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ABSTRACT

This paper compares radix-2 based structures for 32768-point FFT. Radix-2 structures have been widely used
because the butterfly is smple and the number of multipliers can be reduced in those structures. This paper applied
variousradix-2* structuresto 32768-point FFT that isrepresenting ultra-long FFT. The ultra-long FFT has been studied
much recently. This paper shows that the radix-2* structure is the most adequate because it shows the smallest
complexity in the synthesis and the best SQNR performance. should be placed here.

7|9JE : FFT, Ultralong FFT, Radix-2* 72
Key word : FFT, Ultra-long FFT, Radix-2* structure

T4 URXL: 2013. 05. 15 AMALAZ AKX} : 2013. 06. 12 A|ZH=HH LK} : 2013. 06. 27
* Corresponding Author Hyeong-Ju K ang(E-mail:hjkang@koreatech.ac.kr, Tel:+82-41-560-1420)
School of Computer Science and Engineering, Korea University of Technology and Education, Cheonan 330-708, Korea

http://dx.doi.org/10.6109/jkiice.2013.17.9.2121 print ISSN: 2234-4772 online ISSN: 2288-4165

@This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/li-censes/
by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © The Korea Institute of Information and Communication Engineering.



SR B ELISHS|=EX|(J. Korea Inst, Inf, Commun, Eng)) Vol, 17, No, 9 : 2121~2126, Sep, 2013

.M E

Fast Fourier Transform(FFT)+&= 71 d2] AR5+
YAE Aex 2] darels S shuolth FFTS] 28 &
of= mif- Hon], W At F4l EEEIA AHEH
il QJ& Orthogonal Frequency Division Multiplexing
(OFDM)o] th£2{Ql o]t} OFDMoflAf = 4lsof ¥
H2o|M FFT7F 583 9= afeith

OFDM 419] T4l Fo A= S8k HlolH 9
AE-Eo] FFT2] Zolo HlgstA "t 222z F4l
FzolA= HA © A FFTE ARSskaL Qlek dlg &
o] 91 XAtg TV EE2] DVB-ToA= )| 8192
point FFTE AR8-8l=s Eo] Qlonth, 11 tha E2<
DVB-T2¢{| 4= 32768 point FFT 7}A] AME-31 =& T o]
Utk o9 o] 7]&9| 8192 point o) FFTE
ultrarlong FFT2kal 20 ofof] tigt AAti= ol %13
o] SEH1-3).

FFT 2] -z0] tisfi A= gol dtElo] $hew, 27

me] 7Rk et gholzekel 7k 22 Us

ok x| 7Rk o= A2d e HolEE

wejof Y2 F, glolEE 7ol i%ﬂlﬂ% thAl A
= WSt dlolE A2 fule 7 N AR

= QAL ofF e AREske] EA R A
At} oo Hhsf who]zale] oAM= o 7
2] fulo] AEAoR AAE o)A flolE7} oy

AFGA o2 Ax #a|gc} FFTe] o7t 24
gto| Letel xS who] AHgatt.

FFTOA 9] 27| {32 v Eeto] F23 twiddle
factor A17] HE 02 Lhs 4 glek Hg Seto]
oA of 2] A2 dlo|e 2 AR tatA m SX-S
stk mEZatolol A Aeld dlole: twiddle
factorQ} s 21tk

FFTo] i vjeSefolo A & 79| dlo]g S X
e)5hLtol whebA = UHs 4 gl AvkA o2 271t 4
7H, 87H9] o Bl & Helshe T25 Wo| ARgatc. 7t
Z+o] L ZE radix-2, radix-4, radix-8 o]2}al F 2k

Radix-2 %= W&o F-29] 427} whett
Hhdof twiddle factor #4171 9] 77 Solvb= &
o] gLoml, radix7} 71 442 velEeto] Hito] Bt
A3 FA)719) 57} Zol k. d Aotz 0] F H3ate]
redix-45 o] A8kt

p‘_ll
rr _E
>ji =2

=

4 Lo Ay ot o) &2 30 2
_>&HH>

Sy
_&:ﬂ mlm

I8 radix-2 FZ22} radix-4 FLx9] AHL FHo-
4 Q= radix-2° 7} ¥FEE o] Fof| = radix-2¢ LRI W

= i&é.—.% L 9)TH4.5].
Radix- ;Lih BB Eeto] it radix-2 Fhxef

SAsHA G5 A twiddle factore] v XS o]
AAR o7} Q= HA719] =5 Eole Witk
Radix-2> 727} 9r® 4 o]& 2 radix-2°, radix-2*,
radix-2° % 50| W E| o] 2-2E]9TH6,7).

o] e} o] radix-2 7|9ke] mpo] kel o] | T
o] A tEle] ok, FFTE S o zF 27t &
et FFT 5ol ol | 92 nlx|= Aol dial] F3
Z o= vt o= L Holrh E3] Lo HAH o
tro| o] 2] 11 9)i= ultra-long FFTo]| Tt H] i -2
ATkl 3t 4= it o] =1l A= ultralong FFT 2 tf
4191 32768-point FFTol| T4 radix-2 7]k F2 50
B3l JeS vud Flojtt o5 3| ultralong
FFTo] st t25 35 Zlo|th

2 =82 o3 o] A= Qlrh 2%olA=
FFT ol 3l 122ks}11, 33 o] A= radix-2¢ 22 ultra-
long FFT o] A-8-3lt}. 44| A A& duE Ho|, 5%
oA AEE WS Zo|t}

II. Fast Fourier Transform

T Ag Sejo] MEDFT)E thal 28 412 o4
alo] A7t Aolo] HAY A 5E Fuis dodo] 4
uhs 7)ol tH4,5].

e*ﬂﬁnk/f\; for 0 <k<N (l)

] Aol A x(n)2 Azkg o] AlFoln X(k)& 3

4 odeje] Azolck. o] AofA e PN Zietkal

WA E Ht) 919] DFTE a2 ashd gt &2

FE7} ujg- AR 0] 2 Zo]7] $13 Cooley-Tukey &

2] Zo] W E QITHE]. o] Yie]Fo] A DFT &1
Fo oheT) o] M)

2122



Xk, + Niky) =
Ny,=1[/N—1 (2)
> K 3 a(Nyn, +n,) Wﬁl”] VKfJ'lZ] Wj\‘znz

ny, =0 \n; =0

0 = npk <NV, 0 = nyky <N,y N=N, XN,

e

HH2 0= N, Ny, Noi= 57 29] =5-ol2fal 7H4 gk
k. 9] Ao Al Qb9 Fho] Ni-point®] DFTE o]u]st
u upgEe) gol Nepointe] DFTE ejulgieh. oH%
Ni-pointe] DFT = % No# A48, 12 No-point ]
DFTL: 3 Nu#l Alsj e}, Z, Cooley-Tukey &712)%
o A]+= N-point] = DFTE- Ni-point2] DFT 2} No-point
o DFTS] 212 DFTES of2] ¥l sk 722 Y5t
= ot} 1) o]l MH S A MO s
DFT®] A7t Bwg 2A £ 4 glov, ol FFT
opa Rech

FFTE Raks 7hgol Al 3k9) DFTS] dolg #17)
Mo o 4L gho 2 W uf, 74 2+ DFTe) Zo]
£ I 729 radixztal B2} & radix-2 oA =
wE 5}9] DFT2] Zo]7} 20] 1, radix-4 720 A=
E 2319 DFT] Zol7} 40|tk 18 1.8 radix-2 T+
Z9] 16-point FFT o]t}

x(0)
x(1)
x(2)
x(3)
x(4)
x(5)

12l 1. Radix-2 16-point FFT
Fig. 1 Radix-2 16-point FFT

Z|5}9] DFT= B8 shte] Y o8 F3shy ol5
HE Zalolata Hac) I3 2% radix-29} radix-49]
gk wE[EZete] FEoltt Radix-29] HE[Zato)=
F 709 dlol"HE AR HetAY e F4S st

Ultra-long FFTE 2|8t Radix-2 7|8t &

radix-42] HE Zalo]i= v 7jo] dlo]EE A& t3}
7Lt wich. Radix-49] WElZeto]o A 34 j& Hoh=
ol Qlon) o= ARt 5l S uH AL =
Aprlof <18 F3hs AR ubE £ Qlth 29
radix-4 W} Zgto]o| A= o] Bt F4 [
Tol= 59 7|52 ksl h

x(0)
x(1)

X(0)

X(1)

x(0)
x(1)
x(2)
x(3)

X(0)
X(2)
X(1)
X(3)

(b)

2 2. Radix-2 HE{Zz2}0|(a)2} radix-4 HE{Z2t0|(b)
Fig. 2 Radix-2 butterfly(a) and radix-4 butterfly(b)

atLbe] DFTE 5 7)9] 5H9) DFT & L= 31 0) A
5 1$] DFT Afo]ofli= twiddle factor IH41-S- 4= 3]l of
stk 4(2)9] Wy 7} twiddle factoro]t}. o] twiddle
factort= 5% ROMol| #%& o $olch} Best
factorE ¢ oA 3ttt

I, Radix—2 7|4t X2} Ultra—long FFT

3.1, Radix-2 7|4t Zjo| Zajol o=
FFT= 27 vlxe] 79k -0} gfo]ejel F22
T 4= Qlek. w78k 20 A= N-pointo] ¢
O[] E B vxLe]of ¥ F skt 4 ¢lolA 1] 19]
AARS 3 SEAL ThA] AR o]of] el who]zelel
2= 29 o 74 9 U st BElEete] S

korle

sl o] HEJEO|EE PR ddsto] =dst=
Alo|t}. Ultra-long FFT S} Zro] Zo]7} 71 FFTo A=
2 gfo] e}l 25 ARgRth

AN o Ny

2123



SR B ELISHS|=EX|(J. Korea Inst, Inf, Commun, Eng)) Vol, 17, No, 9 : 2121~2126, Sep, 2013

gho]zalel x| A & T2 1§ 33 ZHol, HiE
Zeto] gt i} HlolE 9] &AE BE7] $I7t FIFO,
twiddle factor ROM, twiddle factor FA7] 2 o]Fo]3l
t}h Radix-r -zof|A @A) = log No|2=, HH
Za}o| 2} twiddle factor F41712] & /4E log, N7H 0]
o, FIFOS] 5 952 radixol A#glo] A5tk

FIFO

ROM

=

Butterfly

A\ 4

TwiddIg Factor
Multiplier

a8 3. mo|=apel pxo| ot
Fig. 3 A stage of pipeline structure

Radix-ref A} ro] #AA45 wgjZatolel twiddle
factor 541719 = EoSAIN HE S| 2419
A7) 5oluA ot 53] radix-8 e = HE| & }o]
Qbofl FHag= FAZI7F EO7H| B &, radix-4 25
7ol = wol o]-g-3h3lrt.

Radix-2 #+%2] el 2hde HE Zeto] 129}
radix-4 2] 231 A2 FA7] Mg AES A
o] radix-2° -Z0|t}. o] FLZo|| A= radix-4 L2} 7
o] DFTE £3||3t ¥, Z|5}$] 4-point DFTE thH4l 5= 7H
] 2-point DFT& Ui ot} Radix-2* 2=
EjZto] HE-S vEe A Q] o] zep]] =
radix-2 G-z 2} =235l twiddle factore] v x| gt o=
o, twiddle factor #4171 5 AHto] 34~ j& Hot= o
< FAlolol A FA7] 7t radix-4 29} Zobxl
t}. Radix-22 27} A|otH o] & radix-2°, radix-2*,
radix-2° 1% S0 2 34 of it

3.2, Ultra-long FFT

[E = A HGZ9] St uhet 2| o] 857
AlZFsEaL Q1= ultra-long FFT= 16384-point ©]4+2] ¢
olE}2 Hugith PlEHOR AGET gl 32768
point FFT o] o} 3] twiddle factoro] vz & A 2]3}H 31
T} 2t

E 1. Radix-2* X9/ twiddle factor BjX|
Table. 1 Twiddle factor arrangement of radix-2% structure

stage | radix-2° radix-2° radix-2* radix-2°

0 W, W, W, W,

1 Whres Ws Wis Wa,
2 W, Waz7e8 W W
3 Waa1g2 Wi Ws2768 Ws
4 W, We W, Wazres
5 Waosg Wiogs Wi W,
6 W, W, W, Wa,
7 Ws12 Ws Waosg W,
8 W, Ws12 W, Ws
9 Wizg Wi Wis Wioza
10 W, Ws W, W,
11 W, Wea Wiz Ws,
12 W, W, W, W,
13 Ws We Ws Ws
14 - - - -

Twiddle factor Wy"™ 2 E3}7] )AL= cos 2n
kino/N €} sin 21 kno/N S-& ROMof| A &s1ar g)ofof
shck 12k k¥t np9] ol whah ROMof| 2 3Fsh Aq=
o Zj=7t gEkd Aot ey HY Ate] mEH
A2 gre] A4S o83l NIs+1719] cos 31t sin
FEWS Aol mE Fash PES AT 5+ S
o] BH& 9. o1& o]g-5te] ®19] 7 Hof A Fagh
ROM entry 9] 7lj4=5 AlskalH 329} et

Radix-2 of| /| =50] #1242 L a3t ROM 2| entry
M7t EolEths AL & & Atk WS 7ET o
ROM-& ARE-31A] kil Ak<= 4171 2 tiA|5ke] ROM
S AAT = onR WS Fokl= ToflA = ROM 2
7]=00 2 3}9}

Radix-2 20| A kel F417] 74=2] BA= A8t
A k2 ol 9tk WaE ke A2 1 Ex
£ Zo|Bg FA71E AHESHA oka ET 4= ok
W2 groll A =2Jgio] A=FAl71 = A7t 7hs3t
t}. o] & A u|ate] 29| shetol| AAISFLE A
719 A radix-2° F27} 7P Ao o] LR
Al WA 71 47t 71wk A7) o) AR

Gl
i

ol
=)

2124



g B radix-2' 271 9818 el wo] 9L Ao
2 KBt}
E 2. Radix-2* X0 23
Table. 2 Complexity of radix-2% structure
stage | radix-2® | radix-2® | radix-2* | radix-2°
0 0 0 0 0
1 4096 0 2 4
2 0 4096 0 0
3 1024 0 4096 0
4 0 0 0 4096
5 256 512
6 0 0
7 64 0 256
8 0 64 0
9 16 0 128
10 0 0 0 0
1 4 8 16 4
12 0 0 0
13 0 0 0
14 - -
A 5460 4680 4374 4236
U
i;éi; 6 4 5 5
g\i‘;&ﬂ 1 5 1 3

v, & Za

oo

% Aol M 2] t=0)e} o] o7 radix-2 2= ke
gholl whet 71 4= o gebA] o, twiddle factor 541 €]
A7 epglel whet e gebd Aotk off
ZE5-2 32768-point FFT o] 2]-8-3}o] v w3}tk

W39] Flol Feji= semi-floating-point F e},
#1559} 515257} exponent F-Rk= Fefolct. <)
2 djolelol| A mantissa®] & il 8RRt 2
ZF 7hito] 11 exponent+= 2bit= 5} th mantissa®] &2
butterfly S gt ¥ A'd wf mict 1bit 4 S7FA AT 25
22 glojElof 4 mantissa®] - A4Re} 545}
Z¥7Z} 12hito]1l exponent= 3bit= 3}ch Twiddle

Ultra-long FFTE 2|5t Radix-2 7|4k X

factor2] =-2 12hit= 3}9ich

TA| B vlasly] J5ho] radix-2 TR ES
RTL oA gt 5 gdstqleh o4 ghol=afe
= 018um FTAHES AFESI9Iar CadenceAle] RTL
Compiler= &3}t

3t 3ol 4 A W17 3o] RTL Compilerofl A g4 xt
2 Zeshe WA2 uj@at slojch FAIFOS] WL
WE FxA Ut Aoy Ho| w2w
radix-2" 7-22] Wzo] AU 2t ROM| entry 524}
adix-2° 27} 6 2 o 1 ol 2 o7} §lar,
719] 5447} radix-2* x4 T Homz o]e}
A7k Ugkeh. el 1 Aol whe Zong

0] e Aol 7k gleka & 4 giek.

L

=

S

=)

o zf ]
flo o

= 3. Radix-2" 2x2| M&iZnt
Table. 3 Experimental results of radix-2% structure

radix-2°> | radix-2® | radix-2* | radix-2°
Hz
(ﬂmz) 1,293,409 | 1,229,675 | 1,194,506 | 1,198,047
g(gg)R 46.85 47.19 47.11 47.27

3 39| = WA & SONRS Bl Ao 24 g
&4 FFTSF 8 E FFT Alo] o] o3} o] 25 &
Asto] A AkstArt. SQNRE] ] aof A & ragix-2* 2
7h e pxol A ulSgt A%S BojFeh WA
B 5SR-S uf, radix-2° 2 thE 250 ]
3 WA 50| vmAd Z AJo|F BGor}, YmA

Al o] Tz A o] ul2stelct.

v.g B

H =FoA= A Ql ultralong FFTQl 32768-
point FFTo] sl thast radix-2 +25 2850 &
Aot A5 vkt Radix-2¢ 2 v Ze
o] 9] 27} IFASHHA = FA7| ] =5 EY 4= 9
A who] o] 45| Lxo|t} Radix-2° 35 radix-2°
T2 AjrEle] gom, & =FoA] vlugh Aut
32768-point FFT o= radix-2* 3-27} 714 23kl
o] ur& et

2125



SR B ELISHS|=EX|(J. Korea Inst, Inf, Commun, Eng)) Vol, 17, No, 9 : 2121~2126, Sep, 2013

REFERENCES

[1] H. Chen, Q. Wu, Z. Ciso, and H. Wan, “A pipelined
memory-efficient architecture for ultra-long variable size
FFT processors” in Proceedings of
Conference on Computer Science and Informmation, pp.
357-316, 2008.

S.-Y. Lin, C.-L. Wey, and M.-D. Shieh, “Low-cost FFT
Processor for DVB-T2 Applications,” |EEE Transactions
on. Consumer Electronics, vol. 56, no. 4, pp. 2072-2079,
2010.

M. Turrillas, A. Cortes, |. Velez, J. F. Sevillano, and A.
Irizar, “An FFT core for DVB-T2 receivers,” in Proceedings
of International Conference on Electronics, Circuits and
Systems, pp. 120-123, 2008.

S. He and M. Torkelson, “A new approach to pipeline
{FFT} processor,” in Proceedings of International Parallel
Processing Symposium, pp. 766-770, 1996.

International

[2

(3

[4]

& F(Hyeong-Ju Kang)

19984 Sh=mutely =R TR
2000 er=2tely (=3 T |JEA

2006 BIR2E |22 FAIHASL} S|
3

[5] S. He and M. Torkelson, “Design and implementation of a
1024-point pipeline FFT processor,” in Proceedings of IEEE
Custom Integrated Circuits Conference, pp. 131-134, 1998.
S. Heand M. Torkelson, “Designing Pipeline FFT Processor
for OFDM (de)Modulation,” in Proceedings of |IEEE
International Symposium on Sgnals, Systems, and
Electronics, pp. 257-262, 1998.

[7] A. Cortes, I. Velez, and J. F. Sevillano, “Radix r* FFTs:
matricial representation and SDC/SDF pipeline imple-
mentation,” |IEEE Transactions on Sgnal Processing, vol.
57, no. 7, pp. 2824-2839, 2009.

[8] J. W. Cooley and J. W. Tukey, “An agorithm for machine
computation of complex Fourier series,” Math. Comp., vol.
19, pp. 297-301, 1965.

[9] M. Hasan and T. Ardan, “Scheme for reducing size of
coefficient memory in FFT processor,” Electronics Letters,
vol. 38, no. 4, pp. 163-164, 2002.

[6

2]

2126



