22nd European Solid-State Circuits Conference (ESSCIRC’96), Neuch�atel, September 1996 1

Low-Power Logic Styles : CMOS vs CPL

Reto Zimmermann † ⊣\⌈ R⊣|⟩⊑ G⊓√⊔⊣ ‡

† I\⊔⌉}∇⊣⊔⌉⌈ S†∫⊔⌉⇕∫ L⊣⌊≀∇⊣⊔≀∇† S⊒⟩∫∫ F⌉⌈⌉∇⊣↕ I\∫⊔⟩⊔⊓⊔⌉ ≀{ T⌉⌋⟨\≀↕≀}† CH↖∀′∃∈ Z �⊓∇⟩⌋⟨⇔ S⊒⟩⊔‡⌉∇↕⊣\⌈

‡ DSP D⌉⊑⟩⌋⌉ D⌉∫⟩}\ G∇≀⊓√ R≀⌋‖⊒⌉↕↕ S⌉⇕⟩⌋≀\⌈⊓⌋⊔≀∇ S†∫⊔⌉⇕∫ N⌉⊒√≀∇⊔ B⌉⊣⌋⟨⇔ CA ∃∈▽̸∀↖∀∃′∈⇔ USA

A⌊∫⊔∇⊣⌋⊔ R⌉⌋⌉\⊔↕† ∇⌉√≀∇⊔⌉⌈ ↕≀}⟩⌋ ∫⊔†↕⌉ ⌋≀⇕√⊣∇⟩∫≀\∫ ⌊⊣∫⌉⌈ ≀\ {⊓↕↕↖⊣⌈⌈⌉∇ ⌋⟩∇⌋⊓⟩⊔∫ ∫⟨≀⊒⌉⌈ ⌋≀⇕√↕⌉⇕⌉\⊔⊣∇† √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐CPL⇒ ⊔≀ ⌊⌉ ⇕⊓⌋⟨ ⇕≀∇⌉ √≀⊒⌉∇ ⌉{⊘⌋⟩⌉\⊔ ⊔⟨⊣\ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ CMOS↙ N⌉⊒ ⌋≀⇕√⊣∇⟩∫≀\∫ √⌉∇{≀∇⇕⌉⌈ ≀\ ⇕≀∇⌉ ⌉{⊘⌋⟩⌉\⊔ CMOS ⌋⟩∇⌋⊓⟩⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⊣\⌈ ⊣ ⊒⟩⌈⌉∇ ∇⊣\}⌉ ≀{ ⌈⟩{{⌉∇⌉\⊔ ↕≀}⟩⌋ ⌋⌉↕↕∫ ⊣\⌈ ⌊† ⊓∫⟩\} ∇⌉⊣↕⟩∫⊔⟩⌋ ⌋⟩∇⌋⊓⟩⊔ ⊣∇∇⊣\}⌉⇕⌉\⊔∫ ⌈⌉⇕≀\∫⊔∇⊣⊔⌉ CMOS ⊔≀ ⌊⌉ ∫⊓√⌉∇⟩≀∇ ⊔≀ CPL ⟩\ ⇕≀∫⊔ ⌋⊣∫⌉∫ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ∫√⌉⌉⌈⇔ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\⇔ ⊣\⌈ √≀⊒⌉∇↖⌈⌉↕⊣† ⇐PT⇒ √∇≀⌈⊓⌋⊔∫↙

∞ I\⊔∇≀⌈⊓⌋⊔⟩≀\ T⟨⌉ ⟩\⌋∇⌉⊣∫⟩\} ⌈⌉⇕⊣\⌈ {≀∇ ↕≀⊒↖√≀⊒⌉∇ VLSI ⊣∫‖∫⇔ ⊣⇕≀\} ≀⊔⟨⌉∇∫⇔ {≀∇ √≀⊒⌉∇ ⌉{⊘⌋⟩⌉\⊔ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ∪∞⊎↙ P⌉∇{≀∇⇕⊣\⌋⌉ ⌋∇⟩⊔⌉∇⟩⊣ {≀∇ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊣∇⌉ ⌋⟩∇⌋⊓⟩⊔ ∫√⌉⌉⌈⇔ ⌋⟩∇⌋⊓⟩⊔ ∫⟩‡⌉⇔ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\⇔ ⊣\⌈ ⊒⟩∇⟩\} ⌋≀⇕√↕⌉§⟩⊔† ⊣∫ ⊒⌉↕↕ ⊣∫ ⌉⊣∫⌉↖≀{↖⊓∫⌉ ⊣\⌈ }⌉\⌉∇⊣↕⟩⊔† ≀{ }⊣⊔⌉∫ ⟩\ ⌋⌉↕↕↖⌊⊣∫⌉⌈ ⌈⌉∫⟩}\ ⊔⌉⌋⟨\⟩∐⊓⌉∫↙ D†\⊣⇕⟩⌋ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⊣∇⌉ ≀{⊔⌉\ ⊣ }≀≀⌈ ⌋⟨≀⟩⌋⌉ {≀∇ ⟨⟩}⟨↖∫√⌉⌉⌈⇔ ⌊⊓⊔ \≀⊔ {≀∇ ↕≀⊒↖√≀⊒⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\∫ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ⟨⟩}⟨ \≀⌈⌉ ⊣⌋⊔⟩⊑⟩⊔† ⊣\⌈ ↕⊣∇}⌉ ⌋↕≀⌋‖ ↕≀⊣⌈∫ ∪∞⊎↙ T⟨⟩∫ √⊣√⌉∇ {≀⌋⊓∫⌉∫ ≀\ ∫⊔⊣⊔⟩⌋ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ∫⊓⟩⊔⊣⌊↕⌉ {≀∇ ↕≀⊒↖√≀⊒⌉∇ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ⊣∇⌊⟩⊔∇⊣∇† ⌋≀⇕⌊⟩\⊣⊔⟩≀\⊣↕ ⌋⟩∇⌋⊓⟩⊔∫↙ ∈ S⊔⊣⊔⟩⌋ L≀}⟩⌋ S⊔†↕⌉∫ C≀\⊑⌉\⊔⟩≀\⊣↕ CMOS⇔ ⟩\ ⌋≀⇕⌊⟩\⊣⊔⟩≀\ ⊒⟩⊔⟨ √⊣∫∫↖}⊣⊔⌉ ↕≀}⟩⌋⇔ ⊣↕↕≀⊒∫ ⊑⌉∇† ⌉{⊘⌋⟩⌉\⊔ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀{ ∫⟩⇕√↕⌉ }⊣⊔⌉∫ ⇐⌉↙}↙ NAND∝NOR⇔ AOI∝OAI⇒ ⟨⊣⊑⟩\} ≀\↕† {⌉⊒ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣\⌈ \≀⌈⌉∫⇔ ⊣\⌈ ⊣ ∫⇕⊣↕↕ ⌈⌉↕⊣† ⌈⊓⌉ ⊔≀ ⊔⟨⌉ ∫⟩\}↕⌉ ⟩\⊑⌉∇∫⟩≀\ ↕⌉⊑⌉↕↙ T⟨⌉ ⌈⟩∫⊣⌈⊑⊣\⊔⊣}⌉∫ ↕⟩⌉ ⟩\ ⊔⟨⌉ ↕⊣∇}⌉ PMOS ⊔∇⊣\∫⟩∫⊔≀∇∫ ∇⌉∫⊓↕⊔⟩\} ⟩\ ⟨⟩}⟨ ⟩\√⊓⊔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫ ⊣\⌈ ⊣∇⌉⊣ ∇⌉∐⊓⟩∇⌉⇕⌉\⊔∫⇔ ⊣\⌈ ⊔⟨⌉ ⊒⌉⊣‖ ≀⊓⊔√⊓⊔ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔† ⌋⊣⊓∫⌉⌈ ⌊† ∫⌉∇⟩⌉∫ ⊔∇⊣\∫⟩∫⊔≀∇∫↙ C≀⇕√↕⌉⇕⌉\⊔⊣∇† √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⇐CPL⇒ ∪∞⊎ ⌊⌉\⌉⊘⊔∫ {∇≀⇕ ⊔⟨⌉ ∫⇕⊣↕↕ ⟩\√⊓⊔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫ ⇐NMOS \⌉⊔⊒≀∇‖ ≀\↕†⇒⇔ ⊔⟨⌉ {⊣∫⊔ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ ∫⊔⊣}⌉⇔ ⊣\⌈ ⊔⟨⌉ }≀≀⌈ ≀⊓⊔√⊓⊔ ⌈∇⟩⊑⟩\} ⌋⊣√⊣⌊⟩↕⟩⊔† ⇐≀⊓⊔√⊓⊔ ⟩\⊑⌉∇⊔⌉∇⇒⇔

making the implementation of complex gates (e.g. full-adders) very ef�cient. On the other hand, the large number of nodes and transistors and the two inversion levels result in relatively inef�cient CPL implementations of simple gates. Usually, pull-up PMOS transistors are necessary for swing restoration. Larger short-circuit currents and higher wiring overhead (dual-rail signals) compared to CMOS also increase power consumption.

Swing restored pass-transistor logic (SRPL) [2] and double pass-transistor logic (DPL) [3] are closely related to CPL and are also considered in the subsequent comparisons.

3 Comparisons and Results

3.1 Simple and Complex Gates

The �rst set of comparisons was done on various simple and complex gates under realistic circuit arrangements and simulation conditions. Circuits were designed at the transistor-level in a standard

0.6¯m process technology and simulated using Hspice at 3.3V, 27^∘C⇔ ⊣\⌈ ⌉∫⊔⟩⇕⊣⊔⌉⌈ ⌈⟩{{⊓∫⟩≀\ ⊣\⌈ ⊒⟩∇⟩\} ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫↙ T∇⊣\∫⟩∫⊔≀∇∫ ⊒⌉∇⌉ ∫⟩‡⌉⌈ ⌋⊣∇⌉{⊓↕↕† ⌊† ⟨⊣\⌈ ⊒⟩⊔⟨ ⊔⟨⌉ ≀⌊|⌉⌋⊔⟩⊑⌉ ≀{ ⇕⟩\⟩⇕⊣↕ PT↖ √∇≀⌈⊓⌋⊔↙ S≀⇕⌉ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⊣∇⌉ ⌈⌉√⟩⌋⊔⌉⌈ ⟩\ F⟩}↙ ∞ ⊒⟩⊔⟨ ⊔⟨⌉ ⊔∇⊣\∫⟩∫⊔≀∇ ∫⟩‡⌉∫ }⟩⊑⌉\ ⟩\ ˘ (˘ = 0.3¯m). Fig. 2 shows the general circuit set-up used for simulation. Several gates of the same type are connected in series with typical interconnect loads (50fF) attached and a fan-out of two except for the full-adders, where a fan-out of one is realistic (e.g. adder array, Wallace tree). This set-up makes sure that all inputs are driven by typical gate outputs and not by the simulator, which makes a signi�cant difference especially for pass-transistor and pass-gate circuits. In these logic styles in particular, a signal may fan-out to both a transistor gate and a transistor source at the same time. The current drawn by the source thereby slows down the signal ramp and thus the switching of the transistor driven by the gate. These effects are taken into account by simulating various possible input combinations into the two subsequent gates a gate output fans out (Fig. 2).

Most logic style comparisons reported in the literature base on the full-adder circuit (FA) and an inef�cient CMOS version (40 transistors). Its 3-input XOR function is perfectly suited for CPL, resulting in the fastest possible implementation. However, the CMOS implementation from Fig. 1a (28 transistors) consumes much less power, and its PT-product is larger by only 10% compared to CPL. DPL is not competitive at all with respect to area, delay, and power due to the very high transistor count. All comparison numbers are summarized in Table 1. Note that power and delay can be traded off by a considerable amount for each gate using transistor sizing, and that the numbers here are given for the solutions with the smallest PT-product.

Additionally, the following gates were compared: 2-input NAND (NAND2), 4-input AND (AND4), 3-input and-or-invert/or-and-invert (AOI/OAI), 2- and 4-input multiplexer (MUX2/ MUX4), and 2- input XOR. Here, CMOS clearly outperforms CPL with respect to power dissipation, power-delay product, number of transistors, and � in most cases � even circuit delay. The bad performance numbers for the SRPL AOI-gate document the weak driving capability of SRPL and the fact that gates implemented in this logic style cannot be connected in series to form arbitrary circuits.

22^{nd} European Solid-State Circuits Conference (ESSCIRC’96), Neuch�atel, September 1996 3

Table 1: Gate comparisons.

cell logic delay power PT # cell logic delay power PT # type style (ns) (¯W) (norm.) trans. type style (ns) (¯W) (norm.) trans.

FA CMOS 1.94 65 1.00 28 AOI/OAI CMOS 1.17 41 1.00 6 CMOS1 1.96 78 1.20 40 CPL 1.12 80 1.89 14 TGATE2 1.85 82 1.20 24 SRPL 4.48 108 10.21 12 CPL 1.17 97 0.90 32 MUX2 CMOS 0.93 46 1.00 8 DPL 2.03 119 1.91 48 CPL 1.24 57 1.66 10 WANG3 1.68 81 1.08 25 MUX4 CMOS 1.39 62 1.00 18 NAND2 CMOS 0.67 37 1.00 4 CPL 1.55 66 1.19 18 CPL 1.17 65 3.09 10 XOR2 CMOS 1.27 38 1.00 8 AND4 CMOS 1.09 44 1.00 12 CPL 1.29 59 1.58 10 CPL 1.48 98 3.02 18 WANG3 1.27 51 1.33 6 1CMOS version used in most comparisons [1]3XOR proposed by Wang [5] 2Pure transmission-gate version 3.2 32-Bit Adder A 32-bit adder was realized in a 0.5¯m CMOS process using the unbounded fan-out buffered parallelpre�x adder structure of Fig. 3 [4]. It was simulated at 2.8V, 110^∘C⇔ ⊣\⌈ ∞′′MH‡ ⊒⟩⊔⟨ ⌉∫⊔⟩⇕⊣⊔⌉⌈ √⊣∇⊣∫⟩⊔⟩⌋ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫↙ T⟨⌉ CMOS ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⇕⊣‖⌉∫ ⊓∫⌉ ≀{ ⊔⟨⌉ ⌉{⊘⌋⟩⌉\⊔ AOI∝OAI↖}⊣⊔⌉∫⇔ ⊒⟨⟩↕⌉ ⊔⟨⌉ CPL ∫≀↕⊓⊔⟩≀\ ∇⌉⊣↕⟩‡⌉∫ ⊔⟨⌉ ⌋⊣∇∇†↖√∇≀√⊣}⊣⊔⟩≀\ ⊒⟩⊔⟨ ⇕⊓↕⊔⟩√↕⌉§⌉∇∫↙ T⊣⌊↕⌉ ∈ }⟩⊑⌉∫ ⊔⟨⌉ ⌋≀⇕√⊣∇⟩∫≀\ ∇⌉∫⊓↕⊔∫↙ T⟨⌉ CMOS ∫≀↕⊓⊔⟩≀\ ⟩∫ ⊣⌊≀⊓⊔ ∈′↗ ∫↕≀⊒⌉∇ ⊔⟨⊣\ ⊔⟨⌉ CPL ⊑⌉∇∫⟩≀\⇔ ⌊⊓⊔ ⟨⊣∫ ⊣ ⇕⊓⌋⟨ ∫⇕⊣↕↕⌉∇ ⊔∇⊣\∫⟩∫⊔≀∇ ⌋≀⊓\⊔ ⊣\⌈ ⌋≀\∫⊓⇕⌉∫ ↕⌉∫∫ ⊔⟨⊣\ ∞∝∋ ≀{ ⊔⟨⌉ √≀⊒⌉∇↙ △ C≀\⌋↕⊓∫⟩≀\∫ T⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⟨⟩}⟨ {⊓\⌋⊔⟩≀\⊣↕⟩⊔† ⊒⟩⊔⟨ {⌉⊒ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇∫ ⊣\⌈ ≀{ ∫⇕⊣↕↕ ⟩\√⊓⊔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉∫ ⟩\ ⊔⟨⌉ CPL ∫⊔†↕⌉ ⊣∇⌉ √⊣∇⊔⟩⊣↕↕† ⊓\⌈≀\⌉ ⌊† ⊔⟨⌉ \⌉⌉⌈ {≀∇ ∫⊒⟩\} ∇⌉∫⊔≀∇⊣⊔⟩≀\ ⌋⟩∇⌋⊓⟩⊔∇†⇔ ⌈⊓⊣↕↖∇⊣⟩↕ ⌉\⌋≀⌈⟩\}⇔ ⊣\⌈ ⊔⟨⌉ ∇⌉∫⊓↕⊔⟩\} ⊒⟩∇⟩\} ≀⊑⌉∇⟨⌉⊣⌈⇔ ⊒⟨⟩⌋⟨ ⌊⌉⌋≀⇕⌉∫ ⊣ ⌋∇⊓⌋⟩⊣↕ {⊣⌋⊔≀∇ ⟩\ ⌈⌉⌉√ ∫⊓⌊⇕⟩⌋∇≀\↙ T⟨⌉ √∇⌉∫⌉\⊔⌉⌈ ⟩\⊑⌉∫⊔⟩}⊣⊔⟩≀\ ∇⌉∫⊓↕⊔∫ ∫⟨≀⊒ ⊔⟨⊣⊔ ∘ {≀∇ ⇕≀∫⊔ ∫⟩⇕√↕⌉ ⊣\⌈ ⌋≀⇕√↕⌉§ ↕≀}⟩⌋ }⊣⊔⌉∫ ⊣\⌈ ⊓\⌈⌉∇ ∇⌉⊣↕⟩∫⊔⟩⌋ ⌋⟩∇⌋⊓⟩⊔ ⌋≀\⌈⟩⊔⟩≀\∫ ∘ ⌋≀\⊑⌉\⊔⟩≀\⊣↕ CMOS ⌋≀⇕⌊⟩\⌉⌈ ⊒⟩⊔⟨ √⊣∫∫↖}⊣⊔⌉ ↕≀}⟩⌋ √⌉∇{≀∇⇕∫ ⇕⊓⌋⟨ ⌊⌉⊔⊔⌉∇ ⊔⟨⊣\ CPL ⊣\⌈ ∇⌉↕⊣⊔⌉⌈ ↕≀}⟩⌋ ∫⊔†↕⌉∫ ⟩{ ↕≀⊒ √≀⊒⌉∇ ⟩∫ ⌋≀\⌋⌉∇\⌉⌈↙ R⌉{⌉∇⌉\⌋⌉∫ ∪∞⊎ A↙ P↙ C⟨⊣\⌈∇⊣‖⊣∫⊣\ ⊣\⌈ R↙ W↙ B∇≀⌈⌉∇∫⌉\⇔ L≀⊒ P≀⊒⌉∇ D⟩}⟩⊔⊣↕ CMOS D⌉∫⟩}\⇔ K↕⊓⊒⌉∇ A⌋⊣⌈⌉⇕⟩⌋ P⊓⌊↕⟩∫⟨⌉∇∫⇔ ∞∃∃▽↙ ∪∈⊎ A↙ P⊣∇⊣⇕⌉∫⊒⊣∇⇔ H↙ H⊣∇⊣⇔ ⊣\⌈ T↙ S⊣‖⊓∇⊣⟩⇔ ⊖A ⟨⟩}⟨ ∫√⌉⌉⌈⇔ ↕≀⊒ √≀⊒⌉∇⇔ ∫⊒⟩\} ∇⌉∫⊔≀∇⌉⌈ √⊣∫∫↖⊔∇⊣\∫⟩∫⊔≀∇ ↕≀}⟩⌋ ⌊⊣∫⌉⌈ ⇕⊓↕⊔⟩√↕† ⊣\⌈ ⊣⌋⌋⊓⇕⊓↕⊣⊔⌉ ⌋⟩∇⌋⊓⟩⊔ {≀∇ ⇕⊓↕⊔⟩⇕⌉⌈⟩⊣ ⊣√√↕⟩⌋⊣⊔⟩≀\∫⪰⇔ ⟩\ P∇≀⌋↙ IEEE C⊓∫⊔≀⇕ I\⊔⌉}∇⊣⊔⌉⌈ C⟩∇⌋⊓⟩⊔∫ C≀\{↙⇔ S⊣\ D⟩⌉}≀⇔ CA⇔ M⊣† ∞∃∃△⇔ √√↙ ∈∀∘∈∀∞↙ ∪∋⊎ A↙ B⌉↕↕⊣≀⊓⊣∇ ⊣\⌈ M↙ I↙ E↕⇕⊣∫∇†⇔ L≀⊒↖P≀⊒⌉∇ D⟩}⟩⊔⊣↕ VLSI D⌉∫⟩}\¬ C⟩∇⌋⊓⟩⊔∫ ⊣\⌈ S†∫⊔⌉⇕∫⇔ K↕⊓⊒⌉∇ A⌋⊣⌈⌉⇕⟩⌋ P⊓⌊↕⟩∫⟨⌉∇∫⇔ ∞∃∃▽↙ ∪△⊎ H↙ L⟩\⌈‖⊑⟩∫⊔ ⊣\⌈ P↙ A\⌈⌉∇∫∫≀\⇔ ⊖T⌉⌋⟨\⟩∐⊓⌉∫ {≀∇ {⊣∫⊔ CMOS↖⌊⊣∫⌉⌈ ⌋≀\⌈⟩⊔⟩≀\⊣↕ ∫⊓⇕ ⊣⌈⌈⌉∇∫⪰⇔ ⟩\ P∇≀⌋↙ IEEE I\⊔↙ C≀\{↙ C≀⇕√⊓⊔↙ D⌉∫⟩}\¬ VLSI ⟩\ C≀⇕√⊓⊔⌉∇∫ ⊣\⌈ P∇≀⌋⌉∫∫≀∇∫⇔ C⊣⇕⌊∇⟩⌈}⌉⇔ USA⇔ O⌋⊔↙ ∞∃∃△⇔ √√↙ ∉∘̸∌▽↙ ∪▽⊎ J↙↖M↙ W⊣\}⇔ S↙↖C↙ F⊣\}⇔ ⊣\⌈ W↙↖S↙ F⌉\}⇔ ⊖N⌉⊒ ⌉{⊘⌋⟩⌉\⊔ ⌈⌉∫⟩}\∫ {≀∇ XOR ⊣\⌈ XNOR {⊓\⌋⊔⟩≀\∫ ≀\ ⊔⟨⌉ ⊔∇⊣\∫⟩∫⊔≀∇ ↕⌉⊑⌉↕⪰⇔ IEEE J↙ S≀↕⟩⌈↖S⊔⊣⊔⌉ C⟩∇⌋⊓⟩⊔∫⇔ ⊑≀↕↙ ∈∃⇔ \≀↙ ⇔ √√↙ ∀′∘∀⇎ J⊓↕† ∞∃∃△↙

∈∈ nd European Solid-State Circuits Conference (ESSCIRC’96), Neuch�atel, September 1996 4

facmos1.epsi 76 × ▽∞ ⇕⇕

⇐⊣⇒

⊣≀⟩⌋⇕≀∫∞↙⌉√∫⟩ ∈∈ × ∋▽ ⇕⇕

⇐⌊⇒

⊣≀⟩⌋√↕∞↙⌉√∫⟩ △▽ × △′ ⇕⇕

⇐⌋⇒

⊣\⌈△⌋⇕≀∫∈↙⌉√∫⟩ ▽ × ∈∀ ⇕⇕

⇐⌈⇒

⊣\⌈△⌋√↕∞↙⌉√∫⟩ ▽∋ × ∋∃ ⇕⇕

⇐⌉⇒

⇕⊓§⌋⇕≀∫∈↙⌉√∫⟩ ∋△ × ∈▽ ⇕⇕

⇐{⇒

§≀∇⌋⇕≀∫∈↙⌉√∫⟩ ∋∀ × ∈∃ ⇕⇕

⇐}⇒

§≀∇⊒⊣\}∞↙⌉√∫⟩ ∋∈ × ∈∀ ⇕⇕

⇐⟨⇒

§≀∇⌋√↕∞↙⌉√∫⟩ ∋ × ∋∞ ⇕⇕

⇐⟩⇒

⇕⊓§∈⌋√↕∞↙⌉√∫⟩ ∋ × ∋∞ ⇕⇕

⇐‖⇒ F⟩}↙ ∞¬ ⇐⊣⇔ ⌊⇔ ⌈⇔ {⇔ }⇒ CMOS }⊣⊔⌉∫⇔ ⇐⌋⇔ ⌉⇔ ⟩⇔ ‖⇒ CPL }⊣⊔⌉∫⇔ ⊣\⌈ ⇐⟨⇒ W⊣\}≃∫ XOR↙

∫⟩⇕⌉\⊑↙⌉√∫⟩ ̸ × ∞∃ ⇕⇕

F⟩}↙ ∈¬ C⟩∇⌋⊓⟩⊔ ∫⌉⊔↖⊓√ {≀∇ ∫⟩⇕⊓↕⊣⊔⟩≀\↙ ⊣↙⌉√∫⟩∝∝∝⊘}⊓∇⌉∫ ∃△ × △′ ⇕⇕

F⟩}↙ ∋¬ B⊓{{⌉∇⌉⌈ √⊣∇⊣↕↕⌉↕↖√∇⌉⊘§ ⊣⌈⌈⌉∇ ∫⊔∇⊓⌋⊔⊓∇⌉↙

T⊣⌊↕⌉ ∈¬ ∋∈↖⌊⟩⊔ ⊣⌈⌈⌉∇ ⌋≀⇕√⊣∇⟩∫≀\∫↙ ↕≀}⟩⌋ ⌈⌉↕⊣† √≀⊒⌉∇ PT ↓ ∫⊔†↕⌉ ⇐\∫⇒ ⇐⇕W⇒ ⇐\≀∇⇕↙⇒ ⊔∇⊣\∫↙ CMOS △↙∞△ ↙▽′ ∞↙′′ ∞′̸ CPL ∋↙△ ∈▽↙∃′ ∈↙∀∃ ∈△ CPL △ △↙∋ ∞↙̸∀′ ∈↙▽ ̸∈△ △ ⌈≀⊒\↖∫⟩‡⌉⌈ ⊔∇⊣\∫⟩∫⊔≀∇∫