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Abstract

The group CSD (GCSD) multiplier was recently proposed based on the variation of canonic signed digit (CSD) encoding
and partial product sharing. This multiplier provides an efficient design when the multiplications are performed only with a
few predetermined coefficients (e.g., FFT). In many DSP applications such as FFT, the (2W-1)-bit product obtained from
W-bit multiplicand and W-bit multiplier is quantized to W-bits by eliminating the (W-1) least-significant bits. This paper
presents an error compensation method for a fixed~width GCSD multiplier that receives a W-bit input and produces a
W-bit product. To efficiently compensate for the quantization error, the encoded signals from the GCSD multiplier are used
for the generation of error compensation bias. By Synopsys simulations, it is shown that the proposed method leads to up
to 84% reduction in power consumption and up to 79% reduction in area compared with the fixed-width modified Booth
multiplier.
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a3 1. Radix-24 SDF FFT +=.
Fig. 1. Radix-24 SDF FFT architecture.
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Table 1. CSD coefficients and its grouping.
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Table 2. New representation of CSD coefficients using
control signals.
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Control
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Fig. 2. Partial product array of GCSD multiplier for Table 2.

w719 T2 wde] FolA UL o AN A9 < A @ ddstdE ZAZel g 2+,
s At aAgehd dAages RS LPE}”’ 21(1—-27%), 271 (1—27 )2 BEF Pol 71 e At

149 E
811, LP% weight7} 7V¢ & B8-S [P0, UvA) B & 2= 9}
& LPrineZ TR} LPinye $A13} 23] W) 1~ Re A%, EWgE glo]  emz

Dol A7) Wil TAHY WO 2 [P, ol A A ElLPino(Py)}} HHEH §k°ﬂ oMt e TAA K

A4

© caryE 731, LPyno A @A HE carys= A ds} 3l7] W&ol ElLPpndPyle 8+&-9 %}% sel NFo 7

7“ ?6}01 MP= @‘é}?}q’ 3',]--3].7” 8L)6]- 2-1(1)01 %E} T'S]-X] 1_]_' FlL— M)’] ‘Ekol 7‘]
P25 PY "X BEY weightE 2% P9 e Aoo= WY o] Qe nA 4 Qo). 7+ P,
negation, 1 ZE T REZ9 (o2 tlo AFE z}zb

_ 24 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2»9 2—10 z—ll 2-12
N, 3 B 22 B3t a9 39 Belutel go] N =1 BaBults s Ry oo Fos R s B o B
d “H Aol 3l negationd FFL, z=0 & | ¢

2 atso] BERo gpxsir} o HE ;9o
= Zer0. A=Y TTTH= gOLI:} ’b}a ] Zl"" X7 Xg X5 X4 X3 X3 Xy X3 0 0 0 84_%:4 N0=0 ZO=1

7]EH§;1‘~§- E[xi]:1/2i 7}]4‘5]'@ Z‘]' 'hl]"b']":gl’— P‘CA LPiror Xg X5 X4 X3 Xy X X5 0

i X0 Xg Xg Xp Xg X5 Xq X3 Xy Xy J]‘o<—1\4, ()N0 1 Zy=1

0 0 0 8<—Mo=5 No=0 Zy=1

of ¥3d HEES 7ugy ¥&E 4 Q3 o] 7 (a)
T 9t PisPiaBs B Ao f\l’io
0 Z=0 X5 X4 X3 X X ’go <« M=0 N=0 Z,=1
E[memm(P)]: 2—1(1_271‘(13,*1\4))’ ZZ#O, N=0 (2) Xy X3 X3 X Xy 84—Ml=1 N=0 z,=1
2 (1+2 15 7 20, N =0 X% % X %o U e M1N=1Z=1
(b)
(LM for >N
047]}‘1 - ) _{ 0, for I, <M pz,apz,zlﬁ,lfé,%l
0 0 0 0 « M=0N=12=-0
1A Ze] modified Booth F47] AAE A3 ) 2
X X X (1) “«— My=1 Ny=1 Z,=1
o] AL8EI90w, modified Booth A7]6l4E 3 i
EHE 002 U=E NS Z:8 gt 183 ‘ﬂ'ﬁ, RN 1’3,153,20
AZs
%‘—:oﬂ}ﬂ% GCSDQ’] E/\‘]O O]-g-o]—O:] I’u ) ' :ﬂ Zz ‘Cl] 71 ?0 «— M;=0 N;=1 Z;=1
F4E ALl & A7) gEo) 20 o B83}1A 0 0 «M=1N=12z=0
A % gk R R
o A7) = 3 (d)
¥ 3& £ 29 28] GCSD & g 78 9 2 a3 3 33 29 P, FHoA ZE AlSof ma 2t
a 2"1 LPmmor o—|°ﬂ}\‘1 7}'L6]' :L %‘EH% E-?_].E}' H e

TTo=- (a)PO, (b)P1, (C)P2, (d)P3.
dE £ P Ly, Ny, My, Zy7} sel A5 whabA {12, Fig. 3 Each partial product value depending on

1,01}, {12 0 4 1}, {12,0,5 1}2 ¥al=2 o] W 7t encoded signals in LPmner of Fig. 2.

(758)



36 HMex n¥do| I CSD 47| 44 482 9
of W3l AME ElLPn(P)]S #o25H iAd OO0 DO®OOO OO
carry ANz = LPrjnrZ AgE) Poas Poyr Posshis Poralbyy Bz
L-Pmmaroﬂ E‘?}Q _’__r_H E PL’ PL o PL ” 'IYP()E}:]_,— ~ P BhnbacPie Pig Py Pis
%]_ EH E]——%—E’d-ﬁ]ﬂ- }\é%‘%}% E.?:]_ 2 9;1‘4 ~ P14 Po3 PrizPr 11 Prio Pog Pog P21 Pag Posl Paa
PP 33128511 P3,10P39 Psg P37 Pig Pas Pag Pisl| Piaz
0 Sf(LL—]WL)< f(LL—l _M‘1)< R f([tJ _%) (3) 174,14P4,13P4,12 D1 PrioPas Pag Po7 Pag Das Paa Da3 Pap Paifl Pap
1 1 1 1 1 a_carn0
- MP 1
WA ElLPmnl® Azt o3t 2t i
major
masc{ELE, ) a8 5 Mo B RIS olet $ET e
=9 semax { (1427 /B MY (g 497 B0y Fig. 5. Partial product array with proposed
compensation carry.
b (142 BTy 4)
= I (LA14+ 2P+ 2 42 e 221 So > a_carry
=27 X (L+2)+2 3 - 427 LD S }
- a_carryl
S
aYEE f(LL~1_A[L—1)! f(LL—z_AIL ) f([o %)}C_-' (a)
LPrinyr®I A A3 carrydll AFS € 5 gloed 2% (OCNONONONCEONCRONONON VRN ENE)
1z, —M)U]- carry°ﬂ qeS &= ¢ 9ot Do,18 Po.17 Po,isPoss Pojalbg Pz
o]}\].o &51——].:;1 E[menor“ff 1;].%_4_ {:_Lo] 13942}- f’: 51,14P1,13P1,12P1,11P1,10P1,9 Pi1g Pra| Pis
gl‘_/]_ Po1aPots Po12Poni Prio Pao Pog P2y Pas Pas|| Pas
I_’3,14P3,13P3,12P3,11p3,10173,9 P3g P37 P3g P3s Pia Pasl| Psa2
E[me_"or] =971 X{g(LL_ZWL) < 2N, + g(LL_]WL) A Di1a Pt B2 P PatoPas Pag Pa7 Pag Pas Pas Pas Pz Piaf Pao
(5) 1 1 1 1 1 a_carrylla_carry00
+ZL—1+ZL—2+”.+%} MP LPmajnr
(b}
1, L,—M <0
71X q(L, —M)z{ L L .
A7IN ol -, 0, L;~M; >0 2! 6. Kamnaugh ®& 0|83 H4k Hjojo{A MA:

39 45 39 29 ElLPpinlol SAF3HE vholoj2
4 0 gt FAT HZZA HlPuld) 2
A3 cany® 4T Y 5= 1Y 404 2R
oy} HHAE HE $RE HES 1o a5 GO
FA71E A% Bt 2
o 7Y g vle) 2
3 13 49 28 U

A%l okt Fslojof sk LP
4 ©F olstel vlg Avela,

=

=

mznor"1 carry }\]3—_—'—'
A AN S (se)E

Z3 7y Z) Zj

vy

Full
Adder

v

Half
Adder

v

:L%! 4, X*||°|-0|- LPm/nor EAL H|-O|O-1A g|§
Fig. 4. Proposed LPmn compensation bias circuit.

a_carry0

a_carryl

(759)

Hu 50

(a2Al 72l 4ME2 b)) F25 g
Compensation bias generation using Karnaugh
map: (a) approximation carry generation circuit
and (b) partial product array.

Fig. 6.

o] 43l Kamaugh-maps #Asted =% 2 & 47
3 18 49 2R FAEHA vpolojx I2E F

2% 4 gk

g S0 18 39 dANAME AF7}t M| BER sel
ANEE 5502 FEF & o 5501 {00, 01, 102
HE W) P B4 cary ol 4 6)F 7ol {1, 2
1)z &2 sojo} F}

. OOS(Tr/S):slsO:OO

Hip,. 1=2"'(1-27%)+27'1+2 %) +271(1+27%)
~>a_carry=1

+ cos(m/4): 8,5, =01

HLP,, l=2"'(1-2"")+27 1 (1-2"%)+27(1+27® (6)
+27 114271

— q_carry = 2

=10
T1+2 ) +2711-27%+271(1+272)

. sin(7r/8): 518,
E1L})minor] =2

— a_carry=1



20094 o HX=StE =RX M 46 HSDEHH O3S 37

A 63 2ol carry7t EHoloF s AY LPrinr
9 cary &, a_carry0, a_carryl> sel A&l uwe} 1Y
6@t 2ol TEHAY, o crr0 acarryl 17 6(b)2}
2ol BT 42 Os) Aokrk of A% 19 59
Blastel Ho) Re) Folh o Hore w99
2%, &% WolH H3H ol

IV. J1Z-ZO0| Group CSD 2M7|0| Mg

X 3& 13 29 B FEE QW-DHIEY o|AH
A woz2HE WHER $&ysie 4y, dAbste o
W, (719 2, Aljke WS Agste] oAt wwg
Atoltt. [7]¢] Wil th& 1H Zo] FA7|¢ win
ato] st QAL AY FHe Aoz dHEA Qe
B =RdANe [TeA A" bt wmsich
GCSD_fixed® 134 GCSD ¥#471E <ju]dt},

® 4= £ 39 74 S ol 018um T AL °]
83t FA4g Aot FFTA ALgd ngZo]
GCSD w4719 749 Algket F41719) A 4Ag} &
el B (719 do) A8 o3 HFe oF 0%ol

=, a, AH2E, AGAZE [719) B AHAR
il ] PRy 247 29%, 36%, 10% A= H ),

o] GCSD #4719 * v 2802 CDMA
ow N85 COVA 249 g5g nejeta 1Y
7& B2y Wele] Fxolw, ROM 19} AFE E 59
¥ 3 2o sk 2y ol FM7|el xtMs

t’I
Table 3. Comparison of eror performance in FFT

application.

L 4 iy
Rounding 6.1035x10° | 30518x10° | 3.1046x10™
Truncation 12206x10* | 6.0013x10° | 12418x10°
fe1*} w4 32139x10* | 1.0635x10* | 6.5125x10°
(714 W 14734x10* | 4.1126x10° | 8.6590x10™
A ke why 1282710 | 3.6927x10° | 6.6252x10™

4 FFT 380l oIt Synopsys AlE8olMd Az}
Table 4. Synopsys simulation results of FFT application.
UERE GCSD Gcﬂsnmzi o
2 (cell) 8159 7577 5779
A A2 (mW) 153 129 98
A% A7 Hns) 1025 11.89 932

input 1

a3 7. CDMA EA MEEE 2=,
Fig. 7. CDMA pulse shaping filter architecture.
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Table 5. Coefficients stored at ROM 1 in Fig. 7
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00 1111111010
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CIOICIOICIONCRORCNORCRINCNCRC N R NN TN CRe:)
DR lulbiold | Pog ‘j)ﬂ Pos Bos Poa Doz Pz oyt Pogd

BuBiwPis Pig Py PrsiPisiPia Pz P2 Dy P %
111111 1 1
MP Lll})nq'or LB or o
g LP ”l
a3 8. ROM1 A2l GCSD Z47| F&2& tig.
Fig. 8. Partial product array of GCSD multiplier in ROM
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Table 6. Comparison of performance in CDMA pulse
shaping filter appiication.

FHrj o2} B a3
Rounding 24414x10% | 12207<10% | 4.9703x10°
Truncation 48733x10* | 2243510 | 1.9868x10°
(614} 108337x10° | 49220x10° | 9.6814x10°
74 vy 48828x10" | 13738x10° | 84731x10°
Aekah w 48086x10° | 1.7785<10* | 1.5477x10°
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Synopsys AlE30lM ZAzl

Table 7. Synopsys simulation results of CDMA pulse
shaping filter application.

(719) uh GCSD Aok
GCSD . fixed
A (cell) 6116 2343 1338
A2 (W) 109 37 177
A X 7Hns) 9.56 8.14 446




38

2t} ROM 1o thd GCSD #4719 B8F sjde 1
d 8% 23, ROM 17 Zo] A< Adigte] #& o
Hlo]o| 23|28 0] 83t LPrn. A AstA
oS T&4Q Fdo] 7Medlth B 6& 2% v
A Adtolx, § 7 1Y 88 T Adfeln}

£ 63 X 7oA [719] Wi eae T B,
HELE, A [7d s 22 78%, 84%, 54%
AL HE&S & gtk 29 794 ROM 2~ROM 12
o] Al dEXE FAMS Hgo2 FEE o

)= = Fhce Al o)
TYHE

e

=)

RS
Y A5 E o] &3ty A cany A 28
LA AHA stgth

Radix-2' FFTIA AH45E mgdo] A%
A7) TAZ I AR el [719] WY 2o
HAR, AAAZA 29%, 36%, 10% A= A-&3 Y
on, CDMA E24% de o 239 1%, 84% 5% A
= Z8AdE By

dob pO px g
)
to,

ol ok

H oo X ol

;
P

finj
Ho

[

o

fad

Ho

i

(11 Y. E Kim, S. H Cho, and ] G. Chung,
“Modified CSD group multiplier design for
predetermined coefficient groups,” in Proc IEEE
ISCAS 2008, pp. 3362-3365, May, 2008.

S. W. Reitwiesner, “Binary arithmetic,” Advances
in Computers, pp. 231-308, 1966.

J M Jou S. R Kuang, and R. D. Chen,
“Design of a low-error fixed-width multipliers
for DSP applications,” IEEE Trans. Circuits
Syst. 1I, vol. 46, no. 6, pp. 836-842, June 1999.
L. D Van, S. S. Wang, and W. S. Feng,
“Design of the lower error fixed-width multiplier
and its application,” IEEE Trans. Circuits Syst
II, vol. 47, pp. 1112-1118, Oct. 2000.

L. D. Van, and C. C. Yang, “Generalized
low-error area-efficient fixed-width multipliers,”
IEEE Trans. Circuits Syst. I, vol. 52, pp.
1608-1619, Aug. 2005.

(2]
(3]

(4]

(5]

Mext ol 1F CSD IH7| 44

(761)

(6] M. A. Song, L. D. Van, T. C. Huang, and S. Y.
Kuo, “A generalized methodology for low-error
and area-time efficient fixed-width Booth
multipliers,” in Proc IEEE Int. Midwest Symp.
Circuits Systems, vol. 1, pp. 9-12, Jul. 2004.

K. J Cho, K C Lee, J. G Chung and K K
Parhi, “Design of low-error fixed-width modified
Booth multiplier,” IEEE Trans. VLSI Systems,
vol. 12. pp. 522-531. May 2004.

S. M. Kim, J. G. Chung and K. K. Parhi, “Low
error fixed-width CSD multiplier with efficient
sign extension,” IEEE Trans. Circuits Syst. II,
vol. 50, pp. 984-993, Dec. 2003.

(71

(8]

X X A& W

Z g 238439

20053 MEietn A=}

!

AEAgn FRFANFTE

I HAL &4

2007 ~&A ABostnw AxA
H 5wk}

P e, AEAE, whEA>

3]

o

-

2007d

=

A F(AEY)-nA AL

2000 Y3 HAA-FEH

gAL E4

AEU e JHFAEI

AL &4

AEQ e R EFA
Tty waL &9

200613 ~2009d 2€ : AEW T Post-Doc

20003 ~&A F2FEA V3 dFNLEA H

< FHA Bof > VLSI AaAg, AAY 24

Al, SoC 27

2002

20064

I & 284

19859 HEHSn A3
it 24

n = udl4e FPd e
#7188 AA 24

"% wl vl AEr FE o g
7188 WAl 24
FH, AzAE, TE=A>




