IEEEJOURNALOFSOLID-STATECIRCUITS,VOL.32,NO.7,JULY1997 1

Low-Power Logic Styles: CMOS

Versus Pass-Transistor Logic

RetoZimmermannandWolfgangFichtner,Fellow,IEEE

Abstract� Recently reported logic style comparisons basedonfull-addercircuitsclaimedcomplementarypass-transistorlogic(CPL)tobemuchmorepower-ef�cientthan complementary CMOS. However, new comparisons performedonmoreef�cientCMOScircuitrealizationsanda widerrangeofdifferentlogiccells,aswellastheuseofrealisticcircuitarrangementsdemonstrateCMOStobesuperior toCPLinmostcaseswithrespecttospeed,area,powerdissipation,andpower-delayproducts.Animplemented32-bit adderusingcomplementaryCMOShasapower-delayprod-uctoflessthanhalfthatoftheCPLversion.Robustnesswith respecttovoltagescalingandtransistorsizing,aswellasgeneralityandease-of-use,areadditionaladvantagesofCMOS logicgates,especiallywhencell-baseddesignandlogicsyn-thesisaretargeted. Thispapershowsthatcomplementary CMOSisthelogicstyleofchoicefortheimplementationof arbitrarycombinationalcircuits,iflowvoltage,lowpower, andsmallpower-delayproductsareofconcern. Index Terms� Adder circuits, CPL, complementary CMOS,low-voltagelow-powerlogicstyles,pass-transistor logic,VLSIcircuitdesign.

I. INTRODUCTION

THEincreasingdemandforlow-powerverylargescalein-tegration(VLSI)canbeaddressedatdifferentdesignlevels,suchasthearchitectural,circuit,layout,andtheprocess technologylevel[1]. At thecircuit designlevel, considerable potential for power savingsexists by meansof proper choiceof a logic style for implementing combinational circuits. Thisisbecausealltheimportantparametersgoverningpowerdissipation�switchingcapacitance,transitionactivity,andshort-circuitcurrents�arestronglyin�uencedbythe chosenlogicstyle. Dependingontheapplication,thekindof circuittobeimplemented,andthedesigntechniqueused,differentperformanceaspectsbecomeimportant,disallowingthe formulationofuniversalrulesforoptimallogicstyles.Investigationsoflow-powerlogicstylesreportedintheliteraturesofar, however,havemainlyfocusedonparticularlogiccells,namely full-adders,usedinsomearithmeticcircuits.Inthispaper,these investigationsareextendedtoamuchwidersetoflogicgates, andwiththat,toarbitrarycombinationalcircuits. Thepower dissipationcharacteristicsofvariousexistinglogicstylesare comparedqualitativelyandquantitativelybyactuallogicgate implementationsandsimulationsunderrealisticcircuitarrange-

ManuscriptreceivedNovember20,1996;revisedJanuary29,1997. TheauthorsarewiththeIntegratedSystemsLaboratory,SwissFederalInstitute ofTechnology(ETH),CH-8092Zurich,Switzerland. PublisherItemIdenti�erS0018-9200(97)04363-1.

mentsandoperatingconditions[2].Investigationsofsequential elements,suchaslatchesand�ip-�ops,werenotincludedinthis work,butcanbefoundelsewhereintheliterature[3]. SectionIIgivesashortintroductiontothemostimportant existingstaticlogicstylesandcomparesthemqualitatively.Resultsofquantitativecomparisonsbasedonsimulationsofdifferentlogicgatesaswellasofa32-badderimplementationare giveninSectionsIIIandIV,respectively.Someconclusionsare �nallydrawninSectionV.

II. LOGICSTYLES

A. ImpactofLogicStyle

Thelogicstyleusedinlogicgatesbasicallyin�uencesthe speed,size,powerdissipation,andthewiringcomplexityofa circuit.Thecircuitdelayisdeterminedbythenumberofinversionlevels,thenumberoftransistorsinseries,transistorsizes (i.e.,channelwidths),andintra-andinter-cellwiringcapaci-tances. Circuitsizedependsonthenumberoftransistorsand theirsizesandonthewiringcomplexity. Powerdissipationis determinedbytheswitchingactivityandthenodecapacitances (madeupofgate,diffusion,andwirecapacitances),thelatter ofwhichinturnisafunctionofthesameparametersthatalso controlcircuitsize.Finally,thewiringcomplexityisdetermined bythenumberofconnectionsandtheirlengthsandbywhether single-railordual-raillogicisused.Allthesecharacteristicsmay varyconsiderablyfromonelogicstyletoanotherandthusmake theproperchoiceoflogicstylecrucialforcircuitperformance. Asfarascell-baseddesigntechniques(e.g.,standard-cells) andlogicsynthesisareconcerned,ease-of-useandgenerality oflogicgatesisofimportanceaswell. Robustness

1withrespecttovoltageandtransistorscalingaswellasvaryingprocess andworkingconditions,andcompatibilitywithsurroundingcircuitriesareimportantaspectsin�uencedbytheimplemented logicstyle.

B. LogicStyleRequirementsforLowPower

Accordingtotheformula P_{dyn} = V 2_{dd} · f_{clk} · X n α_n · c_n + V_{dd} · X n i_{sc}n the dynamic power dissipation of a digital CMOS circuit depends on the supply voltage V_{dd} the clock frequency f_{clk} the node switching activities α n the node capacitances c n the node short circuit currents i scn , and the number of nodes n▷ A reduction of each of these parameters results in a reduction of dissipated 1A robust circuit guarantees correct functioning under a wide range of certain conditions▷

2 IEEE JOURNAL OF SOLIDSTATE CIRCUITS VOL▷ 32 NO▷ 7 JULY 1997 power▷ However clock frequency reduction is only feasible at the architecture level whereas at the circuit level frequency f_{clk} is usually regarded as constant in order to fulαll some given throughput requirement▷ All the other parameters are inβuenced to some degree by the logic style applied▷ Thus some general logic style requirements for lowpower circuit implementation can be stated at this point▷ 1↽ Switched capacitance reduction. Capacitive load originat ing from transistor capacitances ↼gate and diffusion↽ and inter connect wiring is to be minimized▷ This is achieved by having as few transistors and circuit nodes as possible and by reducing transistor sizes to a minimum▷ In particular the number of ↼high capacitive↽ intercell connections and their length ↼inβuenced by the circuit size↽ should be kept minimal▷ Another source for capacitance reduction is found at the layout level ♭4♯ which however is not discussed in this paper▷ Transistor downsizing is an effective way to reduce switched capacitance of logic gates on noncritical signal paths ♭5♯▷ For that purpose a logic style should be robust against transistor downsizing i▷e▷ correct func tioning of logic gates with minimal or nearminimal transistor sizes must be guaranteed ↼ratioless logic↽▷ 2↽ Supply voltage reduction. The supply voltage and the choice of logic style are indirectly related through delaydriven voltage scaling▷ That is a logic style providing fast logic gates to speed up critical signal paths allows a reduction of the supply voltage in order to achieve a given throughput▷ For that purpose a logic style must be robust against supply voltage reduction i▷e▷ performance and correct functioning of gates must be guar anteed at low voltages as well▷ This becomes a severe problem at very low voltages of around 1 V and lower where noise margins become critical ♭6♯ ♭7♯▷ 3↽ Switching activity reduction. Switching activity of a cir cuit is predominantly controlled at the architectural and register transfer level ↼RTL↽▷ At the circuit level large differences are primarily observed between static and dynamic logic styles▷ On the other hand only minor transition activity variations are ob served among different static logic styles and among logic gates of different complexity also if glitching is concerned▷ 4↽ Shortcircuit current reduction. Shortcircuit currents ↼also called dynamic leakage currents or overlap currents↽ may vary by a considerable amount between different logic styles▷ They also strongly depend on input signal slopes ↼i▷e▷ steep and balanced signal slopes are better↽ and thus on transistor sizing▷ Their contribution to the overall power consumption is rather limited but still not negligible ↼≈ ∞′∘∋′↗⇒⇔ ⌉§⌋⌉√⊔ {≀∇ ⊑⌉∇† ↕≀⊒ ⊑≀↕⊔⊣}⌉∫ V_{dd} ≤ V_{tn} + |V_{tp}|⇔ ⊒⟨⌉∇⌉ ⊔⟨⌉ ∫⟨≀∇⊔↖⌋⟩∇⌋⊓⟩⊔ ⌋⊓∇∇⌉\⊔∫ ⌈⟩∫⊣√√⌉⊣∇↙ A ↕≀⊒↖√≀⊒⌉∇ ↕≀}⟩⌋ ∫⊔†↕⌉ ∫⟨≀⊓↕⌈ ⟨⊣⊑⌉ ⇕⟩\⟩⇕⊣↕ ∫⟨≀∇⊔↖⌋⟩∇⌋⊓⟩⊔ ⌋⊓∇∇⌉\⊔∫ ⊣\⌈⇔ ≀{ ⌋≀⊓∇∫⌉⇔ \≀ ∫⊔⊣⊔⟩⌋ ⌋⊓∇∇⌉\⊔∫ ⌊⌉∫⟩⌈⌉∫ ⊔⟨⌉ ⟩\⟨⌉∇⌉\⊔ CMOS ↕⌉⊣‖⊣}⌉ ⌋⊓∇∇⌉\⊔∫↙ C↙ L≀}⟩⌋ S⊔†↕⌉ R⌉∐⊓⟩∇⌉⇕⌉\⊔∫ {≀∇ E⊣∫⌉↖≀{↖U∫⌉ F≀∇ ⌉⊣∫⌉↖≀{↖⊓∫⌉ ⊣\⌈ }⌉\⌉∇⊣↕⟩⊔† ≀{ }⊣⊔⌉∫⇔ ⊣ ↕≀}⟩⌋ ∫⊔†↕⌉ ∫⟨≀⊓↕⌈ ⌊⌉ ⟨⟩}⟨↕† ∇≀⌊⊓∫⊔ ⊣\⌈ ⟨⊣⊑⌉ {∇⟩⌉\⌈↕† ⌉↕⌉⌋⊔∇⟩⌋⊣↕ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫⇔ ⊔⟨⊣⊔ ⟩∫⇔ ⌈⌉⌋≀⊓√↕⟩\} ≀{ }⊣⊔⌉ ⟩\√⊓⊔∫ ⊣\⌈ ≀⊓⊔√⊓⊔∫ ⇐⟩↙⌉↙⇔ ⊣⊔ ↕⌉⊣∫⊔ ≀\⌉ ⟩\↖ ⊑⌉∇⊔⌉∇ ∫⊔⊣}⌉ √⌉∇ }⊣⊔⌉⇒ ⊣∫ ⊒⌉↕↕ ⊣∫ }≀≀⌈ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔⟩⌉∫ ⊣\⌈ {⊓↕↕ ∫⟩}\⊣↕ ∫⊒⟩\}∫ ⊣⊔ ⊔⟨⌉ }⊣⊔⌉ ≀⊓⊔√⊓⊔∫⇔ ∫≀ ⊔⟨⊣⊔ ↕≀}⟩⌋ }⊣⊔⌉∫ ⌋⊣\ ⌊⌉ ⌋⊣∫⌋⊣⌈⌉⌈ ⊣∇⌊⟩⊔∇⊣∇⟩↕† ⊣\⌈ ⊒≀∇‖ ∇⌉↕⟩⊣⌊↕† ⟩\ ⊣\† ⌋⟩∇⌋⊓⟩⊔ ⌋≀\⊘}⊓↖ ∇⊣⊔⟩≀\↙ T⟨⌉∫⌉ √∇≀√⌉∇⊔⟩⌉∫ ⊣∇⌉ √∇⌉∇⌉∐⊓⟩∫⟩⊔⌉∫ {≀∇ ⌋⌉↕↕↖⌊⊣∫⌉⌈ ⌈⌉∫⟩}\

⊣\⌈ ↕≀}⟩⌋ ∫†\⊔⟨⌉∫⟩∫⇔ ⊣\⌈ ⊔⟨⌉† ⊣↕∫≀ ⊣↕↕≀⊒ {≀∇ ⌉{⊘⌋⟩⌉\⊔ }⊣⊔⌉ ⇕≀⌈⌉↕↖ ⟩\} ⊣\⌈ }⊣⊔⌉↖↕⌉⊑⌉↕ ∫⟩⇕⊓↕⊣⊔⟩≀\↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ ⊣ ↕≀}⟩⌋ ∫⊔†↕⌉ ∫⟨≀⊓↕⌈ ⊣↕↕≀⊒ ⊔⟨⌉ ⌉{⊘⌋⟩⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊣∇⌊⟩⊔∇⊣∇† ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\∫ ⊣\⌈ √∇≀⊑⟩⌈⌉ ∫≀⇕⌉ ∇⌉}⊓↕⊣∇⟩⊔† ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ⌋⟩∇⌋⊓⟩⊔ ⊣\⌈ ↕⊣†≀⊓⊔ ∇⌉⊣↕⟩‡⊣⊔⟩≀\↙ B≀⊔⟨ ↕≀⊒↖√≀⊒⌉∇ ⊣\⌈ ⟨⟩}⟨↖∫√⌉⌉⌈ ⊑⌉∇∫⟩≀\∫ ≀{ ↕≀}⟩⌋ ⌋⌉↕↕∫ ⇐⌉↙}↙⇔ ⌊† ⊒⊣† ≀{ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\}⇒ ∫⟨≀⊓↕⌈ ⌊⌉ ∫⊓√√≀∇⊔⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⊣↕↕≀⊒ ⊙⌉§⟩⌊↕⌉ √≀⊒⌉∇↖⌈⌉↕⊣† ⊔⊓\⟩\} ⌊† ⊔⟨⌉ ⌈⌉∫⟩}\⌉∇ ≀∇ ⊔⟨⌉ ∫†\⊔⟨⌉∫⟩∫ ⊔≀≀↕↙ D↙ S⊔⊣⊔⟩⌋ V⌉∇∫⊓∫ D†\⊣⇕⟩⌋ L≀}⟩⌋ S⊔†↕⌉∫ A ⇕⊣|≀∇ ⌈⟩∫⊔⟩\⌋⊔⟩≀\⇔ ⊣↕∫≀ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\⇔ ⇕⊓∫⊔ ⌊⌉ ⇕⊣⌈⌉ ⌊⌉⊔⊒⌉⌉\ ∫⊔⊣⊔⟩⌋ ⊣\⌈ ⌈†\⊣⇕⟩⌋ ↕≀}⟩⌋ ∫⊔†↕⌉∫↙ A∫ ≀√↖ √≀∫⌉⌈ ⊔≀ ∫⊔⊣⊔⟩⌋ }⊣⊔⌉∫⇔ ⌈†\⊣⇕⟩⌋ }⊣⊔⌉∫ ⊣∇⌉ ⌋↕≀⌋‖⌉⌈ ⊣\⌈ ⊒≀∇‖ ⟩\ ⊔⊒≀ √⟨⊣∫⌉∫⇔ ⊣ √∇⌉⌋⟨⊣∇}⌉ ⊣\⌈ ⊣\ ⌉⊑⊣↕⊓⊣⊔⟩≀\ √⟨⊣∫⌉↙ T⟨⌉ ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\ ⟩∫ ∇⌉⊣↕⟩‡⌉⌈ ⟩\ ⊣ ∫⟩\}↕⌉ NMOS √⊓↕↕↖⌈≀⊒\ ≀∇ PMOS √⊓↕↕↖⊓√ \⌉⊔↖ ⊒≀∇‖⇔ ∇⌉∫⊓↕⊔⟩\} ⟩\ ∫⇕⊣↕↕ ⟩\√⊓⊔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫ ⊣\⌈ {⊣∫⊔ ⌉⊑⊣↕⊓⊣⊔⟩≀\ ⊔⟩⇕⌉∫↙ T⟨⟩∫ ⇕⊣‖⌉∫ ⌈†\⊣⇕⟩⌋ ↕≀}⟩⌋ ⊣⊔⊔∇⊣⌋⊔⟩⊑⌉ {≀∇ ⟨⟩}⟨↖∫√⌉⌉⌈ ⊣√↖ √↕⟩⌋⊣⊔⟩≀\∫↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ↕⊣∇}⌉ ⌋↕≀⌋‖ ↕≀⊣⌈∫ ⊣\⌈ ⊔⟨⌉ ⟨⟩}⟨ ∫⟩}\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\ ⊣⌋⊔⟩⊑⟩⊔⟩⌉∫ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ √∇⌉⌋⟨⊣∇}⟩\} ⇕⌉⌋⟨⊣\⟩∫⇕ ∇⌉∫⊓↕⊔ ⟩\ ⊣\ ⌉§⌋⌉∫∫⟩⊑⌉ ⟨⟩}⟨ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\↙ A↕∫≀⇔ ⊔⟨⌉ ⊓∫⊣}⌉ ≀{ ⌈†↖ \⊣⇕⟩⌋ }⊣⊔⌉∫ ⟩∫ \≀⊔ ⊣∫ ∫⊔∇⊣⟩}⟨⊔{≀∇⊒⊣∇⌈ ⊣\⌈ ⊓\⟩⊑⌉∇∫⊣↕ ⊣∫ ⟩⊔ ⟩∫ {≀∇ ∫⊔⊣⊔⟩⌋ }⊣⊔⌉∫⇔ ⊣\⌈ ∇≀⌊⊓∫⊔\⌉∫∫ ⟩∫ ⌋≀\∫⟩⌈⌉∇⊣⌊↕† ⌈⌉}∇⊣⌈⌉⌈↙ W⟩⊔⟨ ⊔⟨⌉ ⌉§⌋⌉√⊔⟩≀\ ≀{ ∫≀⇕⌉ ⊑⌉∇† ∫√⌉⌋⟩⊣↕ ⌋⟩∇⌋⊓⟩⊔ ⊣√√↕⟩⌋⊣⊔⟩≀\∫⇔ ⌈†\⊣⇕⟩⌋ ↕≀}⟩⌋ ⟩∫ \≀ ⊑⟩⊣⌊↕⌉ ⌋⊣\⌈⟩⌈⊣⊔⌉ {≀∇ ↕≀⊒↖√≀⊒⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⌈⌉∫⟩}\ ∪∞⊎⇔ ∪∀⊎⇔ ∪∃⊎ ⊣\⌈ ⊒⊣∫ ⊔⟨⌉∇⌉{≀∇⌉ \≀⊔ ⌋≀\∫⟩⌈⌉∇⌉⌈ ⊣\† {⊓∇⊔⟨⌉∇ ⟩\ ⊔⟨⟩∫ ∫⊔⊓⌈†↙ E↙ C≀⇕√↕⌉⇕⌉\⊔⊣∇† CMOS L≀}⟩⌋ S⊔†↕⌉ L≀}⟩⌋ }⊣⊔⌉∫ ⟩\ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ≀∇ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† CMOS ⇐⊣↕∫≀ ∫⟩⇕√↕† ∇⌉{⌉∇∇⌉⌈ ⊔≀ ⊣∫ CMOS ⟩\ ⊔⟨⌉ ∫⌉∐⊓⌉↕⇒ ⊣∇⌉ ⌊⊓⟩↕⊔ {∇≀⇕ ⊣\ NMOS √⊓↕↕↖⌈≀⊒\ ⊣\⌈ ⊣ ⌈⊓⊣↕ PMOS √⊓↕↕↖⊓√ ↕≀}⟩⌋ \⌉⊔⊒≀∇‖↙ I\ ⊣⌈⌈⟩⊔⟩≀\⇔ √⊣∫∫↖}⊣⊔⌉∫ ≀∇ ⊔∇⊣\∫⇕⟩∫∫⟩≀\ }⊣⊔⌉∫ ⇐⟩↙⌉↙⇔ ⊔⟨⌉ ⌋≀⇕⌊⟩\⊣⊔⟩≀\ ≀{ ⊣\ NMOS ⊣\⌈ ⊣ PMOS √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇⇒ ⊣∇⌉ ≀{⊔⌉\ ⊓∫⌉⌈ {≀∇ ⟩⇕√↕⌉⇕⌉\⊔⟩\} ⇕⊓↕⊔⟩√↕⌉§⌉∇∫⇔ XOR↖}⊣⊔⌉∫⇔ ⊣\⌈ ⊙⟩√↖⊙≀√∫ ⌉{⊘⌋⟩⌉\⊔↕† ⇐CMOS ⊒⟩⊔⟨ √⊣∫∫↖}⊣⊔⌉∫ ⊒⟩↕↕ ⌊⌉ ⌈⌉\≀⊔⌉⌈ ⊣∫ CMOS⇓⇒↙ A\† ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\ ⌋⊣\ ⌊⌉ ∇⌉⊣↕⟩‡⌉⌈ ⌊† NMOS √⊓↕↕↖⌈≀⊒\ ⊣\⌈ PMOS √⊓↕↕↖ ⊓√ \⌉⊔⊒≀∇‖∫ ⌋≀\\⌉⌋⊔⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ }⊣⊔⌉ ≀⊓⊔√⊓⊔ ⊣\⌈ ⊔⟨⌉ √≀⊒⌉∇ ↕⟩\⌉∫↙ F⟩}∫↙ ∞⇐⊣⇒ ⊣\⌈ ⇐⌊⇒ ⌈⌉√⟩⌋⊔∫ ⊣ ⊔⊒≀↖⟩\√⊓⊔ ⇕⊓↕⊔⟩√↕⌉§⌉∇ }⊣⊔⌉ ⇐MUX∈⇒ ⟩\ √⊓∇⌉ CMOS ⇐⊓∫⟩\} ⊔∇⟩∫⊔⊣⊔⌉ ⟩\⊑⌉∇⊔⌉∇∫⇒ ⊣\⌈ CMOS ⊒⟩⊔⟨ √⊣∫∫↖}⊣⊔⌉∫⇔ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†↙ S⟩⇕√↕⌉ ⇕≀\≀⊔≀\⟩⌋ }⊣⊔⌉∫⇔ ∫⊓⌋⟨ ⊣∫ NAND∝NOR ⊣\⌈ AOI∝OAI⇔ ⌋⊣\ ⌊⌉ ∇⌉⊣↕⟩‡⌉⌈ ⊑⌉∇† ⌉{⊘⌋⟩⌉\⊔↕† ⊒⟩⊔⟨ ≀\↕† ⊣ {⌉⊒ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⇐A⇓⇔ P⇓⇒∈⇔ ≀\⌉ ∫⟩}\⊣↕ ⟩\⊑⌉∇∫⟩≀\ ↕⌉⊑⌉↕ ⇐T⇓⇒⇔ ⊣\⌈ ⊣ {⌉⊒ ⌋⟩∇⌋⊓⟩⊔ \≀⌈⌉∫ ⇐P⇓⇒↙ N≀\↖⇕≀\≀⊔≀\⟩⌋ }⊣⊔⌉∫⇔ ∫⊓⌋⟨ ⊣∫ XOR ⊣\⌈ ⇕⊓↕⊔⟩√↕⌉§⌉∇⇔ ∇⌉∐⊓⟩∇⌉ ⇕≀∇⌉ ⌋≀⇕√↕⌉§ ⌋⟩∇⌋⊓⟩⊔ ∇⌉⊣↕⟩‡⊣⊔⟩≀\∫ ⌊⊓⊔ ⊣∇⌉ ∫⊔⟩↕↕ ∐⊓⟩⊔⌉ ⌉{⊘⌋⟩⌉\⊔↙ O⊔⟨⌉∇ ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⊔⟨⌉ CMOS ↕≀}⟩⌋ ∫⊔†↕⌉ ⊣∇⌉ ⟩⊔∫ ∇≀⌊⊓∫⊔\⌉∫∫ ⊣}⊣⟩\∫⊔ ⊑≀↕⊔⊣}⌉ ∫⌋⊣↕⟩\} ⊣\⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⇐⟨⟩}⟨ \≀⟩∫⌉ ⇕⊣∇↖ }⟩\∫⇒ ⊣\⌈ ⊔⟨⊓∫ ∇⌉↕⟩⊣⌊↕⌉ ≀√⌉∇⊣⊔⟩≀\ ⊣⊔ ↕≀⊒ ⊑≀↕⊔⊣}⌉∫ ⊣\⌈ ⊣∇⌊⟩⊔∇⊣∇† ⇐⌉⊑⌉\ ⇕⟩\⟩⇕⊣↕⇒ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⌉∫ ⇐∇⊣⊔⟩≀↕⌉∫∫ ↕≀}⟩⌋⇒↙ I\√⊓⊔ ∫⟩}\⊣↕∫ ⊣∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊔∇⊣\∫⟩∫⊔≀∇ }⊣⊔⌉∫ ≀\↕†⇔ ⊒⟨⟩⌋⟨ {⊣⌋⟩↕⟩⊔⊣⊔⌉∫ ⊔⟨⌉ ⊓∫↖ ⊣}⌉ ⊣\⌈ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩‡⊣⊔⟩≀\ ≀{ ↕≀}⟩⌋ ⌋⌉↕↕∫↙ T⟨⌉ ↕⊣†≀⊓⊔ ≀{ CMOS }⊣⊔⌉∫ ⟩∫ ∫⊔∇⊣⟩}⟨⊔{≀∇⊒⊣∇⌈ ⊣\⌈ ⌉{⊘⌋⟩⌉\⊔ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† ⊔∇⊣\∫⟩∫⊔≀∇ √⊣⟩∇∫↙ B⊣∫⟩⌋⊣↕↕†⇔ CMOS {⊓↕⊘↕↕∫ ⊣↕↕ ⊔⟨⌉ ∇⌉∐⊓⟩∇⌉⇕⌉\⊔∫ ∇⌉}⊣∇⌈⟩\} ⊔⟨⌉ ⌉⊣∫⌉↖≀{↖⊓∫⌉ ≀{ ↕≀}⟩⌋ }⊣⊔⌉∫↙ A\ ≀{⊔⌉\ ⇕⌉\⊔⟩≀\⌉⌈ ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† CMOS ⟩∫ ⊔⟨⌉ ∫⊓⌊∫⊔⊣\⊔⟩⊣↕ \⊓⇕↖ ⌊⌉∇ ≀{ ↕⊣∇}⌉ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫⇔ ∇⌉∫⊓↕⊔⟩\} ⟩\ ⟨⟩}⟨ ⟩\√⊓⊔ ↕≀⊣⌈∫ ⇐P⇑⇔ T⇑⇔ A⇑⇒↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ⌊⌉∫⊔ }⊣⊔⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ⟩∫ ⊣⌋⟨⟩⌉⊑⌉⌈ ⊒⟩⊔⟨ ⊣ ∈T⟨⟩∫ \≀⊔⊣⊔⟩≀\ ⌈≀⌋⊓⇕⌉\⊔∫ ⊔⟨⌉ ⊔⌉\⌈⌉\⌋† ⊒⟨⌉⊔⟨⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⊣∇⌉⊣ ⇐A⇒⇔ ⌈⌉↕⊣† ⇐T⇒⇔ ⊣\⌈ √≀⊒⌉∇ ⇐P⇒ ⊣∇⌉ ⟩\⌋∇⌉⊣∫⌉⌈ ⇐⇑⇒ ≀∇ ⌈⌉⌋∇⌉⊣∫⌉⌈ ⇐⇓⇒ ⌊† ⊔⟨⌉ ⇕⌉\⊔⟩≀\⌉⌈ √∇≀√⌉∇⊔†↙

ZIMMERMANN AND FICHTNER¬ CMOS VERSUS PASS↖TRANSISTOR LOGIC ∋

⇕⊓§∈⌋⇕≀∫∞↙⌉√∫⟩ △∀ � 35 mm

(a) mux2cmos2.epsi 35 � 26 mm

(b)

mux2dpl.epsi 25 � 49 mm

(c) mux2leap.epsi 32 � 25 mm

(d)

mux2cpl.epsi 37 � 33 mm

(e) mux2eepl.epsi 38 � 35 mm

(f)

mux2srpl.epsi 31 � 33 mm

(g) mux2ppl.epsi 30 � 35 mm

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

PMOS/NMOS width ratio of only about 1.5 (=pμn/μp ♭10♯↽ and this ratio will decrease even further in deepsubmicron tech nologies where the carrier drift velocities in NMOS and PMOS transistors become almost equal due to velocity saturation ♭11♯▷ Another drawback of CMOS is the relatively weak output driving capability due to series transistors in the output stage ↼T⇑⇒↙ T⟨⟩∫⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⌋⊣\ ⌊⌉ ⌋≀∇∇⌉⌋⊔⌉⌈ ⌊† ⊣⌈⌈⟩⊔⟩≀\⊣↕ ≀⊓⊔√⊓⊔ ⌊⊓{{⌉∇∫∝⟩\⊑⌉∇⊔⌉∇∫ ⊒⟨⟩⌋⟨ ⊣∇⌉ ⟩\⟨⌉∇⌉\⊔ ⟩\ ≀⊔⟨⌉∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫↙ A ⇕≀∇⌉ ∇⌉∫⊔∇⟩⌋⊔⟩⊑⌉ ⊣√√∇≀⊣⌋⟨ ⊒⊣∫ ⊔⊣‖⌉\ {≀∇ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ↕≀⊒↖ √≀⊒⌉∇ ↕≀⊒↖⊑≀↕⊔⊣}⌉ ⌋⌉↕↕∫ ⊓∫⟩\} CMOS ⌊∇⊣\⌋⟨↖⌊⊣∫⌉⌈ ↕≀}⟩⌋ ⟩\ ∪△⊎⇔ ∪⊎̸↙ H⌉∇⌉⇔ ⊔⟨⌉ ⊔∇⊣\∫⟩∫⊔≀∇ \⌉⊔⊒≀∇‖∫ ⌋≀\∫⟩∫⊔ ≀\↕† ≀{ ⌊∇⊣\⌋⟨⌉∫ ⇐⟩↙⌉↙⇔ ⊣

∫⌉∇⟩⌉∫ ≀{ ⊓√ ⊔≀ ⊔⟨∇⌉⌉ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⌊⌉⊔⊒⌉⌉\ √≀⊒⌉∇ ↕⟩\⌉ ⊣\⌈ }⊣⊔⌉ ≀⊓⊔↖ √⊓⊔⇒⇔ ⊔⟨⊓∫ ⌈⟩∫⊣↕↕≀⊒⟩\} ⊔⟨⌉ ⊓∫⊣}⌉ ≀{ √⊣∫∫↖}⊣⊔⌉∫↙ T⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⊔∇⊣\∫⟩∫⊔≀∇ ⌊∇⊣\⌋⟨⌉∫ ⊣∇⌉ ⟨⟩}⟨⌉∇ ↕⊣†≀⊓⊔ ∇⌉}⊓↕⊣∇⟩⊔† ⇐⟩↙⌉↙⇔ ∫⇕⊣↕↕⌉∇ ⌈⟩{{⊓∫⟩≀\ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫⇒ ⊣\⌈ ∫⟩⇕√↕⌉∇ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩‡⊣⊔⟩≀\ ⇐⟩↙⌉↙ ⌊∇⊣\⌋⟨ ⟩\∫⊔⌉⊣⌈ ≀{ }⊣⊔⌉ ⇕≀⌈⌉↕⟩\}⇒↙ O⊔⟨⌉∇ ⊣∫√⌉⌋⊔∫⇔ ∫⊓⌋⟨ ⊣∫ ⊔⟨⌉ ⌈⌉∫⟩}\ ≀{ ⌈⌉↕⊣†↖⟩\⌈⌉√⌉\⌈⌉\⊔ ⊙⟩√↖⊙≀√∫⇔ ⊒⌉∇⌉ ⊣⌈⌈∇⌉∫∫⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ {⊣⌋⌉ ⊔⟨⌉ ⇕⊣∫∫⟩⊑⌉↕† ⟩\⌋∇⌉⊣∫⟩\} ⌉{{⌉⌋⊔∫ ≀{ √∇≀⌋⌉∫∫⇔ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉⇔ ⊑≀↕⊔⊣}⌉⇔ ⊣\⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⌉ ⊑⊣∇⟩⊣⊔⟩≀\∫ ⊣⊔ ⊑⌉∇† ↕≀⊒ ⊑≀↕⊔⊣}⌉∫↙ F↙ P⊣∫∫↖T∇⊣\∫⟩∫⊔≀∇ L≀}⟩⌋ S⊔†↕⌉∫ T⟨⌉ ⌊⊣∫⟩⌋ ⌈⟩{{⌉∇⌉\⌋⌉ ≀{ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⌋≀⇕√⊣∇⌉⌈ ⊔≀ ⊔⟨⌉ CMOS ↕≀}⟩⌋ ∫⊔†↕⌉ ⟩∫ ⊔⟨⊣⊔ ⊔⟨⌉ ∫≀⊓∇⌋⌉ ∫⟩⌈⌉ ≀{ ⊔⟨⌉ ↕≀}⟩⌋ ⊔∇⊣\∫⟩∫⊔≀∇ \⌉⊔⊒≀∇‖∫ ⟩∫ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ∫≀⇕⌉ ⟩\√⊓⊔ ∫⟩}\⊣↕∫ ⟩\∫⊔⌉⊣⌈ ≀{ ⊔⟨⌉ √≀⊒⌉∇ ↕⟩\⌉∫↙ T⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ⟩∫ ⊔⟨⊣⊔ ≀\⌉ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ \⌉⊔⊒≀∇‖ ⇐⌉⟩⊔⟨⌉∇ NMOS ≀∇ PMOS⇒ ⟩∫ ∫⊓{⊘⌋⟩⌉\⊔ ⊔≀ √⌉∇{≀∇⇕ ⊔⟨⌉ ↕≀}⟩⌋ ≀√⌉∇⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ∇⌉∫⊓↕⊔∫ ⟩\ ⊣ ∫⇕⊣↕↕⌉∇ \⊓⇕⌊⌉∇ ≀{ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣\⌈ ∫⇕⊣↕↕⌉∇ ⟩\↖ √⊓⊔ ↕≀⊣⌈∫⇔ ⌉∫√⌉⌋⟩⊣↕↕† ⊒⟨⌉\ NMOS \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⊓∫⌉⌈ ⇐A⇓⇔ T⇓⇔ P⇓⇒↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ ⊔⟨∇⌉∫⟨≀↕⌈ ⊑≀↕⊔⊣}⌉ ⌈∇≀√ ⇐V_{out} = V_{dd} − V_{tn}↽ through the NMOS transistors while passing a logic Ψ1ν makes swing ↼or level↽ restoration at the gate outputs necessary in order to avoid static currents at the subsequent output inverters or logic gates▷ Adjusting the threshold voltages ↼i▷e▷ V tp > Vtn↽ as a solution at the process technology level is usually not feasible for other reasons▷ In order to decouple gate inputs and outputs and to provide acceptable output driving capabilities inverters are usually attached to the gate outputs ↼A⇑⇔ T⇑⇔ P⇑⇒↙ B⌉⌋⊣⊓∫⌉ ⊔⟨⌉ MOS \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊑⊣∇⟩⊣⌊↕⌉ }⊣⊔⌉ ⟩\√⊓⊔∫ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⌋≀\∫⊔⊣\⊔ √≀⊒⌉∇ ↕⟩\⌉∫⇔ ≀\↕† ≀\⌉ ∫⟩}\⊣↕ √⊣⊔⟨ ⊔⟨∇≀⊓}⟨ ⌉⊣⌋⟨ \⌉⊔⊒≀∇‖ ⇕⊓∫⊔ ⌊⌉ ⊣⌋⊔⟩⊑⌉ ⊣⊔ ⊣ ⊔⟩⇕⌉ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⊣⊑≀⟩⌈ ∫⟨≀∇⊔∫ ⌊⌉⊔⊒⌉⌉\ ⟩\√⊓⊔∫↙ T⟨⌉∇⌉{≀∇⌉⇔ ⌉⊣⌋⟨ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ \⌉⊔⊒≀∇‖ ⇕⊓∫⊔ ∇⌉⊣↕⟩‡⌉ ⊣ ⇕⊓↕⊔⟩↖ √↕⌉§⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⊒⟨⟩⌋⟨ ↕⟩⇕⟩⊔∫ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\∫ ⊔⟨⊣⊔ ⌋⊣\ ⌊⌉ ⟩⇕√↕⌉⇕⌉\⊔⌉⌈ ⌉{⊘⌋⟩⌉\⊔↕†↙∋ B⌉⌋⊣⊓∫⌉ ⊔⟨⌉∫⌉ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ∇⌉∐⊓⟩∇⌉ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† ⌋≀\⊔∇≀↕ ∫⟩}\⊣↕∫⇔ ⌈⊓⊣↕↖∇⊣⟩↕ ↕≀}⟩⌋ ⟩∫ ⊓∫⊓⊣↕↕† ⊓∫⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣↕↕ ∫⟩}\⊣↕∫ ⟩\ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† {≀∇⇕↙ A∫ ⊣ ⌋≀\∫⌉∐⊓⌉\⌋⌉⇔ ⊔⊒≀ MOS \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⊣}⊣⟩\ ∇⌉∐⊓⟩∇⌉⌈ ⟩\ ⊣⌈⌈⟩⊔⟩≀\ ⊔≀ ⊔⟨⌉ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⊣\⌈ ≀⊓⊔↖ √⊓⊔ ⌊⊓{{⌉∇⟩\} ⌋⟩∇⌋⊓⟩⊔∇† ⇐A⇑⇔ T⇑⇔ P⇑⇒⇔ ⊒⟨⟩⌋⟨ ⊣↕↕ ⟩\ ⊣↕↕ ⊣\\⟩⟨⟩↕⊣⊔⌉∫ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ↕≀⊒ ⊔∇⊣\∫⟩∫⊔≀∇ ⌋≀⊓\⊔ ⊣\⌈ ∫⇕⊣↕↕ ⟩\√⊓⊔ ↕≀⊣⌈∫ ≀{ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋↙ A↕∫≀⇔ ⊔⟨⌉ ∇⌉∐⊓⟩∇⌉⌈ ⌈≀⊓⌊↕⌉ ⟩\⊔⌉∇↖⌋⌉↕↕ ⊒⟩∇⟩\} ⟩\⌋∇⌉⊣∫⌉∫ ⊒⟩∇⟩\} ⌋≀⇕√↕⌉§⟩⊔† ⊣\⌈ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⌊† ⊣ ⌋≀\∫⟩⌈⌉∇⊣⌊↕⌉ ⊣⇕≀⊓\⊔ ⇐A⇑⇔ P⇑⇒↙ A ∫⇕⊣↕↕ ⊣⌈⊑⊣\⊔⊣}⌉ ≀{ ⌈⊓⊣↕↖∇⊣⟩↕ ↕≀}⟩⌋ ⟩∫ ⊔⟨⊣⊔ ⟩\⊑⌉∇⊔⌉⌈ ∫⟩}\⊣↕∫ ⊣∇⌉ {≀∇ {∇⌉⌉↙ L⊣†≀⊓⊔ ≀{ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ⌋⌉↕↕∫ ⟩∫ \≀⊔ ⊣∫ ∫⊔∇⊣⟩}⟨⊔{≀∇⊒⊣∇⌈ ⊣\⌈ ⌉{⊘⌋⟩⌉\⊔ ⌈⊓⌉ ⊔≀ ∇⊣⊔⟨⌉∇ ⟩∇∇⌉}⊓↕⊣∇ ⊔∇⊣\∫⟩∫⊔≀∇ ⊣∇∇⊣\}⌉⇕⌉\⊔∫ ⊣\⌈ ⟨⟩}⟨ ⊒⟩∇⟩\} ∇⌉∐⊓⟩∇⌉⇕⌉\⊔∫↙ F⟩\⊣↕↕†⇔ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⊒⟩⊔⟨ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⌋⟩∇⌋⊓⟩⊔∇† ⟩∫ ∫⌉\∫⟩↖ ⊔⟩⊑⌉ ⊔≀ ⊑≀↕⊔⊣}⌉ ∫⌋⊣↕⟩\} ∪∞∈⊎ ⊣\⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ⌋⟩∇⌋⊓⟩⊔ ∇≀⌊⊓∫⊔\⌉∫∫ ⇐∇⌉⌈⊓⌋⌉⌈ \≀⟩∫⌉ ⇕⊣∇}⟩\∫⇒⇔ ⟩↙⌉↙⇔ ⌉{⊘⌋⟩⌉\⊔ ≀∇ ∇⌉↕⟩⊣⌊↕⌉ ≀√⌉∇⊣⊔⟩≀\ ≀{ ↕≀}⟩⌋ }⊣⊔⌉∫ ⟩∫ \≀⊔ \⌉⌋⌉∫∫⊣∇⟩↕† }⊓⊣∇⊣\⊔⌉⌉⌈ ⊣⊔ ↕≀⊒ ⊑≀↕⊔⊣}⌉∫ ≀∇ ∫⇕⊣↕↕ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⌉∫↙ I\ ≀⊔⟨⌉∇ ⊒≀∇⌈∫⇔ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⟩∫ ⌋∇⊓⌋⟩⊣↕ {≀∇ ⌋≀∇∇⌉⌋⊔ }⊣⊔⌉ ≀√⌉∇⊣⊔⟩≀\ ⊣\⌈ ⊔⟨⌉∇⌉{≀∇⌉ ⇕≀∇⌉ ⌈⟩{⊘⌋⊓↕⊔ ⇐∇⊣⊔⟩≀⌉⌈ ↕≀}⟩⌋⇒↙ S⟨≀∇⊔↖⌋⟩∇⌋⊓⟩⊔ ⌋⊓∇∇⌉\⊔∫ ⊣∇⌉ ∇⊣⊔⟨⌉∇ ↕⊣∇}⌉ ⌈⊓⌉ ⊔≀ ⌋≀⇕√⌉⊔⟩\} ∫⟩}\⊣↕∫ ⟩\ ⊔⟨⌉ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⌋⟩∇⌋⊓⟩⊔∇†↙ M⊣\† ⌈⟩{{⌉∇⌉\⊔ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⟨⊣⊑⌉ ⌊⌉⌉\ √∇≀√≀∫⌉⌈ ∇⌉⌋⌉\⊔↕†↙ T⟨⌉ ⇕≀∫⊔ ⟩⇕√≀∇⊔⊣\⊔ ≀\⌉∫ ⊣∇⌉ \≀⊒ ⌊∇⟩⌉⊙† ∫⊓⇕⇕⊣∇⟩‡⌉⌈↙ ∞⇒ C≀⇕√↕⌉⇕⌉\⊔⊣∇† √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐CPL⇒¬ A CPL }⊣⊔⌉ ∪∞⊎⇔ ∪∞∋⊎ ⌋≀\∫⟩∫⊔∫ ≀{ ⊔⊒≀ NMOS ↕≀}⟩⌋ \⌉⊔⊒≀∇‖∫ ⇐≀\⌉ {≀∇ ⌉⊣⌋⟨ ∫⟩}↖ ∋N≀⊔⌉ ⊔⟨⊣⊔ ⌉⊣⌋⟨ ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\ ⌋⊣\ ⌊⌉ ∇⌉⊣↕⟩‡⌉⌈ ⟩\ ⊣ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉⇔ ⌊⊓⊔ ≀{⊔⌉\ ⊣⊔ ⊣ ↕≀⊒⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⌉{⊘⌋⟩⌉\⌋†↙

△ IEEE JOURNAL OF SOLID↖STATE CIRCUITS⇔ VOL↙ ∋∈⇔ NO↙ ⇔ JULY ∞∃∃ \⊣↕ ∇⊣⟩↕⇒⇔ ⊔⊒≀ ∫⇕⊣↕↕ √⊓↕↕↖⊓√ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫ {≀∇ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣↖ ⊔⟩≀\⇔ ⊣\⌈ ⊔⊒≀ ≀⊓⊔√⊓⊔ ⟩\⊑⌉∇⊔⌉∇∫ {≀∇ ⊔⟨⌉ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕∫↙ F⟩}↙ ∞⇐⌉⇒ ⌈⌉√⟩⌋⊔∫ ⊣ ⊔⊒≀↖⟩\√⊓⊔ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ⊒⟨⟩⌋⟨ ∇⌉√∇⌉↖ ∫⌉\⊔∫ ⊔⟨⌉ ⌊⊣∫⟩⌋ ⊣\⌈ ⇕⟩\⟩⇕⊣↕ CPL }⊣⊔⌉ ∫⊔∇⊓⌋⊔⊓∇⌉ ⇐⊔⌉\ ⊔∇⊣\∫⟩∫⊔≀∇∫⇒↙ A↕↕ ⊔⊒≀↖⟩\√⊓⊔ {⊓\⌋⊔⟩≀\∫ ⇐⌉↙}↙ AND⇔ OR⇔ XOR⇔ . . . ↽ can be imple mented by this basic gate structure which is relatively expensive for simple monotonic gates such as NAND and NOR▷ The ad vantages of the CPL style are the small input loads ↼P⇓⇔ T⇓⇒⇔ ⊔⟨⌉ ⌉{⊘⌋⟩⌉\⊔ XOR ⊣\⌈ ⇕⊓↕⊔⟩√↕⌉§⌉∇ }⊣⊔⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫⇔ ⊔⟨⌉ }≀≀⌈ ≀⊓⊔√⊓⊔ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔† ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⟩\⊑⌉∇⊔⌉∇∫ ⇐T⇓⇒⇔ ⊣\⌈ ⊔⟨⌉ {⊣∫⊔ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ∫⊔⊣}⌉ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⌋∇≀∫∫↖⌋≀⊓√↕⌉⌈ PMOS √⊓↕↕↖⊓√ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⇐T⇓⇒↙ T⟨⟩∫ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ∫⊔⊣}⌉⇔ ≀\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟨⊣\⌈⇔ ↕⌉⊣⌈∫ ⊔≀ ⌋≀\∫⟩⌈⌉∇⊣⌊↕† ↕⊣∇}⌉∇ ∫⟨≀∇⊔↖⌋⟩∇⌋⊓⟩⊔ ⌋⊓∇∇⌉\⊔∫ ⇐P⇑⇒↙ O⊔⟨⌉∇ ⌈⟩∫⊣⌈↖ ⊑⊣\⊔⊣}⌉∫ ≀{ CPL ⊣∇⌉ ⊔⟨⌉ ∫⊓⌊∫⊔⊣\⊔⟩⊣↕ \⊓⇕⌊⌉∇ ≀{ \≀⌈⌉∫ ⊣\⌈ ⟨⟩}⟨ ⊒⟩∇⟩\} ≀⊑⌉∇⟨⌉⊣⌈ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⌈⊓⊣↕↖∇⊣⟩↕ ∫⟩}\⊣↕∫ ⇐P⇑⇔ A⇑⇒ ⊣\⌈ ⊔⟨⌉ ⟩\⌉{⊘⌋⟩⌉\⊔ ∇⌉⊣↕⟩‡⊣⊔⟩≀\ ≀{ ∫⟩⇕√↕⌉ }⊣⊔⌉∫ ⇐⟩↙⌉↙⇔ ⟨⟩}⟨ ⊔∇⊣\∫⟩∫⊔≀∇ ⌋≀⊓\⊔⇔ ⊔⊒≀ ∫⟩}\⊣↕ ⟩\⊑⌉∇∫⟩≀\ ↕⌉⊑⌉↕∫⇒↙ ∈⇒ S⊒⟩\} ∇⌉∫⊔≀∇⌉⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐SRPL⇒¬ T⟨⌉ SRPL ∫⊔†↕⌉ ∪∞△⊎ ⟩∫ ⌈⌉∇⟩⊑⌉⌈ {∇≀⇕ CPL↙ H⌉∇⌉⇔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⟩\⊑⌉∇⊔⌉∇∫ ⊣∇⌉ ⌋∇≀∫∫↖⌋≀⊓√↕⌉⌈ ⊔≀ ⊣ ↕⊣⊔⌋⟨ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊒⟨⟩⌋⟨ √⌉∇{≀∇⇕∫ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣↖ ⊔⟩≀\ ⊣\⌈ ≀⊓⊔√⊓⊔ ⌊⊓{{⌉∇⟩\} ⊣⊔ ⊔⟨⌉ ∫⊣⇕⌉ ⊔⟩⇕⌉ ∪F⟩}↙ ∞⇐}⇒⊎↙ N≀⊔⌉ ⊔⟨⊣⊔ ⊔⟨⌉ √⊓↕↕↖⊓√ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣∇⌉ \≀⊔ ∇⌉∐⊓⟩∇⌉⌈ ⊣\†⇕≀∇⌉ ⊣\⌈ ⊔⟨⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ \≀⌈⌉∫ ≀{ ⊔⟨⌉ NMOS \⌉⊔⊒≀∇‖ ⊣∇⌉ ⊣↕∫≀ ⊔⟨⌉ }⊣⊔⌉ ≀⊓⊔√⊓⊔∫↙ B⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⟩\⊑⌉∇⊔⌉∇∫ ⟨⊣⊑⌉ ⊔≀ ⌈∇⟩⊑⌉ ⊔⟨⌉ ≀⊓⊔√⊓⊔∫ ⊣\⌈ ⇕⊓∫⊔ ⊣↕∫≀ ⌊⌉ ≀⊑⌉∇∇⟩⌈⌈⌉\ ⌊† ⊔⟨⌉ NMOS \⌉⊔⊒≀∇‖⇔ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⌊⌉⌋≀⇕⌉∫ ⊑⌉∇† ⌈⟩{⊘⌋⊓↕⊔ ⊣\⌈ ∇⌉∫⊓↕⊔∫ ⟩\ √≀≀∇ ≀⊓⊔√⊓⊔ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔† ⇐T⇑⇔ P⇑⇒⇔ ∫↕≀⊒ ∫⊒⟩⊔⌋⟨⟩\} ⇐T⇑⇒⇔ ⊣\⌈ ↕⊣∇}⌉ ∫⟨≀∇⊔↖⌋⟩∇⌋⊓⟩⊔ ⌋⊓∇∇⌉\⊔∫ ⇐P⇑⇒↙ T⟨⟩∫ ⌊⌉⌋≀⇕⌉∫ ⌉⊑⌉\ ⊒≀∇∫⌉ ⊒⟨⌉\ ⌋⊣∫⌋⊣⌈⟩\} SRPL }⊣⊔⌉∫↙ T⟨⌉ ∇⌉∫⊓↕⊔⟩\} ∫⌉∇⟩⌉∫ ≀{ NMOS \⌉⊔⊒≀∇‖∫ ⊒⟩⊔⟨ ⌋≀⇕√⌉⊔⟩\} ⟩\⊑⌉∇⊔⌉∇∫ ⟩\ ⌊⌉⊔⊒⌉⌉\ ↕⌉⊣⌈∫ ⊔≀ ⊑⌉∇† ∫↕≀⊒ ∫⊒⟩⊔⌋⟨⟩\} ⊣\⌈ ⊓\∇⌉↕⟩⊣⌊↕⌉ ≀√⌉∇⊣⊔⟩≀\↙ SRPL }⊣⊔⌉∫ ⊣∇⌉ ⟨⟩}⟨↕† ∫⌉\∫⟩⊔⟩⊑⌉ ⊔≀ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⊣\⌈ ∫⟨≀⊒ ⊣⌋↖ ⌋⌉√⊔⊣⌊↕⌉ √⌉∇{≀∇⇕⊣\⌋⌉ ≀\↕† ⟩\ ⊑⌉∇† ∫√⌉⌋⟩⊣↕ ⌋⟩∇⌋⊓⟩⊔ ⊣∇∇⊣\}⌉⇕⌉\⊔∫ ⇐⌉↙}↙⇔ \≀ }⊣⊔⌉∫ ⟩\ ∫⌉∇⟩⌉∫⇔ ∫⇕⊣↕↕ ≀⊓⊔√⊓⊔ ↕≀⊣⌈∫⇒↙ ∋⇒ D≀⊓⌊↕⌉ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐DPL⇒¬ I\ ⊔⟨⌉ DPL ∫⊔†↕⌉ ∪⊎⇔ ∪∞▽⊎⇔ ∪∞⊎̸⇔ ⌊≀⊔⟨ NMOS ⊣\⌈ PMOS ↕≀}⟩⌋ \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ⊓∫⌉⌈ ⟩\ √⊣∇⊣↕↕⌉↕ ∪F⟩}↙ ∞⇐⌋⇒⊎↙ T⟨⟩∫ √∇≀⊑⟩⌈⌉∫ {⊓↕↕ ∫⊒⟩\} ≀\ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕∫ ⇐⟩↙⌉↙⇔ \≀ ↕⌉⊑⌉↕ ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⌋⟩∇⌋⊓⟩⊔∇† ⟩∫ \⌉⌉⌈⌉⌈⇒⇔ ⊣\⌈ ⌋⟩∇⌋⊓⟩⊔ ∇≀⌊⊓∫⊔↖ \⌉∫∫ ⟩∫ ⊔⟨⌉∇⌉{≀∇⌉ ⟨⟩}⟨↙ H≀⊒⌉⊑⌉∇⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ⊔∇⊣\∫⟩∫⊔≀∇∫� ⌉∫√⌉⌋⟩⊣↕↕† ↕⊣∇}⌉ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫�⊣\⌈ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ \≀⌈⌉∫ ⟩∫ ∐⊓⟩⊔⌉ ⟨⟩}⟨ ⇐A⇑⇔ P⇑⇒⇔ ↕⌉⊣⌈⟩\} ⊔≀ ∫⊓⌊∫⊔⊣\⊔⟩⊣↕ ⌋⊣√⊣⌋⟩⊔⟩⊑⌉ ↕≀⊣⌈∫ ⇐T⇑⇔ P⇑⇒↙ T⟨⌉ ⌋≀⇕⌊⟩\⊣⊔⟩≀\ ≀{ ↕⊣∇}⌉ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣\⌈ ⟩\⌉{⊘⌋⟩⌉\⊔ ⌈⊓⊣↕↖∇⊣⟩↕ ↕≀}⟩⌋ ⇕⊣‖⌉∫ DPL \≀⊔ ⌋≀⇕√⌉⊔⟩⊔⟩⊑⌉ ⌋≀⇕√⊣∇⌉⌈ ⊔≀ ≀⊔⟨⌉∇ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊣\⌈ ⊔≀ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† CMOS↙ N≀⊔⌉ ⊔⟨⊣⊔ DPL ⌋⊣\ ⌊⌉ ∇⌉}⊣∇⌈⌉⌈ ⊣∫ ⊣ ⌈⊓⊣↕↖∇⊣⟩↕ √⊣∫∫↖}⊣⊔⌉ ↕≀}⟩⌋⇔ ⊒⟨⟩↕⌉ CMOS⇓ ⟩∫ ⊣ ∫⟩\}↕⌉↖∇⊣⟩↕ √⊣∫∫↖}⊣⊔⌉ ↕≀}⟩⌋↙ △⇒ S⟩\}↕⌉↖∇⊣⟩↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐LEAP⇒¬ A ∫⟩\}↕⌉↖∇⊣⟩↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⟩∫ √∇≀√≀∫⌉⌈ ⟩\ ⊔⟨⌉ LEAP ↕≀}⟩⌋ ⌈⌉∫⟩}\ ∫⌋⟨⌉⇕⌉ ∪∞∈⊎↙ A∫ ≀√√≀∫⌉⌈ ⊔≀ ⊔⟨⌉ ⌈⊓⊣↕↖∇⊣⟩↕ ↕≀}⟩⌋ ∫⊔†↕⌉∫⇔ ≀\↕† ∫⟩\}↕⌉ ⟩\⊔⌉∇↖⌋⌉↕↕ ⊒⟩∇⟩\} ⊣\⌈ ∫⟩\}↕⌉ NMOS \⌉⊔⊒≀∇‖∫ ⊣∇⌉ ∇⌉∐⊓⟩∇⌉⌈ ⇐A⇓⇔ T⇓⇔ P⇓⇒⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ ∇⌉∐⊓⟩∇⌉⌈ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† ⟩\√⊓⊔ ∫⟩}\⊣↕∫ ⊣∇⌉ }⌉\⌉∇⊣⊔⌉⌈ ↕≀⌋⊣↕↕† ⌊† ⟩\⊑⌉∇⊔⌉∇∫ ∪F⟩}↙ ∞⇐⌈⇒⊎↙ S⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⟩∫ ∇⌉⊣↕⟩‡⌉⌈ ⌊† ⊣ {⌉⌈ ⌊⊣⌋‖ √⊓↕↕↖⊓√ PMOS ⊔∇⊣\∫⟩∫⊔≀∇ ⊒⟨⟩⌋⟨⇔ ⟨≀⊒↖ ⌉⊑⌉∇⇔ ⟩∫ ∫↕≀⊒⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⌋∇≀∫∫↖⌋≀⊓√↕⌉⌈ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫ ≀{ CPL ⊒≀∇‖⟩\} ⟩\ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ⇕≀⌈⌉↙ N≀⊔⌉ ⊣↕∫≀ ⊔⟨⊣⊔ ⊔⟨⟩∫ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣↖ ⊔⟩≀\ ∫⊔∇⊓⌋⊔⊓∇⌉ ≀\↕† ⊒≀∇‖∫ {≀∇ V_{dd} > V_{tn} + |V_{tp}|⇔ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⊔⟨∇⌉∫⟨≀↕⌈ ⊑≀↕⊔⊣}⌉ ⌈∇≀√ ⊔⟨∇≀⊓}⟨ ⊔⟨⌉ NMOS \⌉⊔⊒≀∇‖ {≀∇ ⊣ ↕≀}⟩⌋ ⊖∞⪰ √∇⌉⊑⌉\⊔∫ ⊔⟨⌉ NMOS ≀{ ⊔⟨⌉ ⟩\⊑⌉∇⊔⌉∇ ⊣\⌈ ⊒⟩⊔⟨ ⊔⟨⊣⊔ ⊔⟨⌉ √⊓↕↕↖⊓√ PMOS {∇≀⇕ ⊔⊓∇\⟩\} ≀\↙ T⟨⌉∇⌉{≀∇⌉⇔ ∇≀⌊⊓∫⊔\⌉∫∫ ⊣⊔ ↕≀⊒ ⊑≀↕⊔⊣}⌉∫

TABLE I QUALITATIVE LOGIC STYLE COMPARISONS↙ ↕≀}⟩⌋ ↓ MOS ≀⊓⊔√⊓⊔ I∝O ∫⊒⟩\} ↓ ∇≀⌊⊓∫⊔↖ ∫⊔†↕⌉ \⌉⊔⊒≀∇‖∫ ⌈∇⟩⊑⟩\} ⌈⌉⌋≀⊓√↕↙ ∇⌉∫⊔≀∇↙ ∇⊣⟩↕∫ \⌉∫∫ CMOS \ ⇓ √ ⇕⌉⌈↙∘}≀≀⌈ †⌉∫ \≀ ∫⟩\}↕⌉ ⟨⟩}⟨ CPL ∈\ }≀≀⌈ †⌉∫ †⌉∫ ⌈⊓⊣↕ ⇕⌉⌈⟩⊓⇕ SRPL ∈\ √≀≀∇ \≀ †⌉∫ ⌈⊓⊣↕ ↕≀⊒ DPL ∈\ ⇓ ∈√ }≀≀⌈ †⌉∫ \≀ ⌈⊓⊣↕ ⟨⟩}⟨ LEAP \ }≀≀⌈ †⌉∫ †⌉∫ ∫⟩\}↕⌉ ⇕⌉⌈⟩⊓⇕ EEPL ∈\ }≀≀⌈ †⌉∫ †⌉∫ ⌈⊓⊣↕ ⇕⌉⌈⟩⊓⇕ PPL \ ⇓ √ √≀≀∇ \≀ †⌉∫ ⌈⊓⊣↕ ↕≀⊒

⟩∫ ≀\↕† }⊓⊣∇⊣\⊔⌉⌉⌈ ⟩{ ⊔⟨⌉ ⊔⟨∇⌉∫⟨≀↕⌈ ⊑≀↕⊔⊣}⌉∫ ⊣∇⌉ ⊣√√∇≀√∇⟩⊣⊔⌉↕† ∫⇕⊣↕↕↙ O\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟨⊣\⌈⇔ ⌉⊣∫⌉↖≀{↖⊓∫⌉ ≀{ ↕≀}⟩⌋ }⊣⊔⌉∫ ⊣\⌈ ⌋≀⇕↖ √⊣⊔⟩⌊⟩↕⟩⊔† ⊒⟩⊔⟨ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ⌋⌉↕↕↖⌊⊣∫⌉⌈ ⌈⌉∫⟩}\ ⟩∫ √⊣∇⊔↕† √∇≀⊑⟩⌈⌉⌈ ⟩\ ⊔⟨⟩∫ ↕≀}⟩⌋ ∫⊔†↕⌉↙ T⟨⌉ {⊣⌋⊔ ⊔⟨⊣⊔ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ↕≀}⟩⌋ \⌉⊔⊒≀∇‖∫ ⌋⊣\ ⌊⌉ ⇕⊣√√⌉⌈ ⇕≀∇⌉ ⌉{⊘⌋⟩⌉\⊔↕† ≀\⊔≀ ∫⟩⇕√↕⌉ ↕≀}⟩⌋ }⊣⊔⌉∫ ⊔⟨⊣\ ≀\ ⇕⊓↕⊔⟩√↕⌉§⌉∇∫ ⟩∫ ⌈⌉⊣↕⊔ ⟩\ ⊔⟨⌉ LEAP ∫†∫⊔⌉⇕ ⊒⟩⊔⟨ ⊣ \⌉⊒ ∫†\⊔⟨⌉↖ ∫⟩∫ ⊣√√∇≀⊣⌋⟨ ⊒⟨⟩⌋⟨ ⌉§√↕≀⟩⊔∫ ⊔⟨⌉ {⊓↕↕ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ≀{ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ∪∞∈⊎↙ ▽⇒ O⊔⟨⌉∇ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫¬ S≀⇕⌉ ≀⊔⟨⌉∇ √⊣∫∫↖ ⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⟨⊣⊑⌉ ⌊⌉⌉\ √∇≀√≀∫⌉⌈↙ T⟨⌉ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐DPTL⇒ ⟩\ ∪∞⊎ ⟩∫ ⊣ }⌉\⌉∇⊣↕⟩‡⌉⌈ ⌈⊓⊣↕↖∇⊣⟩↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔∇⊓⌋⊔⊓∇⌉↙ I⊔ ⌋≀\∫⟩∫⊔∫ ≀{ ⊔⟨⌉ NMOS √⊣∫∫↖ ⊔∇⊣\∫⟩∫⊔≀∇ \⌉⊔⊒≀∇‖∫ ⊣\⌈ ⊣ ⌊⊓{{⌉∇ ⌋⟩∇⌋⊓⟩⊔ {≀∇ ↕⌉⊑⌉↕ ∇⌉∫⊔≀∇⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⌋⊣\ ⌊⌉ ⊣ ⌋↕≀⌋‖⌉⌈ √∇⌉⌋⟨⊣∇}⟩\} ⌊⊓{{⌉∇ ⇐⌈†\⊣⇕⟩⌋⇒ ≀∇ ⊣ ∫⊔⊣⊔⟩⌋ ⌊⊓{{⌉∇ ⇐⌉↙}↙⇔ ⊣∫ ⟩\ CPL⇒↙ I\ ⊔⟨⌉ ⌉\⌉∇}† ⌉⌋≀\≀⇕⟩‡⌉⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐EEPL⇒ ≀{ ∪∞∀⊎⇔ ⊔⟨⌉ ∫≀⊓∇⌋⌉∫ ≀{ ⊔⟨⌉ PMOS √⊓↕↕↖⊓√ ⊔∇⊣\∫⟩∫↖ ⊔≀∇∫ ≀{ ⊣ CPL }⊣⊔⌉ ⊣∇⌉ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊔⟨⌉ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕ ⟩\∫⊔⌉⊣⌈ ≀{ V_{dd} ♭Fig▷ 1↼f↽♯▷ The reputed advantage of shorter delay and smaller power dissipation compared to CPL however could not be conαrmed in this work▷ The pushpull passtransistor logic ↼PPL↽ of ♭19♯ can be regarded as a CPL gate without output inverters and with complementary transis tors on one signal rail ♭i▷e▷ PMOS passtransistors followed by an NMOS pulldown transistor Fig▷ 1↼h↽♯▷ Besides its attractively low transistor count switching and output driving characteristics are even worse than in SRPL ↼see Section III↽ and it does not work for V dd < Vtn + |Vtp|↙ G↙ Q⊓⊣↕⟩⊔⊣⊔⟩⊑⌉ C≀⇕√⊣∇⟩∫≀\∫ S≀⇕⌉ ⌊⊣∫⟩⌋ ↕≀}⟩⌋ ∫⊔†↕⌉ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫ ⊒⟨⟩⌋⟨ ⟩\⊙⊓⌉\⌋⌉ ⌋⟩∇⌋⊓⟩⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ⊣\⌈ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\ ⊣∇⌉ ∐⊓⊣↕⟩⊔⊣⊔⟩⊑⌉↕† ⌋≀⇕√⊣∇⌉⌈ ⟩\ T⊣⌊↕⌉ I↙ I\ √⊣∇⊔⟩⌋⊓↕⊣∇⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ MOS ↕≀}⟩⌋ \⌉⊔⊒≀∇‖∫⇔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔⟩⌉∫⇔ ⊔⟨⌉ √∇⌉∫⌉\⌋⌉ ≀{ ⟩\√⊓⊔∝≀⊓⊔√⊓⊔ ⌈⌉↖ ⌋≀⊓√↕⟩\}⇔ ⊔⟨⌉ \⌉⌉⌈ {≀∇ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⌋⟩∇⌋⊓⟩⊔∇†⇔ ⊔⟨⌉ \⊓⇕⌊⌉∇ ≀{ ∫⟩}\⊣↕ ∇⊣⟩↕∫⇔ ⊣\⌈ ⊔⟨⌉ ∇≀⌊⊓∫⊔\⌉∫∫ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ⊑≀↕⊔⊣}⌉ ∫⌋⊣↕⟩\} ⊣\⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\} ⊣∇⌉ }⟩⊑⌉\ {≀∇ ⊔⟨⌉ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⌈⟩∫⌋⊓∫∫⌉⌈↙ III↙ ANALYSIS OF LOGIC GATES T⟨⌉ ⌉{⊘⌋⟩⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ↕≀}⟩⌋ }⊣⊔⌉∫ ⟩∫ ⊣ √∇⌉∇⌉∐⊓⟩∫⟩⊔⌉ {≀∇ ⊔⟨⌉ ∇⌉⊣↕⟩‡⊣⊔⟩≀\ ≀{ ⊒⌉↕↕↖√⌉∇{≀∇⇕⟩\} ⌋≀⇕⌊⟩\⊣⊔⟩≀\⊣↕ ⌋⟩∇⌋⊓⟩⊔∫↙ T⟨⟩∫ ⟩∫ ⌉∫√⌉⌋⟩⊣↕↕† ⊔∇⊓⌉ {≀∇ ⟨⟩}⟨↖∫√⌉⌉⌈ ⊣\⌈ ↕≀⊒↖√≀⊒⌉∇ ⊣√√↕⟩⌋⊣⊔⟩≀\∫↙ A↙ R⌉∫⊓↕⊔∫ {∇≀⇕ ⊔⟨⌉ L⟩⊔⌉∇⊣⊔⊓∇⌉ V⊣∇⟩≀⊓∫ ⟩\⊑⌉∫⊔⟩}⊣⊔⟩≀\∫ ≀{ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ↕≀⊒ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\ ⟨⊣⊑⌉ ∇⌉⌋⌉\⊔↕† ⌊⌉⌉\ ⌋⊣∇∇⟩⌉⌈ ≀⊓⊔ ⊣\⌈ ∇⌉√≀∇⊔⌉⌈

ZIMMERMANN AND FICHTNER¬ CMOS VERSUS PASS↖TRANSISTOR LOGIC ▽ ⟩\ ⊔⟨⌉ ↕⟩⊔⌉∇⊣⊔⊓∇⌉ ∪∞⊎⇔ ∪∞∈⊎∘∪∞△⊎⇔ ∪∞∃⊎∘∪∈∋⊎↙ I\ ⊣↕↕ ⊔⟨⌉∫⌉ √⊓⌊↕⟩⌋⊣↖ ⊔⟩≀\∫ ⇐⌉§⌋⌉√⊔ ∪∈∋⊎⇒⇔ CPL ≀∇ ∇⌉↕⊣⊔⌉⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊣∇⌉ √∇≀√⊣}⊣⊔⌉⌈ ⊣∫ ↕≀⊒↖√≀⊒⌉∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫↙ T⟨⟩∫ ⟩∫ ⌊⊣∫⟩⌋⊣↕↕† ⌉§↖ √↕⊣⟩\⌉⌈ ⌊† ⊔⟨⌉ {⊣⌋⊔ ⊔⟨⊣⊔ CPL }⊣⊔⌉∫ ⌋≀⊓\⊔ ↕⌉∫∫ ⊔∇⊣\∫⟩∫⊔≀∇∫⇔ ⟨⊣⊑⌉ ∫⇕⊣↕↕⌉∇ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣\⌈ ∫⇕⊣↕↕⌉∇ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫⇔ ⊣\⌈ ⊣∇⌉ {⊣∫⊔⌉∇ ⊔⟨⊣\ }⊣⊔⌉∫ ⟩\ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† CMOS↙ H≀⊒⌉⊑⌉∇⇔ ∫≀⇕⌉ ⊒⌉⊣‖ √≀⟩\⊔∫ ∫⟨≀⊒ ⊓√ ⟩\ ⊣↕↕ ⊔⟨⌉∫⌉ ⟩\⊑⌉∫⊔⟩}⊣↖ ⊔⟩≀\∫↙ F⟩∇∫⊔⇔ ⊣↕↕ ⌉§⊣⇕⟩\⊣⊔⟩≀\∫ ⊣∇⌉ ⌊⊣∫⌉⌈ ≀\↕† ≀\ {⊓↕↕↖⊣⌈⌈⌉∇ ⌋⟩∇↖ ⌋⊓⟩⊔∫↙ T⟨⟩∫ ⌋≀⇕√⊣∇⟩∫≀\⇔ ⟨≀⊒⌉⊑⌉∇⇔ ⟩∫ \≀⊔ ∇⌉√∇⌉∫⌉\⊔⊣⊔⟩⊑⌉ ⌊⌉⌋⊣⊓∫⌉ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ ⊔⟨∇⌉⌉↖⟩\√⊓⊔ XOR {⊓\⌋⊔⟩≀\ ≀{ ⊔⟨⌉ {⊓↕↕↖⊣⌈⌈⌉∇ ∇⌉∐⊓⟩∇⌉⌈ {≀∇ ∫⊓⇕ ⌊⟩⊔ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\ ⟩∫ √⌉∇{⌉⌋⊔↕† ∫⊓⟩⊔⌉⌈ {≀∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩\ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⌈⊓⌉ ⊔≀ ⟩⊔∫ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉↙ O\ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟨⊣\⌈⇔ ⊔⟨⌉ XOR ⟩∫ ⊔⟨⌉ ↕≀}⟩⌋ {⊓\⌋⊔⟩≀\ ⊒⟩⊔⟨ ⊔⟨⌉ ↕⌉⊣∫⊔ ⌉{⊘⌋⟩⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩\ CMOS↙ S⌉⌋≀\⌈↕†⇔ ∇⊣⊔⟨⌉∇ ⟩\⌉{⊘⌋⟩⌉\⊔ CMOS {⊓↕↕↖⊣⌈⌈⌉∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⌋≀⊓\⊔⟩\} △′ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊒⌉∇⌉ ⊓∫⌉⌈ ⊔⟨∇≀⊓}⟨≀⊓⊔ ⌉§⌋⌉√⊔ {≀∇ ∪∞∈⊎↙ M≀∇⌉ ⌉{⊘⌋⟩⌉\⊔ CMOS ∇⌉⊣↕⟩‡⊣⊔⟩≀\∫ ⊒⟩⊔⟨ ≀\↕† ∈∀ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⌉§⟩∫⊔ ⊒⟨⟩⌋⟨ √⌉∇{≀∇⇕ ⌊⌉⊔⊔⌉∇ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ⌋⟩∇⌋⊓⟩⊔ ∫⟩‡⌉⇔ ∫√⌉⌉⌈⇔ ⊣\⌈ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\↙ F⊓∇⊔⟨⌉∇⇕≀∇⌉⇔ {⊓↕↕↖⊣⌈⌈⌉∇∫ ⟨⊣⊑⌉ ≀\↕† ↕⟩⇕⟩⊔⌉⌈ ⟩⇕√≀∇⊔⊣\⌋⌉ ⌉⊑⌉\ ⟩\ ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋ ⌋⟩∇⌋⊓⟩⊔∫↙ F⊓↕↕↖⊣⌈⌈⌉∇∫ ≀∇ ⊔⟨⌉ ∇⌉↕⊣⊔⌉⌈ △↖∈ ⌋≀⇕√∇⌉∫∫≀∇∫ ⊣∇⌉ ⊔⟨⌉ ⌊⊣∫⟩⌋ ⌋⌉↕↕∫ ⟩\ ⊣⌈⌈⌉∇ ⊣∇∇⊣†∫ ⇐⟩↙⌉↙⇔ ⌋⊣∇∇†↖∫⊣⊑⌉ ⊣⌈⌈⌉∇∫⇒ ⊓∫⌉⌈ ⟩\ ⇕⊓↕⊔⟩√↕⟩⌉∇∫ ⊣\⌈ ∫⟩⇕⟩↕⊣∇ ⌋≀⇕√≀\⌉\⊔∫ ↕⟩‖⌉ ⌈⟩⊑⟩⌈⌉∇∫↙ I\ ∫⊓⌋⟨ ⊣√√↕⟩⌋⊣⊔⟩≀\∫⇔ ⌉{⊘⌋⟩⌉\⊔ {⊓↕↕↖⊣⌈⌈⌉∇ ⌋⟩∇⌋⊓⟩⊔∫ ⊣∇⌉ ⌋∇⊓⌋⟩⊣↕ ∫⟩\⌋⌉ ⊔⟨⌉∫⌉ ⌊⊓⟩↕⌈⟩\} ⌊↕≀⌋‖∫ ⊣∇⌉ ≀{⊔⌉\ ⊔⟨⌉ ⌋∇⟩⊔⟩⌋⊣↕ ≀\⌉∫↙ H≀⊒⌉⊑⌉∇⇔ ⟩\ ∫⟩⇕√↕⌉∇ ⊣∇⟩⊔⟨⇕⌉⊔⟩⌋ ⌋⟩∇⌋⊓⟩⊔∫⇔ ∫⊓⌋⟨ ⊣∫ ⊣⌈⌈⌉∇∫⇔ ⟩\⌋∇⌉⇕⌉\⊔⌉∇∫∝⌋≀⊓\⊔⌉∇∫⇔ ⊣\⌈ ⌋≀⇕√⊣∇⊣⊔≀∇∫⇔ {⊓↕↕↖⊣⌈⌈⌉∇∫ ⊣∇⌉ ⟨⊣∇⌈↕† ⊓∫⌉⌈↙ M≀∫⊔ {⊣∫⊔ ⊣⌈⌈⌉∇ ⊣∇↖ ⌋⟨⟩⊔⌉⌋⊔⊓∇⌉∫ ⇐⌉↙}↙ ⌋⊣∇∇†↖↕≀≀‖⊣⟨⌉⊣⌈⇒ ⌈≀ \≀⊔ ⊓∫⌉ ⌉\⊔⟩∇⌉ {⊓↕↕↖⊣⌈⌈⌉∇∫ ∫⟩\⌋⌉ ⊔⟨⌉⟩∇ {⊓\⌋⊔⟩≀\ ⟩∫ ⌊∇≀‖⌉\ ⊓√ ⟩\ ≀∇⌈⌉∇ ⊔≀ ∫√⌉⌉⌈ ⊓√ ⌋⊣∇∇†↖ √∇≀√⊣}⊣⊔⟩≀\↙ M≀∇⌉≀⊑⌉∇⇔ ⊔⟨⌉ }∇⌉⊣⊔⌉∇ √⊣∇⊔ ≀{ ⊔†√⟩⌋⊣↕ ⌋⟩∇⌋⊓⟩⊔ ⊣√↖ √↕⟩⌋⊣⊔⟩≀\∫ ⟩∫ ⇕⊣⌈⌉ ⊓√ ≀{ ≀⊔⟨⌉∇ ⇐\≀\⊣∇⟩⊔⟨⇕⌉⊔⟩⌋⇒ ⌋≀⇕⌊⟩\⊣⊔⟩≀\⊣↕ {⊓\⌋⊔⟩≀\∫⇔ ⊒⟨⟩⌋⟨ ∇⌉∐⊓⟩∇⌉ \≀ {⊓↕↕↖⊣⌈⌈⌉∇∫ ⊣⊔ ⊣↕↕↙ F⟩\⊣↕↕†⇔ ⊔⟨⌉ ∫⟩⇕⊓↕⊣⊔⟩≀\ ⌋≀\⌈⟩⊔⟩≀\∫ ⊣\⌈ ⌋⟩∇⌋⊓⟩⊔ ⊣∇∇⊣\}⌉⇕⌉\⊔∫ ⊣∇⌉ ≀{⊔⌉\ \≀⊔ ⌋↕⌉⊣∇↕† ∫√⌉⌋⟩⊘⌉⌈↙ O\⌉ ⟨⊣∫ ⊔≀ ⊣∫∫⊓⇕⌉ ⊔⟨⊣⊔ ⟩⌈⌉⊣↕⟩∫⊔⟩⌋ ⊣\⌈ ⟨⟩}⟨↕† ∫√⌉⌋⟩⊘⌋ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ∇⌉⊣↕⟩∫⊔⟩⌋ ⊣\⌈ ⇕≀∇⌉ }⌉\⌉∇⊣↕ ∫⌉⊔⊓√∫ ⊣∇⌉ ⊓∫⌉⌈ ⟩\ ∫≀⇕⌉ ⌋⊣∫⌉∫↙ B↙ I⇕√∇≀⊑⌉⌈ I\⊑⌉∫⊔⟩}⊣⊔⟩≀\∫ F≀∇ ⊣ ⇕≀∇⌉ }⌉\⌉∇⊣↕ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩‡⊣⊔⟩≀\ ≀{ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ↕≀⊒↖√≀⊒⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⊣\⌈ ∫⊔⊣\⌈⊣∇⌈↖⌋⌉↕↕ ↕⟩⌊∇⊣∇† ⌈⌉⊑⌉↕≀√⇕⌉\⊔⇔ ⊔⟨⌉ ⟩\⊑⌉∫⊔⟩}⊣⊔⟩≀\∫ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⌉§⊔⌉\⌈⌉⌈ ⊔≀ ⊣ ↕⊣∇}⌉∇ ∫⌉⊔ ≀{ }⊣⊔⌉∫ ⊣\⌈ ⊔⟨⌉∇⌉{≀∇⌉ ⇕⊓∫⊔ ⟩\⌋↕⊓⌈⌉ ⇕⊓↕⊔⟩√↕⌉§⌉∇∫ ⊣\⌈ ∫⟩⇕√↕⌉ }⊣⊔⌉∫ ⊣∫ ⊒⌉↕↕↙ R⌉⊣↕⟩∫⊔⟩⌋ ⌋⟩∇⌋⊓⟩⊔ ⊣\⌈ ∫⟩⇕⊓↕⊣⊔⟩≀\ ∫⌉⊔⊓√∫ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⌋⟨≀∫⌉\ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⌋⊣√⊔⊓∇⌉ ⊒≀∇∫⊔ ⌋⊣∫⌉ ⌊⌉⟨⊣⊑⟩≀∇⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⌋∇⊓⌋⟩⊣↕ ⟩\ ∫†\⌋⟨∇≀\≀⊓∫ ⌈⌉∫⟩}\∫↙ I\ √⊣∇⊔⟩⌋⊓↕⊣∇⇔ }⊣⊔⌉ ⟩\√⊓⊔∫ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⌈∇⟩⊑⌉\ ⌊† ⊔†√⟩⌋⊣↕ }⊣⊔⌉ ≀⊓⊔√⊓⊔∫ ∇⊣⊔⟨⌉∇ ⊔⟨⊣\ ⌊† ⊔⟨⌉ ∫⟩⇕⊓↕⊣⊔≀∇↙ S⟩⇕⟩↕⊣∇↕†⇔ }⊣⊔⌉ ≀⊓⊔√⊓⊔∫ ⟨⊣⊑⌉ ⊔≀ ⌈∇⟩⊑⌉ ⊔†√⟩⌋⊣↕ }⊣⊔⌉ ⟩\√⊓⊔∫⇔ ⊔⟨⊓∫ ∫⟩⇕⊓↕⊣⊔⟩\} ∇⌉⊣↕⟩∫⊔⟩⌋ {⊣\↖≀⊓⊔∫↙ S⌉⊑⌉∇⊣↕ }⊣⊔⌉∫ ⟨⊣⊑⌉ ⊔≀ ⌊⌉ ⌋⊣∫⌋⊣⌈⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ ≀⌊∫⌉∇⊑⌉ ⊔⟨⌉⟩∇ ⌊⌉⟨⊣⊑⟩≀∇ ⊒⟩⊔⟨⟩\ ⇕⊓↕⊔⟩↕⌉⊑⌉↕ ↕≀}⟩⌋ ⌋⟩∇⌋⊓⟩⊔∫↙ A ⌋≀⇕√∇⌉⟨⌉\∫⟩⊑⌉ ∫⌉⊔ ≀{ ⟩\√⊓⊔ ∫⊔⟩⇕⊓↕⟩ ⟨⊣∫ ⊔≀ ⌊⌉ ⊣√√↕⟩⌉⌈ ⌈⊓∇⟩\} ∫⟩⇕⊓↕⊣⊔⟩≀\ {≀∇ ∫⌉\∫⟩⊔⟩‡⊣⊔⟩≀\ ≀{ ⊣↕↕ ⌋∇⟩⊔⟩⌋⊣↕ ∫⟩}\⊣↕ √⊣⊔⟨∫↙ A\ ⊣⌈⌈⟩⊔⟩≀\⊣↕ ⊣∫√⌉⌋⊔ ⊔≀ ⌊⌉ ⌋≀\∫⟩⌈⌉∇⌉⌈ ⊒⟩⊔⟨⟩\ √⊣∫∫↖}⊣⊔⌉ ⊣\⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ⌋⟩∇⌋⊓⟩⊔∫ ⟩∫ ⊔⟨⌉ {⊣⌋⊔ ⊔⟨⊣⊔ ⟩\√⊓⊔ ∫⟩}\⊣↕∫ ⇕⊣† ⌋≀\\⌉⌋⊔ ⊔≀ ⊔∇⊣\∫⟩∫⊔≀∇ }⊣⊔⌉∫ ⊣\⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ∫≀⊓∇⌋⌉∫ ⊣⊔ ⊔⟨⌉ ∫⊣⇕⌉ ⊔⟩⇕⌉↙ S⟩\⌋⌉ ⌋⊓∇∇⌉\⊔ ⟩∫ ⌈∇⊣⊒\ {∇≀⇕ ⊣ ↕≀}⟩⌋ }⊣⊔⌉ ⟩\√⊓⊔ ⊣⊔ ⊔⟨⌉ ⊔∇⊣\∫⟩∫⊔≀∇ ∫≀⊓∇⌋⌉⇔ ∫⊒⟩⊔⌋⟨⟩\} ≀{ ⊔⟨⊣⊔ ∇⌉∫√⌉⌋⊔⟩⊑⌉ ∫⟩}\⊣↕ ⟩∫ ∫↕≀⊒⌉⌈ ⌈≀⊒\ ⇐⟩↙⌉↙⇔ ⊙⊣⊔ ∫⟩}\⊣↕ ∇⊣⇕√⇒↙ I{ ⊔⟨⌉ ∫⊣⇕⌉ ∫⟩}\⊣↕ ⟩∫ ⌋≀\\⌉⌋⊔⌉⌈ ⊔≀ ⊣ ⊔∇⊣\∫⟩∫⊔≀∇ }⊣⊔⌉ ∫≀⇕⌉⊒⟨⌉∇⌉ ⌉↕∫⌉⇔ ∫⊒⟩⊔⌋⟨⟩\} ≀{ ⊔⟨⊣⊔ ⊔∇⊣\∫⟩∫⊔≀∇ ⊣\⌈ ≀{ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ↕≀}⟩⌋ }⊣⊔⌉ ⟩∫ ∫↕≀⊒⌉⌈ ⌈≀⊒\ ⊣∫ ⊒⌉↕↕↙ F≀∇ ∫⟩⇕⊓↕⊣⊔⟩≀\

{⊣∫⟩⇕⌉\⊑↙⌉√∫⟩ ∌ � 41 mm

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

gatesimenv.epsi 74 � 22 mm

Fig. 3. Circuit arrangement for the simulation of logic gates.

of this effect (referred to as source-gate effect), such worst-case input combinations must be included in the circuit arrangement as well.

C. Circuit Arrangement and Simulation Conditions The �rst set of comparisons was carried out on various simple and complex logic gates. Circuits were designed at the transistor-level in a standard 0.6-μm CMOS process technology ↼doublemetal V_{tn} = 0.8 V V_{tp} = −′.8 V↽▷ Layout was carried out for all compared logic gates and for the CMOS and CPL fulladders▷ It was done in a standardcelllike manner using symbolic layout and compaction which allowed for an efαcient exploration of layout topologies for the different logic styles▷ The circuits were simulated using HSPICE at 3▷3 V and 1▷5 V 27ffi C, 20 MHz, with the capacitances extracted from the layout. All possible transition combinations at the gate inputs were simulated. Worst-case gate delays and average power dissipation (including power from short-circuit currents) were obtained from simulation. PT-productsare calculatedasa quality measure for power ef�ciency, giving the energy consumed by a gate per switching event. Transistors were sized carefully by hand with the objective of balanced gate performance, low PT-products, and, to some extent, uniform and regular transistor sizes. Most circuits are depicted in Figs. 1 and 4 with the transistor widths (W ↽ given in λ ↼λ = 0.3μm L = 2λ↽▷ Fig▷ 2 illustrates the circuit arrangement for simulation of the fulladders▷ Inverters equivalent to the fulladder output inverters are placed at the inputs and wiring capacitances of 20 fF attached in order to simulate two fulladders connected in series with a fanout of one which is typical for fulladder applications ↼e▷g▷ adder arrays Wallace trees and ripplecarry adders↽▷ This simple circuit setup allows application of arbitrary signal transition combinations to the fulladder inputs as well as consideration of output driving and fanout characteristics▷ Fig▷ 3 shows the general circuit arrangement used for all other

6 IEEE JOURNAL OF SOLIDSTATE CIRCUITS VOL▷ 32 NO▷ 7 JULY 1997

nand2cmos▷epsi 23 � 27 mm

(a) nand2cpl.epsi 37 � 33 mm

(b) aoicmos.epsi 23 � 35 mm

(c) aoicpl.epsi 46 � 39 mm

(d)

and4cmos1.epsi 50 � 23 mm (e) and4cmos2.epsi 59 � 29 mm

(f) and4cpl.epsi 53 � 40 mm

(g)

xorcmos1.epsi 49 � 35 mm

(h) xorcmos2.epsi 40 � 29 mm

(i) xorcpl.epsi 37 � 33 mm

(j) xorwang.epsi 33 � 28 mm

(k) Fig. 4. Simulated gates in (a), (c), (e), (f), (h), (l), (p) CMOS, (i), (m) CMOS with pass-gates, and (b), (d), (g), (j), (n), (o) CPL logic style, (k) Wang’s XOR.

logic gates. Several gates of the same type are connectedin series with a fan-out of two andwith typical interconnectloadsattached (50 fF, corresponds to three typical cell pitches [24]). This setup makes sure that all inputs are driven by typical gate outputs and that all possible gate input combinations are simulated (sourcegate effect mentioned above).

D. Comparisons and Results

1) Full-adders (FA): Four different CMOS full-adder circuits were implemented: the mentioned 28-transistor version [25] [Fig. 4(p)], the often used 40-transistor version [1], a version using branch-basedgates [26], and a pure pass-gate version [25]. Pass-transistor full-adders were realized for CPL [Fig. 4(o)], LEAP, EEPL, and DPL. A comparison based on actual layout and extracted capacitances was done only for the CMOS and CPL full-adders. Their layout is given in Fig. 5. Another set of comparisonscomprising all logic styles was done without layout and based on estimated diffusion and wiring capacitances.

The simulation results are given in Table II. The comparisons based on cell layouts basically con�rm the better delay and PT-product values of CPL full-adders at 3.3 V due to the ef�- cient three-input XOR pass-transistor implementation, while the power dissipation of CMOS and CPL are comparable. However, CMOS has a shorter carry-in to carry-out delay (cin → cout↽ at 3▷3 V as well as overall shorter delays and comparable PT products at 1▷5 V▷ Similar results were reported recently in ♭23♯▷ Also the layout size of the CMOS fulladder is considerably smaller due to the smaller number of transistors and in particular due to a higher circuit regularity ↼i▷e▷ complementary transistors are easy to layout↽ and smaller number of wires ↼singlerail↽▷ The comparisons without cell layouts show a higher perfor mance advantage of CPL over CMOS fulladders▷ This again documents the worse layout efαciency of CPL▷ The 28transistor CMOS fulladder performs considerably better than the 40 transistor version and the other CMOS implementations in terms of circuit speed power dissipation or both▷ EEPL proves to be comparable but not better than CPL from which it is derived▷ The singlerail passtransistor logic style used in LEAP does not work at 1▷5 V ↼i▷e▷ V dd < Vtn + |Vtp|⇔ ⊣∫ ⇕⌉\⊔⟩≀\⌉⌈ ⌉⊣∇↕⟩⌉∇⇒⇔ ⊣\⌈ ⟩⊔∫ ∫⊓√⌉∇⟩≀∇⟩⊔† ≀⊑⌉∇ CMOS ∪∞∈⊎ ⊣⊔ ⟨⟩}⟨⌉∇ ⊑≀↕⊔⊣}⌉∫ ⌋≀⊓↕⌈ \≀⊔ ⌊⌉ ⌋≀\⊘∇⇕⌉⌈↙ F⟩\⊣↕↕†⇔ DPL ⟩∫ \≀⊔ ⌋≀⇕√⌉⊔⟩⊔⟩⊑⌉ ⌋≀⇕√⊣∇⌉⌈ ⊔≀ CMOS ⊣\⌈ CPL ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⊑⌉∇† ⟨⟩}⟨ ⊔∇⊣\∫⟩∫⊔≀∇ ⌋≀⊓\⊔↙ N≀⊔⌉ ⊔⟨⊣⊔ ⟩\ ⊣↕↕ ⊔⟨⌉∫⌉ ⌋⟩∇⌋⊓⟩⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫⇔ √≀⊒⌉∇ ⊣\⌈ ⌈⌉↕⊣† ⌋⊣\ ⌊⌉ ⊔∇⊣⌈⌉⌈ ≀{{ ⌊† ⊣ ⌋≀\∫⟩⌈⌉∇⊣⌊↕⌉ ⊣⇕≀⊓\⊔ ⊔⟨∇≀⊓}⟨ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⟩\}⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉

ZIMMERMANN AND FICHTNER¬ CMOS VERSUS PASS↖TRANSISTOR LOGIC

⇕⊓§△⌋⇕≀∫∞↙⌉√∫⟩ ̸ � 51 mm

(l) mux4cmos2.epsi 55 � 49 mm

(m) mux4cpl.epsi 49 � 64 mm

(n)

facpl.epsi 68 � 70 mm

(o) facmos.epsi 78 � 51 mm

(p) Fig. 4. (Continued.) Simulated gates in (a), (c), (e), (f), (h), (l), (p) CMOS, (i), (m) CMOS with pass-gates, and (b), (d), (g), (j), (n), (o) CPL logic style, (k) Wang’s XOR.

PT-products remain fairly constant, except for minimum-sized transistors where PT-products become typically larger.

2) Logic gates: Two sets of comparisons on logic gates were carried out based on the cells’ layout. The �rst set includes two-input multiplexers (MUX2) for all different logic styles. The circuits are given in Fig. 1 and the results summarized in Table III. Here, the multiplexer in complementary CMOS outperforms all other implementations with respect to circuit delay, power, PT-product, and layout size, despite the relatively high transistor count. It is far more ef�cient than any pass-transistor solution, also with respect to layout (Fig. 6). This is remarkable since multiplexers are actually the domain of pass-transistor logic. CPL is the best performing pass-transistor logic style and, in particular, the fastest one. Again, EEPL has worse performance than CPL, and the additional signal connections required in EEPL gates are sometimes dif�cult to layout. LEAP is quite power-ef�cient but rather slow. DPL is comparable to CPL in all respects. Finally, SRPL and PPL suffer from the weak output driving capability and the missing input-output decoupling, resulting in increasingly slow signal ramps through a series of gates and, as a consequence, in high short-circuit currents. This is illustrated by the simulated waveforms of Fig. 7 and con�rms the well-known fact that gates without input-output decoupling cannot be connected in series to form arbitrary circuits without inserting buffers every few gates. This, however, makes these logic styles dif�cult to use, and they hardly yield better circuit performance than logic styles with inherent input-output decoupling in each gate.

In the second set of gate investigations, the following logic gates were compared between CMOS and CPL: two-input NAND (NAND2), four-input AND (AND4), three-input andor-invert/or-and-invert (AOI/OAI), two- and four-input multiplexers (MUX2, MUX4), and two-input XOR [Figs. 4(a)�(n)]. The results are given in Table IV. In most cases, complementary CMOS clearly outperforms CPL with respect to circuit delay, power dissipation, power-delay product, and layout size. This especially holds true for the simple gates (NAND2, AND4, AOI/OAI). The only exception are the MUX4 and XOR gates

8 IEEEJOURNAL OF SOLID-STATECIRCUITS,VOL.32, NO. 7, JULY 1997

TABLE II FULL-ADDERCOMPARISONS.

delay (ns) gate logic maximal_{cin → cout} power ↼μW↽ PT ↼norm▷↽ ϑ size type style 3▷3 V 1▷5 V 3▷3 V 1▷5 V 3▷3 V 1▷5 V 3▷3 V 1▷5 V trans▷ ↼λ2↽ with layout ↼extracted capacitances↽ FA CMOS 1▷89 7▷88 1▷11 4▷87 32▷9 6▷4 1▷00 1▷00 28 8 754 CPL 1▷39 8▷33 1▷23 7▷95 34▷1 6▷0 0▷76 0▷99 32 14 792 without layout ↼estimated capacitances↽ FA CMOS 1▷50 6▷00 0▷85 3▷50 29▷3 5▷7 1▷00 1▷00 28 δ CMOS1 1▷77 6▷97 0▷79 3▷24 32▷3 6▷2 1▷29 1▷26 40 δ CMOS2 2▷18 9▷01 1▷59 5▷66 31▷3 6▷3 1▷55 1▷64 30 δ TGATE3 1▷35 6▷34 1▷00 4▷51 33▷4 6▷7 1▷02 1▷24 24 δ CPL 1▷02 5▷06 0▷85 4▷54 24▷6 4▷3 0▷57 0▷63 32 δ EEPL 1▷11 5▷72 0▷95 5▷28 25▷1 4▷5 0▷63 0▷75 32 δ LEAP 1▷73 δ4 1▷06 δ 31▷0 δ 1▷22 δ 24 δ DPL 1▷31 6▷81 0▷64 2▷89 35▷8 6▷9 1▷07 1▷36 48 δ 1CMOS version used in most comparisons ♭1♯ 2decomposed branchbased CMOS version proposed in ♭26♯ 3pure passgate version 4does not work for V_{dd} < V_{tn} + |V_{tp} |

TABLE III MULTIPLEXER COMPARISONS ⇐ALL LOGIC STYLES⇒↙ }⊣⊔⌉ ↕≀}⟩⌋ ⌈⌉↕⊣† ⇐\∫⇒ √≀⊒⌉∇ ⇐μW↽ PT ↼norm▷↽ ϑ size type style 3▷3 V 1▷5 V 3▷3 V 1▷5 V 3▷3 V 1▷5 V trans▷ ↼λ2↽ MUX2 CMOS 1▷15 4▷44 10▷4 2▷0 1▷00 1▷00 12 4 111 CMOS1 1▷19 4▷94 10▷4 1▷9 1▷03 1▷07 10 3 969 CMOS⇁ 1▷59 6▷50 10▷3 1▷9 1▷37 1▷43 8 4 455 CPL 1▷28 6▷21 19▷0 3▷4 2▷03 2▷42 10 5 528 EEPL 2▷02 10▷27 23▷0 4▷9 3▷88 5▷72 10 6 328 SRPL 5▷86 29▷75 26▷2 3▷7 12▷81 12▷52 8 6 009 PPL 7▷77 δ2 32▷7 δ 21▷16 δ 6 4 301 LEAP 2▷07 δ2 12▷6 δ 2▷18 δ 7 4 333 DPL 1▷34 5▷33 17▷3 3▷3 1▷93 1▷98 12 6 133 1without output inverter 2does not work for V_{dd} < V_{tn} + |V_{tp} |

TABLE IV LOGIC GATES COMPARISONS ⇐CMOS AND CPL⇒↙ }⊣⊔⌉ ↕≀}⟩⌋ ⌈⌉↕⊣† ⇐\∫⇒ √≀⊒⌉∇ ⇐μW↽ PT ↼norm▷↽ ϑ size type style 3▷3 V 1▷5 V 3▷3 V 1▷5 V 3▷3 V 1▷5 V trans▷ ↼λ2↽ NAND2 CMOS 0▷91 3▷20 7▷3 1▷3 1▷00 1▷00 4 2 098 CPL 1▷28 6▷12 18▷9 3▷5 3▷67 4▷93 10 5 477 AND4 CMOS 1▷30 5▷28 10▷2 1▷9 1▷00 1▷00 10 3 897 CMOS1 1▷15 4▷81 10▷2 1▷9 0▷88 0▷91 12 4 669 CPL 2▷30 11▷58 26▷9 4▷6 4▷63 5▷25 18 9 580 AOI◁OAI CMOS 1▷12 4▷40 9▷3 1▷7 1▷00 1▷00 6 2 778 CPL 1▷47 7▷43 22▷0 4▷1 3▷09 4▷15 14 7 211 MUX2 CMOS 1▷13 4▷17 10▷5 2▷0 1▷00 1▷00 12 4 111 CMOS⇁ 1▷59 6▷50 10▷3 1▷9 1▷37 1▷50 8 4 455 CPL 1▷28 6▷21 19▷0 3▷4 2▷03 2▷54 10 5 528 MUX4 CMOS 2▷03 7▷56 14▷5 2▷6 1▷00 1▷00 26 10 481 CMOS⇁ 2▷33 10▷17 14▷4 2▷5 1▷14 1▷31 18 8 112 CPL 1▷76 8▷51 23▷5 4▷0 1▷41 1▷77 18 7 7282 XOR CMOS 1▷43 5▷51 11▷2 2▷1 1▷00 1▷00 12 4 523 CMOS⇁ 1▷82 7▷94 10▷5 2▷0 1▷19 1▷38 8 4 455 CPL 1▷35 6▷21 19▷3 3▷5 1▷62 1▷90 10 5 069 WANG 1▷45 δ3 27▷1 δ 2▷45 δ 6 3 190 1 twoinput NAND◁NOR combination ↼decomposition↽ 2 relaxed cell layout rules due to large number of ↼otherwise area dominating↽ input◁output wires 3 does not work for V_{dd} < V_{tn} + |V_{tp}|

ZIMMERMANN AND FICHTNER¬ CMOS VERSUS PASS↖TRANSISTOR LOGIC ∃

{⊣⌋⇕≀∫↕†↙√∫ ∉ � 41 mm

(a)

facplly.ps 88 � 48 mm

(b) Fig. 5. Layout of (a) CMOS and (b) CPL full-adder.

where CPL is faster at 3.3 V. The small layout area of MUX4 in CPL was only achieved by relaxing the cell layout rules (i.e., all input metal-2 wires lead only to one side of the cell). Otherwise, its layout size would have been dominated by the large number of input/output wires and thus have been much larger. CMOS also proves to be less sensitive to voltage scaling than CPL. The delays increase by a smaller amount and the PT-product ratios 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 branchbased logic [4]. Also, a reduction of short-circuit currents in CMOS compared to pass-gate logic was reported in [23], when comparing tristate inverter selectors (CMOS) with pass-gate selectors (CMOS+). The two CMOS implementations of AND4 further demonstrate that the decomposition of complex gates into simpler ones often improves performance [4], but not always (see CMOS implementations of full-adder). Complex gate decomposition minimizes the number of series transistors (i.e., simpler gates)�an important aspect at low supply voltages�at the cost of additional signal inversion levels (i.e., more gates).

E. Discussion

Among the pass-transistor logic styles, CPL proves to have the best performance values and lowest power-delay products. Only the single-rail style of LEAP is a viable alternative if lower power and compatibility with cell-based design are of concern.

Complementary CMOS, however, proves to be superior to all pass-transistor logic styles in performance for all logic gates, with the exception of the full-adder at higher supply voltages.

mux2cmos1ly.ps 40 � 33 mm

(a)

mux2cplly.ps 54 � 33 mm

(b) Fig. 6. Layout of (a) CMOS and (b) CPL two-input multiplexer.

a.epsi///�gures 89 � 47 mm

Fig. 8. Buffered parallel-pre�x adder structure.

The advantages of ef�cient circuit and layout implementation of simple gates, the absence of swing restoration circuitry, and the single-rail logic property are predominant in most circuit applications. CMOS also shows the highest robustness and smallest sensitivity to transistor and voltage scaling, which was also documented in [23].

IV. ANALYSIS OF ADDERS

Binary adders are good examplesfor circuit performance comparisons because they include a balanced combination of different logic gates and make up the crucial building blocks in many circuit applications.

A. Adder Architecture and Implementation

Adder architecture investigations carried out on cell-based designs showed the best circuit performance measures for the class of parallel-pre�x adders (carry-lookahead adders), with the one using the parallel-pre�x structure by Sklansky [27] resulting in the fastest adder circuit implementations [28], [29]. This seems also to hold true for transistor-level circuits, since the

10 IEEEJOURNAL OF SOLID-STATECIRCUITS,VOL.32, NO. 7, JULY 1997

waveform.ps 169 � 120 mm

Fig. 7. Simulation waveforms for two-input multiplexer in CMOS, CPL, and SRPL logic style (@ 1.5 V).

TABLE V 32-B ADDER COMPARISONS. logic delay power PT Isc/Itot ϑ ϑ switching voltage process style ↼ns↽ ↼mW↽ ↼norm▷↽ ↼ϱ↽ trans▷ nodes activity ↼V↽ technology CMOS 4▷14 7▷50 1▷00 23▷6 1 607 869 0▷36 2▷8 0▷5 μm CPL 3▷47 25▷90 2▷89 31▷2 2 774 1 228 0▷49 2▷8 0▷5 μm CPL1 4▷73 16▷80 2▷56 27▷2 2 774 1 228 0▷50 2▷8 0▷5 μm DPL2 5▷00 15▷00 2▷42 δ δ δ δ 3▷3 0▷5 μm 1downsized transistors 2conditionalsum adder in DPL from literature ♭30♯

areaefαcient but slower Manchester chains as a transistorlevel alternative do not αt well into the parallelpreαx adder structure▷ A 32b adder was realized in a 0▷5μm CMOS process using the unbounded fanout parallelpreαx adder structure of Fig▷ 8▷ One level of buffers was inserted for driving the nodes with large fanouts and thus for fanout decoupling on the critical paths ↼i▷e▷ speedup↽▷ Since the preαx carrypropagation can be realized using AOI◁OAIgates or multiplexers the more efαcient variant was chosen for each logic style▷ That is the CMOS implementation makes use of the efαcient AOI◁OAIgates while the CPL solution uses twoinput multiplexers▷ Transistors were sized for high speed▷ Note that these adder architectures do not contain any fulladder circuits and that the threeinput XORφs are split into two twoinput XORφs one in the preprocessing and one in the postprocessing stage▷ The adders were simulated at

2▷8 V 110ffi C, and 100 MHz with estimated wiring capacitances

(layout topology taken into account). The worst-case delay on the critical path as well as average power dissipation on a set of random data was measured.

B. Results and Discussion

Table V gives the comparison results. The CMOS solution is about 20% slower than the CPL version, but has a much smaller transistor count and dissipates less than 1/3 the power. A CPL version with down-sized transistors still consumes twice as much power and is slower than CMOS. The CMOS adder has 41% fewer transistors and 29% fewer circuit nodes than the CPL version. The reasons for the greater power dissipation of the CPL adder are basically the larger switched capacitance

ZIMMERMANN AND FICHTNER:CMOS VERSUSPASS-TRANSISTORLOGIC 11

(more transistors, dual-rail wiring), larger short-circuit currents I_{sc} ↼differential swingrestoration circuitry↽ and a higher av erage switching activity than was observed in the CMOS ver sion▷ On the other hand the CMOS adder takes advantage of the efαcient implementation of the simple AOI◁OAIgates used for carrypropagation and of the singlerail interconnects▷ Note that the inaccuracies from wiring estimation can be regarded as considerably smaller than the observed differences in circuit performance▷ For comparison the performance αgures of a lowpower high performance 32b conditionalsum adder implementation using the DPL style are given from the literature ♭30♯▷ V▷ CONCLUSIONS In our investigations CPL was found to be the most efαcient passtransistor logic style▷ Complementary CMOS however proves to be superior to CPL in all respects with only few excep tions▷ An interesting alternative is represented by the singlerail passtransistor logic and the proposed synthesis approach used in LEAP in order to better exploit the multiplexer structure of passtransistor logic▷ The advantages of high functionality with few passtransistors and of small input capacitances in the CPL style are partially un done by the need for swing restoration circuitry dualrail encod ing and the resulting wiring overhead▷ The investigation results presented show that�for all simple and complex logic gates except the fulladder and under realistic circuit conditions� complementary static CMOS performs much better than CPL and other passtransistor logic styles if low power is of con cern▷ CMOS also compares favorably with regard to circuit speed and layout efαciency▷ Its singlerail property is crucial for saving routing resources which is an important issue in submicron VLSI▷ Its robustness against transistor downsizing and voltage scaling allows the efαcient power optimization of noncritical signal nets and of entire circuit components▷ As a matter of fact circuit robustness is becoming a key aspect in deepsubmicron VLSI where variation ranges of many process and environment parameters will increase massively ♭24♯▷ This together with its easeofuse makes complementary CMOS the logic style of choice for lowpower lowvoltage implementation of arbitrary combinational circuits and for design automation� i▷e▷ lowpower synthesis and cellbased design� also and par ticularly in the future ♭10♯▷ However other logic styles such as CPL may still be viable candidates for lowpower highspeed implementation of dedicated circuit applications like multipliers▷ ACKNOWLEDGMENT The authors would like to thank Dr▷ H▷ Kaeslin for his encour agement valuable suggestions and careful reviewing▷ They would also like to thank Dr▷ N▷ Felber for his support and the reviewers for their constructive comments▷ This work was partly done in collaboration with R▷ Gupta and D▷ Fisher from the DSP Device Design Group of Rockwell Semiconductor Systems in Newport Beach CA USA▷ REFERENCES ♭1♯ A▷ P▷ Chandrakasan and R▷ W▷ Brodersen Low Power Digital CMOS Design Kluwer Norwell MA 1995▷

♭2♯ R▷ Zimmermann and R▷ Gupta ΨLowpower logic styles . CMOS versus CPLν in Proc▷ 22nd European SolidState Circuits Conf▷ Neuchψatel Switzerland Sept▷ 1996 pp▷ 112δ115▷ ♭3♯ J▷ Yuan and C▷ Svensson ΨNew singleclock CMOS latches and βipβops with improved speed and power savingsν IEEE J▷ SolidState Circuits vol▷ 32 pp▷ 62δ69 Jan▷ 1997▷ ♭4♯ C▷ Piguet J▷M▷ Masgonty P▷ Mosch C▷ Arm and V▷ von Kaenel ΨLow power lowvoltage standard cell librariesν in Proc▷ Low Voltage δ Low Power Workshop ESSCIRCφ95 Lille France Sept▷ 1995▷ ♭5♯ R▷ Rogenmoser H▷ Kaeslin and N▷ Felber ΨThe impact of transistor sizing on power efαciency in submicron CMOS circuitsν in Proc▷ 22nd European SolidState Circuits Conf▷ Neuchψatel Switzerland Sept▷ 1996 pp▷ 124δ127▷ ♭6♯ C▷ Piguet J▷M▷ Masgonty S▷ Cserveny and E▷ Dijkstra ΨLowpower lowvoltage digital CMOS cell designν in Proc▷ PATMOSφ94 Barcelona Spain Oct▷ 1994 pp▷ 132δ139▷ ♭7♯ N▷ Ohkubo et al▷ ΨA 4▷4 ns CMOS 54 × ▽△↖⌊ ⇕⊓↕⊔⟩√↕⟩⌉∇ ⊓∫⟩\} √⊣∫∫↖ ⊔∇⊣\∫⟩∫⊔≀∇ ⇕⊓↕⊔⟩√↕⌉§⌉∇⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∋′⇔ √√↙ ∈▽∞∘∈▽⇔ M⊣∇↙ ∞∃∃▽↙ ∪∀⊎ P↙ N}⇔ P↙ T↙ B⊣↕∫⊣∇⊣⇔ ⊣\⌈ D↙ S⊔⌉⟩∫∫⇔ ⊖P⌉∇{≀∇⇕⊣\⌋⌉ ≀{ CMOS ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ⌋⟩∇⌋⊓⟩⊔∫⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∋∞⇔ √√↙ ∀△∞∘∀△⇎ J⊓\⌉ ∞∃∃↙̸ ∪∃⊎ K↙ C⟨⊓ ⊣\⌈ D↙ P⊓↕{∇⌉†⇔ ⊖A ⌋≀⇕√⊣∇⟩∫≀\ ≀{ CMOS ⌋⟩∇⌋⊓⟩⊔ ⊔⌉⌋⟨\⟩∐⊓⌉∫¬ D⟩{{⌉∇⌉\⊔⟩⊣↕ ⌋⊣∫⌋≀⌈⌉ ⊑≀↕⊔⊣}⌉ ∫⊒⟩⊔⌋⟨ ↕≀}⟩⌋ ⊑⌉∇∫⊓∫ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ ↕≀}⟩⌋⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∈∈⇔ √√↙ ▽∈∀∘▽∋∈⇔ A⊓}↙ ∞∃∀↙ ∪∞′⊎ J↙ M↙ R⊣⌊⊣⌉†⇔ D⟩}⟩⊔⊣↕ I\⊔⌉}∇⊣⊔⌉⌈ C⟩∇⌋⊓⟩⊔∫⇔ P∇⌉\⊔⟩⌋⌉ H⊣↕↕⇔ E\}↕⌉⊒≀≀⌈ C↕⟩{{∫⇔ NJ⇔ ∞∃∃↙̸ ∪∞∞⊎ N↙ A∇≀∇⊣⇔ MOSFET M≀⌈⌉↕∫ {≀∇ VLSI C⟩∇⌋⊓⟩⊔ S⟩⇕⊓↕⊣⊔⟩≀\⇔ S√∇⟩\}⌉∇↖V⌉∇↕⊣}⇔ W⟩⌉\⇔ A⊓∫⊔∇⟩⊣⇔ ∞∃∃∋↙ ∪∞∈⊎ K↙ Y⊣\≀⇔ Y↙ S⊣∫⊣‖⟩⇔ K↙ R⟩‖⟩\≀⇔ ⊣\⌈ K↙ S⌉‖⟩⇔ ⊖T≀√↖⌈≀⊒\ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⌈⌉∫⟩}\⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∋∞⇔ √√↙ ∃∈∘∀′∋⇔ J⊓\⌉ ∞∃∃↙̸ ∪∞∋⊎ K↙ Y⊣\≀ ⌉⊔ ⊣↕↙⇔ ⊖A ∋↙∀↖\∫ CMOS ∞×̸∞↖̸⌊ ⇕⊓↕⊔⟩√↕⟩⌉∇ ⊓∫⟩\} ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∈▽⇔ √√↙ ∋∀∀∘∋∃∋⇔ A√∇↙ ∞∃∃′↙ ∪∞△⊎ A↙ P⊣∇⊣⇕⌉∫⊒⊣∇⇔ H↙ H⊣∇⊣⇔ ⊣\⌈ T↙ S⊣‖⊓∇⊣⟩⇔ ⊖A ∫⊒⟩\} ∇⌉∫⊔≀∇⌉⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋↖⌊⊣∫⌉⌈ ⇕⊓↕⊔⟩√↕† ⊣\⌈ ⊣⌋⌋⊓⇕⊓↕⊣⊔⌉ ⌋⟩∇⌋⊓⟩⊔ {≀∇ ⇕⊓↕⊔⟩⇕⌉⌈⟩⊣ ⊣√√↕⟩⌋⊣⊔⟩≀\∫⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∋∞⇔ √√↙ ∀′▽∘∀′∃⇔ J⊓\⌉ ∞∃∃↙̸ ∪∞▽⊎ M↙ S⊓‡⊓‖⟩⇔ N↙ O⟨‖⊓⌊≀⇔ T↙ Y⊣⇕⊣\⊣‖⊣⇔ A↙ S⟨⟩⇕⟩‡⊓⇔ ⊣\⌈ K↙ S⊣∫⊣‖⟩⇔ ⊖A ∞↙▽\∫ ∋∈⌊ CMOS ALU ⟩\ ⌈≀⊓⌊↕⌉ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋⪰⇔ ⟩\ P∇≀⌋↙ ∞∃∃∋ IEEE I\⊔↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫ C≀\{↙⇔ F⌉⌊↙ ∞∃∃∋⇔ √√↙ ∃′∘∃∞↙ ∪∞⊎̸ A↙ B⌉↕↕⊣≀⊓⊣∇ ⊣\⌈ M↙ I↙ E↕⇕⊣∫∇†⇔ L≀⊒↖P≀⊒⌉∇ D⟩}⟩⊔⊣↕ VLSI D⌉∫⟩}\¬ C⟩∇⌋⊓⟩⊔∫ ⊣\⌈ S†∫⊔⌉⇕∫⇔ K↕⊓⊒⌉∇⇔ N≀∇⊒⌉↕↕⇔ MA⇔ ∞∃∃▽↙ ∪∞⊎ J↙ H↙ P⊣∫⊔⌉∇\⊣‖ ⊣\⌈ C↙ A↙ T↙ S⊣↕⊣⇕⊣⇔ ⊖D⟩{{⌉∇⌉\⊔⟩⊣↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋⪰⇔ IEEE C⟩∇⌋⊓⟩⊔∫ ↘ D⌉⊑⟩⌋⌉∫⇔ √√↙ ∈∋∘∈∀⇔ J⊓↕† ∞∃∃∋↙ ∪∞∀⊎ M↙ S≀\}⇔ G↙ K⊣\}⇔ S↙ K⟩⇕⇔ ⊣\⌈ B↙ K⊣\}⇔ ⊖D⌉∫⟩}\ ⇕⌉⊔⟨≀⌈≀↕≀}† {≀∇ ⟨⟩}⟨ ∫√⌉⌉⌈ ⊣\⌈ ↕≀⊒ √≀⊒⌉∇ ⌈⟩}⟩⊔⊣↕ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⟩⊔⟨ ⌉\⌉∇}† ⌉⌋≀\≀⇕⟩‡⌉⌈ √⊣∫∫↖ ⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐EEPL⇒⪰⇔ ⟩\ P∇≀⌋↙ ∈∈\⌈ E⊓∇≀√⌉⊣\ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫ C≀\{↙⇔ N⌉⊓⌋⟨←⊣⊔⌉↕⇔ S⊒⟩⊔‡⌉∇↕⊣\⌈⇔ S⌉√⊔↙ ∞∃∃⇎ √√↙ ∞∈′∘∞∈∋↙ ∪∞∃⊎ W↙↖H↙ P⊣⟩‖⇔ H↙↖J↙ K⟩⇔ ⊣\⌈ S↙↖W↙ K⟩⇕⇔ ⊖P⊓∫⟨↖√⊓↕↕ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ {⊣⇕⟩↕† {≀∇ ↕≀⊒↖⊑≀↕⊔⊣}⌉ ⊣\⌈ ↕≀⊒↖√≀⊒⌉∇⪰⇔ ⟩\ P∇≀⌋↙ ∈∈\⌈ E⊓∇≀√⌉⊣\ S≀↕⟩⌈↖ S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫ C≀\{↙⇔ N⌉⊓⌋⟨←⊣⊔⌉↕⇔ S⊒⟩⊔‡⌉∇↕⊣\⌈⇔ S⌉√⊔↙ ∞∃∃⇎ √√↙ ∞∞∘̸∞∞∃↙ ∪∈′⊎ T↙ K⊓∇≀⌈⊣ ⊣\⌈ T↙ S⊣‖⊓∇⊣⟩⇔ ⊖O⊑⌉∇⊑⟩⌉⊒ ≀{ ↕≀⊒↖√≀⊒⌉∇ ULSI ⌋⟩∇⌋⊓⟩⊔ ⊔⌉⌋⟨↖ \⟩∐⊓⌉∫⪰⇔ IEICE T∇⊣\∫↙ E↕⌉⌋⊔∇≀\↙⇔ ⊑≀↕↙ E∀↖C⇔ √√↙ ∋∋△∘∋△△⇔ A√∇↙ ∞∃∃▽↙ ∪∈∞⊎ K↙ S⟨⟩⇕≀⟨⟩}⊣∫⟨⟩ ⊣\⌈ K↙ S⌉‖⟩⇔ ⊖L≀⊒↖⊑≀↕⊔⊣}⌉ ULSI ⌈⌉∫⟩}\⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∈∀⇔ √√↙ △′∀∘△∞∋⇔ A√∇↙ ∞∃∃∋↙ ∪∈∈⊎ I↙ S↙ A⌊⊓↖K⟨⊣⊔⌉∇⇔ A↙ B⌉↕↕⊣≀⊓⊣∇⇔ ⊣\⌈ M↙ I↙ E↕⇕⊣∫∇†⇔ ⊖C⟩∇⌋⊓⟩⊔ ⊔⌉⌋⟨\⟩∐⊓⌉∫ {≀∇ CMOS ↕≀⊒↖√≀⊒⌉∇ ⟨⟩}⟨↖√⌉∇{≀∇⇕⊣\⌋⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇∫⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∋∞⇔ √√↙ ∞▽∋▽∘∞▽△⇎ O⌋⊔↙ ∞∃∃↙̸ ∪∈∋⊎ M↙ I‡⊓⇕⟩‖⊣⊒⊣ ⌉⊔ ⊣↕↙⇔ ⊖A ′↙∈▽↖μm CMOS 0▷9V 100MHz DSP coreν IEEE J▷ SolidState Circuits vol▷ 32 pp▷ 52δ61 Jan▷ 1997▷ ♭24♯ J▷ D▷ Meindl ΨGigascale integration. Is the sky the limit⋆ν IEEE Circuits ς Devices vol▷ 12 pp▷ 19δ32 Nov▷ 1996▷ ♭25♯ N▷ H▷ E▷ Weste and K▷ Eshraghian Principles of CMOS VLSI Design AddisonWesley Reading MA 1985▷ ♭26♯ J▷M▷ Masgonty C▷ Arm and C▷ Piguet ΨTechnology and powersupply independent cell libraryν in Proc▷ IEEE Custom Integrated Circuits Conf▷ San Diego CA May 1991 pp▷ 25▷5◁1δ4▷ ♭27♯ J▷ Sklansky ΨConditional sum addition logicν IRE Trans▷ Electron▷ Comput▷ vol▷ EC9 pp▷ 226δ231 June 1960▷ ♭28♯ R▷ Zimmermann and H▷ Kaeslin ΨCellbased multilevel carryincrement adders with minimal AT and PTproductsν submitted to IEEE Trans▷ VLSI Syst▷ ♭29♯ R▷ Zimmermann ΨNonheuristic optimization and synthesis of parallel preαx addersν in Proc▷ Int▷ Workshop on Logic and Architecture Synthesis Grenoble France Dec▷ 1996 pp▷ 123δ132▷ ♭30♯ I▷ S▷ AbuKhater and R▷ H▷ Yan ΨA 1V lowpower highperformance 32bit conditional sum adderν in Proc▷ 1994 IEEE Symp▷ Low Power Electron▷ San Diego Oct▷ 1994 pp▷ 66δ67▷

12 IEEE JOURNAL OF SOLIDSTATE CIRCUITS VOL▷ 32 NO▷ 7 JULY 1997 Reto Zimmermann received the Dipl▷ Ing▷ degree in computer science from the Swiss Federal Institute of 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 of ETH in 1991 as Research and Teaching Assistant▷ He was involved in the implementation of VLSI compo nents for cryptographic and spreadspectrum systems and in the design and synthesis of arithmetic units for cellbased VLSI▷ His research interests include digi tal VLSI design and synthesis highspeed and lowpower circuit techniques computer arithmetic computeraided design and artiαcial intelligence▷

Wolfgang Fichtner ↼Mφ79δSMφ84δFφ90↽ 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 ATςT 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 αeld of technology CAD▷ Dr▷ Fichtner is a member of the Swiss National Academy of Engineering▷