#iok H2 B F B % Vol. 10, No. 2

1988 £ 3 § JOURNAL OF ELECTRONICS Mar., 1988

B} E A TR EF & FF
FFT F;%A%0 TMFFT BYR{E-SCIL”
kOB BEE

(P EMEEE R TP R, 5D

BWE D (Martens) BT —MEGRE (R[5 WFTA 270 PFA JUELLAD, 41
88 (5 FFT EMEEOK DFT $HEJ5H-——RCFA, (REEC I, 7E3E 2 WiEHT, RCFA
SPEEAT RIFARHIR FFT FILRREEMM. AXAH TRERET & H KN R
FFT B M BEERSMHT, BRIEMEG FFT R DRSMNIRIEE 2, P
HEREA RN EEE — AT & FFT BERRE. FSCEAHTEBERATF
&3 FET BRI,

@A FFT R T A BT B0 iR

—. 5l

DR P A 2 AR, /T —% DFT Mk — 2 RIEERSHE
B (RCFAYM, BERITENE ]S WFTA f1 PFA #HIL, M&EWS FFT 8% X
Z, W RA BB, AimE w8, L35 €, 2— ML EREEN DFT #HH5E. 1F
BHERIEW 7 2 BT, BIRMAE FFT BTHEREERT&IF, BRNERS
RCFA SE&MEY, Kk, LR 2 SR FFT WESREAL. B LUERS
Aikds DFT 2 ds /M RMR/ bk ds DFT Siis AR S &4 8T, HEEMM
HERAREBFERK FFT Sk, PAKESHEME FFT ELMEE NN ERE FFT
AR SRR R AR ARBE? AXWEEREEN., X#, LikdE 2 MRk
FET B350 % 2 W FFT B, 8 DIEIMNBRF T2 R E RS RRD%R
BREET, B ESWHNEREF & FFT Bik—TMFFT (Twiddle factor Merged
FFT) kAE.

TESEFR B P AR PRS2 3 TMFFT B, REXS FFT ARIlk B e—Le B, el
55| TMFFT [OScBlikt.

e

=, WAy TMFFT £k

Nﬁﬁﬁ?ﬂ {x(”)l” = 0,1, ,N — 1} #) DFT {X(k)lk=0519"'9N* 1}

¢ 1986 4£ 11 J 22 BURE], 1987 £ 8 A 28 BB HCEM.



98 mOF OB ¥ ¥ T 10 %

5E LA
N-1
X(k)=zx(n)W;(Ik: k=0,1,-++,N—1 (1)
Hrp
Wy= e ¥ (2)

RO TR BE T, 72 B D R, BN S RFBRTERORE,
X RIS E > MR ZE B AT E ARk . S i M0 40 AT 58 S T ALk B ROBR R B R B TG HY

— & R wE 1 iR,
B 1 TR R R A
X¥(k) = WilXw(k) + W§Xu(k)] (3)
X¥N/4 + k) = WX (k) — W§aXu(k)] (4)
i R T &3, G)RR(4)REN:
XF(R) = WiXo(k) + WH¥Xu(k) (5)
XFN/4 + k) = — [ WEXo(k) — WEXu(R)] (6)
XA RE R T ME 2 PR,
Xul®) LLTR Xtk X200
Xz i xp&+w Xty 2 o —7 X
-1 -1
H! FENRmRhEREEST B2 PgR#ERTSHEANERRERSEET

WRSRT X, —HSRF 2 515 DFT, RATMREZ T3 R 8 Hh B
FFT pssk Bk — e AT A ORISR FET Bk, BSREET A H M %
M FFT BE—RWR T 2ENRENT&H FFT &k (TMFFT),

=, W EmER TMFFT 69 R

iR TMFFT —RY B TMFFT R RERE MG B
=L o, 8 1 5
M =L z(; 3)~|—1+9, 1 35358 7

S (8N L,
OB z(: 3)-1-1 L oniEn (8)

Hrt N =2 % DFT Ry

EHFESLES, ARRATETRRAAGSHOEOME, TRTEN FFT 1T
EHVER. X E R AR FFT S5k iR 5 68, 6 RARME FFT SR NARE
TRATER. EXMBRT, REfHR TMFFT S EH. K2, RRAAESF5



2 W RS WA R TOREETF&H FFT BEM TMFFT (KA 99

RABHERNE, PRTFEXN FFT SHTRABET, XN HRME TMFFT g% 51
EH.

W, MEHH TMFFT oy 5230

SRR TMFFT i g B nm SRR F—RREEEIMRE, &8
SRTEH:; B RR T EBINME 2N i HH R E ERRE.
B — R B BB LI — IR B RO
xx(Ny + n) = 2, (N}, + 1) + 2, (N + Ni/2 + n),

n=0,1,---, Nk/Z—l (9)
2x(Ni 4+ Ni/2 4+ n) = 2 (Ny + n) — 2, (Ni + N/2 + 1),
n=0,1, - ,Ng/2 —1 (10)

Hrh Ny BRIES R B8 1 B B TRRALE, N, ERRES R FhE Bk
Wim B T T R BOBOE AUREL RATEBR I LB SR TT R R,
xk(n) = xR,k(n) + ixl.k(n) (1)
AUGRE—RER B E BT R wE 3 Fr.
xpa (NE+2) %p 1 (NL+2)

x,,,‘..l(Ni'Fn) x!,k(NL"'n)

xp, s (NE+ A;k +n) _1+ xn.k(N/I;"‘l—sz'*'n)
x,,,‘_x(Ni+NT"+n) —-—-L-_—KB——:Q,*(N£+—N2"—+%)
B3 BB R — R B R RS

B 2RI TY 1B B SO — B R AR ON
xk(le -+ ﬂ) = [xk_l(ka -+ ﬂ) - I'xk._,(Ni -+ Nk/Z -+ n)WK’k—l’

n=20,1,---, N2 —1 (12)
ax(Ny + Np/2 4+ n) = [x, (N + 1) + jay o (Ni + Ni/2 + 2)IWH, >
n=0,1, -+, N2 —1 (13)
xR,k_l(Nii‘n)- ‘—)r% R R——xuk(N},+n)
t \ LD ¥ .
21, (Nt ) 41 - 1 Il xp, (N L+ 2)
-1
leZ-\',H
xR.k—l(Ni'*'N;zk +n) "% R R-—xn,,(Ni'i-N;—*l-n)
*
m—xwwi;—*rw—i—l}a)Cz It W+ 2t )
-1
twis,

4 BEGRNE TR EE AT



100 B F B % ¥ T 10 %

KR SRBOITE BRI REEY 2 HRTHF R B IE 4 Fiw.
8 R PR BRBTHEECY L(R), N:

Lil(k)=2k—xa ]{”—“1229"'9‘ (14)
4
N -
N, = = 2tk = 1.,2.++,2 (15)
& LP(/() B k 24 H
le =Nk(l - 1) = (Z - 1)2t+1—k9 k"_“ 1,2,-+ 4,2,
l==1,2,++, L,(k) (16)

T, WARMBERTTNERN T

YMr51 8RR, mAANTRERTHOREEERTEE-RERERE? T
R A 140 A 2 B A 07 Bk,

R RIEREWREEL BRS T, FURMARFEE A E ZREY 2R AT
B, BE A GPE R BREBTNERAN LK(R), MESDHA NK(k, ), I=
1,2,--+,LK(X), BRE:

NK(k,1) < L,(k) (17)
EB—KP.H
L,(1)=1 (18)
R —— B BB TT R E—RN, ik
LK(1) =0 (19)

ERE LT, B R R— MRS DFT, KX —ER0e B R8sy
GRS —FHE (AR D BB RN XRS5, BN TSR R H
RETE BRI,

LK(2) = LK(1) +1 =1 (20)
NK(2,1) = NK(1,]) 1=1,2,---,LK(1) (21)
NK(2,LK(1) + 1) = L,(1) + 1 =2 (22)

BRODAREF B XH(H AR B BRE L BEH & ZRER.

ERZEMLGE LR, LT — YRR — RE 5T~ A— R AR EE
4 N/4 Ky DFT, BiINoRBHIRENE—LNIRBRNES. B 2>3
el

Ly(k) =2L,(k — 1) (23)

LK(k) = LK(k — 1) + 2LK(k — 2) (24)

NK(k, 1) =NK(k —1,1), 1 =1,2,--+,LK(k — 1) (25)
NK(k,LK(k —1) + 1) =L,(k—1) 4+ NK(k — 2,1),

l=1,2,-++,LK(k — 2) (26)

NK(R,LK(k — 1) + LK(k—2) + 1) = Ly(k— 1) + L,(k—2)
+NK(]{_'291)9 Z=1:29"'9LK(k—2) (27)



2 W W% RPAMEER TRREERT & FFT Sk TMFFT B8R tot
Q25T L EREE & ENLBRT NK(, 1) BANKERESN, ZEEEIKE
W, NK(k, 1) WEERZLMEEP., T VKK, ) BREXSHCHRBE. b
TRIRBEERATHESHA NKG, D, RITTURRSELES £, %—H NKQ)
HE, KREL(25).26)F(27)R A
NK(LK(k—1)+1)=L,(k— 1)+ NK(U),

l=1,2,-+,LK(k—2) (28)
NK(LK(k—1) + LK(k—2) + 1) =L,(k—1) + L,(k—2) + NK(Q),
l=1,2,-+-,LK(k —2) (29)
TE.£2BFE _REXZE B THESTLIHE 5 RRERE.
F

|
L, (1)=1, LK (1>=0
L, (=2 LK (2)=1
NK (1) =2

E=3 |

1
I Lo)=2% L,(k— 1”
|

LK(B)=LK(k—~1)+2LK (k—2)

=1

NK(LK(k—1)+D=Ly(k—1)+ NK ()
NEK(LK(k—1)+ LK (k—2)+ )= L,(k—1)
+Ly(k—2)+ NK(I)

b=kt 1

B5 BER_BREERATRSHRE
B R ZRRL B R AT S B DI RHEAT, N N AR KRR BRI R
1AMTHENG 2° = 8192 WEZRELEHHETEYR LKR) WEE. XR2H/HT
NK() BE(BTREER.RMNRAB THENN 27 =128 HEER).
M& L BROTAUES LK) SRR A:
LK(k) =2LK(k—1) — 1, kA7 30)



102 B OF M % £ 7 10 %

Bl BTREBENATHRSE LKk

k 1 2 3 4 5 6 7 8 9 10 11 12 13

LE(R) 0 1 1 3 5 11 21 43 85 | 171 | 341 | 683 | 1365

R2 F_NBWTSHATNHRS NKOD

1 1213|4567 {89 w1 |12]|13{14]15]|16]17[18]19}20] 21
LK) 2 6 | 8 {10} 14|18 |22 (24126 |30 |32|3438[40|42]46|50|54]56]|58]| 62
LK(k) = 2LK(k—1) + 1, k AEHK (31)

AT DL RS A gh 2k 48 DL e E B (LM 3%).

HT X408 5% LKk BIERLE K, XEREER, RIEERER, R
TIERT DA LK(R) FoAk 1R 24 iR, 3L b, RAVE DUAECE Hgkd— S
BHCILF %)

LK(k) = —;— (2t — 1), kB (32)

LK(k) = —;— 1), kHEK (33)

7N B EREH TMFFT g4k 4529

AEHE TMFFT SifigilEl TMFFT @3 Baemam, 2ETens
BoRRFEFHERMBIINE R B8 T gl IAER.,
BRI BB T — R B F IR
xy(Ny + 1) = 2, (N} + 1) + 2, (N} + Ni/2 + n),

n=0,1,---, Nk/Z—l (34)
2 (N + Ni/2 + n) = a4 o(Ny + 8) — 23 (Ng + Ni/2 + 1),
n=0,1,-++, Ng/2 — 1 (35)

EEMEHBIER TR —REEEERTER A LRERMN, BRFEN N 5N &
AFER. BEHED Y LEREL G, BEENEENEWE 6 FiR,

Ag - (Vi +m) xp i (NL+n)

%1, k=1 (N‘ +) 7, k (Ni +m)

%p 41 (VL +A72i«+m) xp  (NE+ NT"-+41)

% e (Ni+ NL"‘”)

LT '+N_*'=
5,41 (Nt = +p) 5

B 6 RN SE—-RER BRI
BB RMETE BB R T — R B R R
xk(NZ -+ ﬂ) == Wﬁkﬂxk_,(Nﬂ -+ ﬂ) -+ W%‘k+1xk—1(N2 -+ Nk/Z -+ 71),



2/ W RS NREMREATOREEETEH FFT Jkf TMFFT §5ki KL 103

25, 11 (NL 4+ %) ~—R R ) 22 (N )
*
xl.l:—l(N;;"'n) —ll I - xl,k(NL"'n)
N IWNM: -1
RS, BN T 2.0 =N
i (N5‘+—A%'— =l T & %, (N + ]\g" +n)
3
twi

B 7 KRR R IR B E R T

n=0,1,-++, N/2—1 (36)
xx(Nk 4+ Ni/2 + n) = —i[ Wi, 2Nk + n) — W, #ea(Ng + Ni/2 + 2)],
n=20,1,---,Ngf2 — 1 (37) Fil
RS A TR E, 838 o
BESEBWE7 R,
EN AHBUERT,
L(k) = N2k = 2"k, B LR, GRBTHE N,
k=12, (38) 8 NK(l),i&Eiﬁ&?SE'Jﬁf&i c(®)
Ny=N/L,(k) = 2%, BB
k=1,2,-++,2 (39)
Ny= N1 —1) = (I — 1)2%, 2 ot

Kbk CR)
]{ =1,2,--+,¢,

l=192,"'Lp(k) (40)

B T (R b B 0 20 ek P S5 4
TERAISY Rk F BT HER . B AR
R B EBTHBEECY LK
(++1—4%), LK ¥4 5
HE, MEZREEERETNES
NK() 5 & To3%, e SR
SEEHE.

BB

-
FRBTIEH

k. TMFFT 3t

— AR
AR S B S R T A t

TMFFT 53, mRAZEFIIEE
FFIRLEE, #F R DU 8 YRR EHo

B8 Fampslgrn TMFFT g



104 m T OB ¥ % A 10 %

N, & W

AR IR BUE RN A FFT, BEE A LIS W F s T A& G R E
ey TMFET Bk, RAMPR S &R, TUERA ESLER G R EERNA FFT,
AN ETRASR D BB RLEM. N FFT SESIyikE—SEgu, e
3| TMFFT fysLglisik.

MR FoREERERTERARIENR
L (30),(31)X #iz#
1.4 ¢ =2 W}, R 203
LKk —1) + 1 =2LK(1) +1 =1 = LK(2) = LK(k) (A-1)
LB RLIL.
2.8 k=4k B,HERERAL
(1) B A ATEN A+ 1 AEEGLEEGO)RE:

2LK(k,— 1) = LK(k,) + 1 (A-2)
XiR$E(24)K 5
LK(k + 1) = LK(%k) + 2LK(%, — 1) (A-3)
¥ (A-3) RRA (A-2) REIE:
LK(% + 1) =2LK(%) + 1 (A-4)

B &=k + 1 BERHERIL.
(2) % &k ABELN &+ 1 20FHK, HE,RECH,GLXAE:
LK(k 4 1) = 2LK(%,) — 1 (A-5)
Bl &=k + 1 BRE5RWERIL
3. MIBREEANREL, NER & =2, Fik(30),31)RRaL.
I (32),(33) X #yie9]
1. k=1 K, R AHFHK

%{ﬂ“—d)=0=LKU) (A-6)
L5 IRIL.

2. 8% k =k WL ERRL
(1) 3 & 0FHLN &+ 1 9@ RI\EGD,B2)RET R

LKk + 1) = % (24 + 1) (A-7)

Bl k=4 + 1 &, 8500007,
(2) 5 & ABHGR &+ 1 9FH, #LHE(30),(33)R T

Lm@+n=§w%—w> (A-8)

B &=k + 1 B, 5500 ARAL



2 % REHRELTRREE TS FFT HEEM TMFFT B’J%ﬁ‘%’iﬂl 105

3. IRIEECE AR EL, SE R R A BB 4518 (32),(33) 3 kaL.
2 % X M

[1] J. B. Martens, IEEE Trans. on ASSP, ASSP-32(1984), 750.

[2] ¥5f, BRoRY, TR, 9(1987), 229--234,

[3]1 A. V. Oppenheim, R. W. Schafer, Digital Signalnal Processing, Prentice-Hall Inc., 1975; HElL 7, B4
B, BEESLE, Fediid, 1980,

(4] W, SRIEBAESHFELRE, PERNEERXZERNATLIRX, 1984 F£6 A.

[5] 'T. V. Sreenivas, P. V. S. Rao, IEEE Trans. on ASSP, ASSP-28(1980), 254.

TWIDDLE FACTOR MERGED TIME-DECIMAL FFT
ALGORITHM AND THE SOFTWARE
IMPLEMENTATION FOR TMFFT

Xu Wei  Chen Zongzhi

(Instituze of Electronics, Academia Sinica, Beijing)

ABSTRACT Martens (1984) propesed a high efficient and simple formed DFT algorithm-
RCFA,, whose efficiency can be compared with that of WFTA or that of PFA, and whose
structure is similar to that of FFT. The authors have proved that, in the case of radix 2, the
RCFA is exacily equivalent to the twiddle factor merged frequemcy-decial FFT algorithm. The
twiddle factor merged time-decimal FFT algoorithm is provided in this paper. Thus, in any
case, the FFT algorithm used currently can be replaced by the more efficient algorithm
the twiddle factor merged FFT algorithm, with exactly the same external property and the
similar internal structure. In addition, the software for implementing the twiddle factor mer-
ged FFT algorithm (TMFFT) is also provided.

KEY WORDS  FFT algorithm, TMFFT; Software implementation



