EME T2 R AT Il SE i, i W% T — Wi, Rk, R i 50Em w,
BT . 35 T 5 /A B 25 5 JB0 01 R 19 % S SR I CSD 67 o DA R TR B 2 07 SR AR B i A . W T
R R AL W H R T T S0 B 127K . IRk SR B e I T 2 8 K L i1k
5 MR L O G B R T2 R K G T T 0 ‘

3 SRS B T W 12 K CSD o g [ReUR | joda]ol1pod1lof1pojo)o
B B M5 T s A S 101 gy LWl ofL ol thodufoltpojo]o
W -CSD ORI Ak IR | st e U 2 288 1 Ktk BIS 12605 W0 CSD %

PR T LTS IR B8 W -CSD 3 Fig.3 CSD representation for Wy with 12 -bit
KoTerd: i YRS HU T Tl 11

word-length

Re {17}

< >>2 +

FRAR

LR
- Im {d, X 17}
3

d,
B Re{d, X W)}
el | 0
; T
N . © I

;g%ﬁ SEL2

[ >>) + . 4 . 2

Re{W;}
B4 WECSD Bk 4 4t
Fig.4 Structure of W{-CSD constant multiplier

2.3 W CSDEHFEERAT
XF T A S 5 e e T W SRk B 5

. - R3 MERFW. . HITAEHE
B T AT TR W, W, ’

Tab.3 Sven constant values of twiddle factor W {G

Wi, Wi, Wi, Wi, Ml Wige Horh Wi Fl Wi 43

BT LA . A1 S BORIE AL e —— mes

AL L. WA T BB A F 15 7 Wi Re(W Ly— jRe(W 2)

5 HIIE 34N S K £ 0.923 9,0.382 7 F10.707 1 w2, Re{W {5} —jRe{W i)
BIAT o 3% 3SR IE S X 1 T Wi, Wi, Fl Wi 3 Wi Re{W {\}—jRe{W .}

A E B B H Re (Wi}, Re{W} Hil W =X W)

Re{W ). & 3PFm NI A 7455 B 7 o $fi Wi —Re{W i} —jRe{W ij}(=—j X W)

3

EJ‘RG{Wlls},Re{Wﬁ)»}?f:‘l]Re{Wi}?é/%fto ngs *RE{W116}+jRe{Wm}(:*1>< Wlléi)




362 R E B L Journal of Data Acquisition and Processing Vol. 34, No. 2, 2019

0
7, Horb i R 59 <1017 FC10 178840 TRk k5 Re(Wi3| 1001 0| 1hod1] 0| 100
Bid. T 6 R W ORI SR B L TRemalol 11013 olo ol 1l e
AL, e B4 S 1 B A5 5 “SEL” M “SEL2" , {# Al L 15 5] M5 125K Wi i CSD %5
WA S hERE AT Wi R R AR . R R Fig.5 CSD representation for Wi, with 12-bit
W is-CSD # e vk & KA i Wi e vk 45 19 2800, H b wf word-length
U, B2 CSD H 50T vk # T 75 e 55 IR 7 B0~ B 38

e i A i ELIE FE Y WE IR AL SRR R o

Re{W,} Re{W3i Re{w,}

- (=]

ofojof1]{0|0fO0

< >>2 =+l
e | HE WA ARR e
PAR ¥ R L = =
+

Re{}

Im{}

A\ wnv—of—Nwwo~—o/

: : N
TR KR HE AR
TR AL AALJATATA
¢ >7 [ by —o SEL2

Re{W.} Re{W:} Re{w)}
K6 Wi CSD ¥ ka4
Fig.6  Structure of W {-CSD constant multiplier

2.4 FHB W BECSDEHFEERET

B 70 7 R e BT 1 1/ 8 R AR N4 Region | Real | Imaginary | Expression
5 R TR B PR I AR S
REAR R R 9 1/8. % F Wi kB, A N/zo/N g % }x -y;_ify"
R T PR T A 1 A AL A %F I M e O )
N 3N/8 N/ F Yy X, ¥,7x,
j‘7 N/ 8, N/4 G B jC,, —y,,+jx,,
— R, 2 e K] o B A A B H | % % % Iy
iS22, BB CSD % ol vk s Ak Bl A A PIT el DRI % i e S 1
5 5 e T T BT 8 A A 1 Fig.7 Symmetric region mapping of twiddle factor

308 A 307 3 ok g A B 0 BT IR A L
PG, S 1 i A e B TR 3 BN 2, 4R TR B FR 3 CSD W AIOR I a9 T 5o 83 4% CSD W BUR ik AR
e 52 BT 12 3 TR A S B B SR BRI vk A A, DA B R AT B PR RS B B R BT R O



T o .88 TUWB R % a9 KR 45 128 5 FFT 4 22 %% 3t 363

o BB AE o BUAR R CSD W BT TA 45 BE W8 1 /b Jie e PR A fE A A, (ELR AU BR 7 56 i A
PO RGN 5 W s, Wass Fl W oy, R R EORIE

PAAR SCUE T 52 128 s R 45 CSD e ik 48 A ], 16 5, B 1/8 X B P, 6 8 % DRI i 5011 14 1 %K
REARE] 161> BRI, 08 8 % DX 7 WO 18 B0 BB AT 20 it , O3 D5 38 0 i = 4iy + 1y, iy = 1~4 i, = 0~3, iR § A
TR B R Kol 16 I 84 R B SLB A T SIS WL T B RORE B, 4 =3, =
LW s = Wi "W i), AT e 5 W5 AT ZRBOREIZH 5 WL dE 47 E BORIEZ 5, 13 8 e &
o 45 2R . B 8 FI7R B T W s 1207 7 KB CSD 2, e rb i [5) F ak f19 3 23 2 3 41 73Rk
ZUAE TR A 50 B2 9 <1017, A 58 BT 11 10 1R I3 B2 79 “ 100017

iy Re{/3} “Im {75}

1{1]o]ofo|o]ofT|o|Tholofo|ofof1]o|Tho]ofT0|0]0[D
2|1]ofofofT|o|Tolo|1|ofolof1|o|Tto|o]of1lo]o|o]|T
301 | o[ Tpod1|o|tPol1|o|TFo|o|1|ofo[1|ofofT]of0|o[D
al1lo] Tho|T|of1|o|1ho|o|of1]o|Tho|T]of1]0|1]0]0]o0
A Re {5} “Im {75}

of1|o|ofofo]o|ofofolofofo|ofofo]o]o]olo]o]o]o]o]0
i[1]o]ofo]olo]o]o|ofT]o]1}o[o|o|of1]o|[Tho|o|1]0]0
2{1]0]ofofo]ofo|ofT]o[T}o|o|o|ofT]0][T}o]o|1]0]0]0
3/1fofofolo|ofT|o|1bofol1|ofo|of1]o|1FolT]0|Tho]0

E8 1207 F K Wil CSD Fmw
Fig.8 CSD representation for W |, with 12-bit word-length

L 9(a) It 7 Ry W o R 42 CSD 3fe 0k i 1 T 20 Z A 1], v 3 8 0 S A e ply ik 58 50 LS % BT
SEEL KT T B R R AR B A A RS BT o R o 4 B R AR S I AR A TR M M B, 104 4 3k
1 HSCHE e 5 4% oy 2 R IE AR 00 B iR A5 2R 0 O T 08D OG B % 42 (Critical path, CP), 7E 7 By Bt CSD e i s .
JC AR A T KR AR, W 9O(b) 7 o IR, FET &b B3 2% 4 31580 ik 1] Ok 4 4, AE 0% T 2 52 i Ab
PR oK o IR e SR e S R ke R A5 A DX e (A0 1 7 BT R B~H X 8 (4 € B X1 5 A S R R i
B RIRIRAE Bon A SCHR A T R ER 4 128 5 CSD Ffe vk 2% B R U R AR HUA T oE A i e vk AR 0
59% , 1M HLIC T ROM T &% IR 1) BUE R AT A7 % L i — A0 R AR T 88 5 D A A A

3 ZR50R

AT HT QUARTUS PRIME T A #3471 & i ] Verilog i & #4781, & 4 Fim A
[ 75 %& 128 s FET 7150 5 (9 LA, AL 46 1 A0 M ofe 1 5 il FH b, CSD % B0fe ik 4 il F it , &2 8500 2 #54f H
i, TR R DL R R . AR SO R R IAETR  6T 4 3T wux + 2T, R 4 T AR F ik
Wt ia TR IR, T yox AR R L PR L T0 18 50T 75 ZEmh ), T AR R BN 2 5 75 i 18], T AR R e ik
YOG TR IR . AR SCAY T % HORIH CSD B0 ik 28 ok o8 i R TR vk a2 B IR L U % &
PIIRZRE STHN ' N N ST WS vk = Ao = M I TI &5 ! R (v o = W5/ o1 A= ) | RP R ST = N T
] o PR, AR STy 8 0 TSR e D[R] At T 58— R RS T L 128 S FFT AL FEAR Seuf kb R TR ok . 3%
50t IR BT 7 2238 B AR OT &, T A7 d i it ic g AR o il T A s AR DI AE Y Lh . Y



364 R E B L Journal of Data Acquisition and Processing Vol. 34, No. 2, 2019

Re {5 sk Tom {45} B
0 L CSEl
-1 | icsE2 - P,
o rhosm SR A S
FRIERI B o A A
i, — ; N 23 47 [ 2 3 47 |’3 4
| —— | | —— |
— **1
E——-u
[ —
| S5 LB 5 R B A — A
Re{V, itk Tm {7, PR
>>2H +
—{ 1 T —*
**] %itﬁ o [oo] [\ = <t [er] |en o] [oo] [
Jh R Al L‘] AR [arlm W H
i, —] 71X 34 . o
C/F
L1]e—=DE
™B/G
" b Tm {d, X ..}
veati| BURNEL}
—B/C
= EH S s T LB — = 1 oF Re{d, X ¥y}
LTTle—»{DE[*
**3 4’%/8
=] J 4 B LB B | 1 AD
&= E/H
—™B/C
/r
(a) W, CSDH: 3 $UTe ik B354 SEL
(a) Structure of W,,-CSD constant multiplier
EEY Lid]
B | stage2xmiy l:: | [mid X s}
Stage Ixwiy | | : WATHEE | Red X W)
| Stage2x(wiy I:: —

(b) =B B CSDH BUERVE AR 451 B
(b) Block diagram of three-stage cascade CSD constant multiplier

9 128 22 CSD % Bl ik 28 TR 4R 28 1y

Fig.9 Detailed structure of 128-point cascade CSD constant multiplier

MATFRIE RN 12407, 5 PRI E N 2200, s R E B R JE Cyclone 10 LP, T 1FA4 % % (Power
estimation confidence, PEC) A & o i PR & Won , %F b T HAh 7 BN, AR CAIR I A B 2D T 2
PR IT M R A0%0, P A AR O & 300 L IR BT A B 14 %0 [, 36 T AR SO R 128 45
FFT Ab 25 19 2 S D FEAUL A 5.59 mW o & 10 B /s Ry 3 T MODELSIM RTL 24 {5 ¥ 25 3 (i A ¥ 511
SEHB A AR 2 R 1~128), 5 MATLAB TR A 45 R — B0, UE S8 T AR 7 28 A 2k



T & %:8ATUWB A% T4 128 £ FFT 4 2 B ikt 365

K4 AEARI28EFFTHEELK

Tab.4 Comparison of various schemes computation for 128-point FFT
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Tab.5 Performance of the proposed scheme compared with previous implementation
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