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Preface

The Low Power Methodology Manual is the outcome of a decade-long collaboration
between ARM and Synopsys commercially and the two of us personally. In 1997
ARM and Synopsys worked together to develop a synthesizable ARM7 core. Dave
was the ARM lead on the project; Mike’s team executed the Synopsys side of the
project. This led to a similar project on the ARMO.

Shortly after these projects, the two of us embarked on a series of technology demon-
stration projects. We both felt that we needed to use our products as our customers do
in order to understand how to make these products better. So we developed a test chip
that combined ARM and Synopsys IP and took it through to silicon. We did the RTL
design and verification personally, and borrowed resources to do the implementation.
The experience was incredibly illuminating, and we hope it contributed to improving
the IP and tools from both companies.

We quickly realized that low power was one of the key concerns of our customers,
and SoC designers in general. So we followed our initial project with several low
power technology demonstration projects. The final project was the SALT (Synopsys
ARM Low-power Technology demonstrator) project, for which we received working
silicon late last year. These projects explored clock gating, multi-voltage, dynamic
voltage scaling, and power gating. In all these projects we found that there is no sub-
stitute for direct first-hand experience doing low-power IP-based designs. We learned,
in the most concrete way possible, exactly what our customers go through on an SoC
design.

For years we have been talking about writing a book on low power design. With our
experience on the SALT project, our work with customers on low power designs, and
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our participation in developing the UPF low-power standard, we feel that we are
finally in a position to publish our insights and perspectives.

In doing so, we have enlisted the aid of our co-authors. The two of us are primarily
front-end engineers, with a background in system architecture and RTL design.
Kaijian and Rob bring a great depth of technical expertise in the physical and circuit
design aspects of low power. Alan has developed low power flows for the ARM pro-
cessors and did the implementation of SALT. As a result, he brings a unique perspec-
tive on the implementation issues in low power design.

We cannot overstate the contribution of our co-authors. Without their insights and
expertise - as well as the material they contributed directly - this book could not have
been written.

Like all our joint projects, this book was partly a formal joint project of the two com-
panies and partly (perhaps mostly) driven by the personal commitment of the authors,
aided and abetted by many others. We got considerable help from many people for
whom this was not part of their job description. These kind souls took time out of
their busy schedules, including evenings and weekends, to help us at every step of our
journey, from the first joint chip development to the completion of this book. They
helped in the architecture, design and tape out of test chips, the building and debug-
ging of boards, and the review and editing of the final manuscript.

It is impossible to list them all, but we list some of the many who contributed to this
effort: Anwar Awad, John Biggs, Pin-Hung Chen, Sachin Rai, David Howard, and
Sachin Idgunji.

We would also like to thank the staffs of TSMC and UMC for fabricating the technol-
ogy demonstrators and enabling us to derive the results referenced in the worked
examples.

Dave Flynn Mike Keating
Cambridge, UK Palo Alto, CA



CHAPTER 1 ] ntr OdMCﬁOn

1.1 Overview

The design of complex chips has undergone a series of revolutions during the last
twenty years. In the 1980s there was the introduction of language-based design and
synthesis. In the 1990s, there was the adoption of design reuse and IP as a mainstream
design practice. In the last few years, design for low power has started to change
again how designers approach complex SoC designs.

Each of these revolutions has been a response to the challenges posed by evolving
semiconductor technology. The exponential increase in chip density drove the adop-
tion of language-based design and synthesis, providing a dramatic increase in
designer productivity. This approach held Moore’s law at bay for a decade or so, but
in the era of million gate designs, engineers discovered that there was a limit to how
much new RTL could be written for a new chip project. The result was that IP and
design reuse became accepted as the only practical way to design large chips with rel-
atively small design teams. Today every SoC design employs substantial IP in order
to take advantage of the ever increasing density offered by sub-micron technology.

Deep submicron technology, from 130nm on, poses a new set of design problems. We
can now implement tens of millions of gates on a reasonably small die, leading to a
power density and total power dissipation that is at the limits of what packaging, cool-
ing, and other infrastructure can support. As technology has shrunk to 90nm and
below, the leakage current is increasing dramatically, to the point where, in some
65nm designs, leakage current is nearly as large as dynamic current.

These changes are having a significant effect on how chips are designed. The power
density of the highest performance chips has grown to the point where it is no longer
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possible to increase clock speed as technology shrinks. As a result, designers are
designing multi-processor chips instead of chips with a single, ultra-high speed pro-
Cessor.

For battery-powered devices, which comprise one of the fastest growing segments of
the electronics market, the leakage of deep submicron processes is a major problem.
To combat this problem, designers are using aggressive approaches at every step
of the design process, from software to architecture to implementation. These
approaches include power gating, where blocks are powered down when not in use,
and multi-threshold libraries that can trade-off leakage current for speed.

For all applications, the total power consumption of complex SoCs presents a chal-
lenge. To address this challenge, designers are moving from a monolithic approach
for power the chip—where a single supply voltage is used for all the non-IO gates of
the design—to a multiple supply architecture, where different blocks are run at differ-
ent voltages, depending on their individual requirements. And in some cases, design-
ers are using voltage scaling techniques to change the supply voltage (and clock
frequency) to a critical block depending on its workload and hence required perfor-
mance.

This book describes a number of the techniques designers can use to reduce the power
consumption of complex SoC designs. Our approach is practical, rather than theoreti-
cal. We draw heavily upon the experience we have gained in doing a series of technol-
ogy demonstrator chips over the last several years. We believe the techniques we
describe can be used today by chip designers to improve significantly the chips they
design.

1.2 Scope of the Problem

Today some of the most powerful microprocessor chips can dissipate 100-150 Watts,
for an average power density of 50-75 Watts per square centimeter. Local hot spots on
the die can be several times higher than this number.

This power density not only presents packaging and cooling challenges; it also can
pose problems for reliability, since the mean time to failure decreases exponentially
with temperature. In addition, timing degrades with temperature and leakage
increases with temperature.

Historically, the power in the highest performance chips has increased with each new
technology node. But because of the issues posed by the power density, the Interna-
tional Technology Roadmap for Semiconductors (ITRS) predicts that the power for
these chips will reach a maximum of 198 Watts in 2008; after that, power will remain
constant.
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Already, the total power consumption of microprocessor chips presents a significant
problem for server farms. For these server farms, infrastructure costs (power, cooling)
can equal the cost of the computers themselves.

For battery-powered, hand-held devices, the numbers are smaller but the problem just
as serious. According to ITRS, battery life for these devices peaked in 2004. Since
then, battery life has declined as features have been added faster than power (per fea-
ture) has been reduced.

For virtually all applications, reducing the power consumed by SoCs is essential in
order to continue to add performance and features and grow these businesses.

Until recently, power has been a second order concern in chip design, following first
order issues such as cost, area, and timing. Today, for most SoC designs, the power
budget is one of the most important design goals of the project. Exceeding the power
budget can be fatal to a project, whether it means moving from a cheap plastic pack-
age to an expensive ceramic one, or causing an unacceptably poor reliability due to
excessive power density, or failing to meeting the required battery life.

These problems are all expected to get worse as we move to the next technology
nodes. The ITRS makes the following predictions:

Table 1-1
Node 90nm 65nm 45nm
Dynamic Power per cm2 1X 1.4X 2X
Static Power per cm2 1X 2.5X 6.5X
Total Power per cm2 1X 2X 4X

Needless to say, many design teams are working very hard to reduce the growth in
power below these forecast numbers, since even at 90nm many designs are at the
limit of what their customers will accept.

1.3 Power vs. Energy

For battery operated devices, the distinction between power and energy is critical.
Figure 1-1 on page 4 illustrates the difference. Power is the instantaneous power in
the device. Energy is the area under the curve—the integral of power over time. The
power used by a cell phone, for example, varies depending on the what it is doing—
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whether it is in standby with the cover closed, or open and the display is powered up,
or downloading from the web. The height of the graph in Figure 1-1 shows the power,
but it is energy—the area under the curve—that determines battery life.

Power is height of the curve

4 Lower power could just be slower
wn
= 7 Approach1
2
— I Approach 2
’ .
time

Energy is area under the curve

A
P ‘/ | Two approaches require the same Energy
= Approach 1
s * N
[ I Approach 2
>
time

Figure 1-1 Power vs. Energy

1.4 Dynamic Power

The total power for an SoC design consists of dynamic power and static power.
Dynamic power is the power consumed when the device is active—that is, when sig-
nals are changing values. Static power is the power consumed when the device is
powered up but no signals are changing value. In CMOS devices, static power con-
sumption is due to leakage.

The first and primary source of dynamic power consumption is switching power—the
power required to charge and discharge the output capacitance on a gate. Figure 1-2
on page 5 illustrates switching power.
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Figure 1-2 Dynamic Power
The energy per transition is given by:
Energy | transition = C; oV z

Where Cj is the load capacitance and V', is the supply voltage. We can then describe
the dynamic power as:

Py, = Energy/ transitione f =Cy @ Vi P, s ® foiock

Where f is the frequency of transitions, P, is the probability of an output transi-
tion, and f ;.. 1s the frequency of the system clock. If we define

Cq)ﬁ’ = Ptrans s CL

We can also describe the dynamic power with the more familiar expression:

_ 2
den — Veff .Vdd ® Jclock

Note that switching power is not a function of transistor size, but rather a function of
switching activity and load capacitance. Thus, it is data dependent.

In addition to switching power, internal power also contributes to dynamic power.
Figure 1-3 on page 6 shows internal switching currents. Internal power consists of the
short circuit currents that occur when both the NMOS and PMOS transistors are on,
as well as the current required to charge the internal capacitance of the cell.
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Figure 1-3 Crowbar Current

If we add the expression for internal power to our equation, we can describe the
dynamic power as:

Py = (Cq[f Vit ® frtock )+ (tsc *Via ® 1 poar ® fetock )

Where £, is the time duration of the short circuit current, and 7, is the total internal
switching current (short circuit current plus the current required to charge the internal
capacitance).

As long as the ramp time of the input signal is kept short, the short circuit current
occurs for only a short time during each transition, and the overall dynamic power is
dominated by the switching power. For this reason, we often simplify the use the
switching power formula

_ 2
den — “eff .Vdd ® Jclock

But there are occasions when the short circuit current (often called crowbar current) is
of interest. In particular, we will discuss ways of preventing excess crowbar current
when we talk about how to deal with the floating outputs of a power gated block.

There are a number of techniques at the architectural, logic design, and circuit design
that can reduce the power for a particular function implemented in a given technol-
ogy. These techniques focus on the voltage and frequency components of the equa-
tion, as well as reducing the data-dependent switching activity.

There are a variety of architectural and logic design techniques for minimizing
switching activity, which effectively lowers switching activity for the gates involved.
An interesting example is [1], which describes how engineers have used micro-archi-
tecture modifications to reduce power significantly in Intel processors.
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Because of the quadratic dependence of power on voltage, decreasing the supply volt-
age is a highly leveraged way to reduce dynamic power. But because the speed of a
gate decreases with decreases in supply voltage, this approach needs to be done care-
fully. SoC designers can take advantage of this approach in several ways:

e For blocks that do not need to run particularly fast, such as peripherals, we can use
a lower voltage supply than other, more speed-critical blocks. This approach is
knows as multi-voltage.

e For processors, we can provide a variable supply voltage; during tasks that require
peak performance, we can provide a high supply voltage and correspondingly high
clock frequency. For tasks that require lower performance, we can provide a lower
voltage and slower clock. This approach is known as voltage scaling.

Another approach for lowering dynamic power is clock gating. Driving the frequency
to zero drives the power to zero. Some form of clock gating is used on many SoC
designs.

1.5 The Conflict Between Dynamic and Static Power

The most effective way to reduce dynamic power is to reduce the supply voltage.
Over the last fifteen years, as semiconductor technology has scaled, Vpp has been
lowered from 5V to 3.3V to 2.5V to 1.2V. The ITRS road map predicts that for 2008
and 2009 high performance devices will use 1.0V and low power devices will use
0.8V.

The trouble with lowering Vpp is that it tends to lower Iyg, the on or drive current of
the transistor, resulting in slower speeds. If we ignore velocity saturation and some of
the other subtle effects that occur below 90nm, the Ig for a MOSFET can be approx-
imated by:

W Ves Vi)’
I DS lucox L 2
Where u is the carrier mobility, C,, is the gate capacitance, V7 is the threshold voltage
and Vg is the gate-source voltage. From this it is clear that, to maintain good perfor-
mance, we need to lower V1 as we lower Vpp (and hence Vg). However, lowering
the threshold voltage (V) results in an exponential increase in the sub-threshold leak-
age current (Igyp), as we show in the following sections.

Thus there is a conflict. To lower dynamic power we lower Vpp; to maintain perfor-
mance we lower V; but the result is that we raise leakage current. Until now, this was
a reasonable process, since static power from leakage current was so much lower than
dynamic power. But with 90nm technology, we are getting to the point where static
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power can be as big a problem as dynamic power, and we need to examine this con-
flict more carefully.

1.6 Static Power

There are four main sources of leakage currents in a CMOS gate (Figure 1-4)
e Sub-threshold Leakage (Igyg): the current which flows from the drain to the
source current of a transistor operating in the weak inversion region.

e QGate Leakage (Igarg): the current which flows directly from the gate through the
oxide to the substrate due to gate oxide tunneling and hot carrier injection.

® Gate Induced Drain Leakage (Igpr): the current which flows from the drain to the
substrate induced by a high field effect in the MOSFET drain caused by a high

\e:
e Reverse Bias Junction Leakage (Iggy): caused by minority carrier drift and gener-
ation of electron/hole pairs in the depletion regions.

—
Vout

l l Drain junction
Ty L *w ___~ leakage

= \_. Sub-threshold current

Figure 1-4 Leakage Currents

Gate leakage

Sub-threshold leakage occurs when a CMOS gate is not turned completely off. To a
good approximation, its value is given by

Vos=Vr
nvy,

[SUB = /ucothizl T'e

Where W and L are the dimensions of the transistor, and V};, is the thermal voltage
kT/q (25.9mV at room temperature). The parameter # is a function of the device fab-
rication process and ranges from 1.0 to 2.5.
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This equation tells us that sub-threshold leakage depends exponentially on the differ-
ence between Vg and V1. So as we scale Vpp and V1 down (to limit dynamic
power) we make leakage power exponentially worse.

Gate leakage occurs as a result of tunneling current through the gate oxide. The gate
oxide thickness (Tpx) is only a few atoms thick in 90nm gates—this is so thin that
tunneling current can become substantial. In previous technology nodes, leakage cur-
rent has been dominated by sub-threshold leakage. But starting with 90nm, gate leak-
age can be nearly 1/3 as much as sub-threshold leakage. In 65nm it can equal sub-
threshold leakage in some cases. At future nodes, high-k dielectric materials will be
required to keep gate leakage in check. This appears to be the only effective way of
reducing gate leakage.

Sub-threshold leakage current increases exponentially with temperature. This greatly
complicates the problem of designing low power systems. Even if the leakage at room
temperature is acceptable, at worst case temperature it can exceed the design goals of
the chip.

There are several approaches to minimizing leakage current.

One technique is known as Multi-V: using high Vp cells wherever performance
goals allow and low V1 cells where necessary to meet timing.

A second technique is to shut down the power supply to a block of logic when it is not
active. This approach is known as power gating.

These two approaches are discussed in more detail in later chapters. For now, though,
we mention three other techniques:

VTCMOS

Variable Threshold CMOS (VTCMOS) is another very effective way of miti-
gating standby leakage power. By applying a reverse bias voltage to the sub-
strate, it is possible to reduce the value of the term (Vgg-Vr), effectively
increasing Vr. This approach can reduce the standby leakage by up to three
orders of magnitude. However, VTCMOS adds complexity to the library and
requires two additional power networks to separately control the voltage
applied to the wells. Unfortunately, the effectiveness of reverse body bias has
been shown to be decreasing with scaling technology [2].

Stack Effect
The Stack Effect, or self reverse bias, can help to reduce sub-threshold leakage
when more than one transistor in the stack is turned off. This is primarily
because the small amount of sub-threshold leakage causes the intermediate
nodes between the stacked transistors to float away from the power/ground
rail. The reduced body-source potential results in a slightly negative gate-
source drain voltage. Thus, it reduces the value of the term (Vg-Vr), effec-
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tively increasing V- and reducing the sub-threshold leakage. The leakage of a
two transistor stack has been shown to be an order of magnitude less than that
of a single transistor [3]. This stacking effect makes the leakage of a logic gate
highly dependent on its inputs. There is a minimum leakage state for any
multi-input circuit; in theory this state applied just prior to halting the clocks to
minimize leakage. In practice, applying this state is not feasible in most
designs.

Long Channel Devices

From the equation for sub-threshold current, it is clear that using non-mini-
mum length channels will reduce leakage. Unfortunately, long channel
devices have lower dynamic current, degrading performance. They are also
larger and therefore have greater gate capacitance, which has an adverse effect
on dynamic power consumption and further degrades performance. There may
not be a reduction in total power dissipation unless the switching activity of
the long channel devices is low. Therefore, switching activity and perfor-
mance goals must be taken in to account when using long channel devices.

1.7 Purpose of This Book

The purpose of the Low Power Methodology Manual is to describe the most effective
new techniques for managing dynamic and static power in SoC designs. We describe
the decisions that engineers need to make in designing low power chips, and provide
the information they need to make good decisions. Based on our experience with real
chip designs and a set of silicon technology demonstrators, we provide a set of recom-
mendations and describe common pitfalls in doing low power design.

The process of designing a complex chip is itself very complex, involving many
stakeholders and participants: systems engineers, RTL designers, IP designers, physi-
cal implementation engineers, verification engineers, and library developers. Com-
munication between these disparate players is always a challenge. Each group has its
own area of focus, its own priorities, and often its own language. One goal of this
book is to give these groups a common language for discussing low power design and
a common understanding of the issues involved in implementing a low power strat-

cgy.

The first low power decision an SoC design team must make, of course, is what
power strategy to pursue—what techniques to use, when and where and on what sec-
tion of the chip. This fundamental issue drives the structure of the book.
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e Chapter 1 (this chapter) gives and over view of the challenges and basic approach
to low power design.

e Chapter 2 discusses clock gating methods, Multi-V designs, logic-level power
reduction techniques, and multi-voltage design.

e Chapter 3 gives a more detailed description of multi-voltage design, focusing on
architecture and design issues.

e Chapter 4 gives an overview of power gating

e Chapter 5 addresses design aspects of power gating at the RTL level

e Chapter 6 provides an example of a power gated chip design at the RTL level

e Chapter 7 discusses architectural issues in power gating.

e Chapter 8 discusses issues in IP design for power gating, including an example.

e Chapter 9 discusses architectural and RTL level design issues in dynamic voltage
and frequency scaling.

e Chapter 10 discusses some examples of voltage and frequency scaling

e Chapter 11 discusses implementation issues in low power design: synthesis, place
and route, timing analysis and power analysis

e Chapter 12 discusses standard cell library and memory requirements for power
gating.

e Chapter 13 discusses retention register design and data retention in memories

e Chapter 14 discusses the design of the power switching network

® Appendix A provides some additional information on the circuit design of sleep
transistors and power switch networks.

¢ Appendix B provides detailed descriptions of the UPF commands used in the text.

Throughout the book, we will make reference to several low power technology dem-
onstration projects that the authors have used to explore low power techniques. These
projects include:

The SALT project (Synopsys ARM Low power Technology demonstrator) is a 90nm
design consisting of an ARM processor and numerous Synopsys peripheral and 10 IP.
This project focused primarily on power gating techniques. Both the processor and
the USB OTG core are power gated.
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CHAPTER 2 Standard Low Power
Methods

There are a number of power reduction methods that have been used for some time,
and which are mature technologies. This chapter describes some of these approaches
to low power design.:

® (Clock Gating

e QGate Level Power Optimization
e Multi-Vpp

e Multi-Vp

2.1 Clock Gating

A significant fraction of the dynamic power in a chip is in the distribution network of
the clock. Up to 50% or even more of the dynamic power can be spent in the clock
buffers. This result makes intuitive sense since these buffers have the highest toggle
rate in the system, there are lots of them, and they often have a high drive strength to
minimize clock delay. In addition, the flops receiving the clock dissipate some
dynamic power even if the input and output remain the same.

The most common way to reduce this power is to turn clocks off when they are not
required. This approach is known as clock gating.

Modern design tools support automatic clock gating: they can identify circuits where
clock gating can be inserted without changing the function of the logic. Figure 2-1
shows how this works.
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Figure 2-1 Clock Gating

In the original RTL, the register is updated or not depending on a variable (EN). The
same result can be achieve by gating the clock based on the same variable.

If the registers involved are single bits, then a small savings occurs. If they are, say,
32 bit registers, then one clock gating cell can gate the clock to all 32 registers (and
any buffers in their clock trees). This can result in considerable power savings.

In the early days of RTL design, engineers would code clock gating circuits explicitly
in the RTL. This approach is error prone — it is very easy to create a clock gating cir-
cuit that glitches during gating, producing functional errors. Today, most libraries
include specific clock gating cells that are recognized by the synthesis tool. The com-
bination of explicit clock gating cells and automatic insertion makes clock gating a
simple and reliable way of reducing power. No change to the RTL is required to
implement this style of clock gating.

Results
In a recent paper [1], Pokhrel reports on a unique opportunity his team recently had to

compare a (nearly) identical chip implemented both with and without clock gating.
As a power reduction project, an existing 180nm chip without clock gating was re-
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implemented in the same technology with clock gating. Only minor changes in the
logic were implemented (some small blocks were removed and replaced by other
blocks, for a small net increase in functionality).

Pokhrel reports an area reduction of 20% and a power savings of 34% to 43%,
depending on the operating mode. (This savings was realized on the clock gated part
of the chip; the processor was a hard macro and not clock gated. Power measurements
were made on the whole chip when the processor was in IDLE mode; that is, the pro-
cessor was turned off.) The power measurements are from actual silicon.

The area savings is due to the fact that a single clock gating cell takes the place of
multiple muxes.

Pokhrel makes a couple of interesting observations:

e After some analysis and experiments, the team decided to use clock gating only on
registers with a bit-width of at least three. They found that clock gating on one-bit
registers was not power or area efficient.

® Much of the power savings was due to the fact that the clock gating cells were
placed early in the clock path. Approximately 60% of the clock buffers came after
the clock gating cell, and so had their activity reduce to zero during gating.

2.2 Gate Level Power Optimization

High Activity
Net
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4
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Figure 2-2 Examples of Gate Level Optimizations
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In addition to clock gating, there are a number of logic optimizations that the tools
can perform to minimize dynamic power. Figure 2-2 shows two of these optimiza-
tions.

At the top of the figure, an AND gate output has a particularly high activity. Because
it is followed by a NOR gate, it is possible to re-map the two gates to an AND-OR
gate plus an inverter, so the high activity net becomes internal to the cell. Now the
high activity node (the output of the AND gate) is driving a much smaller capaci-
tance, reducing dynamic power.

At the bottom of the figure, an AND gate has been initially mapped so that a high
activity net is connected to a high power input pin, and a low activity net has been
mapped to a low power pin. For multiple input gates there can be a significant differ-
ence in the input capacitance - and hence the power - for different pins. By remapping
the inputs so the high activity net is connected to the low power input, the optimiza-
tion tool can reduce dynamic power.

Other examples of gate level power optimization include cell sizing and buffer inser-
tion. In cell sizing, the tool can selectively increase and decrease cell drive strength
throughout the critical path to achieve timing and then reduce dynamic power to a
minimum.

In buffer insertion, the tool can insert buffers rather than increasing the drive strength
of the gate itself. If done in the right situations, this can result in lower power.

Like clock gating, gate level power optimization is performed by the implementation
tools, and is transparent to the RTL designer.

2.3 Multi Vpp

Since dynamic power is proportional to VDDZ, lowering Vpp on selected blocks helps
reduce power significantly. Unfortunately, lowering the voltage also increases the
delay of the gates in the design.

Consider the example in Figure 2-3. Here the cache RAMS are run at the highest volt-
age because they are on the critical timing path. The CPU is run at a high voltage
because its performance determines system performance. But it can be run at a
slightly lower voltage than the cache and still have the overall CPU subsystem perfor-
mance determined by the cache speed. The rest of the chip can run at a lower voltage
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still without impacting overall system performance. Often the rest of the chip is run-
ning at a much lower frequency than the CPU as well.

CACHE RAMS
1.2V

@ SOC

0.9v
CPU @

1.0V

Figure 2-3 Multi-Voltage Architecture

Thus, each major component of the system is running at the lowest voltage consistent
with meeting system timing. This approach can provide significant savings in power.

Mixing blocks at different Vp supplies adds some complexity to the design — not
only do we need to add 1O pins to supply the different power rails, but we also need a
more complex power grid and level shifters on signals running between blocks. These
issues are described in more detail later in the book.

2.4 Multi-Threshold Logic

As geometries have shrunk to 130nm, 90nm, and below, using libraries with multiple
V1 has become a common way of reducing leakage current.

Figure 2-4 shows the relationship between delay and leakage for a 90nm process.
Figure 2-5 shows some representative curves for leakage vs. delay for a multi-Vp
library. As explained earlier, sub-threshold leakage depends exponentially on V.
Delay has a much weaker dependence on V.

Many libraries today offer two or three versions of their cells: Low Vr, Standard V,
and High V1. The implementation tools can take advantage of these libraries to opti-
mize timing and power simultaneously.



