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VLSI Design of FFT Multi-digit Multiplier
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Abstract. We designed a VLSI (Very Large Scale Integrated circuit) chip of FFT
multiplier using a floating-point representation with optimal data length based on an
experimental error analysis. Using the hardware implementation, we can perform 2° to
213 hexadecimal digit (39 to 9,831 decimal digit) multiplication 25.1 to 45.6 times (33.9
times in average) faster than using FFTW3, at an area cost of 9.05 mm?. The hardware
FEFT multiplier has 64 times faster performance than exflib (a multi-digit arithmetic
library using Karatsuba method) for longer than 22! hexadecimal digit (=2,520,000
decimal digit) multiplication. Considering the wide applications of its FFT modules,

the performance and cost of the FF'T multiplier justifies the VLSI implementation.
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(2.1) h=F'(F(u)® F(v)) /2m
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Figure 1: Errors in multiplying (0™a™)16 and (0™b)16 using FFT.
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Figure 2: Structure of FFT multiplier
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4.1 complex multiplier
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(4.1) pr+pit = (8 + 850) (tr + ti1) = Spty — Sit; + (Spti + Sity)i
= syt — sit; + ((sr + Si)(tr +ti) — (srtr + sit;))i
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Figure 3: Fraction and exponent bit lengths required for multiplying two multi-digit
numbers vs. the number of digits (r = 16).
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Figure 4: Area cost of FFT multiplier vs. number of digits (r = 16).
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Figure 5: Critical path delay of FFT multiplier vs. number of digits (r = 16).

Table 1: Dependence of area cost and critical path on pipeline depth of Wallace-tree
floating-point multiplier.

| pipeline depth [| arealmm?] [ delay[ns] |

1 0.25 4.56
2 0.29 2.63
3 0.30 2.06
4 0.31 1.60
5 0.35 1.55
6 0.39 1.54
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Table 2: Number of pipeline stages of FF'T multiplier modules.

’ Pipeline H Ty ‘ Temul ‘ Tl ‘ Trc ‘
Not optimized 9 7 2 4
Optimized 22 17 2 10
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(6.1) Tﬁtmul = B(Tfft +m— 1)10g2m + (2Trc + 7)m + (3Tfft + Tcmul + TSCI —Tyrc — 3)
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Table 3: Area and critical path delay of the optimally pipelined FFT multiplier (m =
213).

’ module | areamm?] | delay[ns] |

butterfly 2.98 1.81
inv-butterfly 3.06 1.81
complex mul 2.01 1.89

scaler 0.02 1.26
rounder-carrier 0.38 1.74
memory 0.60 1.60

y all | 9.05 | 1.89 |
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Table 4: Comparison of FFT multiplication performance of software and hardware
implementations.

| Digits [| Soft[ms] | Hard[ms] || Soft/Hard |

25 0.1504 0.0033 45.6
26 0.2236 0.0063 35.5
27 0.5049 0.0126 40.1
28 0.9193 0.0258 35.6
29 1.7650 0.0535 33.0
210 3.0130 0.1116 27.0
21T 5.8560 0.2337 25.1
212 12.990 0.4893 26.6
213 37.560 1.0236 36.7
22T 22360 364.66 61.3
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Figure 6: Multiplication performance of FFT and exflib.

01.68000000000Karatsuba0 00000 ORS) 00000000000
00220000 FFTOO00000D00000000000000 exflib00000
023.2s0000.0000000000000000000FFTOOO0D0O0O0OOOO



036s00D0000000bOOO0OOODOObOObO0ODbObOO FFTOOOOOOODOO
O0exflibd00 6400000000000 2000000000exflibO00CO0OOO
gboobobi1280b00000

6.5 00O FFTOUOODODOODODOODOODOODOODOODOODOO

oooobooboob FFTOOODOOODOOOODOOOODOODODODODODO
gboboboboboobobobobobobobobbobboobLbbbooobDooOoO
000000ooogDbSpPOO0O0ODOOODOOO0ODODODOOOODDOOOODODODOOOO
000000000 00000000 complex multiplier(] scalerd rounder-carrier 0 [
0d0dDbd00bO0o0o0obO0ooO0o00ooO0oo00oooo0oooooooooooooOooon
0000000000000 DO0D0O0DO0D00D0O0D0O0DO0DO0OD0OD00DO0d complex
multiplier 0 OO0 0000

Fig. 600022'000000FFTO0D00Oexflib000000000000OOexflib
0000000 KaratsubaOOOOOODOODOOODOOOOODOOOODODOOOOOO
0000 FFTOOOO 32bit0 00000 KaratsubaO OO (15| 000000000000
O000000000000000 FFTOODODOO (butterfly,inv-butterfly,complex
multiplier) 00 0000000000000 O0000O000O000000O0O0DO32bit(160
0230)FFTO000000 (scaler O rounder-carrier 0000 000000) O 0.15mm?
0000000032bit KaratsubaOOOOODOO0.18umO00000000O0O0DOOO
0000000 0.10mm?00000000032bit000000FFTOOO00 Karatsuba
000000000000000000000000000 220000000000
Karatsuba OO OO DO0OO0ODOOOOOO

7T Ugogg

oooooorrFrTO00O00bO0obObO0obO0bbOobDobOooboobobb0oDUDbO
ooobobooboooboboooboboU0Oo FFTOODODODOODODOODDUODOO
gogbobooobooobbooobbooobooobbooobbooobrbg
mUOdO0000000000O0OO00O00oDObO0ob0bOo0obOo0obo0obOoobOoobOon
gbooobooobooboobooboboboobooooOogoD FFTOODODODODO
goboobooooobobooboooboooboobooobooooo rPFTODOODO
001600 2°000 280 (100039000 9,8310)0025.1000 4560000
3390000000000000000000000000000 9.05mm?00000
000000000 5% 000000000000 FFTOUODOexflibOOODOOOOO
000 1600220 (10000 2200)0000000000000000 FFTO
O00exflibO00000 64000000000 00DOOODODOODOOOODO 200
0000000034%0000000 (2¥0000)0000200000000000



FFTOOOOOOOOOOO FFTOOOOOOOOODOODSPOOOOOOOOOO
gbobobobobooboobobobobooboobooboooboobobobooobooooon
ooo

oboboboboorrFTOOD0DOODODODODOOODOOODOOODODOOOO
ooooooooboo rrTOD0O0O0ODOODDOODOODDODOODObODOODO
O00D0OD0Karatsuba OO OO OOOOOO0OO0OO0OOOO0OOOOOOOOOO
gooooo

0O

gboooboboooooooboobooooboooooboboobobooboooobob
gbobobobobobobobobobobooboboboobobboooboooo
gbobobobobobobobobobobooboboboobobboooboooo
gbobobobobobobobobobobobbobooobooboboooooon
gboboboboboobooboboboboobooboobooboobobbooobooooon
gboboboboboobooboboboboobooboobooboobobbooobooooon
O00000000000000000000 (0000 (C)(2)16500026)J 000000
gbobooboobooooooog

References

[1] M. Agrawal, N. Kayal, and N. Saxena, PRIMES Is in P,
http://www.cse.iitk.ac.in/, 2002.

[2] B. M. Baas, “A Low-Power, High-Performance 1024-Point FFT Processor,” IEEE
Journal of Solid-State Clircuits, Vol.34, No.3, Mar.1999, 380-387.

[3] benchFFT, http://www.fftw.org/benchfft/

[4] J. W. Cooley and J. W. Tukey, “An Algorithm for Machine Computation of the
Complex Fourier Series,” Mathematics of Computation, Vol.19, Apr. 1965, 297-
301.

[5] exflib - Extended Precision Float-Point Arithmetic Library,
http://www-an.acs.i.kyoto-u.ac.jp/ fujiwara/exflib/exflib-index.html

[6] H. Fujiwara, “High-Accurate Numerical Method for Integral Equations of the First
Kind under Multiple-Precision Arithmetic” Theoretical and Applied Mechanics
Japan, Vol. 52, 193-203, 2003.



[7]

[12]

[13]

[14]

[15]

[16]

M. Frigo, “A Fast Fourier Transform Compiler,” ACM SIGPLAN Notices, Vol.
39, Issue 4, Apr. 2004, 642-655.

00 O,“FFTOD000D000DOO00, 000000 ODOO0 High Performance
Computing, Vol.65, No.65-6, 1997, 27-32.

P. Henrici, Applied and Computational Complex Analysis, Vol.3, Chap.13, John
Wiley & Sons, NY, 1986.

J. L. Hennessy and D. A. Patterson, Computer Architecture: A Quantitative Ap-
proach, 3rd Edition, Morgan Kaufmann, CA, 2003.

J. van der Hoeven, “The Truncated Fourier Transform and Applications,” Pro-
ceedings of the 2004 International Symposium on Symbolic and Algebraic Compu-
tation, 2004, 290-296.

Intel Co., http://www.intel.com

D. E. Knuth, The Art of Computer Programming, Volume 2, 2nd Edition :
Seminumerical Algorithms, Addison-Wesley, MA, 1981.

N. Miyamoto, L. Karnan, K Maruo, K. Kotani, and T. Ohmi, “A Small-Area High-
Performance 512-Point 2-Dimensional FFT Single-Chip Processor,” Proceedings of
the 2004 Conference on Asia South Pacific Design Automation : Electronic Design
and Solution Fair 2004, Jan. 2004, 537-538.

O0O00,0000,0000,“Karatsuba0000000O0O0OOODOCOOOO?,
00000000 2000000000000, Vol.A-3, Mar. 2005, 66.

gooo,gboob,bobo,0bo0, ‘bbb booboooDobobooo
obooboooobooy, b 70 bOobOobOobobOobobobooooo, 2004,
13-18.

oooo,000,«00bbo0obooobbooooooooooybbogobo
OO0, Vol.44, No.11, 2003, 2778-2786.

C. S. Wallace, “A Suggestion for a Fast Multiplier,” IEEE Trans. Electronic Com-
puters, Vol.LEC-13, No.2, Feb, 1964, 14-17.

VLSI Design and Education Center Homepage, http://www.vdec.u-tokyo.ac.jp

oooo,0b000, ‘00 Fourier 00000000 0ODOO0ODOOOOODOODO
VLSIOOOO, Oooooooooooo, Vol.103, No.476, Nov. 2003, 253-258.



0000 (0O00)0359-0025 000000000 220-50200400000000000
gbooboobooobobooooboboobooooobooooboooobon

00 00 (000)0 182885 0000000 1-5-101974000000000000O
gbobobobobooboobobobobooboobooboooboobobbooobooooon
goboboobobooobooboobooobooobobooboboboooboooDbo
oobooooboobobooooooobbooooO0oooboUb0oO0oUbDIEEENODD



