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Abzstract

The ceduction of the supply wodlage oF intercated cereudes I3 very efficlent o gave pawse, 1ogic
design Al [ow supply woltage kas oo be peaionned whle coosidering dhe crilical path. Lagic modules
g e geapieal math bave o be decompazed and parall=lized in g Qifferenr way baa thés: which am
ngz on the cotical path. Parmllelization of logic ciecuits resvles m ke redicrion of e operaging
Frequency as well s the supply valage, Consequenily, Lhe power eonsumption is redueed of several
acwge; while mainiaining ibe same (roughput provided by e oon pardlalized stnaclees, Saveral
examplos am destribed such A prratlelized symebooeus oRmers and shifi reglsecs.

i. Introduclien

A5 the pavee constmpdon is a major issoc,
designers are roquired so design low-volags
circuits withaut any spoed Ioss, MNew logic
design wedhodologies Lave 13 be uzed If che ¥ps
are ngr decreased [L, 2} at ¢he same cxicnt.
Hovapover, ditffereat approachées bives 1 B2 wiid
for lopic madoles'zae: ocaed on, Of 06
locired o, the eridenl pach, A the gele leval,
deceampggition of compbex pates an the ertical
Falh results in FAslec £ames Uips can be Suppicd
20 lgnwer supply woltapes [3). Parmllclization af
modulzs on the crdcal path bas bisto propossd
I SoOpEnsae for (e spesd rediction At jow
aupply  wolwpges [4, 50 4], Howewer,
paralletization gemcrally resulls im0 e
Juplication of execudan pres and could be
congidercd a3 oxpensive by desigoors. Some
sramples desoifed in ibhis paper do oot presentl
such a drawbeck. Chber design mathods bave 1o
be used for tie Jogic modules’ganes Ot ae 1
on the crilical path, such a3 simpliciyy,
cppectlanes, acbvity amd fequency meducion.

1, Critlenl path

it @ nedngen] supply woltge, the OkosL Lmpooam
problee s o> compongate far the specd loss of
e logic modubes acd gaes thar are pleced an
be crivien] path, Howewee, o g mandoow fogic
Lok, soane loglc s npt oo the cridical palh.
Sueh a logic coold be supplicd at & lower sopply
viliage without any modification, o Couid b2
mosified in Srler 1o save power, 1.8, by adopting
simplet arclingctyre or gaw desgn and smaller
AnLisIOrs.

Lach logic sadule oodd be supzed by is ono
Wed in oestee oo peovide the reaht supply vollams
Tor e required specd. The largest power saving
iz meached i5Wod is suth a8 the méduld works s
close a5 possible of Ll freguency Hmil
However, sack an architectwre wmoild reguirs
many CHC-DHC converters and beyel shifkérs. and
cowld seem oty oneealiEEe, Anaher sjpooash

ibal will be deceribed o this paper s & comardmn
Iow supply woltage fac all de lepic modakas, (L
requires tew desigh and Jogic synthesis of Mo
rapdule zrohircclores in soch a way thal all Lhe
modules are close to their frequency Jimit o U
same Looaniom Lo W o,

3. Catl Library Categorlcs

The cboice of very hiph-speed Golls plicesd om te
critical poah is obvicus, However, eclls char are
not placed oo e artical path coniain ovirsizad
Uancisiors, with o highet parasitic cpncnse,
Thias incresees the powsr conjumpion and slaws
down even the oolls which ar: on be J<ritical
path. Figare 1 shows 1 stople exampls in
which p very fast cell s boaded wilth many other
celis that are nol on e oritical path, [T Uiese
cells coniain dversized lansisioes, the [oad
cipacitawe of we very fast cell I3 iooncased,
resultng in o degveased spred. Om the caolrary, if
b grher polls are bow-povaer colls wich smmall or
unsized tragsistors, the iped of ey furst ooll
will be higher and Lhe power cposumption
reducad,

Scveral eoll calagories are berefore uselul in
standard tell librades, [or inscanee thoce
categeedes o [3.7] = a low-power category with
unsized cransisters, 4 high-Spesd cardpocy, and
very high-spesd cells for which Mme maximom
numbesr ol wansianons i serdes ke limdted o oo
If ineee categorles are needed, ao aolomatic
wmnslsoor sizimg procedure (3] bes io ke wiob,

4. Complexy Gate Decomposltion

Twg differcnt cases have to be considerd il
cuch a complea pate is od e cvitcad path,
Bas 1 b decolpozad 35 its debay i3 redueed and
itcan Sis 0 azedeced ¥d [3). Howewer, i quch a
complex gace ic nof o0 Lhe cratical patb. it con
work a5 soch ar a reduced Ydd, and the
decomngosilon remles in e (ransiztors and in
generally g parasile capacitance.



Ancarding o 3 fougd gaus delay model, a M-
input gare {for instance a NAND) concainz a
branch wlth M meosieless in serzes, rasulling io

an dncreased iotéal dalay of Y0, Fudbermiore, -

the Intzmal pardsivs cagacitance ic also rougdly
it o 2 Taebee M. The intesnal delyy pfa M-
input garc iz themfore M#=3, Toe koad delsy of
an M-inpuk game is A as dbe output Capicisamcs
Bas o be charged ar discharged by A braoch wish
I vapsisiors in seciel. Toe 1l delay of an M-
inpul gits 18 therefore delay = M2#3 + M=,

For a 6-inpul NARD gae (Fig. b, the tota
dziay is m 363 + Ga_ If soch B d-input gae i3
deenmposed (Fig: 2D, its cribicdl pauh i made of
3 simple gates i seeigs {2 3-inpat gate, & 2-
inpul gals, an lnwertard, sasulting in a sbocer
aat deday of 140 + A Less paspsidic capaclance
is switched From the ingus o the cotpot The
supply woltage can therafors be mduced b fave
pawer, Homever, If such & decomposed gaee |3
supplied At (e crigingd Vdd, no power could be
sdverl g5 A smipde gate could swilch withdut an
carput wansiden (Fig. 20 I 3 complex gate s
Nt 06 Ebd CTiteal pad, it wocks at the redueced
Yad, Gate decomposivon is thersfors ol
necesgary 1o M Lo be spesd reguirdments,

Sach a gaw decomposition has beon propased
many years age [$9 for bierarchical basb deivers.
Many tri-slats gases oo U sagie bos resulcIn a
vary sooyplex CAO3 gaw and a very large bos
capaciianee ([Fig, 3. A bicrarchy of Li-stale
gater or 2 twee of X1 wuliplesers i3 a much
betler appacmach (532, 4) for Yow vollage circnits,

&, Low-Voltape Citcuil Parallelization
Cirouit pacpdlelizacion has been proposed i
muintun, at 3 redoced Wid, the theouphpud of
Ingic méxlules thalare plaged oo e crideal petb
[4, &, 6] Thiz ¢an e achicved with 2 paralic]
pi chprloed at fb Fosulls are providsd at the
neminal frequency [ ohrough an oulpet
muldpleacr controlled a8 f. Each wnlt can
compute its refull b a oo sloc W odimes
lamger, and cam therelare be-supplicd a8 a ol
supply volftage. 1T the units Jte dalhpiths or
procsssars [4], ey bave 1w be duplicared,
testhuing in an B cmes ares and swisched
capacllames increace, Applying the wall-kndwn
power Jormuba, one can wrils the [Obowing 2

P=M*C* fibd* Vil = C ¢ [ = Vdad

Qe coipld dedwee thar power is saved ondy if Wdd
13 ceduoed. Hewever, 25 opoating frogquenty 35
reduccd, the use of cells with smalksr o lssized
CANSIAOE Il in 4 power Teduction,

Furthermars, some parallelized logic modudes da
not require 8 hi-unil daplicaticn, Tois is L
Cate, [of instones, [r oeodries, 0 whizo each

unlt coowins A data or insinecdons. resuitiong
in the same 14al ared 1 soce e infrmaton
i imoche game O or aoaller CF total switched
apacilamee i colle with wnsizéd transisdacs w
uced (Fig. 5% Im such @ case, (d powee o8 the
Ecllowing

B=C* fiM * Ydd2

AL fizsr ocdes, powee cqubd ke saved cven iF Vid
1 e foduced. Hoowever, same overhedd Jas @
be cansidared, such #s the ablress regisoees
doplication and te ouiput moltlplexer {Fig. 3).
1F W35 owechead 15 not too expensive, such &
parallelization scheme Bas 10 be congidered for
Jogic modules thi are no1 on the criscal pato.
At oA low Wdd, Lhey are working without
parallelization. AR the same line Vi, powes
could be saved I ey e parallelized as dbe oost
of & sl overhead, Memaories, shift registan.
serial-paralls] converters, provids inwreseng
cramples.

In parallelized medoles, operations of the
erccwlion onils or $Ata Accesses In memarics an
perfoganed in am gvetlapped orimterleaved Fashicn
(Flg. &1, The resuld is theérefore provided with 2
M-1 lateocy delay commpaced 10 4 non paralle]
archiledtwre, The opedation of acoess of a onit 2
it started belore the completion of 1he opmation
of unde 1, Therefare, M successive CunpaLpiong
bhave not o be dependent on cach oher.
Coatrolless with A BGxpd sequence of commuandds:
withpul any branch instrodiion or Eakl
memorics used W0 5tore ooefficionas for
progrmeable FIE fiters cao be desigred
accoeding Lo the sorucnure af Fig. 5. One ¢ s0o
oo the ming diagram oF Fig, & bar e gurpol
gtultipleser ¢x be conurplled a5 J2,

Ciencrally, operations are depeadent gn gach
otber. The cnost obwions wayr to solve sueh a
problen L5 o0 ingerL A debay. be. a boad delay for
dependent oporadnes and a branch delay for
brench insiructitns, Howewse, f00 somo |
particular cases in which he opgration
dependency i3 degrmdned, such as synehranous
connteiz, parallelization cen be porfonmed
without delays sibough 1he exl sae i3
depamlnt O L pravidas 530,

&. Perallelized Synchroneus Countec

Figare 7 depicts the flow table, the Bow graph
a5 well a3 e FEM soractwre of & 3-bit Griy
code synebroooos counter. The parallelizatios i
achicved with ted  siate machings chat
impAeine m badf che stabes (Fig. B} of the original
Aow graph (Fig. 7). Each sub-priph contuns
one over rwd sucsessive aes of the otiginal
Mow eeaph {101, THis resuls in A redocilon of
the oubar of ransiziers in e combinational
circuirs (Fig, O, However, e moral number of
erensistors is increased of sbout & Falor 2, a5 (e
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rezisters are duplicaed, COne coodd d=duce that
the switched capacliance C is ingreased of a
Facror 2, but smabler Lransisbors can by gsed as
the reaisters ard Clodked ad (72 The resull eowld
be, at [ictl order, 4 o ilceeatad switched

capaci lancs.

Spead compaison cin be pelormed with a
rough Jelay model in which ibe laoches of the [.
Hip-Flops and ibe outpot mulsiplexer peeseoc
e dély & whils b2 fombinifional circwits
Frecent 3 dilsyr K*A.

In the non pacallellzed coumer (Fig, 100, e
1cdal d=kay is
Tm 2HA4XHA,

T sevenal values 6F X, the mazimum freqweney
Foax is ploted i Figuee 11, The parall:lized
counter [Fig. P workiog al ff2 has eelooe o
LBl delay (g, TOk
2Tz AL
ie. T={1+}LI* XA

Tha cprocgpanding enaimuey frequanty fmox js
-ilso plotted In Figars 11 dmoe ahan only £12 65

PILESIEA Ty dppiiad i Lhe coomier). Homever, the

maxlmum frequency @3 liwited by anothor

condilicn which is (he zuoe of the d2lay & of e

slave of the DeTlip-Flop aod the dolay A of (e

output mualtiplexer {Fag, 100

T=2+n

Such 2 rebariom is ploted 33 an horizontal line
that fimuils e mavimwm frequensy F whon X is
smaller than 2 (Fip. L1} This means chag the
maximum frequensy armol be inoreased of &
faclor M in a W-paraliolization scheme if the
delay af Ule dutput madtipleser is equal o Jogger
than the szlay of the combinational cirenit of
the considened zcanes, maines,

Peeformanges can b compared with a mon
paralleltzed counter with a pawer mhsumpljnn
Pal*+*Vdd? and N apeeationgises. In a fics
case, o We sume Vdd, e throughpet of e
parallel coumee {Fig, 9] 18 ingreased ar 27N with
4 iximom frequency F=3*R02=F Trancislor
$ites caonot be decrcased, resulting in =
capacilance 2= aod & power=2*0. A ipgier
Cosnler is ohained. In a seoonal Saze, dhe same
thrauglvpit I e achicved 36 a Ceequency fwl52 at
the same YWiid, Smabler ransislaes can he gsed,
resuliing in 3 redused power P al the same W
tuc b the capacieangs C' redwion. Finally, at g
redduoed Vdd®, the same throughpuy 2 ig & hiewed
wilk a reduced frequency faFfl. Transisurs st
cannat be reduced dus e e Ykl redoction. Walh
A switched capacicanee 2707, e poger P
redwerlom i s Snly due 13 be ¥dd redu i,

Figore 1T shows the pasledization o 3 pogean
gounter with tranch insuucrioms. Bopiseers erc
reliad wiltly e macter clocked at foaod iwe
slawe lanches etocdked ar £52, The inerlea-od
incrcmenters by 2 alsg work al 22, For g ranch
instuclion, We outpul of the incremeniers ane
ogr wed. A fest brangl adieess is louded in the
mesier during sbe jump Insoracuon 3 weil g%
the 2aAdyesiel in the noxr clock peead.
Toerefooe, We mewory coptains in e some
jemp inslruclion two adiesses A and A1, The
ovetbead dye (o the paralictizadon i3 quic
cxpensive. The masier, the duwlipkxer and the
memery have 10 work at loe frequensy F

Figure 13 ghows e pacallclization of =noup-
down £ounter. The same phased pegisier smuctue
b2 applied, To be capable af switching
imumedialely up and doan while de anput X is
mexhilfitd, the outpud mollpleses has G diltepe
ipis. Io the up mods, inedcaved +2
Inerameniers ae uiad while -2 are used in dhe
down mode. Howewee, during the maition
between the two mexls, the dirsst ouncer s
bas o ke wsed, The paralielizalion overhead s
&lsc quils high. These examples show gl e
pivlbeliralion wilk branch cperalions nee quag
cxpenslve,

T. Purgliclized Shift Beplater

Flaurg 14 shows e stoucturs of a parallelized
shift register. Suwch grewelocss bave baen
propased Ior CCD memocles snd pacalkel
ppslings jn cogipatecs (14, 15]. The inpuc is
successively provided o she upper or 0 the
Ioawer Ball shifl repisier af 2 cedoced froquensy,
whils the Gulpot maultipleoer restores the oo
at the Erequeney f, Tisece is oo lalzncy, as tbe
combinationat eircuic of e sate machins “shill
cepisler” is implemented by gimple wirgs,
eeSling in ne asseciated delay (=0 Fig 117,
Toc k=l number of DaMipops is Be same a5
for the noo parallelized shidl register.

For the oo parallelized zhifc regisier, (e
maximuwm frequency it Jimiled by tne delayg of
the latzbes of the Daflip-flop, e, T«2*A (Fip.
0 wlhib X=00 For the parallslized shifi ecgisuee,
the maviousm, frequensy is limitsd by one lagh
delay and the ourper telliplexer delay, ic.
T=t*A, Az shown in Fagoee 14, for Xul, Ge
maxlmumm fequéncy of the paraliclized sinycioce
iz e samg a5 for the classic slnuciuss {3
Fraxal00 MHz classic shiff eepister can be
teplaced by & fl2=50 MHz pacaileliwed ELil
TeEler, bud il 35 impossibe ta inorcaze Fi2
¥ MHz} Seck a parallelization docs ng
provide Facicr shift reglswees, 10 is ibereicre
wnpassitle 10 ceduce Vdd if the shif) cegister in
af ihe etleal park, Hawsaver, al the same W,
parallclized shift regisiers with the same
IBroughpat presend 2 Teduced power consumpticn
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acearding 1o P=Jr2vC o2, with C'<C. T
hacie frequency is reduced of a [acws L and the
gwitched capaeizance C° i be rodoecd wilh
smaller Fanslstors fov the D flip-Tlops, ar dhe
sxceplion of the Jast eoc and of o output
mulipleoer, The spoed s ooly given by the bt
fllp-flop and Ty the output mulapleser, whils
the ferst flip-fop hag o pick op the dara st Lhe
frequeocy f. The swilched ¢apacilanct of the
clock nide 15 also sgaificandy reduced, Flgune
15 shows am &-pursdlelleed shifl egisice and
Figwee 16 the tcaesponding ot disgeam.

Far &bif regisiere Ubar ars nol the critical pach af
g given low Vod, the design of & parallelized
slenwer shift reglster is acoepiable. The degnee of
parallelisia can be incmased (Fig, 15) wih 2
mote complex clogk penerator (Fiao 16k
resultng in moee pooer sawngs Howevdr, e
delay of tbe aaput musltplexer gows down the
#1ifT cegister comparcd to a non parallclized
suachire 4 Qe same vidd,

Shift register parallelizaliom con bé vscd G
Vimear feed-back shift cegistees [§1) with as many
aqurpu eualipkexers as the number SF isputs of
e XOR e, Figuce 17 sbows an geample with
[wir cnbpet ultplesers. The example io [T11 it
a M-parallefized bi-gil sLIfT registar with -
inpul sirmplficd malliplesers.

A paralle].garin] converter can be designed with 2
Lecnd Bleprarlbelized hif g glsnor. The M. bie waord
i& Joaded o ehe shif eegisor and clocked at fidd
1w th: 1-bie owlput Lkeough che auipot
multiplexer. Figurs 18 shows the paraliellzed
swetre of & 16-hit serial-paslle] eonverter in
which e 1-hir input i 2uecessively lodded in
fowe debir shifl Tepisters clocked 43 74, Power
pomsamption 35 tedineed of a Ncior 4 with e
rame Lhroughpol. As there 35 no ootpul
muliplexgr. the maximom frequency of such 4
stroclure ¢an be muock bigbher than the oon
paralelized serial-paratlel converter, Refecence
[12] describes angaber architociurs with o ciess-
acoess meqory dedicated fur A mulU-way scrial-
paradlel CroWeTTsr,

& alassic D-Fig-Flog, implemented with Lao
latshes o zefics, can be paspllelized while using
twg bawchos in paenlle]l with an lepou
ouliplexer. Such a Mip-fop, uleady weovided by
some filearics [3, 7, 100 35 scositise (o bot
edpas of the inpot cleek sigoal F2 [13], 1 use in
synebronous sysiems fesulis in 4 oagster cleck
redacas of f factar 2 [7]. Any indce slaic maching
may be implemented wilh doobde edgs D-fip-
fleps o reducs the inpor frequeocy by a Fewe 2
ard the power opsumpricn of b ¢k Hes.
Fermizdan 1o make digitalhac copdes ab Al or part at 1kt matcim [z
persanal or Sl ot s i graned without fea provided Shit e coMes ore
oot madn ar ditkrabussd dop profit ar commorzgst aidvaneags, the coppright
sotice, i 1jde of P pablication and 78 Jalé sppent, ond salico & Fven
that tolpht is by pammissica of b ACM, 120, To copy atherwist, &
republish, bo post oo sGoaae 9 1o pedisribuze bo lisly, requices apaeldic
permE=ian andler fee, 122
151 PE %5 Data Podnt O USAS 1585 AT DEsTin-wdd=E0 5 1, 3350

B, Concluiioi

Logic design a¢ how sopply voltope bas ed b
performed whibe comsidaring e cridcal pach.
Logle modales of (e criical parh bave o be
decompoiad and paraficlized in 3 diffcrent wey
{har those which are nok on the criticpl pai.
Farallelization of loeic blocks is 8 very clicctive
wechoigue o rpdecs the powet fonsumplicn.
Examples of paraklelized synehronous douikees
ghiow thar the power conzumplion ¢ be saved
while reducing e supply voltige, Faralic] shift
TEEishecs ESCTLLE mudsd PONcT ConsImERon Al
b game Vidd.
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