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How It All Started

The method of logical effort evolved in three stages. It began in 1985 while
I was living in London. Bob Sproull and I were engaged in research on fast
asynchronous circuits involving mostly Muller C-elements and xor functions.
In trying to improve the speed of our circuits I resorted to calculus for lack
of circuit simulation tools. Instead of computing I had to think about the
problem, a formula for success that I recommend highly. Fortunately, both
Muller C-elements and xor functions are symmetric with respect to zero and
one, and the usual circuits for them are correspondingly symmetric in N and
P transistors. Their delay equations revealed a simple similarity between logic
delay and electrical delay. It was only later that we learned to treat less symmetric
functions like NAND and NoOR.

I recall well the period of about a week during which the idea of logical effort
emerged. At first [ had only hints that the equations were telling me something
interesting; I could smell value before simplicity emerged. I wrote a memo to
Bob Sproull trying to describe the concept, but the formulation was still unclear
and the idea had no name.

With more understanding I was able to name the idea “logical effort.” Logi-
cal effort described the increased cost inherent in the circuit topology necessary
to implement a logic function. I was pleased that more complex logic func-
tions had higher logical effort than simple ones, and that the logical effort of
compound circuits was the product of their individual logical efforts. With the
name logical effort assigned and precisely defined, the idea became useable. The
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name electrical effort came afterward, assigning a name to a problem whose
solution—namely gain—was very well understood.

The second phase of evolution took place in the late 1980s. I had returned
to the United States, and worked with Bob Sproull to prepare the class notes on
which this text is based. Bob carried the mathematics further than I had, finding
ways to deal with parasitic delays that I had previously ignored. He tidied our
notation, fixed my prose, and augmented my rough notes so that we could teach
a coherent course to our industrial sponsors. We had almost a book but lacked
the energy to finish it. In 1991 Bob and I published a short paper about logical
effort [8].

Years later, David Harris faced the problem of teaching junior circuit design-
ers and graduate students at Stanford University how to design circuits and size
transistors. Teaching is often the best way to learn; he was forced to develop co-
herent explanations for his intuitive approach to sizing. His explanations proved
to be a rediscovery of logical effort, which suggests that logical effort may be
fundamental to circuit topology. David gradually discovered more properties
of circuits, especially regarding the logical effort of newer circuit families such
as domino logic. When David and I met, we found that many of his results were
already in the unpublished logical effort course notes. Because he and his stu-
dents wanted a good reference text for logical effort, David undertook the task
of polishing the course notes into book form. Youth has such energy.

Ivan Sutherland



Preface

The method of logical effort is a way of thinking about delay in Mos circuits.
It seeks to determine quickly a circuit’s maximum possible speed and how to
achieve it. It provides insight into how both the sizes of different transistors and
the circuit topology itself affect circuit delay.

We offer two new names for causes of delay in Mos circuits, electrical effort
and logical effort. The similarity of these names reflects a remarkable symmetry
between the effort required to drive an electrical load and the effort required
to perform a logic function; the two forms of effort present identical and inter-
changeable sources of delay. Identifying these concepts leads to a formulation
that simplifies circuit analysis and allows a designer to analyze alternative circuit
designs quickly.

Electrical effort is a new name for the problem overcome by electrical gain.
It has long been known that the fastest driver for a large electrical load is a
multistage amplifier whose gain is distributed among stages of exponentially
increasing size. Thinking of what amplifiers do as compensating for electrical
effort paves the way to understanding how they similarly compensate for logical
effort.

Logical effort describes the cost of computation inherent in the circuit topol-
ogy that implements each logic function. Logic functions incur a cost not only
because they involve many transistors, but also because Mos transistors in series
are poorer conductors of electricity than individual transistors of the same size.
Both factors conspire to make logic function blocks less good than inverters at



Preface

electrical amplification. Logical effort quantifies this weakness, enabling us to
reason about which of several alternate topologies will be best.

Critics of this method observe that it achieves no more than conventional RC
analysis and that experienced designers know how to optimize circuits for speed.
Indeed, the best designers, whether by intuition or experience, design circuits
that match closely those derived by the method of logical effort. However, we
have seen many instances where experienced designers devise poor circuits. Even
the best designers can become mired in detailed transistor sizing simulations
and fail to find structural changes to a circuit that will lead to major performance
improvements. Because of its simplicity, the method of logical effort bridges the
gap between structural design and detailed simulation.

We wrote this book for those who design mos integrated circuits. It assumes
a knowledge of static cmos digital circuits, elementary electronics, and modest
mathematical skill. Although some of the derivations use calculus, only algebra
is required to apply the method. The novice designer will find simple techniques
for designing high-speed circuits. The experienced designer will find new ways
to think about old design techniques. Both will gain new rules of thumb that
lead to high-speed circuits. The techniques of logical effort help us analyze and
optimize large circuits quickly.

How to Use this Book

There are many ways to use this text. We believe it will be of interest to practicing
circuit, logic, and CAD designers, students, and researchers. Junior circuit de-
signers will learn new techniques and reduce their dependence on tedious circuit
simulation, while veteran designers will discover new ways to look at concepts
they may have developed intuitively through experience. We believe that logic
designers interested in high-speed chips must have a thorough understanding
of delay in cMos gates. Logical effort provides simple but powerful models for
thinking about this delay and comparing alternative topologies. Similarly, we
believe good tool developers need a thorough understanding of the problems
being faced by their users, and we hope this book will offer them such insight.
Chapter 1 stands alone as an introduction to logical effort. A road map at
the end of the chapter describes the more advanced topics presented later in the
book. A course on VLSI design may use the first four chapters as supplemental
reading to provide examples of applying logical effort and to develop the basic
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theory behind the method. Experienced circuit designers and students in ad-
vanced circuit classes will be interested in the later chapters, which apply logical
effort to common circuit problems. We conclude with Chapter 12, a concise re-
view of the method of logical effort and of important insights gained from the
method.

About the Exercises

In our experience, it is very difficult to learn anything without practice. We have
provided a number of exercises at the end of each chapter intended for self-study
as well as for formal classes in logical effort.

The problems are rated in difficulty on a logarithmic scale, similar to that
used by Knuth and Hennessy. A rough guide is listed below. Your mileage may
vary.

[10] 1 minute (read and understand)

[20] 15-20 minutes

[30] 2 hours or more (especially if the TV is on)
[50] research problem

Solutions to_the odd-numbered problems are presented in the back of the
book. Please use them wisely; do not turn to the answer until you have made a
genuine effort to solve the problem yourself. Solutions to the even-numbered
problems are available to instructors on the logical effort Web page (see the
following section).

About the Web Site

The Morgan Kaufmann Web page www.mkp.com/Logical_Effort is dedicated to
and offers several tools to assist with logical effort.
Some features on this Web page include
* A detailed example of logical effort applied to the design of a multiplier.
* Solutions to even-numbered exercises, available to instructors.

* The Perl script used in Chapter 5 to characterize the logical effort of gates.
The script takes a SPICE netlist of the gates, a process file, and a list of input
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stimuli for each gate. It measures the logical effort and parasitic delay of each
gate using the test setup described in Chapter 5.

= AJavatool to design wide NAND, NOR, AND, and OR gates. It takes the number
of inputs and the electrical effort of the path and computes the minimum-
delay tree, as discussed in Section 11.1. This tool can be used from a form-
based interface on the Web, or downloaded for use on your computer.

If you discover an error in this book, please contact the publisher by email at
lebugs@mkp.com. The first person to report a technical error will be awarded
a $1.00 bounty upon its implementation in future printings of the book. Please
check the errata page at www.mkp.com/Logical_Effort to see if a particular bug
has already been reported and corrected.
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The Method of Logical Effort 1

Designing a circuit to achieve the greatest speed or to meet a delay constraint
presents a bewildering array of choices. Which of several circuits that produce
the same logic function will be fastest? How large should a logic gate’s transistors
be to achieve least delay? And how many stages of logic should be used to obtain
least delay? Sometimes, adding stages to a path reduces its delay!

The method of logical effort is an easy way to estimate delay in a cMmo0s circuit.
We can select the fastest candidate by comparing delay estimates of different
logic structures. The method also specifies the proper number of logic stages
on a path and the best transistor sizes for the logic gates. Because the method
is easy to use, it is ideal for evaluating alternatives in the early stages of a design
and provides a good starting point for more intricate optimizations.

This chapter describes the method of logical effort and applies it to simple
examples. Chapter 2 explores more complex examples. These two chapters
together provide all you need to know to apply the method of logical effort to a
wide class of circuits. We devote the remainder of this book to derivations that
show why the method of logical effort works, to some detailed optimization
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techniques, and to the analysis of special circuits such as domino logic and
multiplexers.

— Introduction

To set the context of the problems addressed by logical effort, we begin by
reviewing a simple integrated circuit design flow. We will see that topology
selection and gate sizing are key steps of the flow. Without a systematic approach,
these steps are extremely tedious and time-consuming. Logical effort offers such
an approach to these problems.

Figure 1.1 shows a simplified chip design flow illustrating the logic, circuit,
and physical design stages. The design starts with a specification, typically in
textual form, defining the functionality and performance targets of the chip.
Most chips are partitioned into more manageable blocks so that they may
be divided among multiple designers and analyzed in pieces by CAD tools.
Logic designers write register transfer level (RTL) descriptions of each block
in a language like Verilog or VHDL and simulate these models until they are
convinced the specification is correct. Based on the complexity of the RTL
descriptions, the designers estimate the size of each block and create a floorplan
showing relative placement of the blocks. The floorplan allows wire-length
estimates and provides goals for the physical design.

Given the RTL and floorplan, circuit design may begin. There are two general
styles of circuit design: custom and automatic. Custom design trades additional
human labor for better performance. In a custom methodology, the circuit
designer has flexibility to create cells at a transistor level or choose from a
library of predefined cells. The designer must make many decisions: Should
I use static cMos, transmission gate logic, domino circuits, or other circuit
families? What circuit topology best implements the functions specified in the
RTL? Should I use NAND, NOR, or complex gates? After selecting a topology and
drawing the schematics, the designer must choose the size of transistors in each
logic gate. A larger gate drives its load more quickly, but presents greater input
capacitance to the previous stage and consumes more area and power. When
the schematics are complete, functional verification checks that the schematics
correctly implement the RTL specification. Finally, timing verification checks
that the circuits meet the performance targets. If performance is inadequate,
the circuit designer may try to resize gates for improved speed, or may have to



