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PART

The Fabrics

1t costs has increased at a rate of roughly a factor of two

per year. Certainly over the short term, this rate can be expected to continue, if not to increase.
Over Ihe; longer term, the rate of increase is a bit more uncertain, although there is no reason to
believe it will not remain nearly constant for at least 10 years. That means by 1975, the number

of components per integrated circuil for minimum cost will be 65,000.

“The complexity for minimum componer

Gordon Moore,
Cramming more Components onto
Integrated Circuits, (1965).
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" Chapter 1 ¢ Introduction

1.1 A Historical Perspective

ation has made a dramatic impact on our society. One has
digital computers. Evolving steadily from mainframe and
rs have proliferated into daily life. More signifi-
digital solutions in all other areas of electronics,

The concept of digital data manipul
long grown accustomed to the idea of
minicomputers, personal and laptop compute
cant, however, is a continuous trend towards
Instrumentation was one of the first noncomputing domains where the potential benefits of digi-

tal data manipulation over analog processing were recognized. Other areas such as control were
soon to follow. Only recently have we witnessed the conversion of telecommunications and con-
sumer electronics into the digital format. Increasingly, telephone data is transmitted and pro-
cessed digitally over both wired and wireless networks. The compact disk has revolutionized the
audio world, and digital video is following in its footsteps.

The idea of implementing computational engines using an encoded data format is by no
means an idea of our times. In the early 19" century, Babbage envisioned large-scale mechanical
computing devices, which he called Difference Engines [Swade93]. Although these engines use
the decimal number system rather than the binary representation now common in modern elec-
tronics, the underlying concepts are very similar. The Analytical Engine, developed in 1834, was
perceived as a general-purpose computing machine, with features strikingly close to modern
computers. Besides executing the basic repertoire of operations (addition, subtraction, multipli-
cation, and division) in arbitrary sequences, the machine operated in a two-cycle sequence,
called “store” and “mill” (execute), not unlike today’s computers. It even used pipelining to
speed up the execution of the addition operation! Unfortunately, the complexity and the cost of
the designs made the concept impractical. For instance, the design of Difference Engine I (part
of which is shown in Figure 1-1) required 25,000 mechanical parts at a total cost of £17,470
(in 1834!).

The electrical solution turned out to be more cost effective. Early digital electronics
systems were based on magnetically controlled switches (or relays). They were mainly used
in the implementation of very simple logic networks. Such systems are still used in train
safety systems. The age of digital electronic computing only started in full with the intro-
duction of the vacuum tube. While originally used almost exclusively for analog processing,
it soon was recognized that the vacuum tube was useful for digital computations as well.
Not long thereafter, the first complete computers were realized. The era of the vacuum-tube-
bas?d computer culminated in the design of machines like the ENIAC (intended for com-
puting aml].ery firing tables) and the UNIVAC T (the first successful commercial computer).
To get an 1de§ abc.mt integration density, the ENIAC was 80 feet long, 8.5 feet high, and
several feet .w1de;.n. also incorporated 18,000 vacuum tubes. It became rapidly clear, how-
ever, that this design technology had reached its limits, Reliability problems and excessive

power consumption made the implementation of larger engines economically and practically
infeasible.

All changed with the invention of the transistor at Bell Telephone Laboratories in 1947
[Bardeen48], followed by the introduction of the bipolar junction transistor by Schockley in

P e ——— B
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Figl.[re 1-1  Working part of Babbage's Difference Engine | (1832)
the first known automatic calculator (from [Swade93], courtesy of the
Science Museum of London).

1949 [Schockley49]." It took until 1956 before this led to the first bipolar digital logic gate,
made of discrete components introduced by Harris [Harris56]. In 1958, Jack Kilby at Texas
Instruments conceived the integrated circuit (IC), in which all components, passive and active,
are integrated on a single semiconductor substrate—he was awarded the Nobel prize for this
breakthrough. It led to the introduction of the first set of integrated-circuit commercial logic
gates, called the Fairchild Micrologic family [Norman60]. The first truly successful IC logic
family, TTL (Transistor-Transistor Logic) was pioneered in 1962 [Beeson62]. Other logic fami-
lies were devised with higher performance in mind. Examples of these are the current switching
circuits that produced the first subnanosecond digital gates and culminated in the ECL (Emitter-
Coupled Logic) family [Masaki74]. TTL had the advantage, however, of offering a higher
integration density and was the basis of the first integrated circuit revolution. In fact, the manu-
facturing of TTL components is what spearheaded the first large semiconductor companies such
as Fairchild, National, and Texas Instruments. The family was so successful that it composed the
largest fraction of the digital semiconductor market until the 1980s.
Ultimately, bipolar digital logic lost the battle for hegemony in the digital design world for
exactly the reasons that haunted the vacuum tube approach: th.e larg.e power consumPtion per
gate puts an upper limit on the number of gates that can be reliably integrated on a single die,

al integrated circuits can be found in [Murphy93]. (Most of the data in

An intriguing overview of the evolution of digit ) : )
| anied by some of the historically ground-breaking

this overview has been extracted from this reference). It is accomp
publications in the domain of digital ICs.
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Chapter 1 ¢ Introduction
6
gh attempts were made to develop high integration density,

’ housing, or box/ Althou : e
PR PL—Integrated Injection Logic [Hart72]), the MOS digital

low-power bipolar families (such as

integrated circuit approach eventually held sway. . N
gl—The basic principle behind the MOSEET transistor (originally called IGFET) was pro-

posed in a patent by J. Lilienfeld (Canada) as early as 1925, and, indel')?ndently, by O. Heil in
England in 1935. Insufficient knowledge of the materials and gate stability problems, howe*fre.r,
delayed the practical usability of the device for a long time. Once these were solved, MOS digi-
tal integrated circuits started to take off in full in the early 1970s. Bemarkably, _the first Mos
logic gates introduced were of the CMOS variety [Wanlass63], and this trend continued until the
late 1960s. The complexity of the manufacturing process delayed the full exploitation of these
devices for two more decades. Instead, the first practical MOS integrated circuits were imple-
mented in PMOS-only logic and were used in applications such as calculators. The second age
of the digital integrated circuit revolution was inaugurated with the introduction of the first
‘microprocessors by Intel in 1972 (the 4004) [Faggin72] and 1974 (the 8080) [Shima74]. These
processors were implemented in NMOS-only logic, which has the advantage of higher speed
over the PMOS logic. Simultaneously, MOS technology enabled the realization of the first high-
density semiconductor memories. For instance, the first 4Kbit MOS memory was introduced in
1970 [Hoff70].

These events were at the start of a truly astounding evolution towards ever higher integra-
tion densities and speed performances, a revolution that currently is still in full swing. The road
to the current levels of integration has not been without hindrances, however. In the late 1970s,
NMGOS-only logic started to suffer from the same plague that made high-density bipolar logic
unattractive or infeasible: power consumption. This realization, combined with progress in man-
ufacturing technology, finally tilted the balance towards the CMOS technology, and this is where
it remains today. Interestingly enough, power consumption concerns are rapidly becoming dom-
inant in CMOS design as well, and this time there does not seem to be a new technology around
the corner to alleviate the problem.

Although the large maj.on'ty of the current integrated circuits are implemented in the MOS
technology, o‘th.er techr_lologles come into play when very high performance is at stake. An
Z’;:m\gtezf::nl;?;glcﬁos techno_logy that combines bipolar and MOS devices on the same
fe i g evin Supe ormanc.e 18 necessar).(, ‘other technologies emerge such as silicon-

, perconducting technologies. These technologies only play a very small

role in the overall digital integrated circuit design scene. With the ev
of CMOS, this role

is on CMOS only.

_ er increasing performance
is bound to be reduced further with time—hence, the focus of this textbook

1.2 lIssues in Digital Integrated Circuit Design

Integration density and performance of integrated circuits
olution in the last two decades. In the 1960s
and later cofounder of Intel, predicted that the

¢ have gone through an astounding rev-
ordon Moore, then with Fairchild Corporation
number of transistors that can be integrated on a

L ssssss———— _d
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1.2 Issues in Digital Integrated Circuit Design
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(a) Trends in logic IC complexity (b) Trends in memory complexity

Figure 1-2  Evolution of integration complexity of logic ICs and memories as a function of time.

single die would grow exponentially with time. This prediction, later called Moore's law, has

proven to be amazingly visionary [Moore65]. Its validity is best illustrated with the aid of a set

of graphs. Figure 1-2 plots the integration density of both logic ICs and memory as a function of

time. As can be observed, integration complexity doubles approximately every one to two years.

As a result, memory density has increased by more than a thousandfold since 1970. 1y
An intriguing case study is offered by the microprocessor. From its inception in the early

1970s, the microprocessor has grown in performance and complexity at a steady and predictable

pace. The transistor counts for a number of landmark designs that are collected in Figure 1-3.

100000000
» Pentium 4
/Pemium 11 4
10000000 7 Penfium I
/’ Pentium ®
1000000 486

386

100000 286™
Y8086
10000 /
8080
4004 3008

1000 l T I T N
1970 1975 1980 1985 1990 1995 2000

Year of Introduction

Transistors

Figure 1-3 Historical evolution of microprocessor transistor count (from [Intel01]).
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Figure 1-4 Microprocessor performance trends at the beginning of the 215 century.
(Courtesy of Intel.)

The million-transistor/chip barrier was crossed in the late 1980s. Clock frequencies double every
three years in the past decade and have reached into the GHz range. This is illustrated in
Figure 1-4, which plots the microprocessor trends in terms of performance at the beginning of
the 21* century. An important observation is that, as of now, these trends have not shown any
signs of a slowdown.

It should not surprise the reader that this revolution has had a profound impact on how dig-
ital circuits are designed. Early designs were truly handcrafted. Every transistor was laid out and
optimized individually and carefully fitted into its environment. This is adequately illustrated in
Figure 1-5a, which shows the design of the Intel 4004 microprocessor. Obviously, this approach
is not appropriate when more than a million devices have to be created and assembled. With the
rapid evolution of the design technology, time to market is one of the crucial factors in the ulti-
mate success of a component.

As a result, designers have increasingly adhered to rigid design methodologies and strate-
gies that are more amenable to design automation. The impact of this approach is apparent from
the layout of one of the later Intel microprocessors, the Pentium® 4, shown in Figure 1-5b.
Instead of the individualized approach of the earlier designs, a circuit is constructed in a hierar-
chical way: a processor is a collection of modules, each of which consists of a number of cells
on its own. Cells are reused as much as possible to reduce the design effort and to enhance the
chances for a first-time-right implementation. The fact that this hierarchical approach is at all
possible is the key ingredient for the success of digital circuit design and also explains why, for
instance, very large-scale analog design has never caught on.

The obvious neal question is j‘”hy such an approach is feasible in the digital world and not
(ortoa !es-ser degree) in apal(?g desnvgns. The crucial concept here, and the most important one in
dealing with the complexity issue, is abstraction. At each design level, the internal details of a
camplex Safis can be i?bstracled away and replaced by a black-box view or model. This model
contains virtually all the information needed to deal with the block at the next level of hierarchy.
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For instance, once a designer has implemented 2 multiplier module, its performance < be
defined very accurately and can be captured in 2 model. In general, the pﬁfammxzﬂwfﬁm ]
tiplier is only marginally influenced by the way it is utilized in 2 lz_xrg_er sysicm. For.:ﬂ purposes,
therefore, it can be considered a black box with known characteristics. As m aausxs ol
pelling need for the system designer to look inside this box, design complexity is m
reduced. The impact of this divide-and-conquer approach is dramatic. Instead of baving to deal
with a myriad of elements, the designer has to consider only 2 handful of components. each of
which are characterized in performance and cost by 2 small number of parameiers. )

This is analogous to a software designer using a library of software routines sach zs inpu/
output drivers. Someone writing a large program does not bother to look inside those ibrary roe-
tines. The only thing he cares about is the intended result of calling one of those modules. Imae-
ine what writing software programs would be like if you had to fetch every bit individuzlly from
the disk and ensure its correctness instead of relying on handy “file open™ and “get strimg™
operators.

Abstraction levels typically used in digital circuit design are. in order of imcreasimg
abstraction, the device, circuit, gate, functional module (e.g.. adder) and system levels (e.2. pro-
cessor), as illustrated in Figure 1-6. A semiconductor device is an entity with 2 very complex
behavior. No circuit designer will ever seriously consider the solid-state physics equations gov-
emning the behavior of the device when designing a digital gate. Instead. he will use 2 stmplified
model that adequately describes the input/output behavior of the transistor. For mstznce. =
AND gate is adequately described by its Boolean expression (Z = A_B). iis bounding box the
position of the input and output terminals, and the delay between the inpuis and the ouipm

This design philosophy has been the enabler for the emergence of elaborate compurer-
aided design (CAD) frameworks for digital integrated circuits—without it the current desizn
complexity would not have been achievable. Design tools include simulation at the varions com-
plexity levels, design verification, layout generation, and design synthesis. An overview of these
tools and design methodologies is given in Chapter 8.

Furthermore, to avoid the redesign and reverification of frequently used cells. such as
basic gates and arithmetic and memory modules, designers most often resort to cell libraries
These libraries not only contain the layouts, but also provide complete documentation and char-
acterization of the behavior of the cells. The use of cell libraries is, for instance, apparent in the
layout of the Pentium® 4 processor (Figure 1-5b). The integer and floating-point unit, just ©
name a few, contain large sections designed using one particular cell-based approach, called
standard cell. Logic gates are placed in rows of cells of equal height and interconnectad using

routing channels. The layout of such a block can be generated automatically given that a hibsary
of cells is available.

The preceding analysis demonstrates that design automation and modular design practicss
have effectively addressed some of the complexity issues incurred in contemporary digital
design. This leads to the following pertinent question: If design automation solves all our design
problems, why should we be concerned with digital circuit design at all? Will the next-gencration

~
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1.2 Issues in Digital Integrated Circuit Design
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12 Chapter 1 + Introduction

the main goal is to provide a more integrated system solution, and performance requirements
are easily within the capabilities of the technology. Unfortunately, for a large number of
other products such as microprocessors, success hinges on high performance, and design-
ers therefore tend to push technology to its limits. At that point, the hierarchical approach
tends to become somewhat less attractive. To resort to our previous analogy to software
methodologies, a programmer tends to “customize™ software routines when execution
speed is crucial; compilers—or design tools—are not yet to the level of what human sweat
or ingenuity can deliver.

Even more important is the observation that the abstraction-based approach is only correct
to a certain degree. The performance of, for instance, an adder can be substantially influ-
enced by the way it is connected to its environment. The interconnection wires themselves
contribute to delay because they introduce parasitic capacitances, resistances, and even
mductances. The impact of the interconnect parasities is bound 1o increase in the years to
come with the scaling of the technology.

Scaling tends to emphasize some other deficiencies of the abstraction-based model.

Some design entities tend to be global or external. Examples of global factors are the
clock signals, used for synchronization in a digital design, and the supply lines. Increas-
ing the size of a digital design has a profound effect on these global signals. For

mstance, connecting more cells to a supply line can cause a voltage drop over the wire,
which, in turn, can slow down all the connected cells. Issues such as clock distribution,
circuit synchronization, and supply-voltage distribution are becoming more and more
critical. Coping with them requires a profound understanding of the intricacies of digital
circull design.

-

Another impact of technology evolution is that new design issues and constraints tend to
emerge over time, A typical example of this is the periodical reemergence of power dissi-
pation as a constraining factor, as was already illustrated in the historical overview.
Another example is the changing ratio between device and interconnect parasitics. To cope
with these unforeseen factors, one must at least be able to model and analyze their impact,
requiring once again a profound insight into circuit topology and behavior,

Finally, when things can go wrong, they often do. A fabricated circuit does not always
exhibit the exact waveforms one might expect from advance simulations, Deviations can
be caused by variations in the fabrication process parameters, or by the inductance of the
package, or by a badly modeled clock signal. Troubleshooting a design requires circuit
l'l[h'lll'ﬂ'

For all these reasons, it s our profound beliel that an in depth knowledge of digital circuit
design techmques and approaches I an essential asset for a digital-system designer. Even
though she might not have o deal with the details of the circuit on a daily basis, the understand
g will help her cope with unexpected cirenmstances and determine llli'.ilunnn;"“ effects when
analyzing o Jdesipn

e — R R ————
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1.2 Issues in Digital Integrated Circuit Design 13

Example 1.1  Clocks Defy Hierarchy

To illustrate some of the issues raised in the preceding discussion. let us examine the
impact of deficiencies in one of the most important global signals in a design, the ¢lock.
The function of the clock signal in a digital design is to order the multitude of events hap-
pening in the circuit. This task can be compared to the function of a traffic light that deter-
mines which cars are allowed to move. It also makes sure that all operations are completed
before the next one starts—a traffic light should be green long enough to allow a car or a
pedestrian to cross the road. Under ideal circumstances, the clock signal is a periodic step
waveform with transitions synchronized throughout the designed circuit (Figure 1-7a). In
light of our analogy, changes in the traffic lights should be synchronized to maximize
throughput while avoiding accidents. The importance of the clock alignment concept is
illustrated with the example of two cascaded registers, both operating on the rising edge of
the clock ¢ (Figure 1-7b). Under normal operating conditions, the input /n' gets sampled
into the first register on the rising edge of ¢ and appears at the output exactly one clock
period later. This is confirmed by the simulations shown in Figure 1-7c (signal Out).

in
J
[
G')(VOII) I_ |1
] [ ’r R
3 b| & \
1 (nsec) > ils J l .
(a) 1deal clock waveform ( 1
0 L !
In "
skew
¢ —| REGISTER 31
2 2~
o = Our Qut
“ v =
1 a3
¢ —»{ REGISTER |
l 0 =

Our time
(b) Two cascaded registers (c) Simulated wavelorms

Figure 1-7 Impact of clock misalignment.

Due to delays associated with routing the clock wires, it may happen that the clocks

1 > are 1 > eling

become misaligned with respect to each other. As a result, the registers arc murplgnn,__l
: i . ; PR .

time indicated by the clock signal differently. Consider the case in which the clock signa
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for the second register is delayed—or skewed—by a value 8. The nsn.ng edge Of-the
delayed clock ¢” will postpone the sampling of the input of 'the second register. If tl?e tmfe
it takes to propagate the output of the first register to the input of thtj.‘, second register is
smaller than the clock delay, the latter will sample the wrong value. This ca.uses the output
to change prematurely, as clearly illustrated in the simulation, where the signal Out’ goes
high at the first rising edge of ¢” instead of the second one. In terms of our traffic analogy,
cars leaving the first traffic light hit the cars at the next light that have not yet left.

Clock misalignment, or clock skew, is an important example of how global signals
may influence the functioning of a hierarchically designed system. Clock skew is actually '
one of the most critical design problems facing the designers of large high-performance / :
systems.

Example 1.2 Power Distribution Networks Defy Hierarchy

While the clock signal is one example of a global signal that crosses the chip hierarchy
boundaries, the power distribution network represents another. A digital system requires a
stable DC voltage to be supplied to the individual gates. To ensure proper operation, this
voltage should be stable within a few hundred millivolts. The power distribution system
has to provide this stable voltage in the presence of very large current variations. The resis-
tive nature of the on-chip wires and the inductance of the IC package pins make this a dif-
ficult proposition. For example, the average DC current to be supplied to a 100 W-1V
microprocessor equals 100 A! The peak current can easily be twice as large, and current
demand can readily change from almost zero to this peak value over a short time—in the
range of 1 nsec or less. This leads to a current variation of 100 GA/s, which is a truly .
astounding number. !
Consider the problem of the resistance of power distribution wires. For a current of !
100 A, a wire resistance of merely 1.25 mQ leads to a 5% drop in supply voltage (for a
2.5V supply). Making the wires wider reduces the resistance and thus the voltage drop.
While this sizing of the power network is relatively simple in a flat design approach, it is a
lot more complex in a hierarchical design. For example, consider the two blocks shown in
Figure 1-8a [SalehO1]. If power distribution for Block A is examined in isolation, the addi-
tional loading due to the presence of Block B is not taken into account. If power is routed
through Block A to Block B, a larger IR drop will occur in Block B, since power is also
being consumed by Block A before it reaches Block B.
Since the total IR drop is based on the resistance seen from the pin to the block, one
could route around the block and feed power to each block separately, as shown in
Figure 1-8b. Ideally, the main trunks should be large enough to handle all the current flow-
ing through separate branches, Although routing power this way is easier to control and
maintain, it also requires more area to implement. The large metal trunks of power have to
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Block A Block B Block A Block B

(a) Routing through the block (b) Routing around the block
Figure 1-8 Power distribution network design.

be sized to handle all the current for each block. This requirement forces designers to set
aside area for power busing that takes away from the available routing area.

As more and more blocks are added, the complex interactions between the blocks
determine the actual voltage drops. For instance, itis not always easy to determine which
way the current will flow when multiple parallel paths are available between the power
source and the consuming gate. Also, eurrents into the different modules do rarely peak at
the same time. All these considerations make the design of the power distribution a chal-
lenging job. It requires a design methodology approach that supersedes the artificial
boundaries imposed by hierarchical design.

The purpose of this book is to provide a bridge between the abstract vision of digital
design and the underlying digital circuit and its peculiarities. While starting from a solid under-
standing of the operation of electronic devices and an in-depth analysis of the nucleus of digital
design—the inverter—we will gradually channel this knowledge into the design of more com-
plex entities, such as complex gates, datapaths, registers, controllers, and memories. The persis-
tent quest for a designer when designing each of the mentioned modules is to identify the
dominant design parameters, to locate the section of the design he should focus his optimiza-
tions on, and to determine the specific properties that make the module under investigation (e.g.,

a memory) different from any others.
We also address other compelling (global) issues in modern digital circuit design such as

power dissipation, interconnect, timing, and synchronization.

1.3 Quality Metrics of a Digital Design

This section defines a set of basic properties of a digital design. These properties help to quan-
tify the quality of a design from different perspectives: co.st, i:unctionalily, robustness, perfor-
mance, and energy consumption. Which one of these metrics is most important depends upon
the application. For instance, pure speed is a crucial property in a computer server. On the other
hand, energy consumption is a dominant metric for hand heldmobile applications such as cell

I s
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phones. The introduced properties are relevant at all levels of the design hierarchy—system,

chip, module, and gate. To ensure consistency in the definitions throughout the d.esign hif:rarchy
stack, we propose a bottom-up approach: We start with defining the basic quality metrics of a
simple inverter, and gradually expand these to the more complex functions such as gate, mod-
ule, and chip.

1.3.1 Cost of an Integrated Circuit

The total cost of any product can be separated into two components: the recurring expenses or,
the variable costy and the nonrecurring expenses or the fixed cost.

Fixed Cost
The fixed cost is independent of the sales volume or the number of products sold. An important
component of the fixed cost of an integrated circuit is the effort in time and manpower it takes to,
produce the design. This design cost is strongly influenced by the complexity of the design, the
aggressiveness of the specifications, and the productivity of the designer. Advanced design
methodologies that automate major parts of the design process can help to boost the latter.
Bringing down the design cost in the presence of an ever-increasing IC complexity.is one of the
major challenges always facing the semiconductor industry.
Additionally, one has to account for the indirect costs, the company overhead that cannot
be billed directly to one product. It includes the company’s research and development (R&D)
costs, manufacturing equipment, marketing and sales costs, and building infrastructure, among
others.

Variable Cost

The variable cost accounts for the cost that is directly attributable to a manufactured product,
and is hence proportional to the product volume. Variable costs include the costs of the parts
used in the product, assembly costs, and testing costs. The total cost of an integrated circuit is

(1.1)

fcost per IC = variable cost per IC + (ﬁxed Cost)-

volume

The impact of the fixed cost is more pronounced for smali-volume products. This helps
explain why it makes sense to have large design teams working for several years on a hugely
successful product such as a microprocessor.

While the cost of producing a single transistor has dropped exponentially over the past few
decades, the basic variable-cost equation has not changed:

cost of die + cost of die test + cost of packaging

iabl =
REER final test yield (1.2)

As will be discussed further in Chapter 2, the IC manufacturing process groups a number of
identical circuits onto a single wafer (see Figure 1-9). Upon completion of the fabrication, the
wafer is chopped into dies, which are then individually packaged after being tested. We will

__ P |
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Figure 1-9  Finished wafer. Each square re ie—in thi
_ - E presents a die—in this case the AMD
Duron™ microprocessor (reprinted with permission from AMD)

focus on the cost of the die in this discussion. The cost of packaging and testing is the topic of
later chapters.

The die cost depends on the number of good dies on a wafer, and the percentage of those
that are functional. The latter factor is called the die yield, given by

cost of wafer
dies per wafer x die yield

cost of die = (1.3)
The number of dies per wafer is, in essence, the area of the wafer divided by the die area. The
actual situation is somewhat more complicated as wafers are round, and chips are square. Dies
around the perimeter of the wafer are therefore lost. The size of the wafer has been steadily
increasing over the years, yielding more dies per fabrication run. Equation (1.3) also presents the
first indication that the cost of a circuit is dependent upon the chip area—increasing the chip
area simply means that fewer dies fit on a wafer.

The actual relation between cost and area is more complex, and depends upon the die
yield. Both the substrate material and the manufacturing process introduce faults that can cause
a chip to fail. Assuming that the defects are randomly distributed over the wafer and that the
yield is inversely proportional to the complexity of the fabrication process, we obtain the

equation

fects it area x die area
die yield = (I a defects per umaare'l ) (1.4)

where @ is a parameter that depends upon the complexity of the manufacturing process, and it is
good estimate for today’s complex CMOS pro-

roughly proportional to the number of masks. A
uced faults,

cesses is o = 3. The defects per unit area is a measure of the material and process-ind
A value between 0.5 and 1 defects/em? is typical these days, but depends strongly upon the

Maturity of the process.

o — . : |
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Example 1.3  Die Yield
Assume a wafer size of 12 inches, a di

i ie yield of this CMOS process run. _ ' | |
mine t-?;: :uzrll;er ?)f dies per wafer can be estimated with the following expression, which

' i wafer:
takes into account the lost dies around the perimeter of the

e size of 2.5 cm?, 1 defects/cm?, and 0. = 3. Deter.

[ e i

2 .
t X (wafer diameter/2) X wafer diameter
dies per wafer =

die area J2 x die area

This means there are 252 (= 296 — 44 ) potentially operational dies for this particy-
lar example. The die yield can be computed with the aid of Eq. (1.4), and equals 16%!
This means that, on average only 40 of the dies will be fully functional.

The bottom line is that the number of functional dies per wafer, and hence the cost per die;
is a strong function of the die area. While the yield tends to be excellent for the smaller designs,
it drops rapidly once a certain threshold is exceeded. Bearing in mind the equations derived pre-

viously and the typical parameter values, we can conclude that die costs are proportional to the
fourth power of the area:

cost of die = f(die area)’ (15)

The area is a function that is directly controllable by the designer(s), and it is the prime metric
for cost. Small area is thus a desirable property for a digital gate. The smaller the gate, the higher
the integration density and the smaller the die size. Smaller gates also tend to be faster and con-
sume less energy—the total gate capacitance, which is one of the dominant performance param-

e eters, often scales with the area.

The number of transistors in a gate is indicative of the expected implementation area but
other parameters may have an impact. For instance, a complex interconnect pattern between the
transistors can cause the wiring area to dominate. The gate complexity, as expressed by the num-
ber of transistors and the regularity of the interconnect structure, also has an impact on the
design cost. Complex structures are more difficult to implement and tend to take more of the

designer’s valuable time. Simplicity and regularity is a precious property in cost-sensitive
designs.

1.3.2 Functionality and Robustness

A prime requirement for a digital circuit is, obviously, that it performs the function it is designed
for. The measured behavior of a manufactured circuit normally deviates from the expected
response. One reason for this aberration is due to the variations in the manufacturing process.
The d.l mensions and device parameters vary between runs gr even on a single wafer or die. The
el.ecmcal behavior of a circuit can be profoundly affected by those variations. The presence of
disturbing noise sources on or off (he chip is another source of deviations in. circuit response-

N EEEE—— "
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noise
Figure 1-10 Noise sources in digital circuits.

The word noise, in the context of digital circuits, means unwanted variations of voltages and
currents at the logic nodes. Noise signals can enter a circuit in many ways. Some examples of
digital noise sources are depicted in Figure 1-10. For instance, two wires placed side by side in

an integrated circuit form a coupling capacitor and a mutual inductance. Hence, a change in volt-

age or current on one of the wires can influence the signals on the neighboring wire. Noise on

the power and ground rails of a gate also influences the signal levels in the gate.

Most noise in a digital system is internally generated, and the noise value is proportional
to the signal swing. Capacitive and inductive cross talk, and the internally generated power sup-
ply noise are examples of such. Other noise sources such as input power supply noise are exter-
nal to the system, and their value is not related to the signal levels. For these sources, the noise
level is directly expressed in volts or amperes. Noise sources that are a function of the signal
level are better expressed as a fraction or percentage of the signal level. Noise is a major concern
in the engineering of digital circuits. How to cope with all these disturbances is one of the main
challenges in the design of high-performance digital circuits and is a recurring topic in this book.

The steady-state parameters (also called the static behavior) of a gate measure how robust
the circuit is with respect to both variations in the manufacturing process and noise disturbances.
The definition and derivation of these parameters requires a prior understanding of how digital
signals are represented in the world of electronic circuits.

Digital circuits (DC) perform operations on logical (or Boolean) variables. A logical vari-
able x can only assume two discrete values:

xe {0,1}

As an example, the inversion (i.e., the function that an inverter performs) implements the follow-
ing compositional relationship between two Boolean variables x and y:
y=x:{x=0=y=Lx=1=y=0} (1.6)

A logical variable is, however, a mathematical abstraction. In a physical implememaﬁop.

such a variable is represented by an electrical quantity. This is most often a nodc- voltage t.hal is
not discrete, but can adopt a continuous range of values. This electrical voltage is turned into a
discrete variable by associating a nominal voltage level with each logic state: 1< VO_H' 0=
Vor, where Voy and V,,, represent the high and the low logic levels, respectively. Applying Voy

[ e ————
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to the input of an inverter yields V, at the output and v versa. The diifSreeios betsrecn e b 4

is called the logic or signal swing Vg,.

Vool
%Voﬂ = ( oL (1‘7)
Vor = (Von)

The Voltage-Transfer Characteristic

Assume now that a logical variable in serves as the input to an inverting gate that produces the vari.
able out. The electrical function of a gate is best expressed by its voltage-transfer characteristip
(VTC) (sometimes called the DC transfer characteristic), which plots the output voltage as a func-
tion of the input voltage V, , = f(V,,). An example of an inverter VTC is shown in Figure 1-11. The
high and low nominal voltages, V,;; and V,;, can readily be identified—Voy = f(Vo,) and Vy, =
f(Vg). Another point of interest of the VTC is the gate or switching threshold voltage V, (not to
be confused with the threshold voltage of a transistor), that is defined as Vj, = f(V). Vj, can also
be found graphically at the intersection of the VTC curve and the line given by V,,,, = V,,. The gate
threshold voltage presents the midpoint of the switching characteristics, which is obtained when
the output of a gate is short-circuited to the input. This point will prove to be of particular interest
when studying circuits with feedback (also called sequential circuits).

Even if an ideal nominal value is applied at the input of a gate, the output signal often
deviates from the expected nominal value. These deviations can be caused by noise or by the
loading on the output of the gate (i.e., by the number of gates connected to the output signal),
Figure 1-12a illustrates how a logic level is represented in reality by a range of acceptable volt-
ages, separated by a region of uncertainty, rather than by nominal levels alone. The regions of
acceptable high and low voltages are delimited by the V,; and V;; voltage levels, respectively.
By definition, these represent the points where the gain (= dV,,, / dV,,) of the VTC equals -1 as
shown in Figure 1-12b. The region between Vi, and V, is called the undefined region

VOL Vou T"

in

Figure 1-11 Inverter voltage-transfer characteristic.
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(a) Relationship between voltage and logic levels (b) Definition of V,;; and V/;

Figure 1-12 Mapping logic levels to the voltage domain.
(sometimes also called the transition width, or TW). Steady-state signals should avoid this region
if proper circuit operation is to be ensured.
Noise Margins
For a gate to be robust and insensitive to noise disturbances, it is essential that the “0” and 1"
intervals be as large as possible. A measure of the sensitivity of a gate to noise is given by the

noise margins NM, (noise margin low) and NMy (noise margin high), which quantize the size of
the legal “0” and “1,” respectively, and set a fixed maximum threshold on the noise value:

NM, = Vi=VoL
NMy = Vor=Vin

(1.8)

The noise margins represent the levels of noise that can be sustained when gates are cascaded as
illustrated in Figure 1-13. It is obvious that the margins should be larger than 0 for a digital cir-
cuit to be functional, and by preference, they should be as large as possible.

..] “ 1

Von
NMy
Vin
|| Undefined
region
v
NM;, IL
VoL
“r T
Gate output — Gate input
Stage M Stage M + 1

Figure 1-13 Cascaded inverter gates: definition of noise margins.
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(b) Simulated response of chain of MOS inverters
Figure 1-14 The regenerative property.
Regenerative Property

A large noise margin is desirable, but it is not the only requirement. Assume that a signal is dis-
turbed by noise and differs from the nominal voltage levels. As long as the signal is within the
noise margins, the gate that follows continues to function correctly, although its output voltage
varies from the nominal one. This deviation is added to the noise injected at the output node and
passed to the next gate. The effect of different noise sources may accumulate and eventually
force a signal level into the undefined region. Fortunately, this does not happen if the gate pos-
sesses the regenerative property, which ensures that a disturbed signal gradually converges back
to one of the nominal voltage levels after passing through a number of logical stages. This prop-
erty can be understood as follows:

An input voltage v;, (v;, € “07) is applied to a chain of N inverters (Figure 1-14a). Assum-
ing that the number of inverters in the chain is even, the output voltage Ve (N = o0) will equal
Voo if and only if the inverter possesses the regenerative property. Similarly, when an input
voltage v, (v;, € “17) is applied to the inverter chain, the output voltage will approach the nomi-
nal value V,,

Example 1.4 Regenerative Property

The concept of regeneration is illustrated in Figure 1-14b, which plots the simulated tran-
sient response of a chain of CMOS inverters. The input signal to the chain is a step wave-
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t-orm w1'th a dc?graded amplitude, which could be caused by noise. Instead of swingin
from rail to rall_, Vo oply extends between 2.1 and 2.9 V. From the‘simula{ion ;t caf bi
observed that this deviation rapidly disappears while progressing through the ch;u'n' s Fof
instance, extends from 0.6 V to 4.45 V. Even further, v, already swings between the nlc;nli-
nal Vy; and Vyy. The inverter used in this exampleﬁclea:ly possesses the regenerative
property. 2

The conditions under which a gate is regenerative can be intuitively derived by analyzing a
mple case study. Figure 1-15a plots the VTC of an inverter V,,,, = f(V,,) as well as its inverse
nction finv(), which reverts the function of the x- and y-axis and is defined as

in = f(out)=in = finv(out) (1.9)
Assume that a voltage v,, deviating from the nominal voltages, is applied to the first inverter in
the chain. The output voltage of this inverter equals v, = f(v,) and is applied to the next inverter.
Graphically, this corresponds to v, = finv(v,). The signal voltage gradually converges to the nom-

inverter stages, as indicated by the arrows. In Figure 1-15b the sig-

inal signal after a number of
ediate voltage level.

nal does not converge to any of the nominal voltage levels, but to an interm
Hence, the characteristic is nonregenerative. The difference between the two cases is due to the

gain characteristics of the gates. To be regenerative, the VTC should have a transient region (or
undefined region) with a gain greater than 1 in absolute value, bordered by the two legal zones,

where the gain should be less than 1. Suc
the definition of the V,;; and the Vi, levels that fo

lransient zones.

h a gate has two stable operating points. This clarifies
m the boundaries between the legal and the

out
out
V3 e

=~
L& \\ﬁnu(v)

it

Vo Vi in
(b) Nonregenerative gate

(a) Regencrative gate

Figure 1-15 Conditions for regeneration.
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Noise Immunity o— ;
While the noise margin is a meaningful means for measuring the robustness 0{,3 mrc.mt against
noise, it is not sufficient. It expresses the capability of a circuit to “overpower  a noise source,
Noise immunity, on the other hand, expresses the ability of the system tq prc.)cess.and Lransrpit
information correctly in the presence of noise [Dally98]. Many digital circuits with low noise
margins have very good noise immunity because they reject a noise source rther than over-
power it. These circuits have the property that only a small fraction of a potentially damaging
noise source is coupled to the important circuit nodes. More precisely, the transfer function
between noise source and signal node is far less than 1. Circuits that do not posses this property
are susceptible to noise.

To study the noise immunity of a gate, we have to construct a noise budget that allocates
the power budget to the various noise sources. As discussed earlier, the noise sources can be
divided into the following types of sources:

* those that are proportional to the signal swing V.. The impact on the signal node is
expressed as g V| ; and

* those that are fixed. The impact on the signal node equals f Vip» with V, . the amplitude of
the noise source, and f the transfer function from noise to signal node.

We assume, for the sake of simplicity, that the noise margin equals half the signal swing

(for both H and L). To operate correctly, the noise margin has to be larger than the sum of the
coupled noise values:

v w
Viu = 5° zszvai+2gjv.vm|' (1.10)
i 7

Given a set of noise sources, we can derive the minimum signal swing necessary for the system
to be operational:

W= (1.11)
Il ZZgj

This makes it clear that the signal swing (and the noise margin) has to be large enough to
overpower the impact of the fixed sources (f V). On the other hand, the sensitivity to internal
sources depends primarily upon the noise suppressing capabilities of the gate, this is the propor-
tionality or gain factors 8- In the presence of large gain factors, increasing the signal swing does
not do any good to suppress noise, as the noise increases proportionally. In later chapters, we
will discuss some differential logic families that SUPPress most of the internal noise, and thus
can get away with very small noise margins and signal swings,

W R —— . I
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Directivity

The directivity property requires a gate to be unidirectional—that is. changes in an output level
should not appear at any unchanging input of the same circuit. Otherwise, an output-signal tran-
sition reflects to the gate inputs as a noise signal, affecting the signal integrity.

In real gate implementations, full directivity can never be achieved. Some feedback of
changes in output levels to the inputs cannot be avoided. Capacitive coupling between inputs and
outputs is a typical example of such a feedback. It is important to minimize these changes so that
they do not affect the logic levels of the input signals.

Fan-In and Fan-Out

The fan-out denotes the number of load gates N that are connected to the output of the driving
gate (see Figure 1-16). Increasing the fan-out of a gate can affect its logic output levels. From
the world of analog amplifiers, we know that this effect is minimized by making the input resis-
tance of the load gates as large as possible (minimizing the input currents) and by keeping the
output resistance of the driving gate small (reducing the effects of load currents on the output
voltage). When the fan-out is large, the added load can deteriorate the dynamic performance of
the driving gate. For these reasons, many generic and library components define a maximum fan-
out to guarantee that the static and dynamic performance of the element meet specification.

The fan-in of a gate is defined as the number of inputs to the gate (see Figure 1-16b). Gates
with large fan-in tend to be more complex, which often results in inferior static and dynamic

properties.
The Ideal Digital Gate

Based on these observations, we can define the ideal digital gate from a static perspective. The
ideal inverter model is important because it gives us a metric by which we can judge the quality

of actual implementations.
Its VTC is shown in Figure 1-17 and has the following properties: infinite gain in the tran-

sition region, and gate threshold located in the middle of the logic swing, with high and low

(b) Fan-in M

1]

o]

YYYY

(a) Fan-out N
Figure 1-16 Definition of fan-out and fan-in of a digital gate.
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V!Il

Figure 1-17 Ideal voltage-transfer characteristic.

noise margins equal to half the swing. The input and output impedances of the ideal gate are
infinity and zero, respectively (i.e., the gate has unlimited fan-out). While this ideal VTC is
unfortunately impossible in real designs, some implementations, such as the static CMOS
inverter, come close.

Example 1.5 Voltage-Transfer Characteristic

Figure 1-18 shows an example of a voltage-transfer characteristic of an actual, but out-
dated, gate structure. The values of the dc parameters are derived from inspection of

the graph.
Vy=164V
NMH:l-Isv-‘. NML=O21V

5.0 T
4.0

30

S

_—.E 2.0
1.0
0.0 1.0 2.0 3.0 4.0 5.0

Vm (V)
Figure 1-18  Voltage-transfer characteristic of an NMOS inverter of the 1970s.
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The - .
e (;:i?r:e]d transfer characteristic, obviously, is far from ideal: it is asymmetrical,
maximurrr): il 4 ‘1')" for NM,, and the voltage swing of 3.05 V is substantially below the
: inable value of 5 V (which is the value of the supply voliage for this
design).

1.3.3 Performance

From a s?r§tem designer’s perspective, the performance of a digital circuit expresses its computa-
tional ability. For instance, a microprocessor often is characterized by the number of instructions
it can execute per second. This performance metric depends both on the architecture of the pro-
cessor—for instance, the number of instructions it can execute in parallel—and the actual design
of logic circuitry. While the former is crucially important, it is not the focus of this text. The
reader may refer to the many excellent books on this topic [for instance, Hennessy02]. When
focusing on the pure design, performance is most often expressed by the duration of the clock
period (clock cycle time), or its rate (clock frequency). The minimum value of the clock period
for a given technology and design is set by a number of factors such as the time it takes for the
signals to propagate through the logic, the time it takes to get the data in and out of the registers,
and the uncertainty of the clock arrival times. Each of these topics will be discussed in detail in
this book. The performance of an individual gate lies at the core of the whole performance anal-

ysis, however.

The propagation delay 1,0
It expresses the delay experienced by
between the 50% transition points of the input an

f a gate defines how quickly it responds to achange at ts input(s)”
a signal when passing through a gate. 1t is measured
d output waveforms, as shown in Figure 1-19 for

Vr'n‘
50%
|
!
! i
v fpHL
Vaul | :
|
| 1
1 \!
|\ so%
I
I A
T
LA

nition of propagation delays and rise and fall times.

Figure 1-19 Defi
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- nonse times for rising or falling i
an inverting gate.® Because a gate displays different response umes for n\;nﬁ or :h 2 1nput
gl g . . are necessary. The efines the response
waveforms, two definitions of the propagation delay are necessary. The 1,1 - rp‘!

e hile s to a nugh-ro-low
time of the gate for a low-to-high (or positive) output transition, W hile 7,4, reters gh-to-low

. s . rgp it Aah as average of the two:
(or negative) transition. The propagation delay 1, is defined as the average of

Tpru + 1phL (1.12)
P 2

CAUTION: Observe that the propagation delay 1,, in contrast {0 7, and 7,y 18 an artificial
gate quality metric, and has no physical meaning per se. It is mostly used to compare different
semiconductor technologies, circuit, or logic design styles.

The propagation delay is not only a function of the circuit technology and topology, but
depends upon other factors as well. Most importantly, the delay is a function of the slopes of
the input and output signals of the gate. To quantify these properties, we introduce the rise and
Jall times, 1, and 1, which are metrics that apply to individual signal waveforms rather than to
gates (see Figure 1-19), and they express how fast a signal transits between the different levels.
The uncertainty over when a transition actually starts or ends is avoided by defining the rise and
fall times between the 10% and 90% points of the waveforms, as shown in the figure. The rise/
fall time of a signal is largely determined by the strength of the driving gate, and the load pre-
sented to it.

When comparing the performance of gates implemented in different technologies or cir-
cuit styles, it is important not to confuse the picture by including parameters such as load fac-
tors, fan-in, and fan-out. A uniform way of measuring the 7, of a gate so that technologies can be
Judged on an equal footing is desirable. The de facto standard circuit for delay measurement is
the rirfg oscillator, which consists of an odd number of inverters connected in a circular chain
(s§e Fi gure 1-20.) Due to the odd number of inversions, this circuit does not have a stable oper-
ating point and 9§cilla|es. The period T of the oscillation is determined by the propagation time
i hain. Th o 3 e o e e e Ve e of e
high and a high-to-low transition. Note that 1his*‘e uk-n'k)n "~M e L‘_)-'cl‘e i b lO\?!-[?-
condifion is ot inet, te g S ; ‘ “ q ation l\ onl)‘r’va-lu_j tor 2Nt, >> 1, + 1,. If this
:}:):] ring will ovcrlu{; wn;lit 1::]‘(-[::;?“::1::(?;?(’[;l([l::[_l:)[l;l e Mg.l lals. pmpuga‘ling lhmlfgh

e ‘ iy - Ay dampen the oscillation. Typically, a ring
oscillator needs at least five stages to be operational.

*The 50% definition is inspired by the

assumption that the switching threshold v
the logic swing. : ol

w18 typically located in the middle of

- , -l
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? " V2 v3 vy rs

L

Figure 1-20  Ring oscillator circuit for propagation-delay measurement.

CAUTION: We must be extremely careful with results obtained from ring oscillator mea-
surements. A 7, of 20 ps by no means implies that a circuit built with those gates will operate
at 50 GHz. The oscillator results are primarily useful for quantifying the differences between
various manufacturing technologies and gate topologies. The oscillator is an idealized circuit in
which each gate has a fan-in and fan-out of exactly 1 and parasitic loads are minimal. In more
realistic digital circuits, fan-ins and fan-outs are higher, and interconnect delays are non-negligi-
ble. The gate functionality is also substantially more complex than a simple invert operation. As
a result, the achievable clock frequency, on average, is 50 to 100 times slower than the frequency
obtained from ring oscillator measurements. This is an average observation; carefully optimized

designs might approach use ideal frequency more closely.

Example 1.6 Propagation Delay of First-Order RC Network

Digital circuits are often modeled as first-order RC networks of the type shown in
Figure 1-21. The propagation delay of such a network is thus of considerable interest.

R

SOl

Figure 1-21 First-order RC network.

'l’lﬁ

c

When applying a step input (with v,, going from 0 to V), the transient response of
this circuit is known to be an exponential function, and is given by the following expres-

sion (where T = RC, the time constant of the network):
Vo= (1 =€)V (1.13)

LIS -~
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The time to reach the S0% point is easily computed as ¢ = In(2)t = 0.69T. Similarly, it takes
t = In(9)1 = 2.27 to get to the 90% point. It is worth memorizing these numbers because

they are used extensively throughout this text.

1.3.4 Power and Energy Consumption
The power consumption of a design determines how much energy is consumed per operation,
and how much heat the circuit dissipates. These factors influence a great number of critical
design decisions, such as the power supply capacity, the battery lifetime, supply line sizing,
packaging and cooling requirements. Therefore, power dissipation is an important property of a
design that affects feasibility, cost, and reliability. In the world of high-performance computing,
power consumption limits, dictated by the chip package and the heat removal system, determine
the number of circuits that can be integrated onto a single chip, and how fast they are allowed to
switch.With the increasing popularity of mobile and distributed computation, energy limitations
put a firm restriction on the number of computations that can be performed given a minimum
time between battery recharges.

Depending on the design problem at hand, different dissipation measures must be consid-
ered. For instance, the peak power P, is important when studying supply line sizing. When
addressing cooling or battery requirements, one is predominantly interested in the average
power dissipation P,,. The measures are defined as

Ppeak = ipeak Vsupply = max[p(t)]

T T
1 | (1.14)
Poy = ?J.p(t)dt = %’ 'supply(t)df
0 0

where p(1) is the instantaneous power, i, is the current being drawn from the supply voltage
Vouppiy OVer the interval ¢ € [0,7], and i,,,, is the maximum value of {5uppty OVeT that interval.

The dissipation can further be decomposed into static and dynamic components. The latter
occurs only during transients, when the gate is switching. It is attributed to the charging of
capacitors and temporary current paths between the supply rails; therefore it is proportional to
the switching frequency: the higher the number of switching events, the greater the dynamic
power consumption. On the other hand, the static component is present even when no switching
occurs and is caused by static conductive paths between the supply rails or by leakage currents.
It is always present, even when the circuit is in standby. Minimization of this consumption
source is a worthwhile goal.

The propagation delay and the power consumption of a gate are related—the propagation
delay is mostly determined by the speed at which a given amount of energy can be stored on the
gate capacitors. The faster the energy transfer (or the higher the power consumption), the faster
the gate. For a given technology and gate topology, the product of power consumption and prop-
agation delay is generally a constant, This product is called the power-delay product (or PDP),

_— —
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and can be considered as a quality measure for a switching device. The PDP is simply the energy
consum.ed by the gate per switching event. The ring oscillator is again the circuit of choice for
measuring the PDP of a logic family.

. An 1'dea1 gate is one that is fast and consumes little energy. The energy-delay product (E-D)
A ?Ombmf’d metric that brings those two elements together, and is often used as the ultimate
quality metric. Thus, it should be clear that the E-D is equivalent to power—delayz.

Example 1.7 Energy Dissipation of First-Order RC Network

Let u‘s again consider the first-order RC network (shown in Figure 1-21). When applying a
step input (with V| going from 0 to V), an amount of energy is provided by the signal
source to the network. The total energy delivered by the source (from the start of the tran-
sition to the end) can be readily computed:

v

m. © dv
E, = _[!m(t)va,.(t)dt = V_[Cd—"t"'dt = (CV)Idv,,,‘, = cv? (1.15)
0 0 0

It is interesting to observe that the energy needed to charge a capacitor from 0 to 4
volts with a step input is a function of the size of the voltage step and the capacitance, but
is independent of the value of the resistor. We can also compute how much of the delivered
energy gets stored on the capacitor at the end of the transition.
) v cv
Ep= J:C(t)vou,(r)dt = J‘Cd—‘;"'vamdr = C[VoulVou = =5 (1.16)
0 0 0

This is exactly half of the energy delivered by the source. For those who wonder
what happened to the other half—a simple analysis shows that an equivalent amount gets
dissipated as heat in the resistor during the transaction. It is left to the reader to demon-
strate that during the discharge phase (for a step from V to 0), the energy originally stored
on the capacitor gets dissipated in the resistor as well, and then turned into heat.

1.4 Summary

In this introductory chapter, we learned about the history and the
We also introduced the important quality metrics used to evaluate the quality of a design: cost,

functionality, robustness, performance, and energy/power dissipation.

trends in digital circuit design.

1.5 To Probe Further

The design of digital integrated circuits has been the topic of
To help the reader find more information on some selected topics,

many textbooks and monographs.
an extensive list of references

— ‘
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follows. The state-of-the-art developments in the area of digital design e SEnCE a”c)lf reported in
technical journals or conference proceedings, the most important of which are listed.

Journals and Proceedings

IEEE Journal of Solid-State Circuits

IEICE Transactions on Electronics (Japan)

Proceedings of The International Solid-State and Circuits Conference (ISSCC)
Proceedings of the VLSI Circuits Symposium

Proceedings of the Custom Integrated Circuits Conference (CICC)

European Solid-State Circuits Conference (ESSCIRC)
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Exercises

Please refer to http://bwre.eecs.berkeley.edu/IcBook for up-to-date problem sets and exercises. By making the exer-
cises electronically available rather than in print, we can provide a dynamic environment that tracks the rapid evolution
of today s digital integrated circuit design technology.
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