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

Reto Zimmermann and Wolfgang FichtnEellow, IEEE

AbstracB Recently reported logic style comparisons ments and operating conditions [2]. Investigations of eadal
based on full-adder circuits claimed complementary pass- elements, such as latches and "ip- ops, were not includehig
transistor logic (CPL) to be much more power-ef®cient than work, but can be found elsewhere in the literature [3].
complementary CMOS. However, new comparisons per- Section Il gives a short introduction to the most important
formed on more ef®cient CMOS circuit realizations and a existing static logic styles and compares them qualithtiviee-
wider range of different logic cells, as well as the use of réa  sults of quantitative comparisons based on simulationsifef d
istic circuit arrangements demonstrate CMOS to be superior ferent logic gates as well as of a 32-b adder implementatien a
to CPL in most cases with respect to speed, area, power dis-given in Sections Il and IV, respectively. Some conclusiare
sipation, and power-delay products. An implemented 32-bit ®nally drawn in Section V.
adder using complementary CMOS has a power-delay prod-
uct of less than half that of the CPL version. Robustness with Il. LOGICSTYLES
respectto voltage scaling and transistor sizing, aswell@en-  A. Impact of Logic Style
erality and ease-of-use, are additional advantages of CMOS
logic gates, especially when cell-based design and logimsy
thesis are targeted. This paper shows that complementary
CMOS is the logic style of choice for the implementation of
arbitrary combinational circuits, if low voltage, low power,

The logic style used in logic gates basically in"uences the
speed, size, power dissipation, and the wiring complexity o
circuit. The circuitdelayis determined by the number of inver-
sion levels, the number of transistors in series, trans@nes
and small power-delay products are of concern. (i.e., chan_nel yvi_dths), and intra- and inter-cell Wirin_gpaai-

o tances. Circuisizedepends on the number of transistors and

Index Term® Adder circuits, CPL, complementary qir sizes and on the wiring complexitpower dissipatioris

CMOS, low-voltage low-power logic styles, pass-transisto yetermined by the switching activity and the node capacétan

logic, VLSI circuit design. (made up of gate, diffusion, and wire capacitances), tterlat
of which in turn is a function of the same parameters that also
[. INTRODUCTION control circuit size. Finally, theviring complexityis determined

HE increasing demand for low-power very large scale IrIpy the nqmber of co.nnef:ti.ons and their lengths apd_ by whether
tegration (VLSI) can be addressed at different design le$ingle-rail or dual-raillogicis used. Allthese charaities may
els, such as the architectural, circuit, layout, and thegse VaTy considerably from one logic style to another and thukema
technology level [1]. At the circuit design level, considerthe proper choice of logic style cruma} for circuit perfance.
able potential for power savings exists by means of properAS far as cell-based design techniques (e.g., standals)-cel
choice of a logic style for implementing combinational cir@nd logic synthesis are concernease-of-us@nd generality
cuits. This is because all the important parameters govef{-l0gic gates is of importance as_weIRobustneésm_th re-
ing power dissipationDswitching capacitance, transiteastiv- SPECt to voltage and transistor scaling as well as varyioggss
ity, and short-circuit currentsPare strongly inuenced liye @nd working conditions, ancbmpatibilitywith surrounding cir-
chosen logic style. Depending on the application, the kind 5u¢r|es are important aspects in uenced by the impleneknte
circuit to be implemented, and the design technique uséd, dP9ic style.
ferent performance aspects become important, disallothiag
formulation of universal rules for optimal logic styles.vbesti-
gations of low-power logic styles reported in the literatao far, ~ According to the formula
however, have mainly focused on particular logic cells, agm
full-adders, used in some arithmetic circuits. In this parese
investigations are extended to a much wider set of logicgjate
and with that, to arbitrary combinational circuits. The mow
dissipation characteristics of various existing logiclestyare
compared qualitatively and quantitatively by actual logate
implementations and simulations under realistic circuaage-

B. Logic Style Requirements for Low Power

2

the dynamic power dissipation of a digital CMOS circuit dege
on the supply voltage , the clock frequency , the node
switching activities , the node capacitances the node short-
circuit currents  , and the number of nodes A reduction
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power. However, clock frequency reduction is only feasdtle and logic synthesis, and they also allow for ef®cient gatéaho
the architecture level, whereas at the circuit level freapye ing and gate-level simulation. Furthermore, a logic stylewdd
is usually regarded as constant in order to ful®ll some givattow the ef®cient implementation of arbitrary logic fuonots
throughput requirement. All the other parameters are inagel and provide some regularity with respect to circuit and lgyo
to some degree by the logic style applied. Thus, some genegdllization. Both low-power and high-speed versions ofdog
logic style requirements for low-power circuit implemetiga cells (e.g., by way of transistor sizing) should be suppbite
can be stated at this point. order to allow exible power-delay tuning by the designettoe
1) Switched capacitance reductioBapacitive load, originat- synthesis tool.
ing from transistor capacitances (gate and diffusion) aubei ) . .
connect wiring, is to be minimized. This is achieved by hgvinP- Static Versus Dynamic Logic Styles
as few transistors and circuit nodes as possible, and byisglu A major distinction, also with respect to power dissipation
transistor sizes to aminimum. In particular, the numbehigfif- must be made between static and dynamic logic styles. As op-
capacitive) inter-cell connections and their length (ianced by posed to static gates, dynamic gates are clocked and waskoin t
the circuit size) should be kept minimal. Another source fgthases, a precharge and an evaluation phase. The logiofunct
capacitance reduction is found at the layout level [4], Wwhicis realized in a single NMOS pull-down or PMOS pull-up net-
however, is not discussed in this paper. Transistor dowrgsig  work, resulting in small input capacitances and fast evaina
an effective way to reduce switched capacitance of logiegatimes. This makes dynamic logic attractive for high-speed a
on noncritical signal paths [5]. For that purpose, a logidest plications. However, the large clock loads and the highaign
should be robust against transistor downsizing, i.e.embfunc-  transition activities due to the precharging mechanismltés
tioning of logic gates with minimal or near-minimal trartsis an excessive high power dissipation. Also, the usage of dy-
sizes must be guaranteadtjolesslogic). namic gates is not as straightforward and universal as itris f
2) Supply voltage reductionThe supply voltage and thestatic gates, and robustness is considerably degradet. theit
choice of logic style are indirectly related through dethiven exception of some very special circuit applications, dyizam
voltage scaling. That is, a logic style providing fast logates logic is no viable candidate for low-power circuit desigh [8],
to speed up critical signal paths allows a reduction of thmpu [9] and was therefore not considered any further in thisystud
voltage in order to achieve a given throughput. For that psep
a logic style must be robust against supply voltage rednctid=- Complementary CMOS Logic Style
i.e., performance and correct functioning of gates musti#g-g  Logic gates inconventionabr complementary CMO&lso
anteed at low voltages as well. This becomes a severe pretble@mpw referred to aCMOSin the sequel) are built from an
very low voltages of around 1 V and lower, where noise margingiOS pull-down and a dual PMOS pull-up logic network. In
become critical [6], [7]. addition,pass-gatesr transmission gate§.e., the combination
3) Switching activity reductianSwitching activity of a cir- of an NMOS and a PMOS pass-transistor) are often used for
cuit is predominantly controlled at the architectural aggister implementing multiplexers, XOR-gates, and ip- ops ef@mily
transfer level (RTL). At the circuit level, large differeee are (CMOS with pass-gates will be denoted@®IOSH. Any logic
primarily observed between static and dynamic logic sty@s  function can be realized by NMOS pull-down and PMOS pull-
the other hand, only minor transition activity variations ab- up networks connected between the gate output and the power
served among different static logic styles and among logteg lines. Figs. 1(a) and (b) depicts a two-input multiplexetega
of different complexity, also if glitching is concerned. (MUX2) in pure CMOS (using tristate inverters) and CMOS
4) Short-circuit currentreductianShort-circuit currents (also with pass-gates, respectively. Simple monotonic gates as
called dynamic leakage currents or overlap currents) maysa  NAND/NOR and AOI/OAI, can be realized very ef®ciently with
a considerable amount between different logic styles. Bi®y only a few transistors (A, P )?, one signal inversion level (),
strongly depend on input signal slopes (i.e., steep andhbath and a few circuit nodes (9. Non-monotonic gates, such as
signal slopes are better) and thus on transistor sizing.ir ThROR and multiplexer, require more complex circuit realiaas
contribution to the overall power consumption is ratherntéd  put are still quite ef®cient.
but still not negligible ( 10+30%), exceptfor very low voltages Other advantages of the CMOS logic style are its robustness
, where the short-circuit currents disappear. Against voltage scaling and transistor sizing (high noise-m
low-power logic style should have minimal short-circuit@nts  gins) and thus reliable operation at low voltages and aatyitr
and, of course, no static currents besides the inherent CM@Sen minimal) transistor sizes (ratioless logic). Inpighals

leakage currents. are connected to transistor gates only, which facilitatesuts-
. . age and characterization of logic cells. The layout of CMOS
C. Logic Style Requirements for Ease-of-Use gates is straightforward and ef®cient due to the complement

For ease-of-use and generality of gates, a logic style shotfgnsistor pairs. Basically, CMOS ful®lis all the requigstts
be highly robust and have friendly electrical charactiessthat regarding the ease-of-use of logic gates. An often mentione
is, decouplingof gate inputs and outputs (i.e., at least one irflisadvantage of complementary CMOS is the substantial num-
verter stage per gate) as well as gabiving capabilitiesand ber of large PMOS transistors, resulting in high input logitls
full signal swingsat the gate outputs, so that logic gates cah A ). However, the best gate performance is achieved with a

be_cascaded arb'tra”'}’ and work rella_bl_y In any CII‘CUIt®gIm- 2This notation documents the tendency whether circuit af@adelay (T),
ration. These properties are prerequisites for cell-bassijn and power (P) are increased)(or decreased () by the mentioned property.
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series of up to three transistors between power line ancbgite
put), thus disallowing the usage of pass-gates. The adyesta
of transistor branches are higher layout regularity (sealler

1 MUX2
A ¢ (CMOS+) diffusion capacitances) and simpler characterizatien franch
: 46 4 25 instead of gate modeling). Other aspects, such as the dekign
%—Do{ delay-independent ip- ops, were addressed in order te the
B | 6 massively increasing effects of process, temperatureage)
T 4 and transistor size variations at very low voltages.
(b) F. Pass-Transistor Logic Styles

The basic difference of pass-transistor logic compareteo t
CMOS logic style is that the source side of the logic transist
networks is connected to some input signals instead of tiepo
lines. The advantage is that one pass-transistor netwithie(e
NMOS or PMOS) is suf®cient to perform the logic operation,
which results in a smaller number of transistors and smadiler
put loads, especially when NMOS networks are used, (A ,

P ). However, the threshold voltage drop ( )
through the NMOS transistors while passing a logic 21° makes
swing (or level) restoration at the gate outputs neceseamder

to avoid static currents at the subsequentoutput investéoglic
gates. Adjusting the threshold voltages (i.e., )as a
solution at the processtechnologylevel is usually notildaor
other reasons. In order to decouple gate inputs and outpdts a
to provide acceptable output driving capabilities, ingestare
012 3 usually attached to the gate outputs (A , P ). Because the
% MOS networks are connected to variable gate inputs ratia@r th

MUX2

S (CPL) $
Are b— AT 16
5 10,12 § 5
R R

constant power lines, only one signal path through eachark&tw
must be active at a time in order to avoid shorts between @put
Therefore, each pass-transistor network must realize &-mul
10,12
0

plexer structure, which limits the number of logic functiathat
can be implemented ef®cientlyBecause these pass-transistor
) multiplexer structures require complementary controhalg,
dual-rail logic is usually used in order to provide all sigman
MUX2
5 (PPL) complementary form. As a consequence, two MOS networks
4

are again required in addition to the swing restoration aute o
o put buffering circuitry (A, T , P ), which all in all annihilates
the advantage of low transistor count and small input lodds o
pass-transistor logic. Also, the required double intdrwiging
increases wiring complexity and capacitance by a condidiera
4 } amount (A, P ). A small advantage of dual-rail logic is that
! inverted signals are for free. Layout of pass-transistdis ce
() (h) is not as straightforward and ef®cient due to rather iraagul
transistor arrangements and high wiring requirementsallyin
pass-transistor logic with swing restoration circuitrysisnsi-
tive to voltage scaling [12] and transistor sizing with resp
to circuit robustness (reduced noise margins), i.e., ef@r
PMOS/NMOS width ratio of only about1.5( ~_, [10]), reliable operation of logic g_ates i§ not necessarily gum_m‘lat
and this ratio will decrease even further in deep-submitzoh- 10W voltages or small transistor sizes. In other words, sistor
nologies, where the carrier drift velocities in NMOS and P§10SiZing is crucial for correct gate operation and thereforzen
transistors become almost equal due to velocity saturftip  dif®cult (ratioed logic). Short-circuit currents are etfiarge
Another drawback of CMOS is the relatively weak output argyi du€ to competing signals in the swing restoration circuitry

Ol

Fig. 1. Two-input multiplexer in (a) CMOS, (b) CMOS with pagates, (c)
DPL, (d) LEAP, (e) CPL, (f) EEPL, (g) SRPL, and (h) PPL logiglst

capability due to series transistors in the output stagg.(This, ~ Many different pass-transistor logic styles have beengsep
however, can be corrected by additional output buffersfitars "€cently. The mostimportant ones are now brie y summarized
which are inherent in other logic styles. 1) Complementary pass-transistor logic (CP14 CPL gate

A more restrictive approach was taken for the design of lowt]: [13] consists of two NMOS logic networks (one for eaaysi

power low-voltage _Ce”S using CMQﬁa_nCh'based logim [4], 3Note that each logic function can be realized in a multiptesteucture, but
[6]. Here, the transistor networks consistonly of branghes a often at a lower circuit ef®ciency.
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nal rail), two small pull-up PMOS transistors for swing st TABLE |
tion, and two output inverters for the complementary output QUALITATIVE LOGIC STYLE COMPARISONS
signals. Fig. 1(e) depicts a two-input multiplexer whicpne i i

ts the basic and minimal CPL gate structure (ten trams)st | 9 || #MOS |- output VO | swing ) # | robust
sen . . g ] style networks |  driving decoupl. | restor.| rails ness
All two-lnputfuncthns (e.g. AND, OR, XOR )ca_n be |mple- CMOS| n+p | medzgood yes o [ single| Pigh
mented by this basic gate structure, which is relativelyeggive CPL 7n good yes ves | dual | medium
for simple monotonic gates such as NAND and NOR. The ad-SRPL 2n poor no yes | dual low
vantages of the CPL style are the small inputloads (P ), the | DPL | 2n+2p |  good yes | no | dual | high

. . . . LEAP n good yes yes | single | medium

ef®cient XOR and mlulltlplexer gate |mplem_entat|0ns, thedgoo gep 2n good ves ves | dual | medium
output driving capability due to the output inverters §Tand PPL n+p poor no yes | dual low

the fast differential stage due to the cross-coupled PMOISupu
transistors (T). This differential stage, on the other hand, leads

to considerably larger short—circuit_currents jP Other disad- is only guaranteed if the threshold voltages are appragyiat
vantages of CPL are the substanthl n.umber of nodes and high1 ™ o, the other hand, ease-of-use of logic gates and com-
wiring _overhea}d d_ue to the dual-rail s_|gnaI§ (A ) a_nd the patibility with conventional cell-based design is parthppided
|nef®_0|ent reahzqtmn of simple gates (i.e., high tratesisount, in this logic style. The fact that conventional logic netk®r
two 5'9”?" inversion levels). . . can be mapped more ef®ciently onto simple logic gates than on
2) Swing restored pass-transistor logic (SRPIhe SRPL 1 iniexers is dealt in the LEAP system with a new synthe-

style [14] is derived from CPL. Here, the output inverters algjq 4nnroach which exploits the full functionality of mplexer
cross-coupledto a latch structure which performs swintpras structures [12]

tion and output buffering at the same time [Fig. 1(g)]. Ndiatt 5) Other pass-transistor logic stylesSome other pass-

the pull-up PMOS transistors are not required anymoreMtﬂansistor logic styles have been proposed. The diffeaenti
the output nodes of the NMOS network are also the gate outp Sss-transistor logic (DPTL) in [17] is a generalized caall-

Because the inverters have to drive the outputs and must §i8Q yansistor logic structure. It consists of the NMOSspa

be overridden by the NMOS network, transistor sizing becomg. qistor networks and a buffer circuit for level restimat

very d|f®cult_an(_j results in poor output dr_lvm_g capabilly ,  \hich can be a clocked precharging buffer (dynamic) or acstat

P ) slow switching (T ), and large short—qrcun currents (P buffer (e.g., asin CPL). In the energy economized passistor

This becomes even worse when cascading SRPL gates. ]Hb‘?c (EEPL) of [18], the sources of the PMOS pull-up transis

resulting series of NMOS networks with competing mvertar; tors of a CPL gate are connected to the complementary output
signal instead of  [Fig. 1(f)]. The reputed advantage of

between leads to very slow switching and unreliable opamati
SRPL gates are highly sensitive to transistor sizing anwsf® g 4o delay and smaller power dissipation compared to, CPL

ceptable performance only in very special circuit arrangets however, could not be con®rmed in this work. The push-pull

(e.g., no gates in series, small output loads). pass-transistor logic (PPL) of [19] can be regarded as a CPL

3) Double pass-transistor logic (DPL_)n the DPL style [7], _gate without output inverters and with complementary fissns
[15], [16], both NMOS and PMOS logic networks are used iy o one signal rail [i.e., PMOS pass-transistors fofidiyy an

parallel [Fig. 1(c)]. This provides full swing on the outsignals NMOS pull-down transistor, Fig. 1(h)]. Besides its attraely

(i.e., no level restoration circuitry is needed), and diroobust- low transistor count, switching and output driving chaesistics

ness is therefore high. However, the number of transistors&}e even worse than in SRPL (see Section Ill), and it does not
especially large PMOS transistorsband the number of nosleswork for

quite high (A , P ), leading to substantial capacitive loads (T

P). Th_e combination of large PMOS tr_a_nsistors and inef®ciegt Qualitative Comparisons

dual-rail logic makes DPL not competitive compared to other ] _ o o _

pass-transistor logic styles and to complementary CMOS$e No S0me basic logic style characteristics which in uenceutrc

that DPL can be regarded as a dual-rail pass-gate logicewtierformance and power dissipation are qualitatively caegba

CMOS+ is a single-rail pass-gate logic. in Table I. In particular, the number of MOS logic networks,
4) Single-rail pass-transistor logic (LEAP)A single-rail the output driving capabilities, the presence of inpugotide-

pass-transistor logic is proposed in the LEAP logic desigipuPling, the needfor swing restoration circuitry, the memof

scheme [12]. As opposed to the dual-rail logic styles, onfjjgnal rails, and the robustness with respect to voltagéngca

single inter-cell wiring and single NMOS networks are regdi and transistor sizing are given for the logic styles disedss

(A , T ,P), while the required complementary input signals

are generated locally by inverters [Fig. 1(d)]. Swing restion

is realized by a fed back pull-up PMOS transistor which, how- The ef®cientimplementation of logic gates is a prereaiisit

ever, is slower than the cross-coupled PMOS transistor$af Cthe realization of well-performing combinational cirauitThis

working in differential mode. Note also that this swing ogat  is especially true for high-speed and low-power applicetio

tion structure only works for , because the

threshold voltage drop through the NMOS network for a logi8. Results from the Literature

1° pre\;ents the NMOS of;c]he |?verter§nd with thatl the leﬂl—u Various investigations of logic styles with respect to low
PMOS from tuming on. Therefore, robustness at low vo tagﬁ%wer dissipation have recently been carried out and regort

IIl. ANALYSIS OF LOGIC GATES
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in the literature [1], [12]£[14], [19]£[23]. In all these plica- Immmmmmmmmmmmmoommmmoooooo oo !

cuits. This comparison, however, is not representativatse

the critical three-input XOR function of the full-adder reed 20FT
for sum bit calculation is perfectly suited for implemeiuat -
in pass-transistor logic due to its multiplexer structu@n the
other hand, the XOR is the logic function with the least ed®ti
implementation in CMOS. Secondly, rather inef®cient CMOS

tions (except [23]), CPL or related pass-transistor logjtes A 0P B N e — FA |
are propagated as low-power logic styles. This is basieadly ! np i
plained by the fact that CPL gates count less transistorse ha 2L 4 S,
smaller transistors and smaller capacitances, and ar thgh B 0P } B logic | ‘
gates in complementary CMOS. % network | |

However, some weak points show up in all these investiga- 20fF T % . WP co;
tions. First, all examinations are based only on full-adcler G op o al

Fig. 2. Circuit arrangement for the simulation of full-adsle

full-adder implementations counting 40 transistors wesecu I N1 N2 N3 N4 N5
throughout except for [12]. More ef®cient CMOS realizagion
with only 28 transistors exist which perform better withpest
to circuit size, speed, and power dissipation. ;DJ
Furthermore, full-adders have only limited importancereve ’ T50fF T 50fF T 50fF T 50fF T 50fF

in arithmetic circuits. Full-adders or the related 4-2 coegsors
are the basic cells in adder arrays (i.e., carry-save apdses! Fig. 3. Circuit arrangement for the simulation of logic gate

in multipliers and similar components like dividers. In buc

applications, ef®cient full-adder circuits are cruciaksi these

building blocks are often the critical ones. However, ingsien  of this effect (referred to asource-gate effetsuch worst-case
arithmetic circuits, such as adders, incrementers/cosinéad input combinations must be included in the circuit arrangem
comparators, full-adders are hardly used. Most fast adder as well.

chitectures (e.g. carry-lookahead) do not use entireafuidlers

since their function is broken up in order to speed up carr@. Circuit Arrangementand Simulation Conditions
propagation. Moreover, the greater part of typical cirapt

o : ; . ) The ®rst set of comparisons was carried out on various sim-
plications is made up of other (nonarithmetic) combinadion

ple and complex logic gates. Circuits were designed at the

functions, which require no full-adders atall. transistor-level in a standard 0.6n CMOS process technology
Finally, the simulation conditions and circuit arrangemen(double-metal 08V 08V). Layoutwas carried

are oﬁen not cle.arly speci®ed. Ong h.as to assumethaisititealbut for all compared logic gates and for the CMOS and CPL
and highly speci®c rather than realistic and more geneigise full-adders. It was done in a standard-cell-like mannengsi

are used in some cases. symbolic layout and compaction, which allowed for an ef@écie
exploration of layout topologies for the different logig/lsts.
The circuits were simulated using HSPICE at 3.3V and 1.5V,
Foramore general characterization of logic styles witbees 27 C, 20 MHz, with the capacitances extracted from the lay-
to low-power circuit implementation and standard-celtdity out. All possible transition combinations at the gate ispuére
development, the investigations have to be extended tayarlarsimulated. Worst-case gate delays and average power aissip
set of gates and therefore must include multiplexers anglsimtion (including power from short-circuit currents) weretained
gates as well. Realistic circuit and simulation setups havefrom simulation. PT-products are calculated as a qualigsnes
be chosen in order to capture worst case behavior, whichfdas power ef®ciency, giving the energy consumed by a gate per
crucial in synchronous designs. In particular, gate infaatge switching event. Transistors were sized carefully by haitd w
to be driven by typical gate outputs rather than by the sitoula the objective of balanced gate performance, low PT-prajuct
Similarly, gate outputs have to drive typical gate inpulsjst and, to some extent, uniform and regular transistor sizesstM
simulating realistic fan-outs. Several gates have to beathesd circuits are depicted in Figs. 1 and 4 with the transistortisd

B. Improved Investigations

in order to observe their behavior within multilevel logioomits. () givenin  ( 03 m, 2).
A comprehensive set of input stimuli has to be applied during Fig. 2 illustrates the circuit arrangement for simulatioh o
simulation for sensitization of all critical signal paths. the full-adders. Inverters equivalent to the full-addetpot

An additional aspect to be considered within pass-gate ainglerters are placed at the inputs and wiring capacitan€es o
pass-transistor circuits is the fact that input signals owynect 20 fF attached in order to simulate two full-adders conrakcte
to transistor gateandtransistor sources at the same time. Sinde series with a fan-out of one, which is typical for full-aetd
current is drawn from a logic gate input at the transistorseu applications (e.g., adder arrays, Wallace trees, anderipairy
switching of that respective signal is slowed down (i.e.t “aadders). This simple circuit setup allows application ditaary
signal ramp). If the same signal is connected to a transisgignal transition combinations to the full-adder inputsynell as
gate somewhere else, switching of that transistor and of tbensideration of output driving and fan-out characterssti
corresponding logic gate is slowed down as well. For sinmfat  Fig. 3 shows the general circuit arrangement used for adlroth
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Fig. 4. Simulated gates in (a), (c), (e), (), (h), (1), (p) @, (i), (m) CMOS with pass-gates, and (b), (d), (9), (j), (0) CPL logic style, (k) Wang's XOR.

logic gates. Several gates of the same type are connecieign s power dissipation of CMOS and CPL are comparable. However,
with a fan-out of two and with typical interconnectloadsatied CMOS has a shorter carry-in to carry-out delay ( ) at

(50 fF, corresponds to three typical cell pitches [24]).sT$8tup 3.3 V as well as overall shorter delays and comparable PT-
makes sure that all inputs are driven by typical gate outpnts products at 1.5 V. Similar results were reported recent[28j.

that all possible gate input combinations are simulatedrts® Also, the layout size of the CMOS full-adder is considerably

gate effect mentioned above). smaller due to the smaller number of transistors and, inqudet,
due to a higher circuit regularity (i.e., complementamsiators
D. Comparisons and Results are easy to layout) and smaller number of wires (singlg-rail

The comparisons without cell layouts show a higher perfor-
mance advantage of CPL over CMOS full-adders. This again
2gocuments the worse layout ef®ciency of CPL. The 28-trantsis
; CMOS full-adder performs considerably better than the 40-
using branch-based gates [26], and a pure pass-gate vi#Sjon transistor version and the other CMOS implementationginge

Pass-transistor full-adders were realized for CPL [Fign)K( of circuit speed, power dissipation, or both. EEPL provelseo

LEAP, EEPL, and DPL. A comparison based on actual Iayof:'gjmparable, but not better than CPL, from which it is derived

and extracted capac!tances v_vas_dong or_lly for the CMOS aije single-rail pass-transistor logic style used in LEABZInot
CPL full-adders. Their layout is given in Fig. 5. Another sét workat 1.5V (i.e as mentioned earlier), and

cor;garlsgns com_prlsmg g_l}flog_lc Stylzs was done W'_thomw its superiority over CMOS [12] at higher voltages could net b
and based on estimated diffusion and wiring capacitances. = -, gmed. Finally, DPL is not competitive compared to CMOS

. The simulation results are given in Table Il. The cOMPaLL 4 CPL due to the very high transistor count. Note that in all
isons based on cell layouts basically con®rm the bettey el . <o circuit implementations, power and delay can be drade

P_T—product_values of CPL fuII-ad_ders_ ar33Vv dug t_o the e ff by a considerable amount through transistor sizing|ewie
cient three-input XOR pass-transistor implementatiorilenthe

1) Full-adders (FA) Four different CMOS full-adder circuits
were implemented: the mentioned 28-transistor version [
[Fig. 4(p)], the often used 40-transistor version [1], asien
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Fig. 4. (Continued) Simulated gates in (a), (c), (e), (f), (h), (1), (p) CMOY, (m) CMOS with pass-gates, and (b), (d), (9), (j), (n), (B®LCogic style, (k) Wang's
XOR.

PT-products remain fairly constant, except for minimuesi resulting in increasingly slow signal ramps through a seof
transistors where PT-products become typically larger. gates and, as a consequence, in high short-circuit curr€his

2) Logic gates Two sets of comparisons on logic gates weris illustrated by the simulated waveforms of Fig. 7 and com®r
carried out based on the cells' layout. The ®rst set includiee well-known fact that gates without input-output dedowp
two-input multiplexers (MUX2) for all different logic stgk. cannot be connected in series to form arbitrary circuithwit
The circuits are given in Fig. 1 and the results summarized dnit inserting buffers every few gates. This, however, makes
Table Ill. Here, the multiplexer in complementary CMOS outhese logic styles dif®cult to use, and they hardly yielddnet
performs all other implementations with respect to cirdeiay, circuit performance than logic styles with inherent inputput
power, PT-product, and layout size, despite the relativiyn decoupling in each gate.
transistor count. It is far more ef®cient than any passsistor In the second set of gate investigations, the followingdogi
solution, also with respect to layout (Fig. 6). This is rekaar gates were compared between CMOS and CPL: two-input
able since multiplexers are actually the domain of pagssiséor NAND (NAND?2), four-input AND (ANDA4), three-input and-
logic. CPL is the best performing pass-transistor logitestynd, or-invert/or-and-invert (AOI/OAI), two- and four-input ufti-
in particular, the fastest one. Again, EEPL has worse perf@iexers (MUX2, MUX4), and two-input XOR [Figs. 4(a)x(n)].
mance than CPL, and the additional signal connectionsmedjuiThe results are given in Table IV. In most cases, complemen-
in EEPL gates are sometimes dif®cult to layout. LEAP is quitary CMOS clearly outperforms CPL with respect to circuit de
power-ef®cient but rather slow. DPL is comparable to CPL lay, power dissipation, power-delay product, and layoaé si
all respects. Finally, SRPL and PPL suffer from the weak ouFhis especially holds true for the simple gates (NAND2, AND4
put driving capability and the missing input-output declingy  AOI/OAI). The only exception are the MUX4 and XOR gates
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TABLE Il
FULL-ADDER COMPARISONS

delay (ns)
maximal
33V 15V | 33V 15V | 33V 15V | 33V 15V

gate logic
type style

power ( W) PT (norm.) # size
trans.| ( 2

with layout (extracted capacitances)

FA CMOS 189 7.88| 111 487| 329 64| 100 1.00| 28 8754
CPL 139 833 123 795| 341 60| 076 099| 32 14792

without layout (estimated capacitances)

FA CMOS 150 6.00| 085 350| 293 57| 100 100| 28 +
CcMos? 177 697| 079 324| 323 6.2 129 1.26| 40 +
CMOS? 218 901 159 566| 313 63| 155 164 30 +
TGATE 8 135 6.34| 100 451| 334 6.7 1.02 124| 24 +

CPL 102 506| 085 454| 246 43| 057 063| 32 +
EEPL 111 572| 095 528| 251 45| 063 0.75| 32 +
LEAP 173 1.06 +| 31.0 +| 122 + 24 +
DPL 131 681| 064 289| 358 69| 1.07 136| 48 +

T CMOS version used in most comparisons [1]

2 decomposed, branch-based CMOS version proposed in [26]
3 pure pass-gate version

4 does not work for

TABLE Il
MULTIPLEXER COMPARISONSALL LOGIC STYLES).

gate logic delay (ns) power (W) PT (norm.) # size
type style 33V 15V | 33V 15V | 33V 15V | trans.| ( d

MUX2 CMOS 115 444| 104 20| 1.00 1.00 12 4111
CMOSt 119 494| 104 19| 1.03 1.07 10 3969
CMOS+ 159 650 103 19| 137 143 8 4455
CPL 128 6.21| 190 34| 203 242 10 5528
EEPL 2.02 10.27| 230 49| 388 572 10 6328
SRPL 586 29.75| 26.2 3.7| 12.81 12.52 8 6009

PPL 777 #2 | 327 +| 21.16 + 6 | 4301
LEAP 2.07 #2 12.6 +| 2.18 * 7 | 4333
DPL 134 5.33| 173 33| 193 198| 12 | 6133

T without output inverter
2 does not work for

TABLE IV
LoGIC GATES COMPARISON§CMOSAND CPL).
gate logic delay (ns) power ( W) PT (norm.) # size
type style 33V 15V | 33V 15V | 33V 15V | trans. (3
NAND2 CMOS 091 3.20 73 13| 1.00 1.00 4 2098
CPL 128 6.12| 189 35| 3.67 4.93| 10 5477
AND4 CMOS 130 528 102 19| 1.00 1.00f 10 3897
cMost 115 481| 102 19| 088 091 12 4669
CPL 230 1158 269 46| 463 525| 18 9580
AOI/OAI CMOS 1.12 440 9.3 1.7| 1.00 1.00 6 2778
CPL 147 743| 220 41| 3.09 415 14 7211
MUX2 CMOS 1.13 4.17| 105 20| 1.00 1.00| 12 4111
CMOS+ 159 6.50| 103 19| 137 150 8 4455
CPL 128 6.21| 190 34| 203 254| 10 5528
MUX4 CMOS 203 756| 145 26| 1.00 1.00] 26 10481
CMOS+ 233 10.17| 144 25| 114 131| 18 8112
CPL 176 851| 235 40| 141 1.77| 18 77282
XOR CMOS 143 551| 112 21| 1.00 1.00| 12 4523
CMOS+ 182 794| 105 20| 119 1.38 8 4455
CPL 135 6.21| 193 35| 162 190 10 5069
WANG 145 3 27.1 +| 245 + 6 3190

T'two-input NAND/NOR combination (decomposition)
2 relaxed cell layout rules due to large number of (otherwisa aominating) input/output wires
3 does not work for
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where CPL is faster at 3.3 V. The small layout area of MUX4 i PP PR
CPL was only achieved by relaxing the cell layout rules (ad. ffffffff

?nput metal_-2 wires lead only to one s_ide of the cell). Othisey © preprocessing coll (AWDORSXOR) < buffe cell (2 BUFIN) .

its .Iayout size wo'uld have been dominated by the large numl o prefix cel (AOFNAND or 2 MUX) o postprocessing cell (XOR)

of input/output wires and thus have been much larger. CMC ¢ ¢y cen

also proves to be less sensitive to voltage scaling than T..

delays increase by a smaller amount and the PT-productraiigy g. Buffered parallel-pre®x adder structure.

get better for CMOS when scaling down to 1.5 V. Finally, pure

CMOS also performs better than the combination of CMOS and

pass-gates (CMOS+), which is one basic advantage of bran€he advantages of ef®cient circuit and layout implemesrnati

based logic [4]. Also, a reduction of short-circuit curim  of simple gates, the absence of swing restoration cirguany

CMOS compared to pass-gate logic was reported in [23], whthe single-rail logic property are predominant in most wiirc

comparing tristate inverter selectors (CMOS) with pass-ga- applications. CMOS also shows the highest robustness and

lectors (CMOS+). The two CMOS implementations of AND#Mmallest sensitivity to transistor and voltage scalingiciwiwas

further demonstrate that the decomposition of complexsga@so documented in [23].

into simpler ones often improves performance [4], but net al

ways (see CMOS implementations of full-adder). Compler gat

decomposition minimizes the number of series transistas ( Binary adders are good examples for circuit performance com

simpler gates)Pan important aspect at low supply voltage$b parisons because they include a balanced combinationfef-dif

the cost of additional signal inversion levels (i.e., moa¢eg).  ent logic gates and make up the crucial building blocks inynan
circuit applications.

OO O OO OOOOOOOOOO0

IV. ANALYSIS OF ADDERS

E. Discussion

Among the pass-transistor logic styles, CPL proves to ha@‘e Adder Architecture and Implementation

the best performance values and lowest power-delay preduct Adder architecture investigations carried out on celldohs
Only the single-rail style of LEAP is a viable alternativédfver designs showed the best circuit performance measuresdor th
power and compatibility with cell-based design are of cance class of parallel-pre®x adders (carry-lookahead addeith)the
Complementary CMOS, however, proves to be superior to alhe using the parallel-pre®x structure by Sklansky [2T]ltieg)
pass-transistor logic styles in performance for all logiateg, in the fastest adder circuit implementations [28], [29]. isTh
with the exception of the full-adder at higher supply voktag seems also to hold true for transistor-level circuits, sitize
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Fig. 7. Simulation waveforms for two-input multiplexer iM©S, CPL, and SRPL logic style (@ 1.5 V).
TABLE V
32-8 ADDER COMPARISONS
logic delay | power PT # # switching || voltage process
style (ns) | (mwW) | (norm.) (%) trans. | nodes| activity V) technology
CMOS || 4.14 7.50 1.00 23.6 1607 869 0.36 2.8 05 m
CPL 3.47 | 25.90 2.89 31.2 2774 | 1228 0.49 2.8 05 m
cpLt 4.73 16.80 2.56 27.2 2774 | 1228 0.50 2.8 05 m
DPL? 500 | 15.00 | 2.42 + + + + 33 0.5 m

T down-sized transistors
2 conditional-sum adder in DPL from literature [30]

area-ef®cient but slower Manchester chains as a trangstdr 2.8V, 110 C, and 100 MHz with estimated wiring capacitances
alternative do not ®t well into the parallel-pre®x addeicstre.  (layout topology taken into account). The worst-case delay

A 32-b adder was realized in a 0.5n CMOS process using the critical path as well as average power dissipation ort afse
the unbounded fan-out parallel-pre®x adder structuregf&i random data was measured.
One level of buffers was inserted for driving the nodes with
large fgn—outs and thus'for fan-out decoupling on thg aliticB_ Results and Discussion
paths (i.e., speed-up). Since the pre®x carry-propagediobe
realized using AOI/OAI-gates or multiplexers, the morecd®t Table V gives the comparison results. The CMOS solution
variant was chosen for each logic style. That is, the CMA$ about 20% slower than the CPL version, but has a much
implementation makes use of the ef®cient AOI/OAIl-gatedavhismaller transistor count and dissipates less than 1/3 thepo
the CPL solution uses two-input multiplexers. Transisteese A CPL version with down-sized transistors still consumeiséw
sized for high speed. Note that these adder architecturesidoas much power and is slower than CMOS. The CMOS adder
contain any full-adder circuits, and that the three-inp@Rs has 41% fewer transistors and 29% fewer circuit nodes than
are split into two two-input XOR's, one in the preprocessang the CPL version. The reasons for the greater power dissipati
one in the postprocessing stage. The adders were simulatedfahe CPL adder are basically the larger switched capaztan
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(more transistors, dual-rail wiring), larger short-citaturrents
(differential swing-restoration circuitry), and a highav-
erage switching activity than was observed in the CMOS Vel

(2]

11

R. Zimmermann and R. Gupta, 2Low-power logic styles : CBI@ersus
CPL®, in Proc. 22nd European Solid-State Circuits Corfeucldtel,
Switzerland, Sept. 1996, pp. 112+115.

J. Yuan and C. Svensson, 2New single-clock CMOS latcimes @ ops

sion. On the other hand, the CMOS adder takes advantage of with improved speed and power savingdEEE J. Solid-State Circuits

the ef®cient implementation of the simple AOI/OAIl-gatesdis ]
for carry-propagation and of the single-rail interconse®ote

that the inaccuracies from wiring estimation can be regérde
as considerably smaller than the observed differencesdniti %]
performance.

For comparison, the performance ®gures of a low-power high-
performance 32-b conditional-sum adder implementatiamgus [
the DPL style are given from the literature [30].

(71
V. CONCLUSIONS

In our investigations, CPL was found to be the most ef®cier?]
pass-transistor logic style. Complementary CMOS, howeve
proves to be superiorto CPL in all respects with only few @xce
tions. An interesting alternative is represented by thglsinail
pass-transistor logic and the proposed synthesis appresach
in LEAP in order to better exploit the multiplexer structw® [11]
pass-transistor logic.

The advantages of high functionality with few pass-traosss [12]
and of small input capacitancesin the CPL style are payrtiat
done by the need for swing restoration circuitry, dual€aitod- [13]
ing, and the resulting wiring overhead. The investigatesults
presented show thatbfor all simple and complex logic gatgs4]
except the full-adder, and under realistic circuit comaitb-
complementary static CMOS performs much better than Cijs,
and other pass-transistor logic styles if low power is of-con
cern. CMOS also compares favorably with regard to circuit
speed and layout ef®ciency. Its single-rail property i<iatu
for saving routing resources, which is an important issue [tv]
submicron VLSI. Its robustness against transistor dovimgiz
and voltage scaling allows the ef®cient power optimizatibn [18]
noncritical signal nets and of entire circuit components aA
matter of fact, circuit robustness is becoming a key aspect l9]
deep-submicron VLSI, where variation ranges of many praces
and environment parameters will increase massively [24is,T
together with its ease-of-use, makes complementary CM@S {#!
logic style of choice for low-power, low-voltage implemation 5y
of arbitrary combinational circuits and for design autoiord
i.e., low-power synthesis and cell-based designb, alsozard
ticularly in the future [10]. However, other logic stylesich as
CPL, may still be viable candidates for low-power high-sped23]
implementation of dedicated circuit applications like tipliers.

[22]

[24]

ACKNOWLEDGMENT [25]

The authors would like to thank Dr. H. Kaeslin for his encouyzg]
agement, valuable suggestions, and careful reviewing.y The
would also like to thank Dr. N. Felber for his support and thﬁﬂ
reviewers for their constructive comments. This work watipa
done in collaboration with R. Gupta and D. Fisher from the DSP8]
Device Design Group of Rockwell Semiconductor Systems in
Newport Beach, CA, USA. [29]

REFERENCES (30]

[1] A. P. Chandrakasan and R. W. Broderselnpw Power Digital CMOS
Design Kluwer, Norwell, MA, 1995.

vol. 32, pp. 6269, Jan. 1997.

C. Piguet, J.-M. Masgonty, P. Mosch, C. Arm, and V. von Kele 2Low-
power low-voltage standard cell libraries®, Rroc. Low Voltage + Low
Power Workshop, ESSCIRC'd5lle, France, Sept. 1995.

R. Rogenmoser, H. Kaeslin, and N. Felber, 2The impactrahsistor
sizing on power ef®ciency in submicron CMOS circuits®,Piroc. 22nd
European Solid-State Circuits ConNeuctatel, Switzerland, Sept. 1996,
pp. 124+127.

6] C. Piguet, J.-M. Masgonty, S. Cserveny, and E. Dijksttaow-power

low-voltage digital CMOS cell design®, iRroc. PATMOS'94Barcelona,
Spain, Oct. 1994, pp. 132+139.

N. Ohkuboet al, 2A 4.4 ns CMOS 54 54-b multiplier using pass-
transistor multiplexer®|EEE J. Solid-State Circuifs/ol. 30, pp. 251+257,
Mar. 1995.

P. Ng, P. T. Balsara, and D. Steiss, 2Performance of CM@fgrdntial
circuits®, IEEE J. Solid-State Circuits/ol. 31, pp. 841+846, June 1996.
K. Chu and D. Pulfrey, 2A comparison of CMOS circuit teéhues:
Differential cascode voltage switch logic versus convari logic®, IEEE
J. Solid-State Circuitsvol. 22, pp. 528+532, Aug. 1987.

] J. M. RabaeyDigital Integrated Circuits Prentice Hall, Englewood Cliffs,

NJ, 1996.

N. Arora, MOSFET Models for VLSI Circuit Simulatippringer-Verlag,
Wien, Austria, 1993.

K. Yano, Y. Sasaki, K. Rikino, and K. Seki, @Top-down gasansistor
logic design®, IEEE J. Solid-State Circuitsvol. 31, pp. 7924803, June
1996.

K. Yanoetal, A 3.8-ns CMOS 16 16-b multiplier using complementary
pass-transistor logicAEEE J. Solid-State Circuifs/ol. 25, pp. 388+393,
Apr. 1990.

A. Parameswar, H. Hara, and T. Sakurai, 2A swing rest@ass-transistor
logic-based multiply and accumulate circuit for multimeedipplications®,
IEEE J. Solid-State Circuitsrol. 31, pp. 805+809, June 1996.

M. Suzuki, N. Ohkubo, T. Yamanaka, A. Shimizu, and K.&as?A 1.5ns
32b CMOS ALU in double pass-transistor logic®, fmoc. 1993 IEEE Int.
Solid-State Circuits ConfFeb. 1993, pp. 90+91.

] A.Bellaouar and M. . EiImasry.ow-Power Digital VLSI Design: Circuits

and SystemKluwer, Norwell, MA, 1995.

J. H. Pasternak and C. A. T. Salama, 2Differential pmassistor logic®,
IEEE Circuits & Devicespp. 23128, July 1993.

M. Song, G. Kang, S. Kim, and B. Kang, 2Design methodgldgr
high speed and low power digital circuits with energy ecoizeth pass-
transistor logic (EEPL)®?, inProc. 22nd European Solid-State Circuits
Conf, Neucltel, Switzerland, Sept. 1996, pp. 120+123.

W.-H. Paik, H.-J. Ki, and S.-W. Kim, 2Push-pull passutisistor logic
family for low-voltage and low-power?, ifProc. 22nd European Solid-
State Circuits Conf.Neuclftel, Switzerland, Sept. 1996, pp. 116+119.
T. Kuroda and T. Sakurai, 2Overview of low-power ULSkaiit tech-
niques®, IEICE Trans. Electron.vol. E78-C, pp. 334+344, Apr. 1995.

K. Shimohigashi and K. Seki, 2Low-voltage ULSI designiEEE J.
Solid-State Circuitsvol. 28, pp. 408+413, Apr. 1993.

I. S. Abu-Khater, A. Bellaouar, and M. I. EImasry, 2Qiittechniques
for CMOS low-power high-performance multiplierd£EE J. Solid-State
Circuits, vol. 31, pp. 1535+1546, Oct. 1996.

M. Izumikawaet al, 2A 0.25- m CMOS 0.9-V 100-MHz DSP core®,
IEEE J. Solid-State Circuits/ol. 32, pp. 52+61, Jan. 1997.

J. D. Meindl, 2Gigascale integration: Is the sky theitii, IEEE Circuits
& Devices vol. 12, pp. 19+32, Nov. 1996.

N. H. E. Weste and K. EshraghiarRrinciples of CMOS VLSI Design
Addison-Wesley, Reading, MA, 1985.

J.-M. Masgonty, C. Arm, and C. Piguet, @Technology- gogver-supply-
independent cell library®, iRroc. IEEE Custom Integrated Circuits Canf.
San Diego, CA, May 1991, pp. 25.5/1+4.

J. Sklansky, 2Conditional sum addition logic°JRE Trans. Electron.
Comput, vol. EC-9, pp. 226+231, June 1960.

R. Zimmermann and H. Kaeslin, 2Cell-based multilevalry-increment
adders with minimal AT- and PT-products®, submittedlEEE Trans.
VLSI Syst.

R. Zimmermann, 2Non-heuristic optimization and sygls of parallel-
pre®x adders?, iRroc. Int. Workshop on Logic and Architecture Synthesis
Grenoble, France, Dec. 1996, pp. 123+132.

I. S. Abu-Khater and R. H. Yan, 2A 1-V low-power high-lermance
32-bit conditional sum adder®, ifroc. 1994 IEEE Symp. Low Power
Electron, San Diego, Oct. 1994, pp. 66+67.



tal VLSI design and synthesis, high-speed and low-poweauiitechniques,
computer arithmetic, computer-aided design, and arti@telligence.

Reto Zimmermann received the Dipl. Ing. degree in
computer science from the Swiss Federal Institute gf
Technology (ETH), Zurich, Switzerland, in 1991. He
is currently working toward the Ph.D. degree in elec
trical engineering.

He joined the Integrated Systems Laboratory o
ETH in 1991 as Research and Teaching Assistant. H
was involved in the implementation of VLS| compo-
nents for cryptographic and spread-spectrum systen
and in the design and synthesis of arithmetic units foy

@

]

cell-based VLSI. His research interests include digi

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 32, NO. 7, JULY 99

Wolfgang Fichtner (M'79:SM'84+F'90) received
the Dipl. Ing. degree in physics and the Ph.D. degree
in electrical engineering from the Technical University
of Vienna, Austria, in 1974 and 1978, respectively.
From 1975 to 1978, he was an Assistant Professor
in the Department of Electrical Engineering, Techni-
cal University of Vienna. From 1979 through 1985, he
worked at AT&T Bell Laboratories, Murray Hill, NJ.
Since 1985 he is Professor and Head of the Integrated
Systems Laboratory at the Swiss Federal Institute of
Technology (ETH). In 1993, he founded ISE Integrated

Systems Engineering AG, a company in the ®eld of technoldgy.C
Dr. Fichtner is a member of the Swiss National Academy of Beefing.



