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In complomentary CMMOE civenits, the relative
pesitton or ordecing oF transisiors in cach pate bas a
significant impact an the power disskpation of the cieowil,
In this papss, wre present 2 new dppeedach that effactively
aptimizes the oofering of transistors in couplex CAT05
2ates such thar their power dissipation 15 tininized, The
oodering alrocthm uess w nowel BOD cepresentation that
gives 2 cangnical represeoration of both e siowciare awd
Baalzan function of 4 CRMOS pate. We peesenl algorithms
for extracion and manipulation of this BEDD reproacniztion
{ealled a SP-BTA, Using 1lis cepresentadicon, we present
an eppgaach that effectively oplimizes the structure of
complex zates. RExperimenis on g set of benchimack
Cireuits, shows a redudtion in the power consumption by
|3% om averags, and uwp fo 175 for complex gaes with a
lugl cenedecing potearial.

1. Imfroducelon

Complornentary CMOS circuits corstitite a lage
poction ol curenl VLEI desipns. Consequently, the
serwecsurs of CVOF pates has a significantly impzact on the
ial power dissigation of wdays desigos, and needs w be
examined for power optimization. The relative positioning
of wansisiors in & cotoplemenicry CMOS pare bas o
significant impact on the power dissipation of the gata.
Reordeting or sestructuring of the (ransisions in a gomplex,
rate chimges the capacitanes than is eharpedfdischuriad
when ths gate cutpot switches. It alsg affects which pachs
in the gae seilch, and ar which poinl in 1be path,
Furthermore, the gate struciure affects the delay through
he gate. Finding che gate structure with a reansisior
ordering that minimizes the power dissipation, bul meeis
the required delay constraint is, thescfore, a non-trivial
problean o complex gafes.

In [I-3], o oumber of olgorithms for tronsiztor
teordeting are presenfed. The approaches, however, ane
limited to reocdering ddoog simple paths of tmosistors
connected in scries. These epprosches targct the pin re-
oIzl ket prablent for Jibeavy cells, For caniplex gases,
Fermission to mika digiiolhard coples af all ¢ parl of Wiz natesial fue
PrGdal Gr elas§oieam ues i granbed withoud fee prowdded thae 1keoaples e
N ade o drwibubed for proit or comeooreisal advaniage, te oopymghl
nocher, che tiale of 1iee grublasacan anf W Jale appcar, and eabice 35 gren
taac eopyrlphs iz by permizsionn of che ACM, (o To topy céhereise, o
repubtich, 10 past om Rererers ot 40 edisinbute do llge, ISguirs spetibe
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pin re-segimnment ig often nited oo a faw inpubs sinee the
siroctuee of the gave musl remain constant. Only the
differences in arival Gmes and switching foequencies of the
swanpable signals can e exploited and the improvement in
power dissipation 15 unnecessacily limited. For ingtance,
for the complox gate shown in Figers 1a, ooly inputs P
and G ocan e switched by pin-réassignment, While pin-
reessignment iz an effective means of optinnizing-cieouils
when & fxed litrary 15 aleeady in place, more improvement
in the power consumption of circuit is obtainablc if the
topalogy of the circuil i nat fGixed and the crcdil sioustuces
is oplintzad,

in the approach presenied in this paper, 8 complea
reordaring of the transistors is consldered whers the
sracture of the circuit is modified, Restucturing of 8 gate
has two advanteges over input pin re-assignoent, Fiest,
gade peslruciuting allows al inpuls w be reordered so
exploit the differences in arrival time and switghing
frequencics of all inputs, Second, restruciuring Lhe gate
ehangss the capacitance of the nodes along the conducdng
paths in the gate, Thiz can be wsed fo minimize 13e oral
capacitabce thal is chargpdidischaceed abong feguently
switching paths of the gete. Figure 1b shows the gaie from
Figute 1 after the gate restnuctuting appeaach présenlad in
this poper has beed applied. o the rsinkwred gate, iopats
B and C arg cxchanged, which can oot be exchanged in a
pin re-assipntienl approach,  Also, the capacitanco
cocountered along the different paths in the gate are
changed frorm the ociginol <irdwits, For instince the
capacitanes aloog path A -3 C = Din the polk-up side of
the original cirood; is significantly ditfecent (o ikt along
the aquivilent path I == C == A in the restructured cireuit,
From 1he: cxample in Figorg D, it @5 cloar that the effect
on pavwer of & particular Sivtuil resliuctodng is difficatt wo
anticipate. Furthermaore, the impact of & circut resruclonng
on power is Jependan an che Ligpud swltching Traquencies,
the input arivad times, the debey requicement, and the
transitcr sizee. The restructuring of the pull-up snd pull-
down pathions of The gate also affect cach olher, Each sode
changes the chage shanng effects and rate ootpat Joed sezn
by the ther stde, Thorefore, a restrocturing spprosch nst
sirtuitnesously opticiess both tides of the pupd network
and can not consider sach side icdependendby.

We present the following approach o Lhe gale
restructuring problem. Firss, from an initial gate topology
wo cxiract 2 BDD {binary decision diageam) based
representation (called an SP-BOD; for the entire pats. The
SP-EDD vsee an input variable arder, sucl ihat the B
representalion is A canonical represendation of both the
legie funetion and the structure of the gute. Using the SP-



BDD represcneation, we can efficientty gencrate all
possible circult structores for 2 given gate. Sioce the powey
consumplion of each possible circuit stewcturs s highly
dependent on the behavior of the signal inputs, 4 pessible
airontt stroclure 13 evaluapsd wsing switrch-davel simoiation,
The presented approach was implemenicd and tested on 2
punber of benchmark ciccouits. The pawer consampiion of
ds2 tegied gates proved by 15% on average, and as much
a8 17% for seane gaies-

The reanained of this papet is organized &5 folows.
Spotion 2 presents an overview of the proposed SP-BED
réptesentation. Section 3 prosonis algoritims for éxtrction
and manipulaticn of the SP-BDD representation for power
optinization. Section 4 presentes the algorithm for gaic
structure oplimization, Section 5 presents the exporimental
results, Finally, Seclion & stabes some concluding rernarks.

2, Serics-parallel nedworks and their SP-
BDD represeniaiion.

A lacpe portion of digital OMOS circuils can be
divided joto pol-up and pull-down aerwarks, zlso callad
pupd-networks, & popd-netwerk is a natwaock with ons
goupce and ooe oulput terminal, The source termingl is
connectsd o @ node wilh a constaot paential, VEE or
Y00, The output nods is connecled v the gare putput
noabe and haz a varisbbe patenial. Series-paralte] networks
{ST-natwrorks) are widely used as popd-networks. I this
paper we Timit curselves to pupd-retworks ot are SP-
netaarks, containing transisors of a single gype {0 or ph

WVarians representations of SPaetwork wess developed
tar specific purposes [3, 41, Hovweves, no ovethixd sepresents
simultancously 1he stacturs and the Boodean fanction of
an SP-network. We propase 3 representation for SP-
netwarks and their eorresponding Boolean fundlions Haged

- aan & new dype of BDD cafled the SP-BERT. The SP-BLD
reptesents not only the Boclean function of & SP-netwerk,
Tt #iso its topokopy i a canonical foume.

A transizeor oetlist can bae represented 8 3 pon-directsd
graph (girouit graph] with verlices represcnting nodes and
edges represeating Wapsistors. Let A dnd B b trapsistors in
an SPpetveork. Whe dafine shat A«B {"A 55 sarlier than BTy
if there is an acyeTic path in Lhe cieouis graph, stasling at &
sonece pode and ending 2t an owput nede fiab cootaine A
and B, such that A precedes B, It ean be shoon that:

1. Bclation <" i a partial ordecing, -

2. Tlya SP-network topolegy i fully described by the
partial ardesiig of the transisiors,

Theeefore, an SP-network is fully specified iF and ooly
if the lizt of transistors and their partial eedering are
apoaified,

We can extend this partial codering for an SP-network
2= follows: If an SP-oetwatk conlains the SPoperwork
Z=parallel(X, ¥}, where X and ¥ are alse SE-natworks,
then gither

1. a<h for any a fom K and b from W o,

2. bza for any & from X aod kb from Y,

T ¢pn be showm that ihis extcoded orleriog is lincar
grdezing for 7 SP-betwork of wansistors. The extended
ordeting For an SP-necwark is compatible with bodh its
partial ordering and one of possible partal ordecings for

coanplenentary $P-network. Thersfore, o signle linar
ordering cum be foond soch that it folly deseribes the
Inpoligy of iwo comptemeniary SPaeiwarks.

In eddition to the topology ioformation of & 5P-
netwogk, it is desitebla to reprezent the Boclean functicn of
an SP-petwork, BDDs & provide poputac and effestive
reprecenlation far Boolean functions [F], There are various
modifieations of BDD: {QBDD, RORDD, FREDD [8],
ot ) ROBDE [6} (rediweed ortlersd BRI} is e most usilde
modifigation, for which maey cffective algorithrms are
developed, For a given Boolean fungtion and an arbitrary
order of Argumients there is unique ROBOD, Given an SF-
petwork, we can eobstroct un ROBDD for it Boglean
funciion, By choosiog the cmended ordeting of g
tramsistors o§ an grder for the B arpuments, we get an
SP-BIT. An SP-EDDS has two impestant properics:

A. Af SP-BOD i minimal in size, sines it conteins
exactly one veriea for each argument {Icansistac].

8. For a pair of complementary pull-upfpull-down
natwrorks, an SE-BDND is onigque.

Therafose, the BP-BLIY is & canenitd] represontation
for both the lepic function sod  the topology of a
comtplementary CRIOS logic gate

3. Algorithms for construciivg an SP-EDD
from 0 pupd Detwork.

Trach vertex v of o SP-BDD has tw vertifes an soms:
low{v} denorss the low-gon, and high{v) denoees the high-
gom. I X is SE-BAOD then root(X) means Jis cool vede,
Contrary 16 §6] wc do not stoce th memory the leaf vertices
of the SP-BOEN Instead, we make the simplifying
assumption that every wertex of BDD with
vegres low=MULL has leaf vertex "0" a3 53 low-som and
cvery verten with vertexhigh=NULL leaf wertex, "i" ac it
high-son_ The corresponding SP-BDD coosists of a signls
wertex v ol Towivie and highel=1.

low high
Figure 2. An SP-BED for a single Rnssws,

The following operations 0a a BDD can be defined.
Lot X ke on SESBDIY for an arbitrary SPapctonrk. Let Y
be & sibpraph of X generated by noo-leaf verices with
a.index <= verten index <= b imles, where 2, b are noo-Jeaf
veptices of 2. In this chse we say that Y i3 an interval of
X: W=interval {X, o, b, Fupthermore, let assignment
statemeok low!¥)=v be defined by the following psewdo-
e

for (el vertices of Y |
if {lowa{vertox) i net in Y)
verton Jow = &

!
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Sinilarly, highU¥ }=v meais:

for fall varizes of W
if (highiventes] is ool ih )
v high = S

'

For the sake of cleatily, we uss the the same naotation
for clements of an SP-BDLY aiyd (he coresponding cbaments
of an SP-network. For example, "X" is wsedt for both ao
SP-network ind the ¢orresponding BRI, "a" denores ihe
SP-BEDD vertsx as well 4 the corresponding argament of
the Boolean fubction aod the comrssponding trangistor in
ke SP-nedweork,

If X iz a SP-EDD and v is the wertex of X, we can -

divide X into two BDDs Y and £, where reot(Y)=ooom )
and peo{ZT0=r. For this operilion we yze the nodstion:
O Zr = divide {3

Qn the coolemy, we can White several BDD: A, B, €
oo cne crfered graph with the following coder of vertices:
first all- verticee of A, second Al vertices of B, and so on.
Etr this operation we vse e notation:

X =ander (A, B, C,

In sfwonfd b noted that after this opacplion X 35 not yet
en SE-BED, To ransform it to an SP-EDD we musl iaka
the reint venlices of B and C the song of some other vertices
with Tonwer indices,

% can also onite tae BT X and W mtn one ordeced
graph by inserting o] vertices of ¥ after prescribed vertex v
Bt X and before all subssyoent vedees of X

T =insort (X, v. YH

It shoukd be nowed thal after flis operation all
eanrections between vertioes of X are preserved.

A series connection in an SP-natveatk Z=geries{ X, Y}
is defined below in 1eems of an SP-BDD and is illustreded
n Figure 3.

L=order X, ¥k
hiah24h = poor {57,

Figure 3. & = series (X, Yk

Sirnilicly, & parallal ¢opnection in an SP-notwotk
Z=parallcl{X, Y iz defined below in temys of an SP-BL0D
and iz illwsizaded in Figurs d.

Z = order O YN
low (X)) = £Y);

Figure d. Z = paralle] (X, Y

OF course, the same SP-network Z=paralleli i, 1 can
alsa be definzd os fallows:

2 earder {Y, X);
Ipwl Y} = root [}

Therefors, in lerms of BDD:, paralle]l (XY} and
pacallel {7, X are two differenwt BODS fepresandng Single
EPnsiwork,

A girguit of moluple pupd necworks is now cxivasted
interms of SP-BODs by the following algarithm, Ficst,
the circuit is partitionsc inbe T -ponnecicd componcns
{(DNCCCH, Than, ezt THOOC §s pracessed 48 follows:

First, an nitial path from a sourge node {sither ¥ 58-
node o VDIR=node) ta any output node (ode with terminal
coneected racsistors of both types} iz found. The initial
puth is deiimed by the following sequence of nodes and
transigtors:

Bofd-tq0]--..-nofi]-w[i)-. -l e [n-1] -hofn].
We construct an SP-EDID for this path with nod:
nof{d] as source and nede noln] 2 cutput with 0w function
M =make_bdd (path) as defiked in peeudo-cods below:

for {i=tl; f<m; i) {
creabe {¥{i]}; ¥ cragie new verto %/
w[il.ccansisior = efi];
v[i]nede = nodefil;
Wi} index = i
=0y
vi-17.tow = NEILL;
v[i-1}high = &viil;
1

]
vin-1].Jow = NULL;

wi=1Lhigl = HIILL,

crefte (XF # coeate ew BDD %
Mo = Sev[ U]

Hiype = r[0]4yps;
Xooutput_poxde = aofu];

After the ininal pa is foond, 2nd its corresponding
SP-EDC iz defined, the following sequence of sicps is
patfortied to defined the SP-BDD for the dntire SP-
netwock:

f. Search for & chord peth {uny poik connecling (o
nades of an alrexdy found path).

2_Forni an SP-BDD for the cherd podh according he
algorithte shavm aboe

3. Include the SP-BIDD al the chaed path in the SP-
BN of ihe tota] SP-octwork
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The SP-RDD for the chard path iz included in the paral
SP-RDD a5 Tollows, Let ¥ he EDD for the total 5p-
metwork contaning 2 patk with as first trnsistoe & and ac
loat tensister b, whers a < hora = b Lot ¥ ke the SP-
BDD for the ghard path that should kave X inwotnected i
parnllel with mentioned path. 1 15 alen assumed that X
Joes not contain any different path in paratle] with the part
of the mentioned path, We wse the following neation for
thiis opemation: X = includs (X, & b, ), au defirsd belowr

I = interval (X, 3. bs

i[ fblow == WULL && bhigh==NULL) {

o= opdor 5 YR
}Im" {£1 = root (1

glee |
7 = insert (X, B, ¥0;
bowr () = Lowr (B0
high {7 = hizh (&
’1-3'-'-' {L) = neat CE )
KX=Z;
An exsmple of a pupd-pevwork and itz comesponding
SP-RED built by the algerithm is shown 1 Figure 5.

4. Transistor reordering using SP-BDDs.

We present the fallowing algorithm of transisoT
reardering For power minimization under delay consiraints,
Lel ¥ be SE-BDD and lat v be & verex of X, To denoie the
previons and the wext veriex of X we wac the: following
naotation: previous(K,¥), nestlv We congider transistor
roondering in pupd-netwerk as a stquencs ol elemeniaty
rearderings. Boch elementary reordering. called a
ceries_change, 15 performed a5 follows,

Let K be pupd-nerwock dor corespoidiog SP.BTY)
and Jet W be subectwark of X such that Y=serics A B,
where A #ither fontdine a singhe wensistor or consists of
two o moee SP-netwocks coonected in perallel fthe sams
for B}, Serics_change mokes the following subsfitation:

st AR - series(B AL

Tt A 35 ininially eonnected to oode, a (as soreenods)
and to nede_b {as enutput_nede} and B is shitiadky cannested
to node_b and node_c, then geries_change includes the
following sbeps:

1. Tidscemoect A from node_a and node_b;

2, Déscopocet B from node_b and nods_¢;

3, Commeet B to node_a and node_B

4, Connect & 1o pode_b and nods_¢,

For corcent state of popd-network X, sxactly o
differstit clermemary reorderings 2re possilile, whene b is the
pumtbar of Interoel wodes of X, In terms of the SP-BLD,
we pecfarm the elementary reordering by changing plooes
of two heighbouring intervils in the EP-EDD. Ao giunple
af clemankary reordecing s shown by Figure 4.

The: Teardering alporithi perfortns inansistor regdoring
in puped-tietworks a5 A soguenes oF clemenkary reorderiigs-
All poeaible elementary coorderings for the current state of
puptl-petwork aice ordered by comesponding SR-TDTY, The
SP_-BDOL representafion, therefore, allows for an efficient
saumeration of st possible clemeatacy reordecing, far bolh
the pull-up and pull-down sections of the gate.

It is Jifficult 1o predict exactly how cach elementary
regpdering will affect the power and deliy cherocteristics of
the gate whean changing Rlaces af vy aelirary 5P-
patworks, Therefore, we caleulac: power and dulays befor:
and after every clementary reeedering using a swrngh-lewvel
smulsitor. Switgh-lewe) simulation has the advantage (hes
it dircctly medels she switching frequencics md arcval
times of the inputs and interoal nodes and e sill Fast
gnough i@ perform ao evaluation of gl efetnentary
crderings. :

Glernentiry teosdering changes node capacitances e
pathe of their chargng and discharging, Theeefors, optimal
Lransistor sizes before and after eletnentary feardering ars
different, We parfonm tramsistor reorderiog for the circuil

© itk minimal Tansisler gizes. Reopdening is then followed

by trangistor resizing to meet the delay constraints.
Iniciully, oo recrdering dgogithms wige cxamined:
1. Al popd-hetworks ane roordersd to reducs power,
2. Crilical pupd-tetworks are reardéred for delay.
3, The cirewit is resized to meet delay coalstraints,
Eoaever, exlensive cuperiments shiowed thit all the
i in powet tesulks from the firsl stage, while the second
stame has aimose o ueefiol effect

£ Experimental resulis.

The dasrribed reerdesing alporithon wis implemented
and tested on & nuinker of cireuit Several beachmark
cirenits were selected for this perpose. These circhils
contmio pull-upfpall-down wetwerks off various gize. Foo
every benchimark cirguil transiseor Tesivilng for power
aimimizafion under defuy and input capacitance consrains
was performed pefore and after reprdeeing, and the resulis
et Gooparcd,

Values of switching frequency and avrival fire foc
cirpuil ibputs- wrere obtained wsing 2 tendotn nombsér

atar. These vidues were used in the power culculation
by the switch-level simulation. Testng resulls ane shoan
in Table 1.

Takie 1 shows thut the power dissipation of the tested
circoits 5 teduted by 13%, on average, Maore complex
pates, such a5 And-Or Grcuits ared the pomplex gats el
show 2 mipnificansly highor Improvemend i povarer
dissipation. Tt shiuld ks neded that these gomplex gates,
civcls &s @G321, 4T quite common o fpTent sironit desin.

&, Conclosions

In this paper, we presenled a new JppEQEch t gatc
reordering,  The proposed reordering appradch s ool
Timited i pin-reassignment, but perfoning 2 moss eitensive
optinization by modifying the stk of complex pAtes.
The optimization spproach usés 3 new BD based
repraseotation, called an SP_BMD, which iz & canonical
zeptesentulion of the Boolean funcHon, as well ag, the
topology of the serizs-parallel gate, The prasented
algaritheas were implemented and txated an a nwmber of
benchinark cirouits, The experimants show that the power
dissipation improved on average by E5%. For comrmaonly
wsed complex gates, such as wn AO3ZY, the proposed
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apptorch nproved the pewer dissipation by az muech ag
17%. The preseoted almerithne, thesefors, ane a pratical and
ebfcctive approach i low power design,

Keferences -
[1] EBE.53.Carlson, CYV.E.Chen. ~Pocformancs Takle 1. Power resulliog fmmmg'ng
Enhincement of CMOS VWLEL Cirguits by Translstor o .
Regrdaring”, Proc. of 30tk DAC, 1993, paal 266, Circuit Initial Einzl Power
[2] 8.C.Frusod, X.Roy. "Circuit Optimization for
Mintmizetion of Power Cossumption onder Delay . Power Power  Reduct
Consteaint”, Proo, of Int. Waockshop en Low Fower Bland 4 1559 15.5 1745
Dresign, 1494, p.15-M1
F3] CH.Tan, LAjlen, “Minimization of Power in 7 i4.1 3.3 %
WLAI Circuits Using Trensister Sizing, Inpul Ordering, M
and Statistical Powecr Bstitmarion”, Pros, of I, Warkshop o 4.4 403 %
oh Low Power Diezign, 1904, p75-50, AC2AH 46.4 45,3 T
[4] M.Boshaer. "LOGEX - An Auwomatic Logic
Extractor from Transistor o Gare Level for CMOS ACZZES 461 35 1%
Technolegy", Broc, of 25th DAL, 193R, pp.5L7T-522 ACTH 53,7 Sl 1%
[3] I.P Caisso, ECorny, MO Eumin. "A Recursive
Technigee for Compuling Delays in Serivs-Perallel BICS | AQ321E 6.5 08 I

Transiswre Cireuits”, [EEE Trans, on CAD, 199, v.10,
n.5,'pp. SE3-52%.

[6] B.E Drvant, "Zmph-Based Algorithmes for Boolean
Funetion Manipuladen™, TEBE Trans, on Compaiters,
1984, v.35, 0.8, pp.o77691.

[T1 LEcon, J.Gerocow, Cieinel, ASlohodova,
“Roodean Mangpalarion with Free BDDs™, Proc, of EDAC-
S, pp. 200207,

[3] E.B.Bryant, "Boolean analysis of MOS cireuins”,
IEEE Trans. va CALr, 1587, .4, pp.3d-648,

Figure 1. Complex gale befote (a) and after (b FSUCUTEE.
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Fizure 5. Pull-up netorork ot fweo vadanis of its SE-BDL cotcespanding (o dafferent wopalagies of

cotoplementary pull-down netaark.

Fagure i, Elementary vecrdening B o= C in terms of SP-networle (a) and in torms of SP-EDD (b). B
and C are SP-networks of arbittary complexily,
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