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Low-Power Logic Styles: CMOS
Versus Pass-Transistor Logic

Beto Zimmermann and Wolfgang Fichiner, Fellow, JEEE

Abstract— Recently reported logie style comparisnns based on
full-adder clondts claimed complementary pass-transistor logic
{CPLY to be much more power-efficient than complementary
CRIOE, However, new enmparisong performed on more «fficient
CMOS lecult realizations aud g wider range of different lngiv
vels, as well as the use of realistic cirenit areangements denwin-
strate CMOY to be superinr to UPL in most vases with respEct
to spred, ares, power dissipation, snd power-defay products,
An implemented 320 adder using complementary OMON has
4 power-delay product of less than half that of the OPL version.
Robustoess with respest to voltage sealing and transidor sizig,
as well as generality and wase-ofvuse, are sdditionsl sthvantages
of CMIS logie gutes, especially when coll-hased design and loglc
synthesis are fargeted. This paper shows that complementary
UMOS is the logic style of chwoice for the implementation of
arbilrary combinationad cireults i low voltage, low power, apd
sl power-delay products ave of concsrn.

Irdex Ferms— Adider direuits, CPL, vomplementary CMON,
lwevaltage low-power fogic styles, pass-tramsistor fogie, YISY
chrenit desipn,

LINTRODUCTION

HE increasing demand for fow-power very large scale

imtegration (VLSI) can be addressed ar different de-
sign levels, such as the aschitectural, cirewt, layout, and
the process echnology level (11 AL the cireut design lovel,
considerable potential for power savings exists by means of
praper ehotee of # logic style for implementing combinational
circuits. This is because all the important PRIGMISIErS governing
power dissipation—switching capacitance. transition activity,
and short-cigull currents—are strongly influenced by the
chosen logic style. Depending on the application, the kind
of clreuit o be implemented, and the design technigoe s
different performance mpects become inportant, disallowing
the formulation of aniversal rules for aptimal logio sivizs. In-
vestigations of low-power logic styles reported iy the Bieranre
s¢ far, bowever, have mainly focused on particular logic cells,
mamely full-adders, wsed in some arithmetic circuits, In this
paper, these investigations are extended 1o 8 mach wider set of
logic gates, and with that, arbitrary combinational ciregis.
The power disasipation characteristics of various existing logic
styles are compared qualitatively and guantitatively by acngl
togic gaie implementations and simulations ander realistic cir-
cuit arangements and operating conditions {21 Investigations
of sequential elements, such as latches and flip-Pops, were
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act included in this work, but can be formnd elsewhere in the
Hprature {31

Section I gives a short introdustion 1o the most im
existing static logie stvles and compares them qualitatively.
Results of quantitative comparisons based on simulations of
different logie gates as well 25 of a 32-b adder mplomei-
fation ave given in Sections 11 and 1V, respectivaly. Some
convlusions see fnadly drawn in Section V.

portant

H. Lo 5Tvees

A Dnpct of Logic Stvie

The logic siyle nsed in logic gates basically inflnences
the speed, size, power dissipation, and the wiring complexity
of a cirouit. The cirouit delay s determined by the num-
ber of fwversion levels, the number of wansistors in seric
ARSI sizes {Le. chanmel widthed, and intra- and inger-
cell wiring capacitances. Clroult size depends on the number
of transistors snd thelr sizes and on the wiring complexity.
Fower dizsipation is determined by the swit higig activity and
the pode capacitances {made up of gate, diffusion, and wirs
copacitances), the latter of which in term is 2 far ction of the
sune parameters that also control oircuit sive. Finally, the
wiring complexiry is determined by the namber of connections
and their lengths and by whether single-rail or dual-rail togic
is used. All these characteristics miay vary conshlersbly from
one logic style 1o another and thos make the proper choice of
fogio style crucial for circait performance.

As far as cell-bused design eehnigues (0.2, standard-cells)
and loglo synthesis are concered, case-of-use wnd generafie
of logie gates is of importance as well Robusmess' with
respent o voliage and Wansistor scaling as well as varying
process and working conditions, and comparibility with sur-
rounding circuitrdes are importan sspecty influenced by the
mmplemented logic style.

B. Lagic Stvle Reguirements for Low Power
E ; J

According 0 the formula
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the dynamic power dissipation of a digital CMOS cimait
depends on the supply voltage Vi, the clock frequency fa,

the node switching activities . the node capacitances o, the

YA robust irouit guarantees correst Boctiond
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node short-circuil currents 4., , and the number of nodes . A

reduction of each of these parameters resulis iy 2 reduction of

pated power. However, clock frequency reduction 15 only
Wie at the architecture lovel, whereas at the sirouit jevel
frequency Fa b usually regarded as constant i order 1o fulfill
sorne given throughput fegquirerment. Adl the other parameiRns
are influenced to some degree by the togic style applisd, Thus,
some general logic style requirements for fow-power circull
irzm%“mé,szt(zmm can be staied ot this point
11 Switched Capacitane Reduction: Capacitive load, orig-
inating from transistor capacitances (gate and diffusion) and
imterconnest wiring, 15 o be minimized. This 15 achipved
by having as few tansistors and circuit nodes as possible,
and by reducing transistor sizes 0 4 migimum, In porticular,
the mamber of (high-capacitive) inter-cell connections gnd
their leagth (influenced by the circull size) should be kept
minimal. Ancther source for capactiance reduction 18 foumnd
at the layout fevel [4], which, however, i not discussed
in this paper. Transistor downsizing is a8 effective way 10
reduce switched capecitance of logic gates on poneritioal
signal paths {5). Por that purpose, a logic style should be robust
against wansistor downsizing, L.e., correct functioning of logic
gates with minimal or near-rinimal tansistor sizes most be
g‘i:@i‘&"t?(’i"‘i’}t {ratioless logich
2} Supply Voltage Reduction: The supply volage and the
:im ce of Jogic style are indirectly related through delay-driven
volage scaling. That is, 2 logic style providing fast Jogic gates
o spead up oritieal signad paths atlows a reduction of he
supply voltage in order 10 achieve a given shrpughput. For that
porpose, a logic style must ne robust against supply voltage
reduciion, Le., performance and correst functioning of gat
mmr be guaranteed at low voliages as we eil. Thiz becomes &
severs problem at very low voltages of around 1Y and lower,
where noise marging become oritioal 61, 7L
3} Bwitching Activity Reduction: Awitching  activity af s
circuit 15 predominantly controfled at the am%msmmi ami
register wansfer level (RTL) At the circuit level, large
Ai?ez,,m; s gre privaarily observed berwebn static and dynamis
togic styles. Om the other hand, only minor transition activity
cariations are ohserved smong differant static logie styles and
among logic gates of different complexity, also if gliching
is cuncernad,
43 Shorr-Cireuit Current Reducyion: Short- cirouit  corremts
{aten catled dynamic leakage currents or overlap Curmenis 1 nay
vary by a comsiderable amount between different loght siyles.
They alse strongly depend on nput signal slopes (e, seep
mi palanced signal slopes are betler) and thus o ransistor
sizing. Their contribution to the overall power consumption
5 rather Hmited bur still not negligible (210-30%, except
fm very low voliages Vig < Vik + Vil where the short
cirenit ourrents disappear. A low-power logic style should
have minimal short-circuit currents and, of course, 8o static
currents besides the inherent CMOS leakage currents.

¢ Legic Stvle Reguiremenis for Fase-of-Lise

For pase-of-use and generality of gaws, a logie style should
he highly robust and have friendly electy feal vharacieristics,

SEE JCURNAL OF SCGLIRSTATE CIROUITS, VOL. Y2 MO, 7, JUtY 1997
that 15, decoupling of gote inpuls and outputs the., at least one
inverter stage per zatoy as well a3 good driving capoabil
and full sigaed swings at the gate suipais, so that ingic gates
can he cascaded arbitrarly and work reliably inoany virowt
configuration. These pmmmex are prereqguisiies for cell-based
design and logic synthesis, and they alac allow for efficient
zate modeling and gate-level simnulation Furthermors, & logie
}2; should allow the efficient implementation of arbitrary
gic functions and provide some regularity with respect 1o
uwu;t and layou realization. Both Jow-power and high-apesd
versions of logic cells (e.g., by way of sransisior sizing) should
be supported in arder to allow flexible power-delay twaing by
the designer or the synthesis tool.

5 Staric Versus Dynamic Logic Styles

A major disttooton, also with reapeot (O pOWRT dissipation,
must be made between static and dynamic logic styles. As
apposad o static gaies, dynamic gates are cloeked and work
i WO pi;&cpf» a precharge end an evaluation phase. The fagic
function is realized in z single NMOS pull-down or PMOS
pull-up nevwork, resuliing in small input capacitances and fagt
svaluation times. This makes dynamic logic atractive for High-
speed applications. However, the targe clock foads and the high
signal tramsition activities due © the precharging mechanism
rexult i an excessive high power dissipation. ’x‘%c the usage
of dynamic gates 5 oot as straightforward and vriversal @
i is for static gates, and robustness i considerably degraded.
With the exception of some very special ciroult gpphications,
dynamic logic ts oo viable candidate for low-power cirouit
design {11 (8% P and was thersfore not considered any
further in thi iy

B Complementary CMOS Logic Srvle

Logic gates in conveniional of complemerdary CMOS (also
sz;z v referred to gz CMOS in the sequely are built from

n NMOS pull-down and a doal PMOS pullup ingic net-
fo&. i addition, pass gotes o fransmission gates {18 :m
combination of an NMOB and » PMOS pass- a;zs;bior} ax
ofien used for umplementing multiplexers, XOR-gates, am‘i
fip-flops efficiently (CMOS with pass-gates will be denoted as
CMOS+. Any logic function can be realized by NMOS pall-
down and PMOS pall-up networks connected between the gute
outpat and the power lines. Fig. Ha) and {b) s:%&;\ze;if; & Pwoe
input multiplexer gate (MUX2) in pore CMOS (using gistate
invertersy and UMOS with pags gates, ;f:mea?zxsz%s» Simple
monoionic gates, such as MAND/MNOR and SOHOAY, con e
realized very efficiendy with smi) o few transistors (AL, P
one signal inversion level (T4}, and 8 few cirouit nodes (Pl
Mom-moenatonic gaes, such as XOR and mueltpleser, PECUITE
more comples cirouit realizations but are sull guite zificient.

Other advantages of the CMDE logic style are it fo-
bustness apainst svoltage scaling and vansistor sizing {high
noise margingt and thos reliable operation &t fow miz‘c\
and arbitary {even minhmal) transisior sizes {ratinless foguoh
frput signals are connectad 10 gransistor gates only, which

i

netation docnments te tendensy whether 2iroult s762 (4
(Py ure inereased (77 o decreied {iiy by ihe oy
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facilitates the wsage and characterization of fpgic cells, The
tayout of CMOS gates is swraightforward and efficient due 1o
the complementary transistor pairs. Bazically, CMOS ulfills
all the requirements regarding the swse-of-use of logic gates,
An often mentioned disadvantage of complomentary CMOS
is the substantial number of large PMOS transistors, resalting
i high input loads (P4, T4, AT, However, the best gate
performance is achieved with a PMOS/NMOS width ratio of
only about 1.5 (= /o, 70 11003, and this eatio will decrease
even further in deep-submicron wechnologles, where the carier
drift velocities in NMOS and PMOS reamsistors beoome almost

B E

egual due 1o velocity samgation {11 I Another drawhback of
CMIOS s the relatively weak outpur driving sapability dus o
series tramsistors in the output stage (T9), This, however, can
be corrected by additional cutput buffersfinverters which are
iherent i other logic styles.

A more restrictive approach was tuken for the design of
tose-power low-voltage cells using CMOS branch-based fogie
in {81 6] Here, the mansistor netwarks consis only of
branches (1., a series of up {0 three transistors between power
fine and gate ourput), thus disallowing the usage of pass-
zates. The advantages of transistor branches are higher tayom
regularity (Le., smaller diffusion capacitances) and sirnpler
characterization (Le., branch instead of gate madeling), Other
arpects, such as the design of delay-independent fip-flops,
wers addressed in order to face the massively increasing effects
of process, temperature, voltage, and transistor size varigtions
at very low voliages.

F. Pass-Transistor Logic Stvles

The basic difference of pass-transistor togic compared 1o the
CMOS logic style is that the source side of the logio transistor
networks 15 connected to some loput siznals instead of the
pawer lines. The advamage is that one puss-transistor network
{esther NMOS or PMOS) I sufficient 1o perform the logic
vperation, which results in & smaller number of transistors and
smaller input loads, especially when NMOS networks are nsed
{adl, T, Pl Howsver, the threshold valtage drop (Vi =
Vig = Via) throogh the NMOS ransistors while passing 4
togio “17 makes swing (or lovel) restoration at the gate outputy
necessary in order 1o avoid static currents @t the sphseguent
outpul inverters of logic gates. Adjusting the threshold voltages
(e, Vi, > Vi) 83 a solution at the process wohnology
tevel is usually not feasible for ather reasens. In order to
decouple gate inputs and outpuis and (o provide acceprable
outpit driving capabilitios, inverters we sgmally attached to
the gate outputs (AR, T, P& Because the MOS networks
are connected o variable gate inputs rather than constant
power lines, only one sigoal path through each metwork
must be active at 2 time in order fo avold shorts hetween
inputs. Therefore, each pass-transisior network must realize
¢ multiplexer structure, which lmits the awmpber of logic
functions that can be implemented efficiently.” Because these
pass-transistor multipleser siructures require complementary
contral signals, doabrail Iogic is ususlly used in order to
provide all signals in complemenury farm. As 2 CUnSequEnce,
twe MOB networks are again required in addition o the
swing restoration and outpat buffering chrowitry (AT, T, Po,
which ail in all aonibilaes the wivaniage of low iransistor
count and small input Joads of pass-transistor fagie. Also, the
required double inter-cell wiring increases wiring complexity
and capaciance by 2 considerable amount {Af, POy A small
advaniage of dualrail logic is that inverted signals are for
free. Layout of pass-transistor cells is not as straightforwand
and efficient due to rather irvepular transistor AYRNEEMRI
and high wiring requirements. Finally, pass-transistor togic
with swing restoration circuiiry 15 sensitive to voltage scaling

= that el fogic faacton can be malized in o multiplexsr s,
& lower clmeit sfficisacy.
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1121 and trangistor sizing with respect o ciroml robusties:
(reduced noise marging), Lo efficient ov relisble oper Fation
of logic gates is not secessarily guaranized al low voltages
or small transistar sizes. in other words, transisior sizing i
cruvial for cormect gate epsrating and therefore more difficult
fravioed fogic). Shortoirouit currents are rather large due to
competing stgpals in the swing restoration Clrgultry,

Many different pass-transistor logie styles have besn pro-
posed recently. The most bmportant ones are oow briefly
supynarized. ‘

i} Complementary Pass-Transiyior Logic (UPLE A R
gate 111, [13] conaists of wwo MMOS logic ne aworks {one For
cach stgnal raill, two spadl pull-ap FMOS mansisiors for swing

restoration, and Lwo output ;.i,‘-.%z?f’fﬁifﬁé for the complementary
putput signals. Fig e} depicts o two-input multiplexer
which mg)rﬁsmia the busic and mipimal OPL gae stroctye
{ten troosistors), Al two-lnpot functions {(e.g. AMD, OR,
XOR, ..y can by implemented by this %\a»ﬁc gz:m SULCIULE,
which 13 za%myeiv expensive for simple monotonic gates such
an MANMD and NOBR. The advantages of the UPL 55}1& are the
small input loads (P, T, the efficient XOR and mulitpleser
gate inplementations, the good cutput driving capability dug
o the output ioverters (T4 and the fagt differential stage
due to the aoss-coupled PMOS pull-op transistors (T4 This
differential stage. on the other hand, leads 10 cousiderably
barger short-cirouit currents (P). Other disadvantages of CPL
are the substandal number of nodes and high wirlng overhead
due to the dusbrail signals (PE A% and the welficient

R

regheation of stmple gates (e, high gansstor count, twa
signal inversion levels)
23 Swing Restored Pass-Transivior Logic (S8PLI The

SRPL style [14] ix derived from UPL.
inverters are cross-coupled to o latch suacture which performs
swing restoration and outpot buffering st the same
{Fig. 1{gil Mol that the pulbup PMOS ransiiors are nol
required amymore and that the outpot nodes of the MNMOS
nerwork are alss the gate outpurs, Because the Inverters have
o drive the outpats and must also be pverridden by the NMOS
nerwork, frangdstor sizing bocomes very {i‘kfﬁ“uit ansd results
in poor oatpat deiving capabitity (T, P, slow gx&ziz::%zizw
{10y, and lasge shovi-circul currents {if’*f i3 §%% $ bec ormes even
worse when cascading SRPL gates. The resulting series <ts§’
MMOS networks with competing inveners in between les
tr very slow switching and unrellable operation. SRPL ‘~f?¥.§5$
are highly sensitive to ansistor sizing and show acoeptable
performance only in very special chonit arrangaments {e.g8.,
1 ;zazes i xertes, small output Ioads).

¥ Double Pase-Trangisror Logic (DPLY
3”§ 181, [160 both NMO3B and PMOS
psed in paraflel [Fig, 1oL This provides full swing on the
output sigaals (Lo no level restoradion oircuitey 1 needed),
aned circuit robusiness is therefore high, However, the munber
af tansistors—aspecially large PMOS pansistors-——and the

Here, the output

In the DPL siyvle
zssgiz: networks are

pumbier of nodes i gquite high (A7, PgL leading 1o sub-
stamial capacitive loads (T4, BH. The combination of fage
PRIDS transistors and inefficient dual-rail fogic makes DPFL

ot compeiitive compared o other pass-transistor logic styles

assd 1o complerneniary CMOS, Note thet DPL can be regarded

CHOURMAL OF SOLEWATAYE CIROUITE, WL, 33 MO0 7, 3

OGS4 s o osingle-rail

as a duab-raif §,<£‘»1 gate togie, whike

(LEAPL A wngle-rall

p:w transistor fopic 15 opropo mﬁ in ;‘ze LEAP logic design
G121 As opposed 1o the dualral logic styles, only

%35?}1}9 uner-cell wiring @m single NMOS networks are re-
LRy while the required complementary input
signals arg generated E,maif}» by dnvengrs [Fig. HdYL Bwing
restoration s realived by a fod back pull-up PMODE mansistor
which, howsver, is slower than the cross-coupled PMOS

yransistors of CPL working in differential mnde. Note also
that this swing restoration structure only works for Vi >
Vi + V0 because the thres wé:’% vodtage drop through the
NMOS petwork for a logle ©17 provents the NMOS of the
inverter and with that the ;n..-i ~up PMOS from taraing on
Therefors, robustness at low voltages is anly guaranesed if e
freshold voltages are appropriately small. On the other band,

ease-of-use of logic gates aud compatibility with conventional
cell-based design is pandy provided in this logic siyle. The

fact that conventonal logic networks can be mupped more
efficiently onto simple togic gates than on muliplexers 15 dealt
in the LEAP system with 4 new syuthesis spprosch which
gxplioits te full functionality of maitmi ser struciures F121
5} Orher Pass-Transisir Logic v Some  ofber pass-
gransistor logic styles have been ;}:upnx 4. The differpntial
pass-transistor logic (DPTLY in {17} is 2 generalized dualradd
pass-transistor logle structure. It consists of the NMOS pass-
ransistor networks and ¢ baffer ciroult for level restoration,
which can be @ clocked precharging buffer (dynamic) or 2
static butfer | eg m CPLY. In the onergy economizad
pass-transistor logic (BEPLY of [181, the sowwes of dw
PMOS patbup tramsistors of a OPL gate are connected ©
the complementary output signal bswad of ¥ DL
The reputed advantage of shoner delay and r.,maid ;mw er
dissipation compared o UPL, however, conld not be confinmed
in this work. The pashe-pull pass-transistor togie (PPLY of
{197 can be regarded as o OPL gate without puiput inveriers
and with s:czwpiamfmtarv {mmiw*z’% on one sigaal rall (e,

s
PO

f
4 (g

PMOS passeransistors followed by ap KMOS pull-down
prpsstator, Figo Hhil Besides g ;ﬁ'zmctévaiy Iow fransistor
count, switching and outpw driving characteristios are even

worse than in SRPL {see Section HD, and 8 does not work
for Vg < Vi + ¥

ol

5. Owabirarive Comparisons

Sorpe basie logic sivie characteristics w'z;é::% influence cirgult
performance and power dissipation arg gualitatively compared
in Table L In pz;-;\,azm{ the number of MOS Iogic networks,
z?ze output driving capebilities, the presence of inputfoutpst

decoupling, the nead for swing restoration circultry, the s
per of signal rails, and the robustness with respect 10 voltage
spaling and tansistor sizing are given for de togic styles

discusaad
HE Ananysis of LOGIC Gaves
The efficient implernentation of fogic mues 5 o proreguisile
for the realization of welbperforming combinational circults.




e
.

Ak

ZEARMER M AN A TGS VERSUR B

STRANSISTOR LOGIC

CRIALITAEIVE Lo STYLe DoMpanmons

bagie #MUS poput G SR # robust-
ayle networks driving decoupl. | restor | ruly ness
CRE08 nob g R ] Vi BG single hégh
PL 28 gond ¥es ¥ES dund | mediam
SRFL 2 P no yes dusd iow
DPL 20+ 2p ol vag o dunk $iigh
LEAY # good ¥ yeg G osiagle | owdium
EEPL 26 guod yes 25 duad. | sediam
PPL nd g pont 10 ¥es dual fow

This is especially true for high-speed and lo
£alions,

wepower appli-

A Regules from the Literarure

Varions investigations of logic styles with respect to lnw
power dissipation have recently heen carried mur and reporied
in the Bteratuve (11, [120-0140 (1931230, In all these publica-
tions {exoep (2301, COPL or welated pas-tranaistor logic sivies
are propagated @ low-power logic styles. This s hasic ally
explained by the fact that CPL gates count fewer transistors,
have smaller transisiors and smaller capacitances, and are
faster than gates in complementary CMOS,

However, some weak points show up in all these in-
vestigations, First, all examinations are based anly on fulle
adder cirouits. This comparison, however, is not representative
because the critical three-input XOR function of the full-
alder required for som bit caloulstion is perfectly saited for
implementation in pass-transistor logic dup to s multiplexer
structure. On the ather hand, the XOR is the Iogic function
with the least efficient implementation in OMOS. Second,
rather ineffivient CMOS full-adder implemeniations counting
40 vansistors were used throughouy exoept for {121 Mo
efficient UMOS realizations with ondy 28 transistors exist
which perform better with respect {o cironit size, s speed, and
power dissipation.

Furthermore, full-adders have only limited importance even
in arithmetic chroelss. Fall-adders g:r the related 42 com-
pressors are the basic cells in adder wrays (L., carry-save
addersy used in moltipliers and similar components like di-
viders, In such applicarions, efficient full-adder circuits are
crucial since these building blocks are often the oritival ones.
However, in simpler arithmetic circuits such as adders, in-
ceementersfcoumters, and comparators, full-adders are hardly
used. Most fast adder grohitectires {e.g., carry-lookahead)
do not use entire full-adders since their function is hroken
up in order 1o speed up carry-propagation. Moreover, the
greater part of typical circulr applications i made ap of
other {nomarithmetic} combinational § functions, which require
s full-adders ar all,

Finally, the simulation com¥itions and cirouit HYANGOMBTHS
are often not clearly specified. One has 1o assume tha ideslistic
and highly specific rather than realistic and more general
setups are wsed U1 some cases

B. Impreved Investigarions

For o more general charscierization of Ineie styles swith
spect i low-power circudt implementation and standard-cell

N

= : ;
e B age :
. I ap
5o L0
N . e i3
M : i 3
{3,;} byl f
> + i
WIET .

Fig 2o Civesi arrengement for the srowdation of full-adders

W M2
T

! }OM«-

ERY=E “gmgﬁ >

“;g“w;r TEF s o T o

{
m4§ ”s
B N ¢

Fig. 3. Ciroult arvangemens for the simulation of gl gutes,

library development, the investigations have 1o be extended m
a larger set of gates and therefore must include multiplerers
¢ m stple gates as well, Realistic cironit and simulation Beips

ave w be chosen in order o capture worst case behavior,
wi"miz is cruciad o synchronous designs. In particnlar, gae
inputs have to be driven by typical gate outputs rather than
by the simulator. Sinilarly, gate ST have @ drive typloal
gate imputs, thus simulating reg fan-oats. Several gates
have  be cascaded in order to observe their behavior within
multilevel fogic cirenits. A comprehensive set of inpaf stimull
has o be zgmiiﬂci :‘mﬂg sirmalation for sensitization of afl
critical signal path

An additionsd azp&c‘t w0 be cousidersd within pass-gate
and pasa-transisior circuits 1§ the fact that mput signals may
eonnect {0 fransistor m}tm and wansisior sources at the same
lime. Sioce carrent is drawn from a Ingic gate input at the
ransistor source, switching of that respective signal iy slowed
down {i.e., Hat signal ramp). If the same signal is conpected 1o
a ransistor gate somewhers glse, swite hing of that mansistor
and of the corresponding logic gme is slowed down us well,
For simulation of this effent {referred 1o as source-vare sffect),
such worst case input combinations must be inchuded in the
direuit arrangement 2z welll

O Ciresedt Arvangemeny ond Simularion © oaditions

The first set of comparisons was carried our on various
simple and complex logie gams. Cironits were desioned at the
trapsistor-lovel in 2 standard 0.8-pm CMOS process technol-
ogy {double-metal, ¥, = 08 ¥, Vie = ~0.8 V), Layout was
carried out for all vompared logic gates and for the OMOS and
CPL full-adders. It was done in 2 standord-celi-tike manner
using symbolic fayows and compaction, which allowed for an
efficient exploration of layout oy pologies for the uiff{,&.i‘}t fogio
styles. The circults were simulaied wsing HEPICE a1 3.3 ¥ and
€3 ¥, 27°C, 20 MHz, with the capachiances <:Y.{mumi from
the layout. All possible wansition combinations a the garg
inputs were simolated. Worst case gare delays and gverage
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.An

power dissipation {including power from shori-chouls currents)
were obtained from sirutation. PT sproducts are calonlated as
a quality measure for power efficiency, giving the onergy
consumed by & gate per swinching ovent. Transisiors were
sived carefully by hand with the objective of balanced pate
performance, low Flproducts, and, to some extent, wniionm
and rezgazizzr transistor sizes. Most ciropmits are depicted in

i*‘ig;‘ :ms:i 4 wétb :?@e wansisior widths (W) given in X

<3

i

§;g_. 2 ﬁimzmieﬁ zm mcaii arrangement for simulation of
the full-adders. Inverters eguivalent to the full-adder output
inverters are placed af the inputs and wiring
20 1F attached in order to simulare two full-adders conpected
in series with g fan-out of e, which is typical for full-adder
applications (e.g., adder arvays, Wallace trees, and ripple-
caery addersy. This simple cireuit setup sllows application
of arbitrary signal transition combinations to the fdi-adder
inputs, a5 well as consideration of output driving and fan-ouw
characteristics.

Fig. 3 shows the general circult arrangement used for all
other logic gates. Sﬁ‘y’é??‘ﬁi gates of the same type are conpected

in series with g fan-out of two gnd with typloal imerconnent
loads sttached (30 fF, comresponds o three typival cell pliches

€13, (o3 OMUOS, 1] (i) CMO3 with pass-gaies

capacitances of

Laned £b3, 6, (20 {0 (. {03 CFL Joghc style, nod £k Wang's XOR,

1241 iiﬂzb setup makes sure thar alf inpots are deiven by yp-
fend gate ourpuls and that gl possible pate input combinations
are simmlated {source-gate effect mentioned aboves,

D Compurisons and Resulls

P} Fuil-Adders {FAL Pour differepy CMOS fudl-adder oie-
cuits were tmplemented: the mentionsd 28-transistor version
(251 Fig. 4(py]. the often-used -transistor version {11 2
version using branch-based gates {281 and a pure pass-gae
version (251 Pass-tranaistor fudl-adders were realized ko OPL
[Fig. 403}, LEAP, EEPL, and DPFL. A comparison based on
actual lavout and extracted capacitances was done onty for the
U085 and CPL Rull-adders, Thelr layout is given in Fig. 3.
Another set of comparisons comprising all logic styles wag
done without lavout and based on estimuted diffusion and
wiritg Copacitances.

The simulation resulis are given in Table H. The compar.
isoms based on cell lavouts basically confirm the better delay
and Floproduct values of CPL fullmdders w0 33 V due w
the efficient three-input XOR pass-transistor implementation,
while the power dissipation of CMOS and CPL are compa-
rable. However, CMIDS has a shorer cary-ul (o cary-oul
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delay (0, ~ Coued 8t 33V as well as overall sharter delays

and comparable Pl }

oducts at 1.5 V. Szma tar resubis seerp
reported recently in (23] Also, the lavout size of the OMOS
full-adder is considerably smaller due 1o the smaller sumber of
rranaistors and, in particolar, doe to o higher cireuit ¢
{Le., complamentary fransistors are casy 1o layout and smalier
number of wires (single-rail),

The comparisons without cell lavonts show a higher ;}P:u
formance advantage of CPL aver CMOS full-adders. This
again dovuments the worse avout efficiency of CPL. The 28-
transistor CMOS full-adder performs considerably better than
the di-transistor version and the other OMOS § imnplemenintions
in terms of ciresit speed, power dissipation, or both, EEPL
proves 1w be comparable, but not better than CPL. from which
s dertved, The single-raf] pass-transistor i{:«gse‘ wﬂf: segied
in LEAP does sot work at 1.5 V fie, Vi < Vi, - L
as mentioned eartier), and its superiority over OMOS sil’i @
higher voliages could not be confirmed. Finall v, DPL is not
competitive compared to CMOS und CPL due 1o the very high

k/

$KS
MUX4 % MUX4
(CMOS ) - .

{p}

Simwlated gates o (e o) feb (8 (he i o OMOS (0, G OMOS with pass-gates, and () (. {gh (b {oh G0 CPL Yogin

sransistor count. Mote that in all these cireuit plementations,
power and delay can be waded off by a considerable amonmt
through wansistor sizing, while the PT-prodects remain fairty
constant, except for mimmemesized tansistors where PT-
products become typically Targer.
s Gates: Two seis of comparisons on logic gamws
were cuvied out based on the cells’ favout
ludes two-dnput multiplexers (MUXD) for all diffe g
styles, The cicuits are given in Fig. | and the results sum-
marized in Table 1 Here, the multiplexer in complementary
{ ""»‘k}a outperforms all other implementations with respedt 1o
ay. power, PT-product, and fayout size, despite the
Ufn ramsistor count. 1t s far more efficient than ANy
or solution, alse with 1 espect 10 fayout {Fig, 63
cablz singe ﬁwéiigééxvrx are actually the domain
-rasistor logic. CPL s the best perforr THAY s

s
This i3 ren

;'p

ransistor fogls style and, in particular, the fastest one. Mg,
EEFL has worse performance than CPL, and the additional Stg-
aal connections required in EEPL gates are sometimes diffioult
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TABLE U

Fri s Annst Tospanisms
£ats Eo.g;ic ;_mm{m?*’g“? ‘i’:; e, | B (WY PTisome # sz'{;
WPEL e gy sy L 33V 15V 33V 1Sy | a3v pey | UL G0
wih favout (extracied cupasitanies)
EA MOS0 1RY 788 1.1t 487 Ry 64 Lo 100 28 8754
TPL H I I & 123 193 344 £ 676 (358 32 14752
weithiont tayout (estinnaned capacitances)
FN CARDER P50 e &8s 350 383 57 IRCIEEE R a3 -
CWGS ¥ 897 $3¢ 334 iy 62 1.2 15 4G
Crg? 218 34t 153 3466 313 83 135 188 k4]
TOATE ? 1S 638 ] 1R 4311 334 &Y L 1R 12t om -
(%W 1652 & {‘{:’ 035 454 2446 43 037 4483 32
EEPL i1 8% 895 5238 25.% 4.5 463 075 3z
LEAR 173 ’* 108 -~ 31 ~ 12z -1 24 -
09, 13 A48 .64 239 38 6% LT 136 5% -
P EMOS version gsed in Mot conparisons {1
* decomprsed, tranch-based CMOS version propossd tn [26]
¥ piee paiss-gate version
* dons vt wosk for Vg < Vom + Vgl
TARLE 1
MurrmpLersn Cooapagisnns (AL LOGIe Srviesy
‘gase togic delay (ns} pwer (W) P inom) # shae
Ctype stvie 33V OISV P33V 18V LRIV LAY Lo | (A%
MLINE | CMGS 1% 444 e 28 148 108 i2 414}
OMost £.8 458 (6.4 IR 183 L iG 3464
WS 139 6.5G 133 1% 137 143 8 4448
M. 128 5231 B4 34 2.0% 242 34 £32%
EEPL 2227 238 4% 188 8% 1§ 5128
SHE¥FL. 286 2975 262 37 1 I3ED 1232 & G009
PPL. (e ST B -} 2116 - 5 1aun
LEAP 307 -4 i2.6 - 218 - ? 4333
0, 134 533 173 33 193 193 12 5133

Lwithoul purpart Invester
© does not work for Vigg < Vi 4+ (Vepl

10 lavout. LEAP is quite power-efficient but rather stow, DIPL
ts comparable to CPL in all respects. Finally, 5RPL and FPL
suffer from the weak cotput driving capubility and the nrissing
input-outpnt decouphing, resulting in Increasingly show signal
ramps through a series of gates and, a8 a conseguence, in
high short-clromit currents, This is Hlustrated by the simulated
waveforms of Fig 7 and confirne e well-knows fact that
gates without input-output decoupling cannat be connecied in
series to form arbiirary circults withowt inserting buffers svery
few gates. This, bowever, makes thess logie stvles difficulr
1o use, and they bardly viedd bester circelr performance than
logic styles with inheremt input-output deccupling in sach
gate.

in the second set of gate nvestigations, the following logic
gates were oompared between UMOS and CPL: pvoeinpat
PAMD (NANDIZ, four-input AMD (AND4), three-input and-
or-inverifor-amd-tnvert (AOFOAD, two- and four-input mali-
plexers {MUXD, MUX4Y, and two-dnput XOR [Figs. dap-{n3l
The resalis are given in Table IV, In most cases, complemen-
tary CMOS ifieégzz'sy asutperforoy CPL with respect to cirguit
delay, power dissipation, power-delay product, and layout
size. Tias especially holds wue for the shmple gotes (NANDZ,
ANDH, AGUOALDL. The only exceptions are the MUX4 and
KO gates where OPL Is fuster at 3.3V The small lavout area

37,

of MUXS o CPL was only schisved by relaxing the cell lavouwt
rules (te.. all inpat meth-2 wires lead only 1o one side of the
ceily, Otherwise, is favout size would have been dominated
by the large sumber of inputfoutpur wires and thus have been
sach larger, CMOR also proves @ be less sensitive 1o voliage
scabing than CPL. The delays inorease by a smaller amount and
the Pl-praduct ratios get better For UMOS when scaling down
to 1.5 V. Finally, pure CMOS also performs beter than the
combination of CMOS and pass-gates (CMIDS+), which is one
basic advantage of branch-based loghe (4] Also, & reduction
of short-circuit currents in UMOS compared to pass-gate fogin
was reported in {23], when comparing tristate inverter seleciors
{CMOS) with pass-gare selectors (CMOS+). The two UMOS
implementations of ANDM further demonstrate that the decom-
position of complex gates inte simpler ones phien improves
performance [4], but not abways (see CMOS mplementations
of full-adder). Comples pate decomposition minimizes the
nomber of series transisiors (Lo simpler gatesi—an importan
aspect af fow supply voltages—at the cos of additional sipnad
ioversion levels {Le., mure gates)

E. Discussion

Among the pas
the best performuce values

trapsisior fogic styles, CPL proves o have
and lowes power-delay producis,
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TABLE IV

8 UMOS anp OPLy

gat bergrie delay {us) peswer (%) BT {norm.) # Stre
Ty stk 33Y ISV L33V 1SV L33V 15V | (4%
MAML CRIO5 9T 3240 73 1.3 PRE LG 4 2i88
CPL 128 412 88 33 3BT 493 16 547
AdiEas SN 136 532% Hy2 19 P 160 Hy 33897
2058 £.3% A8t .2 1y .88 0.5 1z 4568
P, 230 1158 265 4.8 4463 325 I8 S EED
ACHOAL MO8 §.12 448 &3 7 14 180 & 278
CPL 147 T4l 228 41 108 4.8 i4 725t
MUXZ LMGS A3 447 (.3 28 Lo 160 2 41t
MOS8+ 158 450 133 1.9 137 139 # 4435
£PL 128 8.3 98 34 243 244 10 3 53%
MU A0S 28 T 56 43 24 LG 108 it P48
LAE08+ 233 3T ¥4 23 LI S 4 i 8132
CPL 176 &3 235 40 14 177 i8 778
XK LRON 143 853 112 2% 08 100 P2 4373
MOR s LR T 117 SRR 1] 138 138 & 4435
£IPLL £.3% (@.IZi 2315 L5215 33 SO6%
WANMG 143 - 273 - 248 -~ & 318G

* does not work for Vg < Von + ¥,

ST
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@i P
# w5
b >

Fig 3. Luvous of fa) OMOS aad {by CPL fulbaddpe,

G5
.

Only the singlerail style of LEAP is a vishle alternative |
lower power and compatibility with cell-based design are of
COBCETN.

Caomplementary CMOS, howaver, Proves o be superivr
all pass-transistor logic styles in perforoiance for all ogic
gates, with the esception of the full-adder ot higher supply
voltages. The advantages of efficient circuit and lavout imple-
mentation of simple gates, the absence of swing restowation
cuewitry, and the single-rail Ingic property are predominant

b 2nput RANDANDER combinaton {éewmms;zxoﬁ;
2 eotannd call tvout niles due 10 farge ewmbﬁr of (othenwise area dominating) § pmtiamn wives

YOO
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o 4

e E

S Lo3od
&5 B § &
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P
> DTS

Fig. 6. Layost of (3) CMOS and (b} UFL fweednpud owlhiploien

Emg‘ Whm b was ;isz‘s t§0a.bt‘i‘§é“ziszzi iy E'.Zjé}.

IV, ANaLYSIS OF ADDERS
Binary adders are good examples for cironit performance
comnparisons because they include » balanced combination of
differemt ;{»gzg gutes and make up the crucial building blocks
in pany circuit applications.

A Adder Architecnoe and brplemvration

Asz}f’ roare

ture mvestigations carried out on cell-based
the best circuit performance measures for the
prefix adders {carry-lookabead sdders), with
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TABLE Y %

325 Anns

5 OMPARISONS

togie diduy | power ¥T Fucfisar # i voitage DEGLESS
style {ns} Wy | {norm) (% frany, | nodes 1 §%3 technology
CROR 414 756 100 234 6% G385 .5 4.5 um
TPL 347 2550 189 312 3 ¢ F228 .45 28 8 pim
Pt 4.7% §85. 843 2.5 272 2TTE § V2R $4.5G 2.5 0.5 um
DL ﬁ 5 3 1506 2.42 - - -~ 3.3 0.5 um

¥ donwnosized tanaistory
* comduinal-some adder in DPL from Merature [30]
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the one using the parabiel-prefiy structure by Sklansky |
seaultting in the fastest adder circolt inplementations [28], [29].
This seemy also 1o hold true for tansistordevel circuily, stnoe
the arga-efficient but shower Manchester chaing as a ransistor-
level alternative do not &1 wall into the porallel-prefix adder
sirpehure,

A 32-h adder was realized in s O03-pm OMOS process
using the unbounded fan-out parallel-prefix adder strusume
of Fig. & One level of buffers was inserted for driving o proprocess
the nodes with large fag-outs and thus for fan-out decow ® swein calt (AT NAND ot 2 M N
pling on the critical paths {Le. speedeup). Since the pre- O empty ool
fix carry-propagation can be reshized using AQUOAL
or muhtiplexers, the more efficient variant was chosen for
each logic style, That is, the CMOS implementation makes
use of the efficient AOVOALgaes while the CPL solution speed. Note that these adder architectres do not contain
red for high  any full-adder curouits, and that the three-inpur XOR™s are

T

JAE P e
gases 9. 8. Bufferad par

iy
GG

uses pwo-imput mudtplessrs, Transistors were 5t




UM VERSLIS PASSTRAL

FIMMERMAMN AND FICHTNER I LEKGEC

split o two twoeinput EXOR's, one @ the preprosess-
ing and one 0 the postprocessing stage. The adders were
synufated at 28V, HIOPC and 100 MHz with estimated
wiring capacitances {layout topology taken infe socount)
The worst case deley on the oritical path as well as aver-
age power dissipation on 2 set of raodom dats was mea-

sured,

K. Resulty and Discassion

Table ¥V gives the comparison results. The CMOS zolution
s about 20 sdower than the CPL version, but has a much
senatler transistor count and dissipates less than 1/3 the power,
A CPL o version with downsized transistors sl consumes
twice as much power and is slower than CMOS, The CMOR
addder has 41% fewer transistors and 29% fower circult nodes
than the CPL version. The reasons for the greater power
dissipation of the CPL adder are basically the larger switched
capacitance (more tansistors, dual-rail wiring), larger short-
cieuit currents £, (differential swing-restoration circuitry),
and @ higher average switching activity than was observed
in the OMOS version. On the other hand, the CMOS adder
ke advantage of the efficient trmplementation of the simple
ADVOAT-gates mez«i for carry-propagation and of the single-
ratl intercomnects. Note that the inaccuracies from wiring
estimgtion can %‘3:?. regarded as comsidersbly smaller than the
abserved differences in circuit performance.

For comparison, the performance figures of a low-power
high-performance 32-b conditional-sum adder bmplementation
using the DPL style arg given from the Hiprature {301

COMOLLSIONS

Inour nvestigations, CPL was found 1o be the most efficient
prass-transistor logic style. Complementary CMOS, howsver,
proves w be superior o CPL in all respects with only few
exceplions. An ineresting alternative is represented by the
single-ral! pass-trarssistor logic and the proposed syathesis ap-
prosoh used in LEAF in order 10 bener exploit the mualtipleser
structure of pass-transistor logic,

The advanages of high funcrionality with fow pass-
ransistors and of small input capacitances in the UPL style are
partially mndone by the need for swing restoration ciroubtry,
duab-rail encoding, and the resulting wiring overhead. The
mvestigation results presemed show that—For all simple and
compdes, logio gates except the full-adder, and under realistic
siecuit conditions—complementary statie CMOS  performs
much betier than CPL and other pass-transistor logie styles
i ow power i3 of concern. UMOS also compares favorably
with regard 10 clronit speed and layout efficiency. Its single-
rail propenty s cracial for saving mouting resources, which
s an important ssue in submicron VLAL s robusiness
against transistor downaizing and voltage scaling allows the
efficient power optimization of noncritical signal nets and
of entire clroult components, As o matter of fact, cicuit
rabusiness & becoming o key aspect in deep-submicron YLSL
where variation ranges of masy process and environmen
parameters will imﬁr‘*zw TS '»'c:% 374; ?hz» m%zif}sr mth
its ease-of-use, makes i

3

i

choice for lowe-power, low-voliage implementation of arbitrary
combinational circuits and for design astomation—ie., low-
power synthesis and hased  desigu-—also, panticularly
wothe fotre [H3 Howsver, other Ingie styles, such as
CPL, may stll be viable candidates for low-power high-
speed implementation of dedicated cironit applicadons fike
msdtipliers.
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