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HEB FEERE BATE BT

AbFEES (DSP) [7) SEI FET SLRhs. (HAE 2 A A B 6 PR iR AN Qa5 b, nfE Bk s b, —
A A% 28 B KR AN T G N 45 75 2 S0 A PR B8 S AN T I 22, 5 — 7 T SUAAAE 8 8 TR FR  HiA
RE AN AN AT F P A PR I i, 30 A% 4 P 3 0 FL BB e P 77 R R S8 3 FRT SIS B I th T
Pl 00201 SR I O T 58 LA I — B AR

HHEFIFENAML, ZEEFFENL (TOC: ternary optical computer) DIFEE FHEAERZ « £
P A7 K0 2 BN UL S FFAT M R s LB 38 T e B AT RN SN s FET 503 S0 BT T 1 74 )
HH T TOC H I B 51 AT i N 2428 AT R AR T AE I B &, AHEL T I ENLREFE AR . AFAE
/b RN F AR 22 (B A LA R EAR AR 2 4 Fe R AR M A L T3S T DLy B2 94777 WS FFT. TOC H
B & T YIS B RAISLIE T &, M 2003 AT TOC BIEAETFIR B S0l R W iH 3 )
[IEEH . TOC FRiD a3 Flfgag 2 101U | Sk 7540 (MSD) fnvgids B2~170 ] 5540 = (8 ) 2% Ab HE 48 1) 5K
B 8191 D) R it ) 2 AR 12024 S A AL P2 &R T TOC MR A SEEL, 4ET TOC 2R & T
SEILHFAT FFT 50461

ARIL—TTHAAH TOC RIRMCIFERR mOR AR UL IR AATRA R B & hsnd FET SEL) Dh#E
IR & 55 —T7 1 780 M TOC BHEhr A2 AL, B i/ MESE FET S5 S # Fourier 38
e (DFT) W74k, 76 R0 B4 =y AT A FE (0 (R o0& A 3 ik S, MO AR ESgmt BOd .
T TOC HIERE A HA % H 2340, R iE 438 it H & 1) 07 00 TOC 1 & i AN K.

AT TOC WIRE SOAFE R IS« Fvkiz Bt #8, o 7R E TR FRT I8/ E LM 45
17/ DFT ia HEIVEE TOC LRSI TT R AT IZ IR, RN 738 7 e AT T 75 0 I i S0 A Al A B U,
BEAT T B SEIR IO, f 5 5 R 2R L SR VEREAT T I R IR R L

2 HHXMAR
2.1 FFT BFEWHRHEXMAR

B IR EALZLM R g m FRT S8 B0l m, 25/ 230 S5 FPGA SRIL T 5 2 femfisdh i
(DIT) B FFT 5k, 76 1072 M E AN SERR T 256 &S FRT @&, uim 24 S H GPU Xt
FET (IS8T 7, A K4E B &R 4 FFT 83, (FH Xilinx [ FPGA i 7 4 N3k 4 i
AR, SEIL T FFT % )2 WA B (135050 HAT . AR B 57535 0648 FRT 2 2158
BE, AR FEET TR N R AR e (1350 45 AT SN

TEAESE FRT ML SRR AAAE . 2 QRIHAT J USRI SE 7, TERE M EFE R % . Ia H M
FE S R AT J 0, Sl AR AL A B o M AR s AR (/3 FFT 2 J0sH 4
— 2 B IS 0] LA AT e Rl XM I TR SR FRT SRR AT LBl 7 s SOl P, (BA7
TECLF LA 35— R4 FRET BER, 29085 2 MAFTER G T, airedE 2 RHE I FFT
FIEA, —AN 1024 SH FFT REHAT 10 FEH, X 10 Fid8EZ AEEIHT; 5 i H R A3
FET I, H AR 5 AR e A i A (1 T Ja S e, 5008 75 A i (Rl 45t 28 — AR G ik
2 FE B THFE AN B A .

2.2 TOC If FFT RYERE

AT TOC WFFATPIE Fourier 42 # S 3R A DA 20 m) 850 [ ol N S AR 12 55 Fp e (0 309,
PL TOC Hrfphmdfafeidic 8 Rl BEE ST TOC ) MSD hnidgs 12~ (52 a6 [ 1) & 9fe (20
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RN BT SRR IR AT RE Fourier 5%

z1 T, W, T, W 1M ZEHNEER
Table 1 Truth table for T, W, T/, W/, M transformations

a b T w T w’ M
-1 -1 -1 0 -1 0 1
-1 0 -1 1 0 -1 0
-1 1 0 0 0 0 -1
0 -1 -1 1 0 -1 0
0 0 0 0 0 0 0
0 1 1 -1 0 1 0
1 -1 0 0 0 0 -1
1 0 1 -1 0 1 0
1 1 1 0 1 0 1

HISEIL, £ TOC LEIFATSEHLRIE Fourier 28 BT 5611 D42 A%

2.2.1 MSD MEEE
MSD 7 R4 1961 EHH Avizienis $2H P21 AT — 5280 A B0y MSD KR Wi T

A= Zaﬂi, (1)

Hrta; A1, 0 80 u. £ TOC PRI B EIRIGHTCE 3 FOCKPMRERE R 1, o M
0, LB AR AR LXK 3 MRS Z 1A F6 A2, AT 8 AR BN IZ B, 7 TOC H w A3 —1, ATCHE
TRFIN AT w RN -1

MSD JRyEAEH 4 MRz, 2Rk T, W, TV f1 W/, BERWZE 1 fros (i a fil b #51K
ANFEIESL T SN EAE, T, W, T/ AW’ 51| g 28 1ok AH 50 26 4% = 1 i 508 ). R MSD ) 7T
R, REGEHEHE A A TOC Wia R A%, —k MSD ImkiaH A 3 LRI 58K, 3
IR

(1) SIS R IS IR ET T, WSS, T 885 R R— P, 55 0 Bk o

(2) ML RFERSAT T/, W 858, TV B8RSR LB 4L, 5 0 Aith 0;

(3) MBS BT T 125, IR

2.2.2 MSD FEIEHE

P —AL ) MSD I SRvESS N B HEIE RN M, BEEWE 1 fix. H oo AEdE A =
an_1-+-ajag Fl B = by_1---biby MIFEHT, FeHL B 5 i M 5HIRE A P l—Lr R T M 185, 15
BIIGE RIEFE i A, ZAGERFNTIEIZE I, A n AR 215 21 1 45 R R A IRz &
(HESE2 87T

n AR E IR R ) OBk e K, s S B

(1) JEAHAR G A A4 N — > MSD fnikas Eog is 5, n NEE 5 n/2 NNk, n oA
A TREE n/2 — 1 ANIIERS, Ik a4 i 45 AR o A,

(2) FEAHAREE AR AN — > MSD JniEas Eog s, St /e N R — b ia S s 4 A,

(3) EEE P HB HFE T — 08, BRI MSD 2fevkgh
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R (3 R

FVECE 8
3 HET TOC WHIT DFT &EXigit
3.1 £HITDFT 28
—ANN E om AT BT Fourier 288 A] LRIR N
N—-1 N—-1
X(k) =" a(m)e ¥ = N g(m)Wh", k=0,1,... ,N-1 2)
n=0 n=0

RET 8T, T RPN IRE N 5 m 38 2 FIBEIKE
X (2) iR T Wi = e IR = cos(Zrr) — jsin(3Fr), z(n) NWMAESEBAERE n 48 X (k) N
DFT Hfiith S8 =15 k 45, 8 7LE TOC KSEIS AR b AT IEAT 2RI 0, A TR XK=
SR 1) B 3R T 2K

1 1

1 1 (0) X(0)
1wt Wi Wy z(1) X(1)
1 Wj%xl WJ%,XQ - WJ%’X(N—U 1,(2) _ X(Q) (3)
1 W](VNfl)xl W](VNfl)XZ W](VNfl)x(Nfl) 2(N — 1) X(N—1)
FUNFTH X(n) (n=0,1,2,...,N — 1) HERBERMIE, Ak—BE, i)
N—-1
X(2) = W20r(0) + W2 w(1) + -+ W Vg = S W @
k=0
X (4) FPA% N IREHOREA N — L IREHOE. Tl (4) BRI, Sl w0 k)
(k=0,1,2,...,N — 1) FIEHHEAIF:
WEF = ap +jbr,  2(k) = cx + jdi. (5)
X (5) H ar, br, e, dp BINEEL, BHOREIHE AT

W]%,Xk X m(k) = (ak —I—ka) X (Ck —I—Jdk) = (akck — bkdk) —l—j(bkck + akdk).
ik (4) 1 (6) 7715

(6)
N-1
X(2) [(axcr — brdy) + j(brcr + ardy)]
k=0
N—-1 N—-1 N—-1 N—-1
= akck Z bkdk Z bkck + Z @kdk (7)
k=0 k=0 k=0 k=0

TERE DG AT R B SSHL DFT I, HOHMTRIRA 3 2
(1) 7E3X (3) P X(0),X(1),..., X(0),..., X(N — 1) JRIHAT, DFT Hrif SR X (i)
(RIS 1)
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PRANE: BT DA EHIIHATRIE Fourier ikl

(2) A5 (7) S5 (aner) = S350 (k) 5 X000 (brer) + Xy (awdy) ATUUIHATHSE,
S o (aker) 5 S (bedi)~ Sohco (bker) 5 Sny (ardy) WRIIFAT, RIk—K X (3) BT )y —
RSN Naner) 55— VRSO /IR TS A

(3) 1£ Zé\:ol(akck) i agco,arcr, ... any—1cn—1, BITTIFAT, BIE—X Ziv;()l(akck) S paRc=Ai NN Els]
—WREEHEREA N — 1 RSSO B

it FRIFAT R RIS — IR DET & 5464 AT RO B0 R I35 B 1] 9 — R Sk A
N RSO EE S ). i F7E TOC AR MSD Ik (121, Jinigia S it 1) AR e ek 2 e
(K B TTT 5088, AR Tl TSI 5, TOC 78 &b B3 AL BN K (B i 4 AR R T i TP 3. 5 0L ]
I, TOC fr¥iZ H 5 T4 8, B& AT DFT HIBE{E &A1,

£ DFT [ =02 SeBrh, JOMGHOE B (FFT) st A2, tF kAt R i A1
SR, LA B SEB5E 4 34T, (R FET FFT [ SEB6H I B 10 75 R 2 KK, 23 ¢ i
WHEL FET SET L N S DET SMERE ™ N/q £ DFT, 4545 506 R ) B IR T K e B g
i 7E A6 105 22 e R ST O RT3 R S0 VR S A DFT, X S8R T8 H AT I =8 Se i P & b
SEREE B DFT 15, I FET [9R4T 50507 T 5.

3.2 HHRIHIT FFT EH
K FE 2 WHgHE FRT i85

X (k) = X1(k) + WE Xo(k),

X<k+§>XﬂMW%XﬂM,

k=0,1,...,N/2 -1, (8)
H X (k) RS RN BIE N DFT 4558, Xo (k) #RmIkF5 NE B A LG DET
gER b X (k) 1 Xo (k) 38 N2 SRR RS N/2 R HOTRERIRIE, X (8) MK W Xo (k)
JRIF A1 153

-1

WEXy(k) = Y a(2r + 1)e I HFHFE+D, (9)
r=0

w|2

s (0) T 47BN DET 194 ORI, P H e DR T2 A A B, AT
L ) S SR 1, S TGS FET JFRARTHLAR0S R, IR MO S BOERE, IITE A b7 3%
17 FFT bR, RSO 18 A ph e 5 DR 740 AR S e 2 I A .

UL EA BT N AU DET ATB BURPIR N/2 S MRS N2 RO TR K
N2 SRR R — Tk N2 SRR, K 2 FRT ATLLAREERIIE] X, (k) A Xa(k) L, ik
IS T EBREAR, TV X (k) JBIF S 4 A N/4 BB BOE M RRE 5, AT AT AT, FRth
BRI, MG X, (k) A Xo(k) AT — AR, JEERAESITR T HE 4 K N/4 S5
FIEES N/4 Y BOTFERITRYE | 8 R N/4 HESTA RN 0, BN B SR T HEAT— R 4 FFT
7 11 R
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F, X: F+F, (F\+F)+(F+F,)
Fz Fl_FZ (F]7F2)7j(F37F4)

F+F, (F\+F,)—(F5+F,)
Fi—F, (F\=F)+j(F5—F,)
1 & 4 FFT HEHREEM/BIELTE

Figure 1 Operating procedures of plural vector addition/subtraction in Radix-4 FFT algorithm

#z 2 FTREHIT FFT EAEWITEE (X DFT #T— X8R
Table 2 Computation cost of different parallel FFT algorithms (divide DFT once)

Computation
Algorithm Multiplication of a N /2-dimensional complex Addition/Subtraction of
vector and a complex matrix of order N /2 N /2-dimensional complex vectors
Parallel Radix-2 FFT 2 times 2 times : 1 layer
Parallel Radix-4 FFT 4 times 8 times : 2 layers; number of addition

or subtraction in each layer are 4, 4

Parallel Radix-8 FFT 16 times 28 times : 3 layers; number of addition
or subtraction in each layer are 12, 8, 8

KHIHE 4 BHE FFT 125

X (k) = X1(k) + W X5(k) + WE Xy (k) + Wk Xy (k),

) = Xy (k) — WEEXa(k) —  [Wh Xa(k) — W¥Xa(k)] .
k=0,1,....,N/A—1,  (10)
) = Xy (k) + W Xa(k) —  [Wh Xa(k) + W¥Xa(k)] .

k+ ?’N) = Xy (k) — WEEXa(k) +] [Wh Xa(k) - WEXa(k)] .

H X (k), Xo(k), Xs(k), X4(k) T N/4 S5 DET 85 @i 530 (9) BUR el %0: N &1 DET
AIEAE 4 I N/A FEZ BRI RS N/A TR EOTRER RIS 8 IR N/4 4R BRI RN /. 4 IE R
FE R R 3R AN X0 (k), WEFX5(k), WE Xy (k), WiF Xy (k), 3l & RAREIRE ), R, Fs, Fy, 8
P E R BN /R B R L 1, Fe e 8 T /i, 3k 2 JRis

KHEE ¢ BRI FFT 85

N\ X N
X<k+lq>=Z[W}\‘,’“W}§1Xu+1(k)], k=0,1,...,q_1, 1=0,1,...,q—1, (11)
u=0

Hrb Xoq1(k) R N/q 5500 DFT 85, 7EHE 4 832k 2 i@ Wl A0 1, -1, j 8i# —j, £ ¢ > 4
I Wi FFE LSRR 0 TSI, ARAE AT AT 2087, 45 WEW X0 (k) BIE—NSH
SR 5 — AN 5 B 1 IRE I

2 M TAUH DFT 20— IR AR FRT B85 % R E, b 28 800 M B ]
LU F] — B R ST K R e ik, T He iR AN B R m Sn /9 vh - 4E T LLIEAT, 28 &
TN/ URIE 43 ] AT
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RN BT SRR IR AT RE Fourier 5%

ayCy M 040 .
—> . a,
transformation| —>>] MSD LI
adders MSD
adders a°
... 5| MSD
ac X . adders .
%] : M a‘> MSD | % % oy
transformation adders | QN o
a MSD 5@
+ Tlogy |adders LA
—_— =
a% MSD
N- i« |adders
. Slmsp (..
aN’ICN’EI M o' | MSD %az adders
transformation >{adders

2 EERMZENSE (o] HE k BE j MPEASGREE)
Figure 2 The process of continuous multiplication and addition (oz?C stands for the j-th intermediate result vector in the
k-th step)

4 EF TOC 89317 FFT EXASSM SN

T AR IRT FET SRS R — N 5 DFT 85 (N BWEEJEMES N 48 500
BINFIE) HERZA N/q (Hd ¢ v 2 WBEURR) BrRBIEMES N/q R0 ERRGES, i
SHGEFE F R LIL S T DFT BRI SLB g e F, BULE D IF4T FET SIARISEELR, AL
HSENIAT DFT 25 TOC HISEIL, SRJE M AT FET =D SEBUE.

4.1 H1T DFT ZEHSEI

Skt 3.1 NIRRT, — K DET A5 f SR T prik

(1) K 2(0),2(1),...,2(),...,z(N — 1) FahdHiN.

(2) FATIHEE X(0), X(1),. ..,X(i),...,X(N— 1), AHA—T00 X (4) 9

(2-1) BAAKZR T RIS 5700 (anen)s Sopsg (rdi), Sonso (Bien)s Yopsg (ardi), A 2510 (ancy)
95, W4 5 ik [21] E B AL, LA 2, SR

A, WA HUVERL 3B N xom A M E?ﬁ%ﬁﬁiﬁkﬁﬁﬁ arer (k=0,1,...,N —1) FIEAH, 0T N
£ m BLf) DFT, zkzo (ko) BEAER N x m M.

B. ¥4V, A ORI ITE N x m éazwwnm%ﬂ SN Yager) MIBALER.

(2-2) X(i) HSEHE 3000 (aner) — Sopg (bede) FUMERS Y000 (brew) + opg (ardi).

(3) fATAR H 45

ﬁTTﬁE#%@%ﬂiﬁﬁin@ﬁﬁﬂF@q OHF RIS (2-1) 2, RATREUR AL T R4
(7%, S0, VHEL DT s X (i) fBAER Al 3, Jop M AR M AH, 75 1 6l
Hi(i=1,... log, N) HIIEIRFE MSD 3 BNk, % 3 AR AW, MM T AT R, Wkgr
KT TR NI 1/4, W50 A RIKOUE N T 3.

4.2 T DFT Z{EXF MM HERL RS KB 2

G 41 ANTIRI T, BEXE NS m AL DET i858, 5P P48 X (1) isHadfe:
(1) LTS M A Heg A MSD Inikad m Mgk, SERESRINES S0 (aner) BIRELE: M
i N x m A, MSD MESE logd ™ 2, & o 2 MSD IESRBHEHN N x m/2°. FHEH
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Operation

caedtac) ] e L

Cale z(b’(d") M :1:(2[::15:; T (;::j\i/t)it(l))nsti:p

cusiher o | [ammn]

Calc Z(ak d,) M ﬁgdfjltrl;nql:p T (;::j[i’t)i:k)l“s:p
Cae )3, 0) ¢ SR o
Calcz(bkqw:;‘l(ukdﬁ) : : axizn

Clockcycle *1°*2 .3 4° 5+6+7:8°9°10°1112,13°14-15"16"

B 3 3+HE DFT $F—I1 X (i) BEHRIERF

Figure 3 Sequence diagram of pipeline scheme to compute X (7)

SN ager) — SN bedi) AT SN (ber) + SN (andy) (OBERE: MSD HiESE 1 AN LR M 25
Heds N x m 4>, MSD JiESs N xm .

(2) SHTEAS M A M EE K MSD VAR FT RS AN M BB RS E A m. &3 M
Aty N5 — 2 MSD MINERIBEEA BN 2m — 1, 52 MSD IniEox kg BAr s K 2 7, 5 i )2
o MSD JiESs NI 2L P oA 2m — 1423 — 1), RIIEANEJZE H MSD k2 5 5 A H, —
A~ MSD IESA R AEE T, W, T/, W/, T 5 FpAs#e, Hrp 2 ¢ )2 MSD ks T, W, T/, W/, T 5 /4
BN N Py Py P+ 1, P+ 1, Py + 2, BT TR E N 5P + 4, B 10m + 10i — 11, &Ja1t
BOX (i) SEEBAURE SR MSD ik 8T R AN 10m 4 10logd *™ —1.

(3) AT BB ELH. M RIS ENEN N x m x m.

MSD JiniEas e b ok

logév xm

(10m +10logl *™ —1) + 3 [V xm/2%) (10m + 10 — 11)] .
=0

PR, THEL X (i) Pl SRR AL ¢y BN

logy
Cr = N xmoxm+ (10m +101ogd ™™ 1)+ 3~ [(N x m/2)(10m + 10~ 11)] . (12)
1=0
(4) A Eh FE . M AR TR 1 NI R, logh <™ )2 MSD IIVETR B 3logd ™ ANA B E 1,
WKEIBAT T ER N 3 AN, RS THE X(6) SEEBAIEEEF MSD N /i 75 2 3 NI A I,
S B T RN
Ty =7+ 3logy *™. (13)

XFEA DFT 8%, 45 N $FEIATHEDN X(6), Bk N &5 DFT iIFEH RS E o) Al
PR T A

=0

logy *™
O = NxCy = N2xm?+N { <10m +101logd ™ —1) + > [V x m/2)(10m + 10i — 11)] } , (14)
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RN BT SRR IR AT RE Fourier 5%

T =Ty =7+ 3logh ™. (15)
AR AR — YRS RIS Ly N
Ly = 2m + 2logh ™ +1. (16)

X 1024 5116 SLEIIFAT DFT 258, Prfid o 10y 49, MUsmsH v 3103774720, J#4T DFT
BRI SR IEOR N, ER AR, LA AT REAR S5 R0 5 SEBUBON I M, KL TR 4T DFT 18
B, ARSCWIFAT FET KOG ILREAT T 204

4.3 HIT FFT ZERISSI

FTF 3.2 /N, JEAT FRT 850K N £ DFT i85 0 2 B 30N R B0 FE ) &
Felr)ig 5, DRI FRAT 7540 2 — = S/ NP B8R B0 B 1m) 2 3 is B 1) =BG, K &8 k%
AN )RR P 52 50 o 1) e B, oA 52 00 R [ 23 i SRR 5 9447 DFT S8 S 58 4 A [,
KEBAE 4.1 N AT, AN EBEH O O 30 18 BUE R ) SRR i 45 R & O R AR
Hik.

PLFE 4 B I3HE FET Sl

KHAWE 1 FroRis T, B 41 AN R EERKEEAR TR B B, Fy FOEy,
X N S DFT i8IS, Wit By, B, B A1 Ey 3308 N/4 45800 &, SREH 2N 4> MSD ik
A (7 I 58 R e A2 30 e B PRI /8, B R PR 2V S MSD IV [R] IR 58 S )2 1R 5
) B0 /985, NI 2 e 24 45

J 2 SLBUARER I 4, AP RS Adders BEHURER N/4 S MSD INik#s; Fi (i = 1,2,3,4) S5/ 5
AR B N4 2 BRI SR /R AL N /4 4ESEBUR S X (k4 N/4) (= 0,1,2,3) SEHE/ k&
AT kE=0,1,2,...,N/4 — 1 IS HERALE R k4 jN/4 TSR/ RERBALR A N/4 4 sesm .

XPTAE g BPEEL FET 8098, Hot B A2 eily U5 2 4 mHghE FET AH IR, XA
T E R EERAR. R EE R SEI AL, TRz 4 B FFT S9km pri
(IR FE SRR SR 3, R0 EEAS A2 FRT 035 B 75 100 e SO R S i

4.4 FT FFT Z{EAF IR GEKE 2

it 3.2 /NTIXT T A 4 WP EL FET BE 00 AT, 4% B8 FLSEURE 43 B P 75 B e ) JEA A0 o 2
Hun T

(1) FRRKEBARER 4 > N/4 WEEUERERERNIEEER P, B, F A Ey (3F 3.2 /D
F). TR A A S RO ) B R R DA T RUK AR (B 3), BN T A N4
W E BB RIS, T 4 A N/4 Y R BOERE R REDE SN 3 % 4 AN R, S ECH A
.

(2) ¥ F1, Fy, F3 Al Fy HEBBIRALSER (K 4). FEWZL 2 x 2N 4> MSD Inikd, =48
A~ MSD I3 KWL BIA 5L 4 +4 A 5(Lyya +2)+4, BURALE A4S 25 AN (5L +9)
ALY, B R I N 3 x 2.

HUEAEIZET TOC 1) N sk 4 BHSHE FFT SyArR A E o Mereh A 7Y 25008

CN = CY/* + AN(5Ly 4 +9), (17)
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F, F; imaginary F, imaginary F, F; F; imaginary F, imaginary F,
Real part part part real part real part part part real part
Minus F, Minus F,
Minus F, | imaginary imaginary Minus F, F, F, imaginary | F, imaginary F,
real pan pan pan real pan real part part pan real part
Adders | | Adders | | Adders | | Adders Adders | | Adders | | Adders | | Adders ‘
| % | %
‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘ ‘ Adders ‘
X(k+3N/4)  X(k+3N/4)  X(k+N/2)  XKk+N12) X (k+N/4) X (k+N /4) X (k) X (k)

imaginary part  real part  imaginary part  real part  imaginary part  real part ~ imaginary part  real part

4 E 4 BHYHHEL FFT FHTAFELH (—MIBEERKE N/4 4~ MSD fiiikss)
Figure 4 Radix-4 DIT-FFT algorithm implementation in TOC (one adders module stands for N/4 MSD adders)

#* 3 TOC A EE FFT BB ERAFGREE S
Table 3 Data bits and clock cycles required by different FFT algorithms implemented on TOC

Algorithm Clock cycles Data bits
Parallel DFT 49 3103774720
Parallel Radix-2 FFT 53 776553472
Parallel Radix-4 FFT 61 195188224
Parallel Radix-8 FFT 109 50556672
TN = TN 412+ 6 = 19 + 3log, N x m. (18)

XFT 1024 5116 A7 FIFEATHE 4 B FRT 125, Bl i e B EAECA 61, WA 2 H 4 195188224,
FENT T RIS 4T DET Ia 5, i eh R RECE i 7 8, (Rl &% H /MR DFT /) 1/4.

FTPLES T, THA 1024 5516 2 DFT A [FEZER S E FET (ARIEARIE, RSO DFT 7%
—IR) BT I Bh A AN EOE , 45 R LR 3.

5 1R{SCLG

5.1 ScRufEik

T TOC FH#FEIRE R4 SD11 E I fE . ASCRA TOC MBI SLE0T- & AT 5558,
PABGAIEF4T FET Sk LS s M IR M. SEIel 7 =(Ea 5t H L MSD hnik#s . MSD 3fe
LA MSD R R T2 4 FIkk 8 FFT iz s, BAUSELR-F S i/ 85iJy: CPU: Intel(R) Core(TM)
i5 430 M 2.26 GHz, WA7: 2 GB, #1E R4t: 64 {7 Ubuntu 14.04, 4ii¥8s: g++ 4.84. ffH C++ w5
TEAUFL T, ARSI 5 35T SCHk [26] H R SIR36 3R 4 A 1T k.

fERFFRE R MSD £, F#4F ‘17 £on 1, ‘0 Fas 0, ‘“w’ £~ —1, A map(char, map(char,
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(1-3) 5& X 4775 5 5041 InputReal[8][FFT_N/8] Al InputImag[8][FFT_N/8] 77l T3 8 FFT
BEIEAEHIN MSD ¥ (1 S 3 AR 6
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SRR N B ISR, L 8 FPT BIER, AN 7 8 447 F1404 InputReal Fl
InputImag .

(3) #4Ji& R %L MSDAdder() #2400 MSD Invkds, SR EEM 7, W, T1 Fl W2 4 N EAER, T &
T 77 3 LR [14] FESFERE TSR A MSD F kg e, IR FEIF A MSD Jniksgs 1.

(4) #i& R %L MSDMulti() Bl MSD eyl 72, Uhek 3l R M BRI FTE S, AR5 1E
F MSDAdder() & E5EBGER FAR N, IR BIPAS MSD Hafeikia Hah R

(5) Hit B # CalTwiddleFactorMatrix() 5¢/% TwiddleFactorMatrixReal 1 TwiddleFactorMatrix
Imag FIMRAE, 2 TAE A TE 5 IR 5% R BRI A2 5% R 300 25 R B FL AU 745 HR 3R 7R 1 MSD 44

(6) #Ji& %L Com_Radix_8_FFT_MSD() #45 ik {15 8 FFT 125

(6-1) #4 N\ MSD #4434 8 47 #| InputReal A1 InputImag £ 2HH;

(6-2) A MSDMulti() BREHE 16 XEH M EHFERMZ R, Bl TwiddleFactorMatrixReal,
TwiddleFactorMatrixImag 27~ MSD E#Hi[% 5 InputReal, InputImag 7~ H MSD & % 7] & AH 7
T4 R 285 51 LR K 260 4T MSD &2 £ 1) 24 B e o 2.

(6-3) X |—B43 {145 B First_Real M First_Imag [ /T3 8 FFT XfRiff] 3 Z MSD H ¥
WA 9803, A MSDAdder() BEE O RERE, IR[FI%: 8 FFT 8 H 45
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Table 4 First six dimensions of simulation experiment inputs

Input data MSD binary system Decimal system
1 Real part 10u10uuu0luluululull00uuuuluulOu 105.0817
Imaginary part 111011110120%11000110%12011w0u100 239.1178
9 Real part %1100210101w0u0u1100uuu0111011000 —37.6586
Imaginary part w0u000uu0u0u10010u110uluuluudluw —163.2776
3 Real part 00u01u1u00110uuluullu0ulu0luuluu —26.8343
Imaginary part 110vuuluulululOuluulllu0llululll 162.3563
4 Real part 0u00uluul00uululluuw0010uuullu0ll —70.5971
Imaginary part 1200112110000vuu0uluu0luw00ul 110w 75.4718
5 Real part 010202001w01w00111u01uuul10001110u0 43.4004
Imaginary part u0uluOululuuluOul001u0u0100ul0uu —154.4237
6 Real part 011u01luuu001lu0lululuu0u00uu001ul 80.5362
Imaginary part 0011ulu0ulluluOu0luvuu0llluullll 41.8243
F 5 STHHITE 4 FFT MRIAKINS,
Table 5 Outputs of simulation experiment to implement parallel Radix-4 FFT
Output data Ternary optical computer Electronic Result
MSD binary system Decimal system computer
1 Real part %100u014001u0u10u101uu10000%10u01y —283.7847 —283.7847 Correct
Imaginary part 1201100%1012000001200100111010 21.6407 21.6407
9 Real part ©210000100200102:011200000001200%00 —636.4482 —636.4482 Correct
Imaginary part 1u0u011u10u00uu11w0011%001 110010010011 811.3220 811.3220
3 Real part 1uu10u1400010w0u10uu01000u0101wl1ul 720.7079 720.7079 Correct
Imaginary part 1u0u111u10u01u0u101w00001010100000010 470.2106 470.2106
4 Real part 1uulu019000100%10010010uu1011w00ul 82.1162 82.1162 Correct
Imaginary part ©10uw00100uu10ul1w0101011000%1001wlu0 —626.5998 —626.5998
5 Real part 2011201100000%%10001w001001200u 110 —178.0396 —178.0396 Correct
Imaginary part luulul0ul1100001%10uul110w0000001100w 698.0423 698.0423
6 Real part 1200001:0010%0100010021000%101010w% 124.4080 124.4080 Correct
Imaginary part 1210000%100010%012001%010%1%011%u100 —519.6082 —519.6082

BRI w FOR —1), 2 4 FFT BUSKIRLTRILE 5, 4 8 FRT BUMSRa RILE 6, TRIE, (2R
BERLSE e A L B BT 6 4k, 159 BB SEI0 45 B 5 1 T SEMLI FRT 35045 B8, 1%
WA SCR I 2E T TOC 1) MSD #Ui) 3k 8 JedE 4 FFT JHATi8 5 D) fHE IEH.

6 SIMBEREXLE
6.1 BEIEXJEE

AATA AT FET BT TOC P&, % FE B EIRMAZ . HATHHEE KI5,
AREVEIE R BRI T b2t B AT R Ui elodh B tH 1. st aloR U, ARV S5E 5
FFT SyEPIX A LA
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Table 6 Outputs of simulation experiment to implement parallel Radix-8 FFT

Ternary optical computer Electronic

Output data Result
MSD binary system Decimal system computer
1 Real part 1101100100010%100%001%10000u10u01w —283.7847 —283.7847 Correct
Imaginary part 1210u00u%0010000001001000% 1010 21.6407 21.6407
9 Real part 1©1110000102100100220100000000102:100 —636.4482 —636.4482 Correct
Imaginary part 10u010uu10w011u01ul1u00u1u0011uu00ul 811.3220 811.3220
3 Real part 1102120001001 120101000¢01010u1101 720.7079 720.7079 Correct
Imaginary part 1u0u11110101u00w0u0000101w01000001 40 470.2106 470.2106
4 Real part 1401012000100%1010001121012000w% 82.1162 82.1162 Correct
Imaginary part ©10uluu00uul010100uu00w000110014w010 —626.5998 —626.5998
5 Real part 21u010%10000%10u01%11001001u00u1u0 —178.0396 —178.0396 Correct
Imaginary part 1u10100%0100001%1%10%10w000000010u1 698.0423 698.0423
6 Real part 1000010110101000100%:1000%:10u01ul 124.4080 124.4080 Correct
Imaginary part 1100000u001411001001uluullululuul00 —519.6082 —519.6082
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Table 7 Clock cycles comparison versus electronic methods

Transform time (cycles)

FFT size

FFT design Device
16-bit 16-bit 16-bit 16-bit
16-point 64-point 256-point 1024-point
Electronic method 1 [4] 37 137 525 2065 Spartan-3
Electronic method 2 [°] - - - 1283 XCV2P30
Electronic method 3 €] 361 - 929 448805 EP2C35
Electronic method 4 [23] - — 1072 — Vertex-I1
Electronic method 5 [27] - - 255 - EP3SL70
Electronic method 6 [28] - - 255 - 5VSX35T
Minimum clock cycle in electronic methods 36 137 255 1283 -
Our parallel Radix-4 FFT method 43 49 55 61 TOC
Our parallel Radix-8 FFT method 91 97 103 109 TOC
1400
—=— Traditional FFT based on FPGA
1200 L —— Parallel Radix-4 FFT based on TOC
—a— Parallel Radix-8 FFT based on TOC
1000 |
S 800}
by
g 600+
@)
400 |
200 |
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FFT points

5 (MEEKE) ~E FFT & AERERE IR

Figure 5 (Color online) Comparison of the clock cycles required for different FFT algorithms
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YO, IR BRSO, HAR AR R I i —SOGERBEBIN S &M K, X Rt A L T
FFT HHTSEBLU5%, 25 TOC W) FFT 18 5H 7R BB FET BA BRI [a] e 2.
FEREFETI, X T FFT 85I E, NMRIBIT-T 6/ FPGA & TOC, HAEFEHR /T M= it 4 il
7 REFENLZ SR B AL RO BERE, X T B s dl AL S il 20 1 55, M9 #R R AR IR IR A R S, e
REHA. AEIZFH B X FPGA S8 eS8 R 5, REFEE B2 B rP AT HR 2y, IX i 3 I A1
K, BEEHAEK, P AERRESES, I HBEE FFT 1285 s 88, T80 RN, A RET & 1 Re
FER A A 2 KORIG . X T PGB E RIS SRR TOC T 5, e 18] ] il 4 £ 25O
WERFEREN D, e R TR R %, H, e T EREEREXR, TR, FFT
BB RGN T oK B RS RV AR N L T BL 2 AN T, BEFER M, TR R AR A I REARIX
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Abstract The Fast Fourier Transform (FFT) is widely used in modern digital signal processing systems. In
order to improve the efficiency of FFT, parallel methods are often used to speed up FFT in high-speed real-time
application environments. However, due to the restrictions of size, energy consumption, heat dissipation etc.,
traditional electronic methods are becoming unsuitable for FFT applications in certain areas, such as aviation,
aerospace, etc. Due to its characteristics of a massive number of data bits and low energy consumption, the Ternary
Optical Computer (TOC) is a potential solution for these special cases. To verify this possibility, we studied the
design and implementation of a high-speed parallel FFT on a TOC. Through analysis of the traditional radix-2,
radix-4, and radix-8 DIT FFT operation processes, several FFT algorithms with higher parallelism, implemented
on TOC, are designed by taking advantage of the characteristics of TOC. The implementation processes of these
algorithms and the differences between them are presented. Meanwhile, the clock cycles and hardware resources
required for each algorithm are also discussed. Simulation results reveal that the FFT implementation method is
accurate. The algorithms require less power and fewer clock cycles when implemented on a TOC compared to the
traditional methods implemented on an FPGA. This provides a new possible solution for high-speed low-power
FFT implementation.

Keywords ternary optical computer, fast Fourier transform, parallel computing, MSD adder, embedded device
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