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Abstract

This paper proposes a divider structure that combines a carry-propagation-free division
algorithm using RSD number system and a self-timed ring structure. The self-timed ring
structure enables the divider to compute at a speed comparable to that of combinational
array dividers with less silicon area. By exploiting the carry-propagation-free division
algorithm, we can achieve further reduction of silicon area and computation time. The
algorithm and structure of the proposed divider have been successfully verified through
VHDL modeling and simulation. Preliminary experimental results show the effectiveness
of the algorithm and structure.

. Mg drh 1 F shbe A7How W Adels W

olef T shtt 2 A2ol Mg olgshe w

A7) E FHsbE e 2A TN U 4 oldh ! ibdos w Al whge Ae el
WAL Axshe oAl g Alksle ol ole 2e

eE of

CIEEE. A REME s KERRT Afo) 2ol agFlmE Fxe] ek o] gloh
(Inter-university Semiconductor Research 2% 2o wdz s gle At Alade] wE
Center. Seoul Nat 1 Univ.) Rbell ARl A S wol Ax|¥rhkz whel qlt
*EEE. S FRETEN B =EollA Ak FRe W Al uPES A

(Electronics and Telecommunications atod el WA A AREEAE dZ-El=
Research Institute) (self-timed) =2l¢} RSD(Redundant Signed
2 U 0 19934 108 21H Digit) + 18 AA P & FAlel] o] 83}o] rale]

(613)



RSD =

g}
A7l olv] Willi-
Pupoleh ¥ 2%

& o|-g3lo

amsS?Jr Horow1tz°1] 2)3le] b E
= 5 o] Az-eljle H(ring) F&
ﬁ 32 il Fx2 Axblel AE 7
WA e "y 2 A4 E 73 B}Mtk
RSD & %3 AAT oln] 4l dxe]Fol
L5 v} gjrp, M > o] dwelE2 RSD 4 %d
AE olgshd slele] Hupr} gle ALE & £
the ARAE olggbr), slE]e] Hubr) glow
o)gk A7k z|edo] glomg tlAol} wia)-S
2 & 5= glon olF o]&ste] FAloh} kAL
n&HoR & 5 A Hup [5] off xsl

=
n
P2}

23
|
o)
AA

olel]

&0,

23]

] 5 sl bitell tiste] & AfHe) "rabr)
(full adden)2 g7} 7pPssluz #4849 sl=9

o) ol &gt Fao] sFsahct.
R Ak i g

gt o] Pzt ¥ PEE Anz 2% 2 )
G TEsh AT B FEE AU SfEdels) 2
71% wol 29 4 ol

Aol RSD 4 E& AAS o]gstrg Lirale

ZF vk AAE A o4 AlelzE Aabe]R] obw sl Al
Wl o & 4 glola] wlE Alile] slglzlc) v
[3] ollAx 3-8 vo)xl(partial remainder)& -
= dlel= CSA(carry-save adder) & AHE-s}o] 71
glo] Aoyl dagle AR s o] Addg 9

#h4+= 3-bit CPA(carry-propagate adder)& A&
slok 3R o] & 2l A7kt wze] WA Sk
ek B Ereld Alokshs Al prdow 2

& P o] 28 el 29 4 stk @k,

B wwellA Aoksle AXb]e] F2E olgshd o
X-Jr% HAeg v whE s & 5 Al E’D}

2 o= 1A= 24]°P6}~ A4z 9] otae
%. A 72 WHE T 2 e LH%’*}A |
A R dz-gqle =g §l&_ & At
Aol o] Aol gk efolu] ¥A& gk} vt
2o g WA= ou|el A AHrje) gtoge
AT 5ol izt 7wt A2s derh

I

¢z

on

J

FE
F0 2

(5] o &x" Ldwe|Ed [3] o
IR g Zgsle] Aoz "l 2 1
Hog 22 MFE 2 A4vlE A
o] Al471e ke EL QA o 2] 2}
o] % (shift-left)& HhE3lo] 2z 9]

A=

Mo

= =
% Z
-

e

L

2]

nonr-

28 AAE o8

3

i

(614)

Rz-ehy = Aarle) P

ke ot
estoring division& $#sh= SRT division 8 7
& AMg) o] ohgd 2 Ao mEE

R =2(R'-q,;-D) (1)
_2p<R <2p (2)

7] R j:1 2. e fA DA A2
v z]olz RO= #AS, D=
o) s Alejolu},

Al (1)ell4] R”"i & Axbs] A BA ==
AL Fele] AsE a2 e TK7|E AMEs
o B AT ’JJ-:?: g A7EE Folr] $3}ed
oj7]el= RSD 4 &8 AAE ARgsle 1-bit A
7M1 ER FAR JMNE ol gttt olu] IA4
o} 2B UrxE= RSD Abgsla Alpe BE
9l(nonredundant) 2% EHE &g} dwizo
2 AMEl= 1-bit Ml BE ¥ E3 e
ol 1.l 7FEA7F A4Ee Ao A4 £ 9l
e, oj¥3 4] SR E dEA o Fes
471x) eRe] 1-bit A7H71E wE £ gk F oo

H
h
2

A

Azolel g 3

will Al O

[e]
23S
3T
bl

7)ef2] AHg-she RSD 7MI7le type-1 H7HE7I&
ub pAddoh 28 18 RSD %39 49 23 %49
o] o] QAzt wAlg flg Hriabr)e] Fakn 4
RSD %8¢ 23 m3ow wshsls XE Ho 2
o} of7)elA T+ -19) g 79 0 022 03t
e g gl o9t 3 ArmbrlER FAH
THP1E ol 43le] g2l ghell wel 94 me WAs
sl sle]e] "ot ¢lo] R Fhel Widlk RSD 23 &

AN 5 ek

X =AX-$X

-SX+AX+Y=21AS-88

AS=AXY+Y SX 4+ AX SX
S8 AX Dsx D ¥

I3 1. RSD &+ ¥ AAE o]-43 Type-1 A
I EE
Type-1 full adder operation with

RSD number system.

Fig. 1.

#E 1 Rl Al MSDell 9% g 7tel A3
Table 1. The value of q; determined by
three MSDs of R,
-{lxnlxlooooonoootttttt
-{ouorrrllloootrrlllooo
r{lOTlOTlOIlUTlOTIOTlOT
ulllllolloooﬂﬂrrﬁll’!!f




19945 5 ETTHEEE $3146 BR OB 5% 6

RSD 4 %8 AAE AH-E Aol A () 237t
%27 (arithmetic condition) 4l &3} 2
consistency conditions W&ok ghc}

(A DAl BE ] R A Ale]
r'el ke i (0 du O o]ofo} g}
o] F z7AL g @& M AT ZH N
27 4 9lth tjfo] 1 g S E 19 Bal A
zrol R# A He] MSD(most significant digit)
off 2l3le] AYHrg viwd A F=doE T
#Ha 4= 9ot

B R4 Aeksks Aabrle] FER= [3] o
29 Txs} vsd 8 Fx22 5] 9rt, ¥ 2%
Agkels AA71e] AR Fx2E Belch 23eA 9}
o] o] A4zl Fxe F sle] wog sef 9t

flo

Reset

(P )
Panial Stage r
B
Repeating
Remaindes
Detector
—| Suge
M A
Dividend U
X T Diviser
1 Quotient Reg. Full Dons
(1] Reset | o s
h h
i i
1 t
t '
R © |r
¢ e
] 8
A B
a7 2. 2% B FRE e A £5 ool

o3y
. Block diagram of the 2-stage ring-
structured divider.

a8 3& Y& P A 2 WY FRE Ha
£ reset T enabled £¥). 7 @& ¥
e Wy F2E s e whbE AR §
A gt & Alpst vz A whellA Ak
3 R S wela] st ol Abeie] %3
N2 H8 G E Addste] ok de WA &
o old wpz A GegyE] e R gl w2t
el A E o)gste] bR A5E HistA
o, oAy i oy ks A o gt Bl 8t
U A2 F3 veixlE d=stA sk s =
£ WA RSD 7M1 8 AHgshed] Aeie] At
gdeng 7Hbrle slEY bit #7F AXHE Ad A
e AAsHA "o

(615)

QDL(quotient determination logic)ell 23 %
o] AL A2 AAE FE A9 4 MSDE B
I X 1o ejzte AAsHA "t

Remainder i-1 g

* Comp Det : Cempletion Detector
* QDL : Quetisnt Determination Logie

a8 3 =e PSR 4 9y 72
Fig. 3. Internal structure of each stage in
the ring.

z+ HE hH Al A9 2R o FA"Ec 3
e psel HelZadz 4 G2 RSD 7Mb7]
2. A e wizel QDLE o] Foilch 7t 22
Fo- Aake]l 8% 98-S completion detector®
72)ste] g AEE UAAA viE A o) o
ANS & 4 %S reset(precharge)Al#H Folo}
g} o9} o] zt tdo] A AN 2L wrew T4
H7) dFo) F Ale) & "oy o sle] ANE
Wez e AT £ A Ici(iE #Ha). oA
o] zherto 2 vieixx] ¥ & & 5 HE H8e
sk [3] o AXbld v)ate] HE HAL wel
N dhind =

(3] ol 2= Aa wpArpR 2 F2 beR] 2] A
MSD Al4r# QDL overlapped executiong °]
4gogx Ass oS A & Aok zeid
1 F&2F i b=tk 29 4% overlapped
executiong o|-&3k= 44 dA" T & 29
Wy F2E Bach o] FFole F e £ Tel
A e 22 ez AR A =k 4 sHe 3-
bit RSD 7M7), F70¢] Hel&ax, RSD 7Hi7|
2 45y B4 92 QDL oy & o] #n,
W9 3-bit RSD 7M7), F A9 HeZerz,
) ©he ohe 2 we) RSD 7M7)k QDLE 74
Hop agolld] BRe] o] F 2 <o WiF FEE
Az et olYA s A4 e wepx|AR




84 RSD 4 28 AAE o] 88 Axgol= e 2z e

Remainder i-1 Remaideri | Remaider fo1

Quotient {-1 Quotieat § Quotient i+ 1

33 4. Overlapped execution® %% &8 FAsh= 7 whe] ¥ 722
Fig. 4. Internal structure of each stage in the ring for overlapped execution.

Zh & wivtbet 3-bit RSD 7Mbb ) A b 3
ok olet a-g PAskE vk vt £ owijg Zols) N
B2(I A #an) AA st=delrl wo] Ax|A = {
ok zevh 4 Y] F ol FRstuz (3] o W g
9 Adcie 32 wyog Fio| spgsic

Overlapped execution®] ©]Foix|= 324-& A
ek ohe ot veR] 1§ oi-le] FAlel
£ 2ol 7Hgsld RSD M7 17 UmA] iE A
Abshe= E¢F 3-bit RSD 7Mb7l+= QDL2] 132 Al 3 6 Dual-rail A7Hb719F 2 g 72
Atk (B e Ao ok A7F Agdoz glale] Fig. 5. Dual-rail full adder and its internal
RSD 7M17 23 SA Adke A=k, 294 structure.
QDLe| AMEE 3k 5)F Y A] i olu] Aals]e
der2 ohy & w9 3-bit RSD 7M7L& v
Al AR 4 9lA "o} o] F Aldle] Euvlw o}
+ w2 RSD 7H1719} QDL Aol v =} i+13
% it18 A Ak 4 QlA i

dubH o2 AdZgljle =aldix] Aike] 2F=4)
& AR $1s8te] dual-rail encoding g ©]-4&
o}, & =34 Alstsle Al4brlel AHEElE type-]
ArHble stedelzt 24 371 gleol dual-rail
2 g 4 vk 2% 5% dual-rail type-1 374141
71o] FE2F B Frh I¥lA HEo]| o] HrM}
7]+ dual-rail encodinge] & A §J#-& wlolA
dual-rail encoding®] ¥ MelE Al4bsle= 2] A
A71et & Akl g 7R pAEd o) F
32+ DCVSL(Differential Cascode Voltage
Switch Logic) [9] & AAlslgder 7 Aapb= o
o 67 32} (a)

Coutw AB+BCin+ ACin

(616)



19944 58 EFTHRERWGEE F 3148 B % 5%

o

e F=a

) -3

5 -°

Cin—{ i—c—h
Sum = AEDB D Cin

(b)

713 6. Dual-rail 711719l DCVSL 3 & (a)
carry generator (b) sum generator

Fig. 6. DCVSL circuits for dual-rail full
adder (a) carry generator, (b) sum
generator.

. etol2l 24
B =FA AeksteE Aabr]e) ExelAe FE
uez)7h AlbEle] Eeole ekt s Alsot
HhAEle] Eejrvhe oubakel] oigh ele|n] FAle]l w
T s}, 7 HAEdE A7 xds 3
A8 29 vhga 2o
M2 non-overlapped execution?
oA &ubeke] 1Al 7 & (critical path)
A, RSD 7Hb7], QDL A #& 3=z=
Al el 2he stell HAxAl Hrh Backward Y
WA Az A ewske 2 QDLE A3 3
© 2 completion detector, C-element®d 7%
reset A13& 5o RSD 7MH71-E prechargeAl?)
I t}A] completion detector 713 reset Al 3&
ol Zozx He|ZHME enable AR vl
= 727} A} Backward Wk dA HEze F
Ne] Aetoll AAA EalsA Hop A5S A4
717 ke WeldA HE s e 39 5
N& o} A3} o] AlFr} supgko 2 27 oo
7)o Al7Hforward latency) Lot vl wheko g &
g7zt wle] z]ed AlZHreverse latency) L,2l B]ell

A4
£ =)
.?_

4

a4

617

85
osje] AR}

N=[201+L /L) (3

A

5
2

[3] o xR Aib7) AS- L/L7E 1. 1el22
chAl Hel who R alg FAFivE B =Fel A
orshe FRE $oM dua A AZE sl
L/LZY 2.08 9A @& 7o dl4b slod oA )
o] 2k dholwd F¥slcl, gDz R oole & g2
25 #Huge) A4S ¥ 4 sl

Overlapped execution?] 7% swhake) oA A
2+ 3-bit RSD 7M7), "el&3M, QDL. th&
el Ae] HelEdx] QDL oA ¥E sgg 7
A=lr] Al AN AE whel] AAAM EAEHA "o
Backward #9329 4 A2 4 owgez
QDLE A3, Huske g completion detector.
C-element® 7# reset AlZE& wHEo] HlZ A2
e thellq 3-bit RSD 7Hi7], QDL. latch&
prechargeA1 7|32 ©}Al completion detectors} (-
elementE A3 reset A13E Fol Tozw o A
o] 2k wiellA] RSD 7HMbr]. 3-bit RSD 7M7),
T4} HelZe4]E enable AElE vlte] T A
27} ¥}, Backward Wkl lA AzE F 09
242 o)l A A EA|EA o,

I3 72 overlapped execution?] 7% z+7}+e]
2L wrol|a] o]Rojz]E Aite] WE) glolulS Mo
o}, o] A vrle] & WoZ ojFoixlng =t
< @2 A AL =k o] AAb7]e £ AlEe
ojsle] EriEle] lA] w3 AZ-elgl= =gl ]3]
o] FAE Rt ope}l | FxE Fel 9l7] Wi
7k &k odate] Alabs|AvE EFuje AR o) afe}
A vhag gt 22 dolgix ¥ WA ykE od4al
A7tel Wt t2nw g Fojx Aibsir] A
ol e elolu)g Holy] oy} 1y 7L 7%
Al B ARt glo] S o Fi= AL oln o}
gF A AR FAbe] AZEA 2.2 oA o] Feix] =7}
£ 2o F= Aoirh. a¥elM HEe] shie 22
dellA evaluatione] Byl = wk2 hold Arel7}
g i ofg 2hE 9] evaluatione] AlAbErh
EAlol) upE AMe] AR tho® reget AlEE WU
precharge AlZlth, w2 A 22 tdo]| precharge
Hw Aol H e tro gl reset A5EE Eo]
enable A7t}

Overlapped execution®] 7%= L/LZF 2.0
Hrbe Ahg 71 g oladEe] oAl sRe] 2k wholw
FRslc} e £ RY & who] AN 2R kg

=4
T

o]



86 RSD %
ez AsHes ) o) & ce] Pashl €
oh ole & w=ellA Alokehe non~overlapped )
Ab719F vl W 2 ool E dg g shx|qt
[3] o xS AA)s} wlmakw o) $ob oAl
Aol vl Az Fol o e Ael Bdow 7
& 4 glet

Sebouge 1 | Bratese | HoM _ I Procharge L
I ]“‘gv.,... T L"}..‘;...g
s e g v | w1
Sebemge 4 [ r..a....‘ _ a..sh[;nu- Heid
swoness Hn ] .-(\‘mnun‘“wlm[ e
Y R S I “Ln-gl_v_l_
-« Bene e s
33 7. 45 AZ-glgle A4k glo)w] B4

Fig. 7. Timing analysis of the 4-stage self-
timed divider.

B E=goMe 7Ee] o 72E
slo] At WA & ApA|sldA] s
o] F2E Akt eole
sMele) Mgy Be gl RSD
o] ARg-ge24 7hsshsdch

Al Ak okdl oz FHERA = goko

2 dwals 9 F2E VHDL™ 2 338ty 29
Ay Fozx H5skdck =& non-overlapped
execution®] 7% A= #elolx MOSIS 1. 2
um CMOS A Fa-& ol8sle] AAddded =
& T AR 932 4.2 mm*} 5]31#04
SPICES o]-&3% 2o Ag A b el s 3=
ol 193 ns7t A3t} SPICES o843 29 Age
e ede] mixlg gAlolA RSD ele] & ul
& n oA e ulie] F]

¥

T

A CPA
(carry-lookahead adder AH&)+= A9l lc}
[3] olxe "WA™e]l 7 mm® £E7} 225 nsE Hof
ded WA A ojuld el E R U
BEsla] gdol AT vlas) ot S &
FollA Akl wAle] cfa whE Aoz —rﬂﬂﬁ}
o] AgL ofz] ofuAl Zog Hololto] izt W

A3} g A5 Tl % 2 AAE IS

L

X Y& H2Z ARl
A A4k7l= mantissa 72 e g8
sle [EEE-754¢l 2|3t wid s HF 45y AR

EH AAE o] 43 A=-glE A 2

(618)

A o

sled exponent Afele] WAl H.3ol AR Ho

We weis} mm o) selFlof & Zolvt.

2ZAtel 2
2 eRola ARkeh: ohuelE W T o A
% 0 dolobig Es} F o7 3N S =3

o}
% E X H

[1] T. E. Williams and M. A. Horowitz.

"A self-timed chip for division.”

Proc. Conf. Advanced Research in

VLSI (P.Losleben. ed.). pp. 75-95.

MIT Press. Mar. 1987

A. Avizienis. “Signed digit number

representation for fast parallel

arithmetic.” IRE Trans. Electronics

Computers, EC-10. pp. 389-400,

Sept. 1961.

[3] T. E. Williams and M. A. Horowitz.
“A zero-overhead self-timed 160-ns 54-b
CMOS divider.” IEEE Journal of Solid-
State Circuits. vol. 26, pp. 1651-1661,

in

[2]

vol.

Nov. 1991

(4] S. Kuninobu. T. Nishiyama. H.
Edamatsu. T. Taniguchi. and N.
Takagi. ‘Design of high speed mos

multiplier and divider using redundant
binary representation.” in Proc. 8th
IEEE Symp. Computer Arithmetic, pp.
80-86. 1987.

A. Vandemeulebroecke. E. Vanzi-
eleghem. T. Denayer. and P. G. A.
Jespers. “A new carry-free division
algorithm and its application to a
single-chip 1024-b RSA processor.”
IEEE Journal of Solid-State Circuits,
vol. 25, pp. 748-756. June 1990.

[5]

[6] J. -W. Kang and K. Choi. “An
efficient self-timed divider.” in
Technical Digest 3rd Int. Conf. on

VLSI and CAD. Taejon. Nov. 1993.
[7] J. Robertson. “A new class of digital

division methods.” I[RE Trans.



19948 5H HETFTHERGE
Electronics Computers, vol. EC-7. pp.
218-222, 1958.

[8] K. Hwang. Computer Arithmetic:
Principles, Architecture, and Design.
Wiley. 1979

[9] L.G. Heller and W. R. Griffin,
“Cascode voltage switch logic: A

CE K 8UERAR)

19554 8A 30, 19784 A%
ogtw AxlgEst £, 19804
g=uad A7) F AAEd
A A} 19894 v1=- Stanford ©f
& A7]gEEst 1Al 19784 ~
19834F ()34 AF FddF &
19894 ~ 1991% v|= Cadence Design

=]
T

System. Inc. &5 19914 ~ &z AEchst vk

EATEATE % AARYY 2w 2R wob

= CAD. VLSI A &

(619)

#$31% B B5% o7

differential CMOS logic family.,” in
ISSCC Digest of Technical Papers, New
York, Feb. 1984.

[10] The Institute of Electrical and
Electronics Engineers. Inc.. IEEE
Standard VHDL Language Reference
Manual, IEEE Std 1076-1987. 1988.

% % P(EER)

19584 3R 13A*. 19804 A&
et dagetst E4. 19894
R EARa b L A B e
Ab. 19934 vA7F FRchEta A
71383 whab 19824 ~ 1987
F FAHEN(F) &F. 1987F ~

A

() 25 A AR
A19)e1 74,
CAD. W@ el B¥%e 59,

e

1988%F oA
Je H/W a4



