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Abstract

While improving circuit’s speed and reducing its area have been the primary figure of mer-
its in digital VLSI design, more efforts are now spent on minimizing power dissipation.
This is becoming equally true for both high-performance chips, such as microprocessors,
to reduce cooling costs and improve reliability, as well as portable devices because of their
limited energy budget offered by batteries. Over the past few years, the power problem
was addressed on all fronts: process, circuits, gates, architectures and systems. This thesis
continues this trend by proposing novel low-power techniques and design methodologies
at the circuit, gate and architectural levels.

At the circuit level, two new low-swing schemes are presented. The first approach is based
on charge sharing and can be used to reduce the swing and so power in dynamic digital
circuits with high capacitive loads. Compared to conventional techniques, the proposed
approach not only reduces power but also improves the speed as verified by both simula-
tions and measurements. Three application circuits that benefit from this scheme are
explored: internal bus lines, match lines in Contents-Addressable Memories (CAMs), and
bit-lines in Read-Only Memories (ROMs). For each application, a test chip is fabricated
and tested, and measurements have confirmed the functionality and high speed down to
the low-voltage region of operation. The second low-swing circuit technique is based on
current-injection. This approach is applied to the write and read operations in multi-port
SRAM cell design. Simulations have shown the superiority of the approach in terms of
both speed and power as compared to conventional ones. A test chip of a 3-port register
file is fabricated and testing results have proved the applicability of the technique.

At the gate-level, we propose DVDV; a new automated design approach for reducing
power dissipation in high-speed deep sub-micron CMOS Logic circuits. The main idea is
to utilize a library of gates having Dual supply voltages (V4 and Dual threshold voltages
(Vn), hence the name DVDV, to achieve high-speed at the lowest possible dynamic and

leakage power dissipation. A simple algorithm for DVDV technology mapping is devel-
oped and implemented in C under the Berkeley’s SIS-1.2 environment. Application to
benchmark circuits shows large power savings and speed improvement as compared to
using two supply voltages (and a single V,;) or two threshold voltages (and a single V).

At the architectural-level, a method to characterize the effective capacitance in data path
macros is developed. Given a library of hard-macros, a capacitance model based on multi-
ple linear regression is derived for each macro. The capacitance models can be used later
during architectural-level power estimation. The characterization methodology assumes
no specific input data statistics, requires little knowledge about the module structure,
allows the user to trade-off accuracy and characterization time, and propagates power
from transistor-level (real) implementations. Simulation experiments on a set of data-path
components show accuracy within 15% from a transistor-level tool on the average.

iv
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Chapter 1

Introduction

1.1 Motivation for Low-Power

Historically, the earliest and the most pressing demands for low-power came from porta-
ble devices such as wrist watches and pocket calculators. These products have always put
a large emphasis on minimizing power in order to maximize battery life. However, design-
ers of mainstream electronics, such as microprocessors, has focused on boosting circuit
speed or processing power to the maximum possible while minimizing area cost. So at the
beginning, the VLSI design space had two dimensions of delay and area and designers had

attempted to achieve a reasonable balance between these often conflicting goals.

Only over the last decade os so has power become as important as speed and
area. Several factors are behind this trend. First, the prolific growth of portable battery-
energized electronics with high-throughput such as laptops, Personal Digital Assistants
(PDA's), cellular phones, and pagers has placed power as a pivotal design constraint pos-

sibly outplacing speed and area in some cases. A major concern here is that the computa-
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tional requirements of these products is ever increasing, demanding more energy from
the small battery. Unfortunately, the battery capacity has only improved by a factor of 2-
4 over the last 30 years, which is far behind the 4 orders of magnitude increase in compu-
tational power over the same time span [1]. For example, advanced battery technologies
such as Nickel-Metal-Hydride offer around 30-35 Watt-hours/pound. Using a battery of
a reasonable size with this capacity will allow a maximum of four hours of operation of a
state-of-the-art portable multi-media computer before recharging is needed. Using larger
batteries increase weight which violates a basic requirement of portability. The only

alternative is to design for low-power, which is the focus of this thesis.

Another driving force behind low-power stems from high-end products. Tradi-
tionally, power consumption of these devices has been considered as an afterthought
with speed and area being the dominant performance metrics. However, as predicted by
Moore’s law, the number of transistors per chip (chip density) has been increasing by
about 1.5 times per year. Recent analysis combining Moore’s law and other practical
limits projected that 1G transistor chips will be available by the year 2000 and by 2020,
100G transistor chips will be a materiality [2]). Combined with the by now realistic sub
IGHz and larger operating frequencies, the result is a sharp rise in the power dissipation
and so operating temperature of these chips. Packaging and cooling of such high-density
high-performance and high-power chips are becoming prohibitively expensive. There-

fore, low-power has a monetary advantage in this case.

In addition to cooling and packaging expenses, the excessive increase in temper-
ature in high-speed products will at some point cause malfunction of the silicon devices
due to various mechanisms. Interconnect fatigue, gate dielectric breakdown and electri-
cal parameter shift are just a few examples of temperature-sensitive failures which, for

reliable design, have to be prevented through power (and so temperature) minimization.
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Beside the above elements, another motive for low-power is related to the envi-
ronment. As more micro-electronics products are being used in everyday’s life, the
demand on energy will sharply increase. Therefore, the lower the power consumption,
the lesser the heat generated and so the lower the cost required for extra cooling systems
in offices and homes. In this respect, low-power design facilitates competitive cost-to-

performance ratio of the electronic equipment.

1.2 Research Objectives

Like many other design problems, low-power digital VLSI design is a “broad engineer-
ing” concept requiring optimizations throughout the design process from system level
down to the device level. The research presented in this dissertation continues this phi-
losophy and offers a set of novel low-power techniques and design methodologies at the

circuit, gate and architectural levels of abstraction. The fundamental ambitions are:

1) to achieve the lowest possible power dissipation at a better or at least equal speed
as conventional approaches while minimizing area cost, and
2) to demonstrate the feasibility of the proposed approaches though application to

real-life situations by virtue of chip fabrication or testing on benchmark circuits.

In general, low-power is achieved through either (1) minimizing the voltage swing
required to represent logic signals which does not only cut energy per operation signifi-
cantly but also delay, or (2) selectively reducing the supply and threshold voltages of
some circuit components to minimize the total power while meeting a timing constraint.

These objectives have been successfully accomplished in the following:
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1) HiCapCs: a low-swing circuit approach using charge sharing for low-power
design of internal bus interconnect line, bit-lines in Read-Only Memories
(ROMs), and match-line in Content Addressable Memories (CAMs) [reported in
Chapter 3],

2) CIW/R: a low-swing circuit scheme using current mode which enables fast and
low-power write and read operations of Static Random Access Memories
(SRAMs) [reported in Chapter 4],

3) DYDYV: a new technique at the gate level which utilizes dual supply voltages and
dual threshold voltages to minimize the total power dissipated by a logic network
while meeting a timing constraint [reported in Chapter 5], and

4) MLR: a power macro-modelling approach based on linear regression for fast and

accurate architectural level power estimation [reported in Chapter 6).

1.3 Thesis Overview

This thesis divides into seven chapters. This chapter has presented a motivation for and
an introduction to low-power design. Chapter 2 gives detailed description of sources of
power dissipation in digital CMOS circuits and then review a large array of low-power
design techniques at levels from process to system. The concepts presented in Chapter 2

serve as a background and motivate the need for the work presented in later chapters.

The contributions of this research are presented in Chapter 3 through 6. Chapter
3 and 4 offer two distinct schemes for low-power design of a class of digital circuits
through voltage swing reduction. The method given in Chapter 3 is most suitable for
dynamic digital circuits with high capacitive nodes. A new model (called HiCapCS) to
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create a low swing on these nodes using charge sharing is presented. The technique is
compared to conventional design approaches in terms of energy and speed, and is shown
to be superior in all cases. Three applications of HiCapCs are examined: internal bus
lines, bit-lines in Read Only Memories (ROMs), and match lines in Contents-Address-
able Memories (CAMs). The design and measurement results of three chips utilizing

this scheme are described.

Chapter 4 presents a another power saving low-swing scheme based on current
injection. The approach is applied to the write and read operations in multi-port Static
Random Access Memories (SRAMs). The design of a 32x64 3-port register file chip
that employs the proposed technique is described. Both simulation and testing results

are given to confirm the speed and power advantages over traditional approaches.

While the above pieces of research focus on low-power circuit techniques, the
contributions in Chapter 5 and 6 target low-power design methodologies for higher
stages of the design process; namely gate and architecture. Pushing low-power concerns
to these levels allow: (1) possibly larger power savings since it is generally believed that
decisions made at higher levels of abstraction could have the largest impact on power
(3], and (2) faster time-to-market because low-power Computer-Aided Design (CAD)
optimization tools have to deal with less number of objects (cells or blocks versus tran-
sistors). The challenge here is to have a design methodology that can integrate the low-

power axis into the conventional design space with two dimensions of speed and area.

With the above in mind, Chapter S presents a new design method for low-power
digital logic design. The technique, called DVDV, utilizes a library of gates having Dual
supply voltages (V;), and Dual threshold voltages (V,,), hence the name, to achieve
high-performance while minimizing both dynamic and leakage power. A heuristic using
Depth-First-Search (DFS) to implement DVDV is described. The algorithm is inte-
grated in the Berkeley’s SIS-2 logic design environment. Applying DVDV to a set of
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benchmark circuits shows significant power savings over the dual Vaa (With a single V)
scheme, and faster speeds than those possible with the dual Vin (and a single V)

approach.

In Chapter 6, an efficient approach for characterizing power dissipation in data-
path macros is given. The goal of this work is to produce a set of power macro-models
that can be used at the architectural-level to give a quick, yet accurate, estimate of power
dissipations for different design alternatives. The proposed method is based on vector
simulation rather than on input statistics, and so is not biased towards certain input
behavior. Furthermore, the characterization process requires little knowledge about the
internal structure of the modules, allows the user to trade-off between accuracy and
characterization time, and propagates effective capacitance directly from transistor-level
(real) implementations. Exercising the approach over a set of data-path components

show much better accuracy than an existing scheme, with similar estimation times.

Finally, Chapter 7 presents conclusions and topics for future work.



Chapter 2

Low-Power Digital CMOS VLSI
Design

The Complementary Metal Oxide Semiconductor (CMOS) device technology is the
process of choice for high integration and performance at low-power. It is believed that
CMOS will stay the mainstream process for many more years to come. In recent years,
aggressive scaling of CMOS to the sub-micron levels has set the pace toward Ultra
Large Scale Integration (ULSI) era where it is now possible to integrate a complete sys-

tem on a single chip (or SOC).

In addition to its high-performance and high integration features, CMOS is an
excellent candidate for ultra low-power and low-cost applications. Whereas 20 years
ago it took $10M and 10kW to produce a 10 MIPS computer, current game machines
with embedded microprocessors make the same performance attainable at $10 only with

less than 1W of peak power consumption [4]. In 1972, Swanson and Meindl [5] derived
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that the minimum supply voltage (V) at which a static CMOS circuit can properly

operate is given by:

(Vi pin 2PVy @1)

min —
where Vr = kT/q is the thermal voltage (with k being the Boltzman constant and q is the

electron charge), and p is factor between 2 to 4. At room temperature (T = 300K), Vris

about 26mV and so the minimum supply voltage can be as low as 0.1V.

This chapter serves as background for the research work presented in this disser-
tation. We will first give detailed description of the sources of power dissipation in digi-
tal CMOS circuits followed by a review of some low-power techniques at all levels of

the design process.

2.1 Power Consumption in CMOS Circuits

To reduce the power dissipation of a CMOS circuit, the various sources must be identi-
fied. There are two types of power consumption relevant to circuit design: the peak
power and the average power. The peak power is related to the maximum instantaneous
current drawn from the supply which can result in large voltage drops/bounces on the
resistive power/ground rails. This can adversely affect circuit reliability and causes
overheating of the devices which degrade the circuit performance. It is therefore essen-
tial to have the peak power under control. On the other hand, average power dissipation
dictates the battery size and weight needed to operate the circuit for a given amount of
time. Reducing the average power is thus more critical than the peak power for low-
power applications. Fortunately, approaches for average power optimization also

reduces peak power as noticed in [6].
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In a typical digital CMOS circuit, there are two main classes of power dissipa-
tion: dynamic power (P,) and static power (P,,;.). The term dynamic arises from the
transient switching behavior of the CMOS circuit. Dynamic power can be further

divided into two main components: switching power (P,,;,,) and short-circuit (Pyo)

power. Similarly, static power has two main elements: DC power (Ppc) and leakage

power (P,eakage).

2.1.1 Dynamic Power

2.1.1.1 Switching Power

Switching power is dissipated during logic transitions as a result of charging parasitic
capacitances composed of gate, diffusion and interconnect. The situation is modeled in

Fig 2.1a where the parasitic capacitances are lumped at the output in the capaciior Cj.

During a low-to-high (or 0-to-1) transition at the output, a certain amount of energy is

drawn from the supply. Part of this energy is used to charge capacitor C;. while the rest

is dissipated as heat in the PMOS network. Assuming for now that the input waveform
has zero rise and fall times which makes it impossible for the NMOS and PMOS devices
to be simultaneously “on”. The values of the total energy drawn from the supply (E,,,,.

ply) and the energy stored in the capacitor (Ecap) can be found by integrating the instan-

taneous power over the period of interest as follows:

oo Ld V.nvin‘

d
. out _
Esupply = J“swiu‘h () Vyqdt = Vdd! CL dt dt=CVyy I 4V our = CLVddeWi'ls 22)
0 0 0
V..
oo o0 dv swing C .
_f: _ out _ _ L swing
Ecap - I‘switch (1) Vomd‘ = I CL dt Voutd‘ - CI. I Vomdvaut I T (2'3)

0 0 0
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Figure 2.1: CMOS circuit models for power calculation

Since the swing on the output node is a full swing (that is Vswing = Vaq) then

supply
E“‘P ) 2

CVas _E i
= = . In other words, only half of the energy supplied by the

power source is stored on C while the other half has been wasted by the PMOS net-

work. During a high-to-low output transition, the capacitor is discharged and the stored

energy is dissipated in the NMOS devices.
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EQ 2.2 gives the total energy consumed by a CMOS gate per 0-to-1 switching
event. Notice that in a logic network, not all gates switch all the time because they have
different topologies and so different responses to input transitions. A useful measure
that is usually employed is the switching activity of gate i, or o;, which is average num-
ber of times the output node of gate i will make a 0-to-1 transition in a given clock
cycle. If we assume that the inputs of gate i can change at periodicity (clock rate) of f
times per second, then (over a long period of time) the average switching power con-
sumption of gate i is given by:

P.rwilch = a,C; def (2-4)

[}

In general, 0 is less than one. However, if timing information is considered then
unwanted spurious transitions (glitches) that occur due to signal races can cause o; to be

greater than one. In other words, the node can make several false 0-to-1 transitions due
to signal skews before settling to its steady-state value. If a zero-delay model is used

(where a gate delay is assumed to be zero), then a; is strictly less than one and repre-

sents the probability that the output node will make a O-to-1 transition in a given cycle.

To clarify the concept of the switching activity (ct) under a zero delay-model,
consider a 2-input static CMOS NOR gate and assume that all possible input combina-
tions (00,01,10,11) are equally likely and independent. If P; donates the probability of

the output node being at logic “1”, then from Table 2.1, P; = 1/4 and:

3
16

=P, ,, =P = (1-P)P, = = 2.5)

ST
I

Similar probabilities can be also derived for other CMOS gates. In the general case, a

logic network has several levels of cascaded logic gates and so P; of a gate becomes a

function of the gate’s input probabilities. For instance, for the 2-input NOR gate above if
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Table 2.1: Truth table for a 2-input static CMOS gate

A B Out
0 0 1

0 1 0

1 0 0

1 1 0

we let P4 and Pg represent the probabilities that inputs A and B equal “1”, respectively
then P; = (1-P4)(1-Pp) and:

Po1 = (1=-P)P = [1-(1-P,) (1-Py)] [(1-P,) (1-Pp)]  (26)
Again similar expressions can be derived for other types of gates.

The above analysis suggests that the total average power dissipation of a logic
network with N gates can be easily calculated by propagating signal probabilities from
the primary inputs and then finding o (for i = 1,2,...,N) at each gate i using a similar
expression as in EQ 2.6. However, the problem is more involved if transitions due to
glitches should be accounted for. Moreover, signal correlations at the primary inputs and
those internally generated due to reconvergant fanouts can not be captured using simple

probabilities. More discussion on this issue will be given in Chapter 6.

2.1.1.2 Short-Circuit Power

In CMOS circuits, short-circuit power is a result of the transient current that flows
between V,; and ground when both the NMOS and PMOS devices are turned on during
logic transitions, as illustrated in Fig. 2.1b. The finite rise and fall times of the input sig-
nals result in this direct path which exists for a short time during switching. If I is the
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mean short circuit current drawn by a CMOS gate over a finite period of time 7, then the

average short-circuit power (P,.) is given by:

P, =lexV,, X))

In [7], H. Veendrick found that I is affected by the input/output rise/fall times.

In addition, he showed that for equal input and output edge times, the short circuit

power is minimized and becomes less than 15% of the total dynamic power.

2.1.2 Static Power

Unlike dynamic power, static power is consumed during steady-state where there is no
input/output transitions. Static power has two sources: DC power and leakage power.
The first component is an inherent property of some CMOS circuit styles, while the sec-
ond is an outcome of the fact that a MOS transistor is not a perfect switch and so leaks

some current.

2.1.2.1 DC Power

A conventional CMOS logic gate (Fig 2.1a) dissipates no DC power, and only consume
power during logic transitions as explained in the previous section. However, other
CMOS circuit families like pseudo-NMOS wastes DC current when the output is at
logic ‘0’ as illustrated in Fig 2.1c for a pseudo-NMOS inverter. Note that in this case,
logic ‘0’ is not equal to V and depends on the current ratio between the PMOS and

NMOS devices. For good high noise margin (low V), the PMOS pull-up is made

much weaker than the NMOS pull-down, resulting in rise time speed degradation. This
demerit in addition to the DC current dissipation limit the of applications that can bene-
fit from this logic style.
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2.1.2.2 Leakage Power

The second source of static power which is common to all CMOS based circuits is the
leakage power. This power has two main components as illustrated in Fig. 2.1d. The first
element is caused by the reverse-bias current that flows in the parasitic diodes between
the diffusions (junctions) area and the bulk of a MOS transistor. This current has a typi-
cal value of 1 fA/junction which results in a minute contribution to the total power dissi-

pation in a digital circuit [8].

The second more important source of leakage power is caused by the sub-thresh-
old current which is produced by the weak inversion layer that exists in a MOS channel
when the gate-to-source voltage (Vs) is below the threshold voltage (V,;,) of the device.
This current increases exponentially as Vi, decreases or the junction temperature

increases. In low-voltage circuits, V,, is scaled down to offset the delay increase since

cv 1
5 where x is a factor that

K(Vya= Vi)

the delay of a static CMOS gate is propotional to

depends on the process and the sizing of the gate!.

Under the low-V,, scenario, the sub-threshold leakage power component can

become significant. This is particularly true in circuits having small dynamic power dis-
sipation due to either operating at low frequencies or spending most of their times in
stand-by (idle) mode. The exact expression of the sub-threshold current as well as

design techniques focusing on its reduction will be given in Chapter 5.

1 More accurate and detailed formulation of the CMOS gate delay will be given in Chapter 5.
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2.1.3 Power Metric

In the above discussion, it was emphasized that for a properly designed CMOS digital
circuit, the switching power is the main source of power dissipation. However, for
emerging low V;, low Vy, circuits, this is not true any more and sub-threshold leakage

power is becoming more significant. Thus, the total power dissipation is approximated

by:

P y=~P, +P

total = dyn leakage = Pswilch +P sub—threshold (2.8)

Note that the term low-power (LP) design is different from low-voltage (LV) and low-
energy (LE). Low-voltage means low-power since reducing the supply voltage entails
quadratic reduction in the switching power. However, the term low-power spans wider
area of requirements from system down to device levels as will be shown in the next

section.

On the other hand, low-energy implies low-power but the opposite is not neces-

sarily true. For example, switching power can be reduced by decreasing the frequency

of operation (fin EQ 2.4). However the energy (C V3 2) Will not be reduced, because the

same amount of energy is consumed as before but a over a longer period of time. This
will not be useful for battery operated devices where low-energy is more meaningful
than low-power. Thus what is desirable is to reduce energy with a better or at least con-
stant delay, which is the measure adopted in this thesis. Note that in the case of constant

delay, low-power means low-energy and vice-versa.
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2.2 Low Power Design Approaches

Historically, low-power micro-electronics started with the inventions of the transistor in
the 1940’s and the integrated circuits in the late 1950s [2]. These breakthroughs have
replaced the power starving and heat generating vacuum tubes into transistors integrated
in one or more chips which resulted in an unparallel power savings from watts range to
the milli-watts range. Another major factor that contributed to significant power reduc-
tion is the emergence of CMOS technology with the advantages of low-power, low-volt-

age, low-cost and high-integration over bipolar process.

An important aspect of low-power design is that it is a system characteristic,
requiring optimizations at all levels in the design hierarchy, as illustrated in Fig 2.2. In

addition, an accompanying computer-aided design (CAD) methodology is needed to
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Figure 2.2: Low-power design space.
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help the designer in assessing the effects of different power optimizations on other sys-
tem’s aspects like area and performance. In this thesis, we present a set of novel low-
power circuit techniques and design methodologies at the circuit, gate, and architectural

levels as shown in Fig. 2.2.

In the following, a brief overview of the state-or-the-art techniques targeting
low-power at all levels of the design space will be given. This list is not meant to be
complete, but rather to provide the reader/designer with an idea of what possible low-
power approaches are available at each level. Each presented scheme will eventually
converge to one or more of the primary low-power concepts; namely reducing the sup-
ply voltage (V,,), reducing the voltage swing (Vswing)» reducing the physical capaci-
tance (C;) and reducing the switching activity (ct), assuming that the delay (1/f) is not
allowed to increase. To evaluate the effect of different optimizations on power dissipa-
tion, a means for power estimation is needed. A review of power estimation techniques

at different design stages will be presented later in Chapter 6.

2.2.1 Device Level

Scaled CMOS process is generally viewed as the technology most suitable for low-
power, battery-operated products demanding high-speed operation. However, scaling
the supply voltage without a corresponding decrease in the threshold voltage causes
speed degradation. If the subthreshold voltage is scaled aggressively, then the leakage

current increases drastically, increasing power as a result.

To address this problem at the device level, processes with dual (or multi) Vin
were developed [9-10]. The idea is to use low V,, transistors in the active mode to main-

tain good speeds under low V,,, while utilizing high V,, devices for uitra low leakage
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power in the stand-by mode. Numerous techniques applying this concept (or variations
of it) will be described later in Chapter 5.

Another improvement in power and/or performance at the device level can be
achieved by implementing scaled CMOS on Silicon-On-Insulator (SOI) as shown in
Fig. 2.3. The dielectric isolation in SOI offers several advantages over bulk CMOS such
as latch-up prevention, high packing density, lower parasitic capacitance and absence of
body effect. The last two factors are the main reasons for the 20 to 50% performance
increase in CMOS circuits implemented in SOI compared to those using bulk CMOS for
the same lithography. This speed advantage can be traded of for lower supply voltage to

B2

Bured Oade

Silicon

Figure 2.3: NMOS on SOI

reduce power. Furthermore, because the body of an SOI device is float, its source-to-

body voltage (V) is always less than or equal to zero. This will give rise to lower V,,

(because of negative body bias) and so permits further reduction in the supply voltage.

The floating body is also a main disadvantage of SOI since it causes problems
such as history-dependence (where the delay of the gate is a function of the switching
history of the device), false evaluation in dynamic logic, and increased leakage current

due to Vy, lowering [11]. In addition, the low thermal conductivity of the oxide under-

neath the thin silicon layer results in an increase in device temperature (self-heating)

with subsequent reduction in current and possible impact on reliability. Finally, demon-
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stration of mainstream complex application implemented in SOI has yet to be shown

before accepting the technology as an alternative to bulk CMOS.

2.2.2 Layout (Physical) Level

At this stage, the main attempt is to reduce the load and/or the switching activity

through power-conscious layout schemes. Some of these techniques are reviewed next:

* floorplanning: traditional floorplanning techniques attempt to minimize the area of
the floor plan. These techniques can be modified to reduce power consumption by
minimizing the lengths (and so the physical capacitance) of nets with high switching

activities. Gains up to 20% have been reported [12].

* placement: placement is the process of assigning locations to gates in a gate network
with the objective to reduce the area and/or the critical-path delay. As with floorplan-
ning, conventional placement techniques can be tuned to account for switching activ-
ities of nets. With this modification, an average power reduction of 8% has been
obtained [13].

* routing: similar to placement, the goal here is to minimize the interconnect lengths so
as to minimize the area and/or delay. Original routing algorithms can be modified by
simple net weighting where the net weights are derived from the switching activity
values of the driver gates. During the routing process, the above weighting scheme is
utilized to give higher priority to nets with high switching activities. Experimental
results using the above approach have shown only a slight reduction in power dissi-

pation [14].



CHAPTER 2. LOW-POWER DIGITAL CMOS VLSI DESIGN 20

* wire and driver sizing: this process aims to reduce the delay of time critical nets by
increasing the wire and/or driver sizes. Increasing the wire size increase the capaci-
tive load on driver and hence the power dissipation. A simultaneous wire and driver
sizing approach can minimize the interconnect delay without much increase in power

consumption. Gains up to 10% have been reported [15].

* clock tree generation: power dissipation of the of the clock net contributes a very
large portion to the total power dissipation since the clock is usually the fastest and
most heavily loaded net in a digital system. Therefore, for low-power dissipation, it is
important to reduce the capacitive load seen by the clock. Original clock routing
algorithms which aims to achieve zero-skew through wire sizing can be modified to
reduce clock power dissipation. This was done in [16] where instead of increasing
wire sizes to reduce the skew and hence increase the capacitive load on the clock, a
balanced buffer insertion scheme to partition a large clock tree into a few sub-trees

with minimum wire sizes was used. Savings in power up to 60% were reported.

2.2.3 Circuit Level

At the circuit-level, considerable potential in power savings exits by means of proper
choice of the circuit style. In general, CMOS circuits can be divided into static and
dynamic, with several alternatives available under each category. In some applications,
it is quite possible to combine more than one style to optimize for delay, power and/or

area.

The conventional static and dynamic CMOS implementations of a 2-input
NAND gate is shown in Fig 2.4a and 2.4b, respectively. The static NAND gate operates
in a similar fashion as shown in Fig 2.1a. The operation of the dynamic gate proceeds in
two phases: charge (with CLK low), and evaluate (with CLK high). During the charge
phase, there is no path to ground and the inputs can change values. In the evaluate
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phase, the output node will either keep the charge if none of the pull down transistors are

turned on or otherwise it will get discharged.

As compared to static CMOS, dynamic style requires substantially lower num-
ber of transistors: N+2 versus 2N, where N is the number of inputs. This helps to reduce
both area as well as input capacitance, making dynamic logic a better candidate for

designing complex and fast circuits than static CMOS.

From power viewpoint, the reduction in parasitic capacitance and the elimina-
tion of short-circuit and glitching power is a clear advantage over static CMOS. On the
other hand, the switching activity (o) of a dynamic gate is higher than its static counter-
part. The is because a dynamic gate consumes power every time its output equals to “0”,

independent from the previous values. In other words Odynamic = Pg which is always
greater than o, = PyP;, as derived in the previous section. Furthermore, the clock

net, which drives two transistors per gate and has a full switching rate, represents a

major source of dynamic power dissipation not present in static CMOS circuits.

Other issues of concern in dynamic logic design arise whenever the output eval-
uates to “1”. In this case, the output node is floating and so the charge can be shared with
intermediate nodes (such as node x in Fig 2.4b). Also, the charge can disappear if left for
a long period of time due to leakage current. These situations can be remedied (at a
slight increase in switching delay) by using a static inverter with a weak PMOS feed-
back that acts as a level restorer as shown in Fig 2.4c. This configuration is also called
domino CMOS.

In a recent study [17], it was found that the increased leakage current at low V,

can result in a false discharge of the dynamic output node even if a level restorer is used.

This sets a lower limit on the minimum V, that can be used for proper dynamic CMOS
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operation. Based on functionality, static CMOS circuits can significantly tolerate more

leakage and so allows lower V,;, than dynamic logic.

Another conventional dynamic style is shown in Fig. 2.4d. This configuration
belongs to the differential class of circuits in which both the output signal and its
inverted output are simultaneously available. This is a clear advantage over the single-
ended operation since it eliminates the need (and delay) of an extra inverter in case both
the signal and its complement are needed. Another feature of the differential operation is
the increased noise immunity since common mode noise signals are rejected to a large

extent.

The circuit in Fig2.4d operates in a similar manner as the one in Fig 2.3c. One
clear distinction, however, is that the cross-coupled level-restorer does not fight the dis-
charge current needed to pull down one of the outputs to low. This will improve the
speed as compared to Fig 2.3c. On the other hand, the high-functionality (and so com-
plexity) of this logic style makes it most suitable for implementing large logic functions
such as XOR and full-adders.

Over the last few years, various static and dynamic logic techniques targeting
low-power and high-performance were proposed. Parts (e) and (f) of Fig 2.4 show two
key approaches for the static and dynamic cases, respectively. The scheme in Fig22.4eis
referred to as Complementary Pass-Transistor (CPL) logic [18]. It consists of an NMOS
pass transistor logic network driven by two sets of complementary inputs and two
inverters used as buffers. The cross-coupled weak PMOS transistors are used to restore
the low swing passed by the NMOS transistors. The differential nature of this style
allow compact (low-power) and fast realization of complex logic function, as stated pre-

viously.
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The main drawback of CPL is the degradation in both power and performance
when V,; is scaled. This happens because the NMOS transistors pass reduced voltage

swing equal to V; - V,;, where V,,, is subject to the body effect. As V44 is scaled, it will

become harder to pull up the intermediate nodes (Q or Q) causing more delay and short-
circuit power in the driving inverters. Both these problems can be greatly reduced by
using low V,, NMOS pass transistors. However, this comes at the expense of increased
leakage current. Finally, similar to all differential approaches, the increased interconnect
wiring and so capacitance make CPL inappropriate for cell based systems or gate array

design styles [19].

Very recently, a new dual-rail dynamic logic style called Asynchronous Sense
Differential Logic (ASDL) was proposed [20]. An example AND/NAND circuit using
this style is shown in Fig 2.4f. Unlike the conventional differential dynamic circuit (Fig
2.4d), where one of the outputs has to be charged to V,,, every clock cycle, ASDL saves

energy by recycling the charge on the high node to the other one. This is performed dur-
ing the equalize phase (Ein = “1”) by turing on transistor M, to bring the output voltages
to an intermediate level. The gate goes to the evaluate phase when Ein becomes low. In
this phase, this sense circuit, consisting of the back to back inverters, is turned on. Then
depending on the applied inputs, a small voltage difference is created on the output
nodes. This difference will be quickly amplified by the sense circuit to CMOS levels.
ASDL gates can be easily cascaded by propagating the enable signals from one stage to

another as shown in Fig 2.4f.

The ASDL scheme suffers from increased complexity in the output stage which
prevents its use in simple circuits. Furthermore, because the sensitivity of the sense cir-
cuit is important for reliable operation, the layout of the differential blocks must be fully
symmetrical to minimizes mishmashes in the threshold and gain factors of the NMOS

devices.
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In summary, circuit designer can pick from a wide variety of static and dynamic
circuit styles to minimize delay, area and/or power. Several studies have compared these
styles in terms of the above factors plus robustness [19] [21] [22]. In general, the choice
of a given technique or a variation of it is application dependent and the designers have
to make certain trade-offs to achieve their goals. For example, dynamic CMOS is very
popular in the design of high-performance systems, at the expense of higher power and
more sensitivity to noise than static CMOS. Differential logic is an efficient method for
implementing certain logic circuits such as full-adders and carry propagate/carry save
functions. Finally, static CMOS fits all applications and is the style of choice for robust,

low-voltage amenable and low-power designs.

Before concluding this section, it is worth mentioning that the above schemes
are best suited for implementing digital logic circuits. Other low-power techniques exist
for designing circuits with high-capacitive nodes and memory elements. A review of
these approaches plus improvement upon them will be given in Chapter 3 and 4. Further
notice that none of the above methods have addressed the delay and leakage problems

associated with the low V4, low V,, design paradigm. A comprehensive review of cir-

cuit schemes targeting these issues is given in Chapter 5.

2.24 Gate (Logic) Level

Similar to the above two levels, the following techniques achieve power reduction
through minimizing switching activity and/or physical capacitance. Schemes for low-
power digital CMOS logic design by means of supply voltage and/or threshold voltage
scaling will be reviewed in Chapter 5.
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* don't care sets: these sets are input combinations that will never occur at the inputs
lines of a gate. In [23], methods that employ don’t-care sets to minimize the probabil-
ity of a power consuming transition at the output node of the gate were described. An

average of 10% reduction in power was reported.

* common sub-expression elimination: in logic synthesis, this is a technique used to
reduce the area of a multi-level gate netlist. In [24], an extension of the scheme to
minimize power dissipation as well was described. The is done by weighing each
candidate expression with a power saving factor based on how its extraction will
affect the loading on its input lines and the amount of logic sharing. The candidates
with the most power savings are then chosen to be eliminated. Results show 12%

reduction in power compared to a minimum literal netlist.

* technology mapping (gate sizing): this is the process of binding an optimized logic
network to the gates in some target library with the objective of minimizing a com-
bined cost function of delay, area and power. In general gate sizing is a non-linear,
nonconvex, constrained, discrete optimization problem [25]. Several approaches
have been proposed in the past years to solve this problem using heuristic based
greedy approaches, various programming methods, and continuous approaches.

Power savings up to 25% were reported.

* state assignment: the assignment of binary logic values to the states in a finite-state
machine (FSM) has a large influence on the area of its final implementation. There-
fore, conventional approaches for state assignment targeted minimum area only.
Some researchers, as in [26], extended those techniques to account for power dissipa-
tion. The idea is to minimize the (coding) distance between those states with high
transition frequencies to one another, while accounting for the capacitive overhead of
the combination logic used to control the machine. Power reduction of 10-17% were

reported.
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* retiming: this is a method originally used in pipelined circuits to minimize the delay
(that is, to increase the clock frequency) through selective re-positioning of the flip
flops. In [27], a retiming method targeting low-power dissipation was proposed. The
basis is to identify circuit nodes with high hazard activity and high load capacitance
as candidates for adding a flip-flop to filter out unnecessary transitions. Power sav-

ings of up to 8% were reported.

* gated clocks: in a sequential circuit, not all registers will have their values modified
during every clock cycle. If the clock inputs to these registers are disabled whenever
they are not updated, then some power can be saved. Applying this technique to some

FSM circuits has produced 10-30% savings in power [28].

* precomputation: pre-computation is a technique in which some of the outputs of a
digital circuit (called predictors) are precomputed one clock cycle before they are
required. These predictors can be used in the next clock cycle to reduce internal
switching activity by disabling those parts of the circuit that do not contribute to the
final computation. In [29], this approach was shown to achieve up to 50% reduction
in power in some circuits. However, this number ignores the logic overhead required

to implement the predictors.

2.2.5 Architectural and Behavioral Levels

The high-level (architectural and behavioral) is the design entry for a large portion of
digital systems and decisions made at this level could have the largest impact on power
savings. Researchers have reported orders of magnitude reduction by picking the proper
high-level choice. The following is a quick overview of the state-of-the-art low-power
architectural and behavioral level design tools/methodologies:
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* parallelism and pipelining: parallelism can be used to reduce power by decreasing
the amount of time needed to do a computation and use the extra time available to
scale down the supply voltage. Parallelism has a significant impact on power reduc-
tion since if the supply voltage is reduced by half, dynamic power dissipation will be
reduced quadratically. The actual savings due to parallelism is less, however, due to
the increase in the capacitance. Similar to parallelism, pipelining is another technique
that trades extra speed for low-voltage and hence low-power. Parallelism and pipelin-
ing were implemented as part of the HYPER-LP [30]; a system for low-power archi-
tectural- and behavioral-level transformations targeting DSP designs. It should be
noted here that not all applications/circuits can be parallelized/pipelined. Further-
more, this technique can lower the supply voltage up to a point where the added

capacitance overhead outweighs the savings in power.

* low-power high-level transformations: a number of transformations for power opti-
mization were proposed and implemented as part of the HYPER-LP system [30].
These include: using parallelism/pipelining to lower the supply voltage (see the
above item), operation reduction to decrease the amount of switched capacitance,
strength reduction (operation substitution) to consume less energy per computation,
resource utilization to reduce switched capacitance, path balancing to lower glitch-
ing, and word-length reduction to minimize the average interconnect capacitance. An
algorithm that implements these transformations was developed. The algorithm uses
a combination of heuristic and probabilistic techniques to construct a low-power
design. The results indicate that an order of magnitude reduction in power can be

obtained by using the above transformations.

* glitch reduction: a technique for automatic reduction of glitches at the architectural-
level was proposed in [31]. The approach is suited to control-flow intensive designs
where glitches generated at control signals have a significant impact on the circuit’s

power consumption. The technique includes restructuring multiplexor networks to
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enhance data correlations, eliminate glitchy control signals and reduce glitches on
data signals. In addition, clocking control signals and inserting selective rising/falling

delays are used. On the average, this scheme saves power by 17%.

* multiple supply voltages: the idea here is to use more than one supply voltage such as
a low supply voltage is used for operations (modules) which are not on the critical
path while keeping the supply voltages of operations on the critical path to the maxi-
mum. In [32], a dynamic programming approach was used to solve the multiple sup-
ply voltage scheduling problem, and an average energy saving of 53% (with a

computation time constraint of 1.5 time the critical path delay) was reported.

* reducing memory accesses: in many digital systems, memory consumption accounts
for a large portion of the total power dissipation. Therefore, it is important to mini-
mize the number of memory accesses required to perform a given task. In [33], a sim-
ulated annealing based technique which allocates variables to memory banks in an
embedded DSP was described. The approach tries to maximize simultaneous data
transfers form different memory banks to registers in order to minimize access over-
head and so reduce energy consumption. Energy savings up to 47% were achieved
with this approach. Another approach based on network flow for optimizing the num-

ber of internal/external memory data accesses for low-power was described in [34].

* using multiple clocks: in [35), a multiple clocking scheme for low power RTL design
was presented. The basis is to partition a high-level description of the circuit into n
modules fed by n non-overlapping clocks. Each module is then operated only during
its corresponding duty cycle at a frequency equals to J/n. However, the overall single
frequency of the circuit remains f, the single clock frequency. This schemes reduces
power because inactive partitions are turned off during their off duty cycle. A
resource allocation algorithm to synthesize clock module partitions at the RTL was
proposed. Gains up to 50% were reported.



CHAPTER 2. LOW-POWER DIGITAL CMOS VLSI DESIGN 30

* low-power architectural synthesis: this refers to the process of automatically generat-
ing a Register-Transfer Level (RTL) representation of a digital system from its Con-
trol/Data Flow Graph (CDFG) description. Three main tasks are performed during
architectural synthesis: (1) allocation which determines how many instances of each
hardware resource is required, (2) binding (or assignment) which maps operations in
the CDFG to resources, and (3) scheduling which decides at which clock cycle each
operation is to be executed. Traditional architectural synthesis aims at minimizing the
number of resources to perform a particular task and/or to minimize the total execu-
tion time. For low-power design, minimizing power dissipation adds an extra dimen-
sion (and so more complexity) to the original architectural synthesis problem.
Various methods based on integer linear programming (ILP) as in [36], iterative
improvement techniques as in [37), and graph-based algorithms as in [38] were pro-
posed to solve this problem. Similar to other low-power techniques, the aim here is to

reduce the switching activity, the load capacitance, and/or the supply voltage.

2.2.6 System/Algorithmic Levels

The number of operations needed to execute a given task can make a big difference in
the power dissipation between one algorithm and another. The type of operation is also
another important factor that should be considered when making algorithmic trade-off.
Other power minimization strategies that have been suggested at this level include using
Gray-code representation (as opposed to binary) to minimize the switching activities on
memory address lines [39], stopping the clock feeding idle blocks in a synchronous dig-
ital system [40], and:

* dynamically varying the threshold voltage: it is well-known that a key method for
low-power design is voltage scaling. To compensate for speed degradation due to

reduced voltage, one approach is to use architectural techniques, such as parallelism,
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which trade off area for lower power dissipation. Another more promising approach
which does not increase the silicon area is to reduce the threshold voltage. However,
scaling down Vj;, causes an exponential increase in the sub-threshold current. As such

a “power-optimum” V;;, must be chosen to compromise between improving the cir-

cuit speed at reduced supply voltage and increasing the sub-threshold current. In a
recent study [41], Chandrakasan et. al. found that for “continuously operational” cir-

cuits, the above approach of using a single scaled V,, to be very promising for power
savings. For example, for a ring oscillator circuit operating at 11.8Mz, scaling V,/V;

from 1.4V/0.45V to 0.55V/0.06V resulted in 3 times reduction in energy consump-
tion at the same performance. The above technique is not energy-efficient, however,
for “event-driven computations” where long period of inactivates are followed by
short periods of computations such as in an X-server. This type of behavior makes the
increase in the sub-threshold current at low V,, more than offsets the savings in
dynamic power obtained by reducing the supply voltage. To solve this problem, they
vary V,, dynamically using a special SOI process with active substrate. When the

system is active, a low Vy, is used to maintain the same speed under low V., while a
high V,;, is employed in the idle mode to reduce the sub-threshold current. Applying

this technique to an X-server processor resulted in 43% power savings in the adder

component of the processor, 80% for the shifter, and 97% for the multiplier.

* data-driven dynamic voltage scaling: Chandrakasan et. al. noticed that in many DSP
algorithms, the computational workload per sample varies significantly depending on
the sample data locality and correlation [42). This observation was used to reduce the
power consumption of a digital signal processor by dynamically varying the supply
voltage depending on the predicted amount of work required by each data sample. If
the workload for a given sample is less than a the peak, then with a fixed voltage par-

adigm, the processor will perform the work and sets idle for the rest of the sample
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period. However, if the supply voltage is allowed to change, then one can “stretch”
the delay of the processor during this sample, without loss in throughput, by decreas-
ing the supply voltage. If the workload for a given sample is at its peak, on the other
hand, then a supply voltage high enough to keep the throughput of the processor
should be used. Using this scheme, a maximum factor of five in power reduction is

possible.

2.3 Summary

This chapter has provided an introduction to low-power digital CMOS design. This
included a detailed description of all power consuming mechanisms in CMOS circuits,
as well as an overview of a number of low-power techniques for levels of abstraction

ranging from device to system levels.

Over the last decade, a great portion of research efforts has focused on low-
power aspects of digital circuits. The amount of literature in this area is immense and
could not be covered in this short review. However, the discussion in this chapter was
useful enough to make it evident that the dominant component of power dissipation

arises from the switching power. This power is needed to charge and discharge parasitic
= OCV ingVaaf» With Vo o=V

in CMOS circuits. For the same speed (f), techniques were presented to decrease Pgitch

capacitances and is given approximately by P switch

by reducing the physical capacitance, C, the switching activity, o, the voltage swing
Vswings and the supply voltage, V.

It is well-know that reducing Vs the most effective means for power reduction
in CMOS circuits because of the quadratic dependence between Pgyircn and Vyy. How-

ever, lowering V,, incurs speed degradation, which is largely noticeable as Vaa
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approaches the threshold voltage, V,;,. One scheme to overcome this problem is to com-
pensate for performance reduction at: (1) the architectural level through parallelism and
pipelining, (2) the logic-level through, for example, gate sizing, (3) the transistor-level
through novel circuit techniques that offers large speed-ups as compared to conventional
CMOS and so allow deep scaling of the supply volage, and (4) the device level by using
low-voltage and high-performance processes such as SOL Another approach to this
problem, which does nor require major changes to current design trends or technologies,

is to scale V,, as well. However, this comes at a large increase in the leakage (sub-

threshold) current.

This thesis deals with the issues pertaining to reducing both switching and leak-
age power consumption through novel techniques at the circuit (Chapter 3 and 4), gate
(Chapter 5), and architectural-level (Chapter 6). A Review of the state-of-the-art

approaches relating to each proposed scheme will be given in the corresponding chapter.



Chapter 3

Low-Power Design Using Charge

Sharing

3.1 Introduction

As described in the previous chapter, the dynamic power dissipation of a CMOS gate (i)

(ignoring short-circuit power) is given by:

Pd}"l =0 Ci Vdd szingf @3.1)

where «; is the gate activity, C; is the total load and parasitic capacitance, V,;p,, is the
voltage swing at the gate output, and f is the operating frequency of the system. Since
Viwing = Vaain CMOS circuits, lowering the power supply voltage reduces the dynamic
power quadratically. However, this approach leads to speed degradation for a given

technology. If full scaling is applied, then the device threshold voltage (V,;) has to be

relatively reduced to keep the same delay. However, this comes at the expense of

34
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increasing the sub-threshold (leakage) current. This issue will be further investigated in
Chapter 5.

Another method to significantly decrease P4y, without sacrificing delay is to
decrease Vswing While maintaining the power supply voltage V. This is particularly
useful for high values of C;. In this chapter, we describe a new method based on charge
sharing (henceforth called HiCapCS) to reduce the swing on heavily loaded dynamic
CMOS circuits. The basic idea is to generate an extremely low Vswing On the gate output

by employing the principle of charge sharing. This swing can be then detected and
restored to CMOS level using a single- or a double-ended sense amplifier. Applications
of this technique include internal bus interconnect lines, bit-lines in Read-Only Memo-
ries (ROMs), and match lines in Contents-Addressable Memories (CAM:s).

The rest of this chapter is organized as follows. The basic technique is described
in Section 3.2. Applications to internal bus lines, CAMs, and ROMs are discussed in
Sections 3.3, 3.4, and 3.5, respectively. The chapter ends with a summary.

3.2 Charge Sharing

In this section, we will describe how charge sharing can be used to produce low V.,

on the gate output. The conventional charge sharing model is shown in Fig. 3.1a. This
model is similar to the one used in [43]. In this scheme, LC is a dummy capacitor that
acts as a virtual ground line. Capacitor HC represents the large lumped capacitance at
the gate output. With CLK high, node HC is charged to Viqand node LC is discharged to
zero. When CLK becomes low and depending on the data D, node HC will either retain
its charge for logic “1” (D = 1 and M, is off), or share its charge with node LC for logic

“0” (D =0 and M, is on). In the latter case, and since HC is much larger than LC, logic
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Swing on node HC (Vi c(0) or Vi)
&

N
]

Figure 3.1: (a) Conventional charge sharing, (b) HiCapCS$, (c) Swing and

delay comparisons.

“0” will be slightly smaller than V. Note that the final value on LC equals [V, -
Vein(VLc)l, where Vy, is subject to the body effect. Thus using charge conservation

yields:

HCXVyy= HCX Ve + LCX (Vy= V., (V;()) 3.2
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Vin = Vo + W 2O+ Vo - J2%;) (3.3)

where Vry is the threshold voltage at zero bias, y is the body effect coefficient, Oris the
Fermi potential, and V; - is the voltage difference between the source node of transistor

M, (Fig. 3.1a) and the substrate node (bulk). Solving EQ 3.2 for Vy gives:

LC
Vye(0) = Vdd—(H—C)(Vdd— Vi) (3.4)
EQ 3.4 gives the value of Vj for logic “0”, while Vy(1) = V4, as mentioned before.

M [ RTS R 1) T ey LC
Thus the voltage difference between logic “1” and logic “0 equals ( H_C) (Vya= Vi) -

Since LC << HC, the above quantity is much smaller than the CMOS counterpart and

hence power can be reduced (ignoring low-swing restoration overhead for now).

The problem here is that transistor M, will suffer from body effect and so the
resultant swing on HC (EQ 3.4) may be prohibitively small from practical viewpoint!.
In addition, when turned on, M, operates in the saturation region with a small [V,-
Vin(@V_ )], making it slow. Increasing LC will improve both the speed and swing at the

expense of power and area. To alleviate the above problems, the HiCapCS scheme
shown in Fig. 3.1b is proposed. The main difference is that the positions of HC and LC
are interchanged. As a result, discharging of LC (for logic “1” in this case) occurs

mostly in the linear region with larger (Vgs~Vin) value and much smaller body effect.
This will (1) improve discharging speed by reducing the on resistance of M, and (2)
increase the voltage swing on HC. Thus for logic “1”, both LC and HC reach the same

value as given by:

1 For example, it may not be large enough to be detected by a following sense amplifier.
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LC
Vac ) = Vic = 5 Ere Ve 3:3)
Since in HiCapCS logic “0” is equal to ground, the voltage difference between the two

LC

HC+LC C) V44~ This is still much smaller than the full-swing CMOS but

logic states is (
larger (better) than the conventional charge charging scheme shown in Fig. 3.1a.

To verify the above argument, the circuits in Fig. 3.1a and 3.1b were simulated
using HSPICE with a 0.35 um CMOS process and the following parameters: HC = 2pf,
LC = 50ff, Wyy )= Wyy; = Wyy; = 2 um. The simulation results are shown in Fig. 3.1c. For

each scheme, the figure plots the resultant V. versus the supply voltage. For each

value, the figure also gives the amount of time needed to obtain about 90% of the swing.

It is clear that, for the same LC and HC values and irrespective of Va4, HiCapCS pro-

duces more swing in a shorter time than the conventional scheme.

Notice that with HiCapCS a low swing is obtained very quickly without any DC
power dissipation or the need for pulsed operation or reference voltage generator. More-
over and unlike the conventional model, HiCapCS can be easily employed in several
high capacitive CMOS circuits. This work explores three such applications based on the
model shown in Fig. 3.1b with some variations. For each case, both simulation and
experimental results are given to demonstrate the speed and power advantages over tra-

ditional circuits.

3.3 Internal Bus Line Design Using HiCapCS

In a deep sub-micron IC where both integration density and chip dimensions are large,

global interconnect wires are responsible for a large portion of the total energy. It is
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expected that the power dissipation associated with buses and clocking networks in
future ULSI chips can be up to 50% of the total on-chip power consumption [43]. This
is due to the slower scaling of the interconnect capacitance as compared to the gate
capacitance, making the former more dominant as feature sizes continue to shrink. This
power can be decreased by reducing the average wire length through novel architectures

utilizing local (short) interconnects, or by data encodings to reduce switching [44].

At the circuit level, reducing the swing of signals running on these lines can lead
to significant power reduction. In this section, we will demonstrate how HiCapCS can
be used to achieve this goal. Comparisons to conventional bus designs are also pre-
sented. Finally, implementation and testing details of a prototype 2-bit bus chip will be
described.

3.3.1 Circuit Design

Fig. 3.2 shows a circuit that applies HiCapCS to an internal bus line (i). Capacitor C, is

a dummy capacitor that can be implemented using polysilicon gate capacitance. Capaci-

tor Cp; (Cg;) represents the interconnect (wiring) capacitance of bus line (). The circuit
works in a differential manner as follows. When CLK is high, nodes B;, B;, D;, and D;
are discharged to zero and node A is charged to V4q- At the same time, the input data
(Din;) is allowed to change. When CLK is low, the charge on node A will be shared with
either B; or B; depending on the bus data (Din;). The swing produced on any of these

lines is given by EQ. 3.5 while the other node will have zero swing. The voltage differ-
ence between B; and B; will be converted into a CMOS full-swing using a PMOS cur-
rent-latch sense amplifier (PCLSA). The sense amplifier enable (SAE) signal is a

delayed version of CLK. A delay is needed to allow for the low-swing to develop and
travel on the bus line to the PCLSA receiver.
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PMOS Current
Latch SA (PCLSA)

driver receiver

Figure 3.2: Internal bus line design using HiCapCS.

The PCLSA is shown in Fig. 3.3. This amplifier is comparable to the NMOS
current latch sense amplifier (NCLSA) [45] except that pmos transistors are used
(instead of NMOS) to sense the voltage difference. The operation of the amplifier pro-
ceeds as follows. When SAE is high, nodes N,-N, are pre-discharged to low. When SAE

falls, the sense amplifier is activated, and the voltage difference between B; and B; is

Figure 3.3: PMOS current latch sense amplifier (PCLSA).
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converted into a current difference between ; and I,. This in turn will create a voltage
difference between N; and N, which is amplified into a full-wing CMOS value by the

two back-to-back inverters latch. After it evaluates, this latch prevents any DC power
dissipation. The cross-coupled NAND latch will hold the output data after SAE returns
back to high.

The circuit in Fig. 3.2/3.3 was simulated using HSPICE with a 0.35 pum 3-metal
process. The transistor sizes used in the simulation are given in the figures. The inter-
connect line is a metal-1 wire with a length of 13mm. This corresponds to a bus capaci-

tance (Cp;) of about 2pf. Note that Cg represents the sum of (1) both the area and fringe

capacitance from the wire to the substrate (see Fig. 3.4a), and (2) parasitic capacitance

from all transistors connected to the wire. A value of 70ff was used for the dummy

metal line

LN
~

et Clo=< CR== ClB== CA
“s T T T T

fringe capacitance

ﬂ}“*

g

I

area capacitance

[<]

(a) wire capacitance (b) =3 distributed RC model

Figure 3.4: Interconnect line model

capacitor (Cy). Parallel to C, is about 25ff parasitic capacitance from associated transis-
tors. Taking the above combination of C4 and Cg;, a low-swing of about 150 mv on the

bus line was obtained for V= 3.3.

Although the PCLSA is capable of sensing a differential voltage as small as
S0mv as shown by simulations, using a larger swing is desirable for several reasons.

First, it allows us to operate the circuit at supply voltages lower than 3.3. Second, it
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compensates for mismatches between (1) the capacitance of the two wires (B; and E,-)
and, (2) devices M; and M, (Fig. 3.3) due to process, layout, or temperature variations.

Finally, it improves the immunity of the circuit against supply voltage noise.

To accurately model the distributed RC effect of the interconnect wire, a 3
model was used as shown in Fig. 3.4b. The R and C in the figure are the total resistance
and capacitance of the wire as estimated from the process parameters. Fig. 3.5 shows the
simulated waveforms from HSPICE at frequency f = 100 MHz. Notice that the swing on
either B; and B; is about 150 mv as explained before. Also note that it takes about 0.4ns

for the low-swing signal to develop and travel from the driver to the receiver after CLK

becomes low, and about 0.45ns for the output signal (Dout;) to become available after

BUS schematic : Mor 1@ 11:31:48 1999
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Figure 3.5: HSPICE simulation results for the HiCapCS bus.



CHAPTER 3. LOW-POWER DESIGN USING CHARGE SHARING 43

enabling the PCLSA. Thus the total delay from CLK = low to Dout; is 0.95ns. The
power consumption at f= 100MHz, including that of the driver and receiver, is 252 uW.

3.3.2 Comparisons

In this section, we will compare the proposed HiCapCS bus architecture to: (1) conven-
tional static CMOS configuration, and (2) data-dependent bus [43] which is based on the

conventional charge sharing model shown in Fig. 3.1b.

3.3.2.1 Conventional Static CMOS Bus Line

The conventional CMOS bus driver/receiver configuration is shown in Fig. 3.6. The
driver has an increased size to reduce driver/receiver transmission delay and short-cir-

cuit power. With this configuration, the swing on the interconnection (Vswing) €quals the

power supply, V4.

I -

driver receiver

Figure 3.6: Conventional CMOS bus line.

The circuit in Fig. 3.6 was simulated using the same 0.35 pm process. As for the
HiCapCS case, the metal interconnect capacitance is about 2pf and the 3 model was

used for the interconnect. The simulated delay from Din; to Dout; is 0.94ns which is

comparable to that of the HiCapCS bus. On the other hand, the total power dissipation is
1230uW which is about § times larger than HiCapCS at the same frequency.
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It is important to note that the CMOS bus transceiver consumes power only
when the input data (Din;) changes. This is unlike HiCapCS where: (1) capacitor C, has
to be charged and discharged, and (2) the PCLSA has to be turned on, every clock cycle
irrespective of the input data. Thus, for a bus line (i) with switching activity o,
HiCapCSs is a power efficient alternative to the conventional CMOS only if a; > 0.2 (1/
5). This lower bound is still smaller than the average case (a; = 0.5).

Because it requires full rail-to-rail swing, the maximum transient current of the
CMOS design is about 5 times larger than that of the low-swing HiCapCS. This means
that HiCapCS produces much less noise on the supply line as compared to CMOS. From
area perspective, requiring two lines per bus bit is not a great disadvantage of HiCapCS.
This is because the area penalty is determined by the larger pitch amongst the driver and
the receiver. Given the large driver size in the CMOS case, the area penalty of HiCapCS
can be at most as bad as the CMOS configuration. On the other hand, having a differen-

tial operation gives a good immunity to common-mode noise.

3.3.2.2 Data-Dependent Bus Design

A low-swing internal bus design based on the conventional charge sharing model (Fig.
3.1b) was proposed in [43], and the circuit is shown in Fig 3.7. When CLK is low, all
bus lines are charged to V. In the evaluate mode, CLK becomes high. Then, depending

on the number of input bits that switch from “1” to “0”, call it n, the voltage on each of
these lines is reduced by 1/(n+1) of the supply voltage. This happens since the charge
originally held by the n wiring capacitance is shared with the initially discharged
dummy ground line (DummyGND) which has an equivalent capacitance of one bus line.
Since the generated logic swing depends on the transmitted data (such as the larger n is,
the smaller the swing), the architecture is called Data-Dependent Bus (DDB).
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Figure 3.7: Data-dependent bus (DDB) architecture.

As shown in Fig 3.7, a dual-reference NMOS current-latch sense amplifier (sim-
ilar to DR-PCLSA) is used to restore the transmitted data to CMOS level. Three refer-
ence lines are needed in this case. Two of these lines (LowRef and LowRef+) have to
charged and discharged every clock cycle. The HighRef line is “sandwiched” between

LowRef and LowRef+ to improve the noise immunity of the scheme against crosstalk.

For the design example given in [43] which consists of a 16-bit bus, 2pf per bus
line, and Vy; = 3.3V, the total swing of the DDB design varies between
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2pf ) ] )
=75 7/33|%X(0+2) = 1.1V for n = 0 (only LowRef and LowRef+ will
[(4pf+ 201 (0+2) (only

: 2pf ) ] _ -
switch), and [(32pf+ apf + 2pf 33{x (16+2) = 3.1V forn = 16. If on average,

half of the bits will swing, then the total swing will be 3.0V. In the HiCapCS scheme
using a 150mV per line and assuming a 16-bit bus, 2pf per bus line, and Via= 3.3V, the

total swing is 150mVx16 = 2.4V, which is 25% smaller than the DDB architecture.

From speed perspective, the amount of time needed to produce the low-swing in
the DDL case in the worst case (all bits switching) is more than that in the HiCapCS

case because of the reasons explained earlier in Section 3.2

3.3.3 Implementation Details

A 2-bit bus circuit was laid out in a 0.35 um 3-metal process in order to perform experi-
mental evaluation of the circuit. Each bus line is about 13mm long and was constructed
using metal-1. Because the bus length is much longer than the horizontal or vertical
dimension of the chip, a bus line was laid out in a “zigzag” fashion as shown in Fig. 3.8.
The dummy capacitor C, was constructed using polysilicon-to-NWELL capacitance. In
designing the bus lines, special care was given to match the capacitance of the differen-

tial bus lines B and B. These lines were separated as much as possible in the layout (as
- 65 segments —

] Is

e | o - ST T o0

L U

Figure 3.8: Bus layout strategy.
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determined by the layout of the transceivers) in order to minimize any coupling (cross
talk) between them. The SAE signal was generated from CLK by using a chain of
CMOS inverters in order to obtain the desired delay. The CLK net was not allowed to

cross over the bus lines to further prevent coupling.

3.3.4 Measurement Resulits

The photo-micrograph of the 2-bit bus circuit is shown in Fig. 3.9. To verify the chip
functionality, random data was used at the bus inputs and then compared to that at the
outputs. An IMS-100 tester was used for pattern generation. The CLK signal from the
input pad is passed to the circuit and also to an output pad as illustrated in Fig 3.10. This
allows us to measure the real delay from CLK =0 to valid Dour by subtracting the delay
of the I/O pads.

An example input and the resultant output waveforms using 1.5V supply voltage

are shown in Fig. 3.11. The measured delay versus the supply voltage is given in Fig

Figure 3.9: Photo-micrograph of the 2-bit HiCapCS bus chip.
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Figure 3.10: Method used for measuring the on-chip circuit delay.
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3.12. The figure illustrates the high-performance of HiCapCS down to 2V. The chip was

found operational down to 1.2V.

3.4 ROM Bit-Line Design Using HiCapCS

ROM s are important components in many digital systems such as microprocessors, dig-

ital filters and digital signal processors. Unlike a Random Access Memory (RAM)

where both read and write operations are possible, a ROM is used to store permanent

information such as microinstructions in a microprogram memory [46]. A typical ROM
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Figure 3.12: Measured delay of HiCapCS bus versus supply voltage.

block diagram is shown in Fig. 3.13a. The word decoder activates one row at a time.
Similarly the column decoder and multiplexer select M columns (out of the total number
of columns in the array) where M is the word size. The control logic generates the tim-
ing signals such as precharge enable, sense amplifier enable, etc. The precharge devices
are used to precharge the bit-lines to “high” during the first half of the cycle. A ROM
bit-line can be constructed using either NAND or NOR style. The NAND style is slower

word line; . clk yJ ] g
1 1| bt
word line,. clk g1 ] /
output data ?»--M'll word liney. clk ]

Figure 3.13: (a) Typical ROM architecture, (b) NOR-based implementation
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because it requires serial connections of devices. On the other hand, the NOR style (Fig.
3.13b) consumes more power since it has higher switching activity. In this work, we
focus on NOR arrays since they have shorter access time and are the most frequently
used [47].

In actual ROM layout, the array can be initially designed with NMOS transistors
at every row-column intersection. The “1” bits can be then realized (programmed) by
omitting the connection between the bit-line and the drain of the corresponding NMOS
as illustrated in Fig 3.14a. Since metal-3 is used to construct the bit-lines (in order to
reduce their RC delay), this coding approach involves whether or not to add VIA-2 (for
“0” bits programming) in the final stage of the fabrication process. This scheme offers
short turn-around-time since base process can be completed just before VIA-2 etching
and the remaining steps are few [48]. However, it has poor density since diffusion area

and contact must be separated for each ROM bit cell.

Another method for ROM programming is shown in Fig, 3.14b. In this
approach, bit-line connection can be shared by every adjacent pair of cells. Coding “1”

bits is realized by omitting the gate poly and replacing it with a metal-1 line. This tech-

nique has higher density than the previous one because contacts are shared. As a result,

:
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Figure 3.14: (a) VIA-2 programming (b) poly programming
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the total parasitic resistance and capacitance of a bit-line using this scheme is potentially
less than that using the VIA-2 technique for a random ROM. Regardless of the program-
ming scheme used and in order to save area, the transistors in two adjacent rows are
arranged to share a common ground line, and minimum width is usually used for thege

transistors.

Notice that in a ROM a significant portion of the power is dissipated in the bit-
lines. This is because all bit-lines are precharged and then discharged every clock cycle.
This power can be saved by using the selective bit-line precharge method [49]. With this
scheme, only bit-lines which will be accessed are precharged according to the column
address decoding. Another advantage of selective precharge is that it eliminates signal
coupling to selected bit-lines which can happen in the non-selective case. To demon-
strate this, assume that all bit-lines are charged high and that a “1° bit is to be read from
bit-line a. Further assume that bit-line a is “sandwiched” between bit-lines b and ¢
which are not selected and have “0” bits. During the evaluate phase, the low-to-high
transitions on bit-line b and c can be coupled to the high value on bit-line a, resulting in

an erroneous output.

Even with the selective precharge method, a (selected) ROM bit-line has to be
fully charged and discharged every clock cycle. Given the large bit-line capacitance, an
excessive amount of energy is consumed as a result. In this research, we use HiCapCS
to minimize the swing and so energy of ROM bit-lines. Notice that unlike the bus case,
the conventional charge sharing model (Fig. 3.1b) can not be easily extended for imple-
menting the ROM bit-line. The next section describes the new circuit followed by com-
parisons to conventional dynamic NOR-based ROM designs (Fig. 13.3b). Finally,
implementation details and testing results of a prototype 4Kx16b ROM chipina 0.6 um
process will be described.
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3.4.1 Circuit Design

Fig. 3.15 shows how the HiCapCS scheme can be applied to the bit-lines in a ROM. A
ROM bit line forms a very large distributed NOR gate. The circuit in Fig. 3 represents a
ROM with a number of sub-blocks. Each sub-block has a number of columns (bit lines)

and two reference columns. The high reference column (HRC) has all transistors con-
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nected to it permanently turned off and the transistors of the low reference column
(LRC) are all connected to their corresponding word-lines. The capacitance of node A
(call it C,) is much smaller than that of the bit-line, and it represents the drain capaci-
tance of the column select transistors plus the wiring capacitance. If needed, additional

dummy capacitor can be used to create the required swing on the selected bit line.

The circuit operates as follows. When CLK is high, the bit lines are fully dis-
charged to zero and C is charged to V. At the same time, the word decoder computes
a word address and activates all transistors connected to the corresponding word line.
When CLK = low, the charge on C4 will be shared with one bit line as selected by the
column decoder. If the intersection between this bit line and the enabled word line has
an on transistor (“0” bit), the swing on the bit line will be quickly discharged. On the
other hand, if a “1” bit is to be read, the swing will be kept. In either case, the HRC will
have high swing and the LRC will discharge the swing.

The ROM data is restored by a dual-reference PMOS current-latch sense (DR-
PCLSA) amplifier given in Fig. 3.16a. This amplifier is similar to the one shown in Fig.
3.3 except that it has dual reference lines (instead of one). When SAE is high, nodes N1-
N4 are pre-discharged to low. When SAE falls, the sense amplifier is activated and the
value on the bit line is converted to the current difference between Ig; and I. Here two
cases are possible. In case 1, the value to be read is “1” (and so the bit line keeps the

swing as a result of charge sharing). Therefore, the following inequality holds:

(Igy= 2Xx1ype) < (Ig = Iype+115c) (3.6)

In case 2, the value to be read is “0” (and so swing on the bit line will be discharged
through the NMOS transistor turned on by the high word line). This corresponds to:

(Igp= 2xIppc) > (Ig = Iypc+ 11 5c) (3.7
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Figure 3.16: (a) DR-PCLSA, (b) ROM timing diagram.

The two back-to-back inverters latch will sense this difference in the currents and trans-
fer it into full-wing CMOS values. After it evaluates, the latch prevents any DC power
dissipation. The cross-coupled NAND latch keeps the data value after SAE turns high
again. As in the HiCapCS bus case, the SAE signal is a delayed version of the CLK sig-
nal. The delay required is the amount of time needed for the low-swing to be generated
on the bit-line and then discharged (for reading “0” cells). The timing of the new ROM
circuit is shown in Fig. 3.16b.

The circuit in Fig. 3.15/3.16 was simulated using HSPICE with a 0.6 pm 3-metal
process. The transistors sizes used in the simulation are given in the figures. Metal-3

was used for implementing the bit-line. In the simulation, a typical ROM of 4Kx16b
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organized as 256 rows by 256 columns (that is, N = 256) with a 16-bit per block (M =
16) was used. The poly programming approach presented in the previous section was
used. With this approach, all bit-lines will have virtually the same capacitance which is

important for correct operation of the sense amplifier.

For the above ROM, the extracted bit line capacitance is 523ff and the extracted
Ca capacitance is S9ff. The latter represents the lumped drain capacitance of the 16 mul-
tiplexor select transistors. With this configuration, the amount of swing generated on the
selected bit-line is about 300mv (at V,; = 3.3V) which is more than enough to be
detected by the DR-PCLSA. Having a large swing is desirable for the reasons men-
tioned with the HiCapCS bus. The simulated waveforms at f = 100MHz are shown in
Fig 3.17. The simulated power dissipation per bit at the same frequency and Via=3.3V
is 502uW. In addition to the bit-line power, this number includes the power dissipated
by the reference columns and the sense amplifier. As for the delay it has three compo-
nents: (1) the time it takes to generate the low-swing, (2) the time needed to bring this
swing from 300mv to about 200mv (for reading “0” bits), at which moment it is safe to
turn on the DR-PCLSA, and (3) the DR-PCLSA delay. The total simulated delay is
1.92ns divided as 0.47ns, 0.79ns, and 0.66ns for the above three parts, respectively.

3.4.2 Comparisons

Energy and delay comparisons between the conventional dynamic NOR-based ROM
bit-line [48] (like the one shown in Fig. 3.13b) and the HiCapCS bit-line were per-
formed using HSPICE at V4, = 3.3V. In both cases, a minimum size was used for the bit-
line NMOS pull-down transistors. In addition, the parasitic resistance and capacitance
of the bit-line (implemented in metal-3) were included in the simulation. For the con-

ventional ROM, the delay is measured as the time it takes the pull-down transistor to
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Figure 3.17: HSPICE simulation results for the HiCapCS ROM.

CLK

discharge the bit line to V,,,/2 (for reading “0” bits), and the energy is taken per one bit

line (assuming selective precharge). For the proposed circuit, energy and delay were

computed as explained previously.

Fig 3.18a and Fig. 3.18b respectively give the energy and delay comparisons
using different N values. For the HiCapCS case, the magnitude of capacitor C, was
altered for each memory size in order to produce a low-swing of about 300mv in each

case. The figures illustrates that for the range of memory sizes used, the proposed
scheme reduces the delay by a factor of 1.1 to 2.5 and energy by 1.1 10 2.7.

Unlike the conventional bus transceiver where the driver/receiver can be prop-

erly sized for minimum delay, the ROM pull down transistors have to be minimally
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Figure 3.18: Comparisons to conventional ROM design: (a) energy, (b) delay.

sized for maximum density. As a result, the delay to discharge the bit-line will rapidly
increase in the traditional case, particularly for large N (Fig. 3.18b). Notice also that all
word lines in the conventional ROM case has to be low during the first half of the cycle
so that the selected bit-lines can be charged to V4, (See Fig 3.13b). In the second half of

the cycle, the selected word-line will start rising and as it does it will discharge the bit-
lines (in case of reading “0”). This is unlike the HiCapCS circuit where the selected
word-line is fully enabled during the first half of the cycle. The extra delay to enable the
word-line in the conventional case was not taken into consideration in the above com-

parisons and if so, it will further worsen the delay of the conventional ROM.

3.4.3 Implementation Details

A 4Kx16b ROM array organized as 256 rows by 256 columns was laid out in a 0.6um
3-metal process in order to perform experimental evaluation of the circuit. Each bit line
is about Imm long and was constructed using metal-3. The layout of the 64K random
ROM cells was generated automatically using a program written in the SKILL language
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of Cadence design system. To reduce layout area, the memory design rules in the 0.6um
technology were chosen for the layout. These rules are much tighter than the logic

design rules.

Conventional static CMOS decoder circuitry was used for both the row and col-
umn decoders. Only the last stage of the column decoder was designed using dynamic
logic with CLK being the control signal. This ensures that the low-swing will be gener-
ated at the rising edge of CLK (falling edge of CLK) as given in Fig. 3.16b. The layout
of the row decoder was carefully pitch matched to the ROM cell layout.

Beside using the poly programming approach described in the previous section
to match the capacitance of the bit-lines, special care was given to the layout of the DR-
PCLSA to minimize any mismatch at its differential inputs. Notice that since only one
bit-line is selected at a time, signal coupling between adjacent bit-lines is not possible
with this approach. In order to eliminate additional coupling from/to the LRC or HRC,

the layout of these columns were slightly distanced from their adjacent bit-lines.

3.4.4 Measurement Results

The photo-micrograph of the ROM chip is shown in Fig. 3.19. The total core area (not
including the decoder) is 1.129mm x 1.335mm. To verify the functionality of the chip, a
random sequence of addresses was used and the experimental outputs were acquired and
compared to the simulated ones using the same address sequence. In all cases, the exper-
imental waveforms matched the simulated ones. An example output waveform (bottom)
using a clock frequency of 100MHz and supply voltage of 2.0V is shown in Fig. 3.20.
Fig 3.21 gives the measured delay from CLK = 0 to data out using different supply volt-
ages. A similar method as depicted in Fig 3.10 was used for delay measurements. Fig.

3.21 illustrates the high-performance of the proposed circuitry down to 1.2V.
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9: Photo-micrograph of the 4Kx16b HiCapCS ROM chip.
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Figure 3.20: Experimental waveforms: CLK (top) and ROM data output (bottom).



CHAPTER 3. LOW-POWER DESIGN USING CHARGE SHARING 60

35

Figure 3.21: Measured delay of HiCapCS ROM versus supply voltage.

3.5 CAM Match-Line Design Using HiCapCS

A Contents-Addressable Memory (CAM) acts like a look-up table in the sense that data
is accessed based on its contents rather than on its location (physical address). Applica-
tions of CAM include Translation Look-aside Buffer (TLB) which translates from vir-
tual to physical address in a computer system [46], address translation in Asynchronous
Transfer Mode (ATM) broadband switches [50], word search in a dictionary processor
[51], image pattern recognition in an image processor [52], and data retrieval in a rela-
tional database [53].

Fig. 3.22 shows a typical CAM architecture. It consists of a number of memory
words (N) with each word having a number of SRAM memory cells (M). Each cell is a
conventional 6T SRAM cell plus a ST comparator. A CAM word stores a tag which can
be compared against an input word (Clj...Cly,. ). In a fully associative CAM, all N

words are compared (searched) in parallel. A “hit” detection signal is activated if the
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Figure 3.22: Typical CAM Architecture.

data stored in one or more words matches the input data. In case of multiple matches, a
match resolution protocol is used in order to select only one match. The match detection
signal of the matched CAM word is utilized to read an adjacent memory word which is

K bits wide. In the TLB case, the matched word represents a virtual-address (CLy...Cly,.
1) and the output word is the corresponding physical address (DOy...DOg.)).
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Similar to a ROM bit-line, a CAM match line is a large distributed NOR gate as
illustrated in the Fig 3.22. In case of a match, all transistors marked by (*) in the figure
will be turned off, thus enabling the corresponding word line. In the mismatch case, at

least one transistor will be turned on and so the associated word line will stay low.

To clarify the above point, Fig. 3.23 gives two detailed implementations of a
match line using dynamic CMOS logic [8). In circuit (a) and during the charging phase
(CLK = "0"), the bit-lines are predischarged low (that is, CI; = Cl;=0"fori=0,1,...,
M-1), the match lines are precharged high, and the word lines are driven low by the
match detection circuit. During the evaluate phase (CLK = “1"), a new data (tag) is

applied to the bit-lines and so only the matched match line(s) will remain high while the

_write line

Clo
Cly

CLL*E‘: ET" match (i)
match line (i) ’—[ |

(@)

match detection circuitry
CLyy
o match line (i) %—r

match detection circuitry

®)
Figure 3.23: Dynamic CMOS implementations of the match line
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rest of the lines in the CAM array will be discharged. In the match case, all A;=ClI;
while in the mismatch case, there exists at least one A;# CI; and so node I; will be high.

After all match lines evaluate and become stable, the Enable signal, which is a delayed
version of CLK, is asserted. Delaying the Enable signal is necessary to prevent false

glitch at the output.

The gate in Fig 3.23b works in a similar fashion as the one in Fig. 3.23a except
that it eliminates the need for bit-line predischarging by using a virtual ground line as
shown in the figure. This will however slow down the gate during the evaluation phase.
On the other hand and unlike circuit (a), inputting new data to the bit-lines and precharg-
ing the match lines are performed simultaneously (when CLK = 0) and this might offset
the delay introduced by the virtual ground line. From power viewpoint, the virtual
ground line has to be charged and discharged to (V,,, - Vin) almost every clock cycle.

Irrespective of the implementation style used, significant energy is consumed per
cycle. This is because in a (fully associative) CAM array, N-n match lines have to be
completely charged and discharged for each search operation, where n is the number of
the matched match lines. In the TLB case, n = 1. Reducing the power dissipation of a
CAM array is thus vital for low-power designs. As an example, it was found in a recent
study that 17% of the total power in the StrongArm processor is consumed by its CAM-
based Translation Look-aside Buffer (TLB) [54].

To address the power problem in CAMs, some new techniques have been devel-
oped over the last few years. In the selective precharge approach [55], a small section of
a match line is first charged and then evaluated. The other larger section is charged and
later evaluated only if the small section is not discharged. Since this event has low prob-
ability for random input data, sizable power savings are possible with this technique.
However, the sequencing of two charging and discharging operations increases the

worst case delay.
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Because the speed of a CAM is the major concern in some applications like in
TLBs, novel circuit techniques to reduce match delay were also investigated as in [56]
and [57]. Both of these schemes employ differential sensing for fast match detection.
The method in [56] suffers from: (1) area increase since it requires two signal lines and
one reference line per match word, and (2) high power dissipation since, in addition to
the dynamic power consumed by charging (and discharging) the match lines, all N sense
amplifiers have to be turned on every clock cycle. The technique in [57] improves upon
[56] in terms of area by using two lines per match word (instead of three), and in terms
of power by only enabling the sense-amplifier of the matched match line. However, the
power dissipated for match detection is still high since both the signal and the reference
lines of each CAM word have to be pulled to large swings of approximately 60 and 40%
of Vg, respectively. In addition and similar to [57), a pulsed operation has to be

employed to cut DC current in the match lines and the sense-amplifier.

In this thesis, we propose a new match line circuit using the HiCapCS approach.
Like the ROM bit-line case, the conventional charge sharing model can not be easily
extended for this application. The proposed circuit requires neither a virtual ground line
(as in Fig 3.23a) nor bit-line predischarging (as in Fig. 3.23b). Furthermore, it uses a sin-
gle ended sense amplifier without much penalty in speed. In the following, the proposed
HiCapCS circuitry is explained. Comparisons to conventional dynamic NOR-based
CAM designs are then presented. Finally, implementation details and measurement

results of a prototype 32x32 TLB chip in a 0.6um process are described.

3.5.1 Circuit Design

The HiCapCS implementation of a CAM match line is shown in Fig. 3.24a. In the figure,

transistors M -M3, capacitor C,, and the pull-down transistors form a dynamic NOR

gate. Transistors M,-Mg and inverter I act as a single-ended amplifier. The match line
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capacitance (Cyy;) represents the drain capacitance of the pull-down transistors plus that
of M and M, the wiring capacitance of the match line, and the gate capacitance of tran-
sistor M. The gate works as follows. When CLK = “1” (charging phase), M; and M; are
on, and M, is off. As a result, capacitor C, is charged to V44 and node A is discharged.
While Cy is being charged, new input data can be applied to the pull-down NMOSs. At

the same time, signal SAE is low making node B high and the output of inverter I low.

When CLK becomes low (evaluation phase), M; and M 3 turn off, and M, turns

on. Two cases are possible; namely match and mismatch. In the match case, none of the

pull-down NMOSs are turned on and so the charge on C, will be shared with the match

line capacitance Cyy;. Thus the final voltage on both A and ML will be given by EQ 3.5,

__write line

<]
()
word line
J’; ' 400
19.8

Figure 3.24: (a) CAM match line design using HiCapCS, (b) Timing diagram.
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with LC represents capacitor C, (plus the small diffusion capacitance of transistors M,

and M,) and HC is the total match line capacitance (Cyy;).

In the mismatch case, at least one of the inputs Iply,..., Iy, is high. Therefore,
C4 will be completely discharged. Since discharging of C, goes through M, and then

node ML, and in the worst case only one (minimally sized) pull down transistor is turned
on, node ML can become momentarily high. In order to prevent a false glitch from
appearing at the output, signal SAE is delayed from CLK by AT (see Fig. 3.24b).

After SAE is activated, node B will either get discharged through M5 and Mg and

the final output will go high for the match case, or it will retain its charge and the output

stays low for the mismatch case. In the later case, the feedback transistors, M3 and Mg,

are used to maintain a high-level at node B after SAE becomes high. With this configura-

tion, only the matched match line will dissipate power in the sense amplifier.

Unlike the HiCapCS bus and ROM cases, the value of capacitor C,4 has to be

carefully selected because a single-ended sense amplifier is used to cut down power dis-
sipation and area overhead as mentioned before. For the match case, the magnitude of

C, determines the voltage at node ML as explained before. In order to turn transistor M 5
. Ca

on, the resultant voltage on the match line which is | —4— V4 has to be at least as
Ci+Cyy

large as the threshold voltage (V,;) of transistor M s- In other words, C, has to be greater
Vin -

than ——=——C,,. Using the 0.6um CMOS technology with V;;, =0.69 V and V ;=

(Vag=Von)

3.3 V, C4 is about one fourth of Cy,;. However, to speed-up discharging of node B and
to account for positive Vy, and negative V,;, variations, C, has to be increased above this

lower bound. Assuming 10% drop in the supply voltage and 10% increase in the thresh-
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old voltage [58], Cy has to be approximately C;/3. A value of Cpr/2 was used to fur-

ther enhance the speed.

Notice that in the match case and since Vy, < Vjy; < V,;, transistor M s will oper-
ate with a small (V55 -V,,) and so discharging of node B might be slow. This effect can
be lessened by minimizing the charge at node B through reducing the gate capacitance.
One way to do that is by using a buffering chain which isolates the possibly large output
load from node B (see the onset in Fig. 3.24a). By properly sizing the inverters in the

chain, minimum delay can be also achieved.

The power advantage of the proposed gate comes from several sources. First, it
employs a low-swing using HiCapCS. Second, neither the logic gate nor the associated
sense amplifier dissipates any DC power component. In addition, the gate does not
require pre-discharging of the input bit-lines as in Fig. 3.23a. Finally, the elimination of
the virtual ground line shown in Fig 3.23b not only reduces power dissipation but also

decreases delay.

The circuit in Fig. 3.24 was simulated using HSPICE with a 0.6 um 3-metal pro-
cess. The transistor sizes used in the simulation are shown in the figure. Metal-2 was
used to implement the match-line. In the simulation, we assumed N = M = K = 32. The

dummy capacitor C, was implemented using the drains of 16 NMOS diode connected
transistors (that is, for each transistor Vg = V; = “0"). This will produce a C, which is
half the capacitance of the match line (Cpp)- Furthermore, capacitor C4 will track any

change in Cyy; due to process or temperature variations.

For the above match-line, the extracted bit line capacitance is 197.8ff and the
extracted C, capacitance is 109.5ff. With this configuration, the amount of swing gener-

ated on a match line is about 1.1V (at V, = 3.3V). The simulated waveforms at

100MHz are shown in Fig 3.25. The simulated power dissipation per match line at the
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same frequency and V,; = 3.3V is 209uW. The delay to activate the word line (associ-

ated with the matched match line) is 1.5ns taken from the time CLK becomes high.

3.5.2 Comparisons

Energy and delay comparisons between the conventional dynamic NOR-based match-
lines in Fig 3.23 and the HiCapCS match line were performed using HSPICE at 3.3V
supply. In both cases, a minimum size was used for the match-line NMOS pull-down
transistors. In addition, the parasitic resistance and capacitance of the match-line (imple-
mented in metal-2) were included in the simulation. Finally, the worst case delay is mea-

sured as the time it takes one pull-down transistor to discharge the match line below V-
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Figure 3.25: HSPICE simulation results for the HiCapCS match line.
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Figure 3.26: Comparisons to conventional CAM designs: (a) energy, (b) delay.

Fig 3.26a and Fig. 3.26b respectively give the energy and delay comparisons
using different M values. For the HiCapCS case, the magnitude of C, was altered every

time in order to make it half of the match line capacitance, as decided in the previous
section. The figures illustrates that for the range of memory sizes used, the proposed
scheme is superior in terms of both energy and delay as compared to conventional cir-
cuits. Note that the energy consumption of the circuit given in Fig. 3.23a is actually
worse than is shown by Fig 3.26a since the energy needed to pre-discharge the bit-lines

was not included in the simulation.

3.5.3 Implementation Details

A 32x32 TLB chip with N= M = K = 32 was laid out in a 0.6um 3-metal process in
order to perform experimental evaluation of the HiCapCS match line. The implemented
match line circuit is slightly different than the one shown in Fig. 3.23 and is given in Fig.

3.27. The main difference is in the amplifier part where transistors Mg-M, are added (as

shown in bold) in order to have a self-resetting word-line. When the SAE signal is acti-
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Figure 3.27: Match-line with self-resetting word-line and read enable (RE) circuit.

vated and in case of a match, the corresponding word-line will be enabled. After some
delay, the feedback circuitry consisting of the above transistors will reset the word-line

to low. In effect, a pulsed word-line is created and this cuts the DC power when reading

the associated SRAM word as illustrated in the figure [59]!. Notice that the lengths of

transistors M;; and My are increased in order to have a sufficient pulse width.

Fig. 3.27 also shows the method used to enable the SRAM sense amplifiers in
case of a match. This is performed by using the distributed dynamic CMOS NOR gate
consisting of the charging transistor M and the pull-down NMOSs M IoeeosMi ... M3

1 more details on the conventional SRAM read operation are presented in the next chapter.
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Only the matched match-line will have its word-line enabled and so the associated pull-
down NMOS will be tumned on. This will consequently discharge the hit-line and hence
activate the SRAM sense amplifiers through the RE signal. An NMOS current latch sense
amplifier (NCLSA) [45] is used to sense the small difference initiated on the SRAM bit-
lines. This amplifier works in a similar fashion as the PCLSA described earlier.

The TLB have similar search and write cycles. In addition, both the CAM and the
SRAM arrays are written using a single decoder implemented in a standard dynamic
NAND-based CMOS. Fig 3.28 gives the timing scenario for the write operation. When a
search operation results in no hit, the WE signal is activated in the next clock cycle. In
addition, new values will be driven on the address lines, the CAM bit-lines and the
SRAM bit-lines (See Fig. 3.22). As a result, the write line of the selected CAM word will
be enabled hence modifying the CAM word. In the second half of the cycle, the newly
written CAM word will produce a match and so the corresponding word line will be acti-
vated. This causes a new data to be written in the SRAM word. The WE signal is used to
deactivate the loads of the SRAM bit-lines during the write operation as Fig. 3.27 shows.

Similar to the ROM chip and to reduce layout area, the memory design rules in

the 0.6um technology were chosen for the layout. In addition, the memory cells in both
CAM
data X A
SRAM
data L
Address

cak _[ [

no hit write £ycle

WE

write line (i)

word line (i) l_\

Figure 3.28: Timing diagram for the TLB write operation
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the CAM and the SRAM arrays are arranged such that they share common ground and

Va4 lines in two adjacent rows.

The dummy capacitor C4 was constructed using 16 NMOS diode connected

transistors as mentioned before. These transistors were laid out in the first 16 cells of the
CAM array with their drains connected using metal-2. Metal-2 was also used for con-
structing the match line while metal-3 was utilized for the CAM and SRAM bit-lines. In
addition, the control signals such as CLK and WE were distributed using metal-3 since it
has reduced RC parasitics. All peripheral circuitries such as: SRAM bit-lines loads and
drivers, CAM bit-lines drivers, write-line decoder and drivers, and SRAM sense ampli-
fiers were pitch matched to the CAM/SRAM memory cell. An example layout is given
in Fig 3.29 which shows the layout of a CAM cell with a dummy transistor.

. 1 NN ]
24 ! (ﬂ% . . r d'l
Ha " -
1
i M 3 ] 1|
—hE 1]
Y
Y write line
a8 iR o W
match line
dummy line
dummy transistor

Figure 3.29: Layout of the CAM cell.
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3.54 Measurement Results

The photo-micrograph of the TLB chip is shown in Fig. 3.30. The total core area is
1.290mm x 0.676mm. To verify the functionality of the chip, the 32 CAM words were
initialized (written) using distinct words (virtual addresses). Similarly, unique words
(physical addresses) were written into the associated SRAM words. Writing was per-
formed following the scenario described in the previous section. After this initialization
step and for each subsequent clock cycle, a random input virtual address Cn.ciy,...,
ClI3,) was driven on the CAM bit-lines and the output physical address (DOyDO,,...,

DOj,) was acquired. In case of a match, the expected physical addressee was observed

and in a mismatch case, there was no change at the outputs.

An example output waveform (bottom) using a clock frequency of 10MHz and a

supply voltage of 3.3V is shown in Fig. 3.31a. Fig 3.31b gives the delay at Vaa=3.3V

32x32 CAM
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>
N
™

Figure 3.30: Photo-micrograph of the 32x32 TLB chip.
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measured from CLK = “1” to SRAM output. Fig. 3.32 plots the measured delay (minus
I/O pads delay) as a function of the supply voltage. Note that at 3.3V, this delay is about
4.0ns which is comparable to the 4.4ns in [56] and the 2ns reported for the (smaller)
16x32 TLB using a 0.25um process in [57]. Also Note that unlike the bus and ROM
chips, the minimum supply voltage at which the HiCapCS match line can still function

correctly is limited due to its single-ended operation.
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Figure 3.31: (a) Experimental waveforms, (b) Delay from CLK to SRAM output.
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Figure 3.32: Measured delay of the HiCapCS TLB.
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3.6 Summary

In this chapter, we presented new circuit techniques for low-power and high-perfor-
mance design of a class of dynamic digital circuits with high capacitive loads. These
techniques are all based on a new charge sharing model, called HiCapCS. With this
model, it is possible to reduce the swing of signals running on a heavily loaded node
instead of using full-swing as in conventional CMOS styles. To convert the small swing
to CMOS signals, single- or double-ended sense amplifiers are used. The proposed
scheme is applied to internal bus lines, ROM bit lines, and CAM match lines. HSPICE
circuit simulations showed significant improvement over conventional dynamic CMOC
circuits in terms of both speed and energy. The functionality and performance of the
proposed method were verified through three chips: a 2-bit internal bus, a 4Kx16b
ROM, and a 32x32 TLB.

In addition to its performance and power advantages, HiCapCS reduces the
noise generated on the supply lines because it requires a small dummy capacitor to be
charged every clock cycle as compared to a much larger one in the CMOS case. Further-
more, the approach is simple since it is capable of creating a small swing without using
an extra reference voltage generator or a pulse generator. In addition, it does not dissi-

pate any DC power.

On the negative side, the design of a HiCapCS circuit has to be carefully per-
formed in order to ensure that the required swing is produced under process and temper-
ature variations. This is particularly true for the CAM match-line because of its single
ended nature. In addition, special care has to be taken to minimize any mismatches that
may result in the midst of the layout stage. For example, balanced layout should be
employed in the case of the ROM and bus designs in order to reduce the mismatch at the

sense amplifier inputs.
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The HiCapCS approach requires that node HC to be floating for a short period of
time before the SAE signal is activated. Thus the circuit is susceptible to noise injection
during this time. This will further requires more attention during the layout in order to
prevent any cross talks from neighboring global lines with full-swing. This problem is
not a major concern in the bus and ROM cases, however, because of their differential
operation. In addition, the reduced noise immunity might be tolerable within the (ROM/
CAM) memory arrays, where the noise conditions and signal interfaces can be carefully
controlled [60].



Chapter 4

Circuit Techniques for LP HP Multi-
port SRAMs

4.1 Introduction

Multi-port SRAM memories allow simultaneous read and write operations of several
memory words. They are key components in many digital systems that demand high
data bandwidth, shorter cycle time and/or multiple operations per cycle. Examples of
multi-port memories include register files in microprocessors [46] and buffer memories

in digital telecommunication chips [61].

In a microprocessor system, a register file resides in the critical path and so it is
essential to improve its speed. On the other hand, the ever increasing system require-
ments and cooling costs put high demands for low-power. This is notably true in the reg-
ister file case because it is accessed very frequently during a program execution time.

Approaches to improve the speed of register-files via expensive technologies such as

77
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BiCMOS [62] or multi-V, CMOS [63] have been proposed. Fast read and write opera-

tions can be also achieved through complex multi-port cell design as in [64]. Another
key factor to high operating frequencies is proper pipelining using a single clock signal
[65].

From power viewpoint, the power consumed during a read operation can be
reduced via a pulsed word-line which cuts the DC power from the bit-lines loads. A
large number of embedded memories manufactured today employ this technique with
some variations [59]. However, less effort has been spent to decrease write power and
delay. Conventional voltage-mode write operation requires full charging and discharg-
ing of the selected bit-lines. This approach not only consumes large energy but also does
not meet the performance requirements of today’s systems. In addition, it increases peak

power dissipation and noise coupling to adjacent bit-lines.

In this thesis, we propose a new method for fast and low-power memory write
operation. The basic idea is to initially bias the back-to-back CMOS inverters of the
memory cell in the transient region to increase their voltage gain. Then by creating an
extremely small swing (~100mV) on the bit-lines, a differential current is injected into
the cell. This current difference will in turn be converted to full CMOS voltage levels by
the memory cell which exhibits a high gain. The proposed method, henceforth, called
Current-Injection Write (CIW) comes at a small increase in the cell area. However, we
will show that by using this technique in multi-port SRAMs, the area penalty is actually

reduced. Furthermore, CIW incurs no degradation in terms of the cell noise immunity.

In addition, a sense amplifier for low-power and high-speed memory reads is
also described. This amplifier works in a similar fashion as the CIW circuitry. These
techniques are used in the design of a 3-port 32x64b register file fabricated in a standard
0.35um CMOS process. Other key approaches to improve the speed such as using a sin-
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gle-phase clock signal for control and fast address decoding utilizing Source Coupled
Logic (SCL) [66] are also presented.

The rest of this chapter is organized as follows. In the next section, the basic read
and write operations of a conventional SRAM are described. A review of the state-of-
the-art in low-power SRAM write techniques are given in section 4.3. The new current-
injection write and read circuits are present in section 4.5 and 4.6, respectively. The
design and simulation of a 3-port 32x64b register file that utilizes the proposed tech-
niques are given in section 4.6. This is followed by experimental results of the fabri-

cated register file chip and a summary at the end.

4.2 Conventional SRAM Read/Write Operation

Fig. 4.1a gives a generic block diagram of an SRAM memory with N.M.2° bits. The

memory is organized into N.25 words and each word is M bits wide. Both horizontal
(word) and vertical (column) address decoding is used to have a feasible design with
acceptable aspect ratio. The S parameter represents the column multiplexing factor. The
precharging devices pull the bit-lines to “high” and the sense amplifiers amplifies the
small voltage difference generated on the (column) selected bit-lines during a read oper-

ation.

Fig. 4.1b gives a more detailed picture of the memory operation. Each storage
element is a standard 6T memory cell. The transistors in the memory cell are made as
small as possible to increase layout density. Special care has to be taken however when
sizing of the access transistor M,;; (M,,) relative to the pull-down transistor M, M,,)
and the pull-up transistor My, ; (Mp,,) in order to guarantee proper read and write opera-

tions with sufficient static noise margin.
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Figure 4.1: Conventional SRAM: (a) block diagram, (b) Read/Write operations.

Referring to Fig. 4.1 and during a read operation (WE = “0"), the asserted word
line will turn on the access transistors. Assuming a low value at node C, a DC path will
exist through transistors M;;, M,;, and M,,. Since the load transistor M;; has much
smaller impedance than the M,; and M,; combination, a small voltage drop will
develop on BL. The differential voltage between BL and BL is then restored to a full-

swing level by the sense amplifier. This differential operation provides fast read access.

Notice that node C will rise by a AV value when the word line is turned on. As
long as this AV is smaller then the threshold voltage (V,,) of transistor M,,, the read
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Z)
nl/( L Mal

operation is safe. To satisfy this condition, the cell ratio r defined as (E’) »

L
has to be larger than unity. In other words, transistor M, has to be stronger than transis-

tor M,;. The lower limit of this ratio can be derived by solving the current equations of
transistors M,,; and M,, such that the above AV condition is met. Interested reader is

referred to [67] for further analysis.

Because an SRAM cell is designed with read stability and speed in mind, writing
a new value to the cell requires almost a full-swing on BL (or BL). Assume that we want
to store a “1” on node C (which originally has a “0”), then the necessary condition in

this case is that transistor M, to be weaker than M,;. This is needed in order to pull
node C to below the threshold voltage of transistor M, and so tum M, off. Again

detailed analysis is provided in [67].

Note that during a read operation, all M.25 memory cells connected to the
selected word-line will dissipate DC current with only M cells consume useful current.
A pulsed word line is usually used to cut down this large DC current as mentioned
before [59]. The pulse has to be wide enough to allow a sufficient swing (~0.1V-0.3V) to
be developed on the bit-lines and then sensed by the differential amplifier.

Finally note that for a large memory (> 64Kb) the parasitic capacitance and
resistance associated with the bit- and word- lines will dramatically increase. This will
adversely affect both speed and power. Therefore, a large memory is partitioned into
smaller blocks and hierarchical word-line (HWL) [68] and/or hierarchical bit-line
(HBL) [69] should be employed.
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4.3 Low-Power SRAM Write Techniques

In this section a quick review of low-power write techniques is presented. Two of these
approaches are illustrated in Fig. 4.2. The variable impedance bit-line load [70] shown
in Fig. 4.2a makes all the bit-lines load impedance high in the write cycle. This is
achieved by using the write enable signal (WE) to cut off the large load transistors;
namely M;; and Mj,. With this technique, the DC current from the loads to the bit-lines
write drivers is significantly reduced since transistors M3 and M4 are much smaller than
M), and M);. During a read cycle, all load transistors are turned on and so the bit lines
will have low impedance, allowing fast precharge (or bit line recovery) for the next
cycle. Although effective in cutting the DC power, this scheme still requires full swing

on the bit-lines during writes.

Another low-power write technique is the Driving Source Line (DSL) [71]

shown in Fig. 4.2b. In DSL, the source nodes of the pull down transistors (of the

Vg2 Va2

word Jine (WL) | _ _
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Figure 4.2: Low-power write techniques: (a) variable impedance load, (b) driving
source-line (DSL).
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selected memory word) are all made floating (Hi-Z) at the start of a write cycle. This
will make it easy to release the cell potentials and so a small differential voltage on the
bit-lines is adequate to change the stored data. At the end of the cycle, the source line is
switched back to “0” which brings the cell potentials to full rail-to-rail values. This low-
swing is also largely attributed to the fact that the bit-lines are precharged to V2

which realizes a larger V-V in the access transistors. However, intermediate voltage

precharging is disadvantageous from noise point of view. This is because the high-level
node of the enabled memory cell can become equal to the bit-line voltage during a read

operation. This reduces the cell immunity particularly at low V44 [8). Another drawback

of the DSL technique is that two lines (the word and the source lines) have to be asserted

during a write operation.

Other low-swing approaches based on DSL but without half-supply bit-line pre-
charging was proposed in [72] and [73]. In [72] and to enable low bit-line swing, the
access transistors had to have zero threshold voltage. In [73], low-swing is achieved by

word-line voltage boosting.

A different low-swing write technique was presented in [74]. The idea is to use
an almost equal pass and pull-down transistors in the memory cell. This will facilitate
writing a new data in the cell with low swing of about 0.5V on the selected bit-lines.
This approach suffers from dramatic decrease in noise immunity since (1) it reduces the
cell ratio r (defined in the previous section), and (2) the bit-lines are precharged to an
intermediate voltage level (0.5V at Vaa = 5V) which, like the original DSL method,

results in low noise margin.
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4.4 Current-Injection Write (CIW) Circuit

4.4.1 Cell Operation

In this section, the CIW approach to high-speed and low-power SRAM cell write is
described. The basic idea is illustrated in Fig. 4.3. The figure shows a 7T SRAM cell

with separate read and write ports. The write port consists of transistor M s along with

the WBL and WBL lines. These lines are shared by all cells in the same memory column.

Transistors M and M operate in the linear region and are used to pull WBL and WBL to

Vaa respectively. Transistor Mg is always turned on and is used to minimize the voltage

\ v,
20
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Figure 4.3: Current injection write (CIW).
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difference between WBL and WBL. Notice that In a conventional SRAM nodes A and B

(Fig. 4.3) are connected to a common horizontal power supply line.

Writing is performed by injecting a current difference into the memory cell. This

is done in two phases: precharge and evaluate. During the precharge phase, M is turned

on by driving WWL high. As a result, the voltages on C and C are equalized to an inter-
mediate level. This in effect will bias the two back-to-back CMOS inverters of the mem-
ory cell in the transient region which increases their voltage gain. Furthermore, this

equalization will create two equal DC currents (I;; and I;,) along the write bit-lines,

thus both WBL and WBL will be pulled slightly below V.

During the precharge phase also, signal WE is high and so depending on the input
data (D) an additional current /,is dissipated in one of the data drivers, R or R;, through

the source node of My or M, respectively. Assuming a low value at D and without loss
of generality, the NMOS transistor of inverter R, will then sink this current via transistor
M 0, as shown in the figure. This current will further pull down the WBL node below
Vaq- Thus a small voltage difference equal to (AV) - AV,) is created between the source
nodes of transistors M; and M,. This, however, should not affect the equality relation

between Iy ; = Iy as long as M is turned on.

During the evaluate phase, WWL becomes low thus turning off Ms. As a result,
M and M will source different amounts of current since they see different (V,-Vy) val-
ues, where V; is the corresponding bit-line voltage. Thus a current difference of magni-
tude (Iz>-I1)) is injected in the memory cell and this gives rise to a small voltage

deviation between C and C. This difference will be quickly amplified to CMOS levels
by the two back-to-back inverters of the memory cell which acts as a positive feed-back
amplifier with high gain. At the end of the cycle, WE is negated to cut off the DC current
flowing through M,
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When writing a particular cell, it is important to assure that the stability of other
cells in the same column is not affected since they share the same write bit-lines. Any
voltage drop on the write bit-lines will be passed to all cells in the same column through
their M (M) transistors. As long as this drop is less than the threshold voltage (V) of

the corresponding M, (M), then these cells will not lose their stored values.

In the above design, this is achieved in part by making the equivalent imped-
ances of transistors M;-Ms, Mg-M 4, and inverters R;-R, much larger than those of the

PMOS loads Mg and M. HSPICE simulations, performed using a 0.35um CMOS tech-

nology with transistors widths shown in the figure and for various memory sizes N

(number of rows) and supply voltages, showed a less than V44/30 drop on the WBL (or
WBL) as a result of the proposed approach. This drop is much smaller than V,, in con-

temporary processes which is about V,,/5, thus ensuring stability of other cells.

In addition, any voltage drop that appears on either WBL or WBL will turn on
transistor Mg which tries to minimize the voltage difference on the two lines. This will
further guarantee that voltage disturbances induced on a write bit-line during the write
operation will not affect the stability of other cells. Notice that the “always-on” transis-

tor Mg is also used at the end of a write operation to equalize the voltages on WBL and

WBL and so prevent any current mismatch during the next write cycle.

Fig. 4.4 gives an example HSPICE simulation results usinga Vyy=33V,and N
= 32. Parasitic resistance and capacitance extracted from the layout were included in the
simulations. Notice that the maximum voltage drop on the write bit-lines is less than
0.1V. Further notice that the WE pulse has to be slightly wider than the WWL pulse for
correct write operation. The last point will be further clarified in Section 4.6.
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Figure 4.4: HSPICE simulation results of the CIW approach.

44.2 Comparisons

As compared to conventional SRAM write operation, the proposed CIW approach does
not require (an almost) full charging and discharging of the bit-lines. Hence, this
approach greatly reduces both write energy and speed. HPSICE simulations to compare
the CIW scheme with the conventional approach for various memory sizes were per-
formed. The conventional approach is similar to the one shown in Fig.4.1 except that a
variable load impedance (as in Fig 4.2a) is used to reduce DC power. In addition, large
bit-line data drivers were utilized for fast bit-line discharging. For both the conventional
and the CIW techniques and to further reduce DC current, minimum width WE and
WWL pulses needed to complete the write operation were employed. Finally, the same

transistor sizes were used for both cases: Wyy;_yrq = 1pm, Wy, = 0.7um, Wy 407 =

20pum, and for the proposed scheme W5 = 1.0 pm.

The simulated energy and speed curves for N ranging from 32 to 1K words are
shown in Fig. 4.5a and 4.5b, respectively. In Fig. 4.5a, each value represents the total
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Figure 4.5: Comparisons to conventional write: (a) energy and (b) speed.

energy consumed during writing a single cell. The delay in Fig. 4.5b represents the mini-
mum time needed to write the cell. For the proposed scheme, this time includes the equal-
ization time. As the figure illustrates, the CIW approach reduces energy by 2.8 to 9.9
times and improves the speed by a factor of 1.02 to 6.36. The figures illustrates that, for
the memory range shown, the delay and energy of the CIW is almost independent of the
memory size. Notice that the speed of both schemes are comparable at small N values.
However, the numbers in Fig. 4.5b do not include the recovery time, defined as the time
needed to pull the bit-lines back to high before the next cycle starts. This time is much
worse in the conventional case because the bit-lines are almost fully discharged during

writes. In the CIW case, however, transistor My is always turned on and so it will quickly
bring the bit-lines (which already have small swing) to full V. Therefore, if this time is

accounted for, the CIW scheme will always be much faster than the conventional.

Similar to the HiCapCS approach described in Chapter 3, an attractive spin-off
of the CIW scheme will be the reduction of current spikes and supply voltage noise.
HSPICE simulations have shown peak current reduction by a factor of 10 on the aver-
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age. Further more, not charging and discharging the large bit-line capacitance during

writes reduces the noise coupling to adjacent bit-lines.

Unlike the DSL approach [71] described earlier, the CIW scheme requires the
assertion of only one horizontal line (the WWL). However, this comes at the expense of
adding one extra transistor (M) and two extra bit-lines (WBL and WBL). Another disad-
vantage of this technique, which is also common to the DSL, is that all cells in the same
row have to be written since they will loose their stored values during the pre-charge
phase. Thus the CIW is most suitable to multi-port buffer memories with large word size
as in register files, memory based ATM switches, and search CAMs. Extension to a gen-
eral purpose (that column decoded) SRAM is possible by using multiple write word-

lines, which is analogous to multiple source lines in [71].

4.4.3 Cell Design

In addition to the stability requirements described in section 4.4.1, the sizing of the new

memory cell is affected by other factors. Referring again to Fig, 4.3, when M is turned
on, the equalized voltage on C and C, call it Vy,, will depend on the sizing of M; and M;
(M3 and M). It is desirable to have V), = V,;/2 to bias the CMOS inverters of the mem-

ory cell in the mid-point of their transient region and so increase their voltage gain.

When M; is on, both M, and M operate in the saturation region and have equal currents
as given in EQ (4.1):

W 2 W 2
ul’cox(Z)Ml (Vdd- VM_AVI - 'Vlhpl) = p’nCax(Z)M3 (VM- Vllm) 4.1)

solving the above equation for Vs = V42, assuming V,,, = Vinp and equal transistor

length L, gives W,, /W,, =pu /p . Since u, = (2-3)u,, in a typical CMOS process,
Ml M3 n” ¥p Hn ""P
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then W)y, should be about (2-3) Wy,; which will enlarge the cell area. Fortunately, the

write operation is fast enough (as was shown in the previous section) and so this condi-

tion can be relaxed by making Wy, equal to Wy3. As a result, Vy, will be given by:

v, - V=AY + Vo 7n - 1) “2)

/un/ M, + 1

which is about V2.5 using typical technology parameters.

Another requirement is that transistor M has to be stronger than M, (M>) in
order to be able to pull the high node of the memory cell down to Vj,. This can be also
achieved by having W5 = W)y, because of the difference in mobility as stated above.
Finally, similar to conventional SRAM cell design, the size of transistor M, is made

smaller than M; (M) for noise margin requirement during reads as explained earlier.

Fig. 4.6a gives the schematic of a 3-port (1W-2R) of a 9T memory cell using the
proposed approach. The transistor sizes shown are based on a 3-metal 0.35 pm technol-
ogy. The layout of the memory cell is shown in Fig 4.6b. The total cell area is about 125
nm?. The size of the cell is expected to be smaller than conventional multi-port SRAM
cells. Two of these cells are depicted in Fig 4.7. The cell in Fig 4.7a is based on a single-
ended read and write techniques. As a result, both operations are slow and require full
swing on the bit-lines. In this scheme, two adjacent cells a and b shares a common write
bit-line thus the total number of transistors per cell is 9.5, which is comparable to the
CIW scheme. However, some of these transistors (indicated by bold) have large sizes as
required by the single-ended read operation. The cell in Fig. 4.7b is based on a differen-
tial read operation and so is fast. The write operation is also differential but follows the

conventional full swing scheme. Transistors M;-M, are used to isolate the cell latch

from the noise on the read bit-lines to enhance reliability.
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Figure 4.6: (a) Schematic of the proposed 3-port cell, (b) its layout
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Figure 4.7: Some conventional 3-port SRAM cells: (a) single-ended [75],
(b) double-ended [63].

4.5 Current-Injection Read (CIR) Circuit

Similar to the write operation, the current-injection technique can be applied to the read

operation. A CIR sense amplifier is shown in Fig. 4.8. The 7T cell in the figure is similar
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to the one given in Fig. 4.3 with the write bit-lines not shown for simplicity. As in the
CIW technique, read proceeds in two stages: equalize and evaluate. When the sense-

amplifier enable (SAE) signal is high (equalize phase), M 5 is on and so the voltages on

nodes A and A are equalized. During this time, RWL is asserted thus turning on the

access transistors (M, in Fig. 4.3) of the memory cell. Because of the opposite polarities
on the memory cell inverters, one inverter will sink additional load current, 14, as shown
in the figure. During this phase, the bit-lines current Iy ; and I}, are equalized. When
SAE = 0 (evaluate phase), M3 is turned off and due to the small voltage difference on the
bit-lines, M, will sink less current than M, thus forcing A to low and A to high (for the

example given in the figure). The amplifier shuts the DC power once its outputs reaches

complementary full swings. The non-inverting active-low single-phase dynamic latch

V, Vv
20
-l SIM;I

RBL

Figure 4.8: Current injection read (CIR).
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will hold the newly read value before SAE goes back to high. The read cycle ends when
RWL goes back to low. Notice that for correct read operation, the RWL has to be reset
slightly after the SAE signal is deactivated. This is comparable to the timing requirement
between the WE and the WWL signals in the write cycle.

Sense amplifiers based on current operation have been used before for fast read
operation. The amplifier shown in Fig. 4.8 can be though of as combination of those in
[76] and [77]. It uses a pair of back-to-back inverters as in [76] and a load equalizing
transistor (M) as in [77]. Unlike the amplifier in [76], the CIR amplifier does not clamp
the bit-lines to a low-voltage level. As explained earlier, this improves the stability of
the cell during reads. In addition, the proposed scheme simplifies the read operation
since a low swing RWL is required in [76] in order not to disturb the stored cell values.

As compared to [77], the CIR amplifier does not need a bias voltage generator.

Simulations of the CIR circuit have been carried out for various memory sizes.
For a memory with 32 rows, read operation was simulated at a rate of 1 GHz (without
taking decoding delay into consideration). This is somewhat slower than the write speed

for the same memory size (1.6 GHz) due to the limited speed of the dynamic latch.

4.6 Register File

In order to evaluate the performance of the above techniques, a three-port (2 reads and 1
writes) 32x64b register file was designed and fabricated using a 0.35 um CMOS tech-
nology. This file can be used for applications with continuous read and write requests. In
order to operate at high frequencies, two techniques are used: (1) pipelining, and (2)
using a single-phase clock for control. The first allows the register file to operate at

clock cycles shorter than the access time, while the second eliminates the race problems



CHAPTER 4. CIRCUIT TECHNIQUES FOR LP HP MULTI-PORT SRAMS 95

associated with multiple clock signals. In addition to the above, fast address decoding

using Source-Coupled Logic [66] was adopted.

The timing diagram of the pipelined operation is shown in Fig. 4.9. This scheme
allows one (or two) read operations and one write (to a different word) every clock cycle
as follows. A new address is entered and is allowed to settle during the low-phase of
CLK. Therefore, address decoding is performed when CLK becomes high. When this
happens, the decoder will activate the WWL of the selected word (write precharge
phase). In addition, new data is inputted to the write bit-lines (through transistor My or

M, in Fig. 4.3). At the same time, read decoding is activated as well and so the RWL(s)

of the (other) selected word(s) will be enabled. When CLK goes back to low, the WWL is
disabled and writing is performed during the dashed period shown in Fig. 4.9. During
this period, it is important that the new data is stable and signal WE remains high.

Similarly for the ongoing read operation, the RWL is deactivated and the read
sense amplifier proceeds to the evaluate mode. Since the SAE signal in Fig. 4.8 is active

high, we can substitute this signal with CLK to turn off transistor M (and turn on the
dynamic latch). Hence only two control signals are needed in this file: CLK and WE. As
for the write operation, reading is performed during the dashed period shown in Fig 4.9.
The RWL should stay high enough after CLK becomes low in order to allow the sense

cu(__l: i—# )'_.:'-
P — 0 - .
R/W Address E’ﬁ Jﬁ‘x '
] ]

RWL, ' 1\ X

WE
ww

- ol e -l -
- o oof - -

T

Figure 4.9: Pipelined operation using a single clock.
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amplifier to read the correct data. Enough delay between the two signals can be intro-
duced by the decoder circuitry.

In order to operate at high-frequencies, fast address decoding is needed. Source
Coupled Logic (SCL) is one of the fastest address decoding schemes ever reported [66].
The SCL logic is shown in Fig. 4.10. When CLK is low, nodes A and B are charged to
Vaa- When CLK is high and depending on the address lines, node A will either remain
high or get discharged. In the first case (word selected), node B will get discharged

through M; and M; and the word line will rise. In the later case, the word line remains

low. The weak cross-coupled PMOS feedback transistors enhance the noise immunity of
this dynamic circuit by keeping the appropriate charge after CLK becomes high. The
operation of the SCL fits the behavior of both the RWL and the WWL as described
before. Note that the sizing of the driving buffer is slightly skewed to delay RWL from

CLK, as explained above.

In the above scenario, we assumed a high-frequency single-phase clock signal with
50% duty cycle. At high-frequencies (for example > 500MHz), the width of the high level
portion of the clock is very short, thus minimizing the DC current during both reads and
writes. For the general case, a pulsed operation can be used in which the RWL, WWL, and
the SAE lines are all pulsed with a single positive CLK pulse. This pulse can be generated
from Address-Transition Detection (ATD) circuitry as in some low-power SRAM:s [59).

F_U‘
ll> (R/W) Word Line
30710

Figure 4.10: Source-Coupled Logic (SCL) for read/write word line decoding.
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Using a 0.35 pm CMOS technology with V,; = 3.3, and f = 750 MHz, the register
file (including decoder circuitry) was simulated with HSPICE. Extracted parasitic capaci-
tance and resistance from the actual layout were included. Results from the simulation are
given in Fig. 4.11. The simulations show one write followed by two consecutive reads of the
same memory cell. The cell potentials are given by C and C in the figure. The intermediate
voltage V), is about 1.2V. Note that the output read data follows the written input.

Since both read and write operations are based on current-injection techniques,
this register file can still operate at very high frequencies even under low supply volt-

ages. Fig. 4.12 plots the simulated maximum operating frequency for a range of supply

LT
LA
HINNNENEN
= ML

time

Figure 4.11: HSPICE simulations of the 3-port 32x64 register file.
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Figure 4.12: Simulated results: effect of supply voltage scaling on speed.

voltages. At a low voltage of 2.3V, the maximum frequency is S00MHz. The minimum
supply voltage under which the file can function correctly is determined by the equaliz-
ing transistor (M in Fig. 4.3 and Fig. 4.8). This transistor can equalize its source and
drain nodes as long as its gate voltage is larger than twice its threshold voltage, where

the later is subject to body effect. To work at even lower voltages, low-threshold M can
be used if advanced multi-V,, process is available. Another alternative is to boost the

gate voltage of Msand use a low V4, for the rest of the circuit.

4.7 Experimental Results

The 32x64b 3-port register file was fabricated using a 0.35 um CMOS technology. The
layout of the complete chip is shown in Fig. 4.13. The total core area is 604um x
900um. The figure clearly shows the memory array and three decoder sections. The bit-
line loads and the write drivers were placed on top of the array, while the sense amplifi-

ers and output drivers were located at the bottom.
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Measurements were carried out using an IMS-100 Logic Tester for input pattern
generation and an oscilloscope for waveform acquisition. Functionality was verified by
changing the write address from O to 7 and writing different data to the corresponding
words. Simultaneous reading of words 1,2,...,7,0 and 2,3, ...,0,1 was performed and the
read data matched the written one. Fig 4.14 shows some of the measured waveforms. In
Fig 4.14a, the waveforms of the CLK signal, one address line, one input line and one
output line are given. Notice that the address changes when CLK is low, while the input
data varies when CLK is high, as explained in the previous section. The input pattern
used was 00100111101001100 and repeat. The figure illustrates that the output data
matches the input. The same output is depicted in Fig. 4.14b but using a supply voltage
of 2.3V. Finally, Fig. 11c shows the same output at frequency of 100 MHz and Vg =

LTCATIT R
T

e P

PRAL]

o

)

L

Figure 4.13: photo micrograph of the 32x64 3-port register file test chip.
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3.3V. The distortion of the output can be partially attributed to the noise introduced by
the available low-frequency package.

Fig. 4.15 plot the effect of supply voltage scaling on the measured delay. The
delay shown is taken from the falling edge of the CLK signal to the time the output data
becomes available. This delay includes that of the /O pads and so taking that into con-
sideration, the measured results in Fig. 4.15 are in good agreement with the simulated
ones in Fig. 4.12. With respect to power dissipation, measured power is not available as

both the I/O pads and the chip core use common supply pads.

4.8 Summary

We described novel circuit techniques based on current-injection to enable fast and low-
power write and read operations in multi-port SRAMs. The design of a pipelined 32x64
3-port register file that demonstrates the use of the proposed techniques was also pre-
sented. Measurement results from the fabricated register file chip have confirmed the

feasibility of the approach.
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Figure 4.15: Measured results: effect of varying V44 on the delay.



Chapter 5

Power Minimization Using Dual-V 44

and Dual-V, (DVDYV)

5.1 Introduction

In a well-designed CMOS circuit, power consumption is predominated by the dynamic

(charging) power which is relative to the square of the supply voltage (V). Scaling
down V4, is, therefore, one of the most effective means to cut down the power. Lower-

ing V4, is also a requirement in submicron technologies to prevent hot-carrier effects.

However, reducing V; alone comes at the expense of increasing the delay
because the current driving capability of a MOS transistor decreases. Reducing V,; and
(relatively so) the threshold voltage (Vip) can maintain improvement in circuit perfor-
mance. Lowering V;, on the other hand, results in exponential increase in the sub-

threshold (leakage) power. At very low V,, and with the current trend in system-on-a-

102
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chip, where millions of transistors are integrated on a single die, the leakage power can

actually dominate.

In this work, the Dual-V,; Dual-V,, (DVDV) methodology is proposed as a
means for low-power design of high-performance CMOS logic circuits. DVDV
employs two supply voltages HV,; and LV, and two threshold voltages HV,, and LV,
where H and L stands for high and low, respectively. With this technique, it is possible
to operate a logic circuit at very high speeds because of the availability of HV 4, gates.
These gates are mapped to nodes on the critical path(s) of the circuit. On the other hand,

nodes off the critical path are made to operate at LV, for dynamic power saving.

Depending on the synthesized circuit and the required speed, the low supply voltage
(LV,44) can be made very small (as compared to HV,,) thanks to the availability of the

low threshold voltage (LV,,). Finally, leakage power is substantially reduced by using

HV,, gates whenever possible.

After this brief introduction, the delay and power d models for a (deep) sub-
micron CMOS gate are presented. Section 5.3 discusses the merits and shortcomings of
supply voltage scaling followed by a review of the state-of-the-art methods targeting the
low-supply/low-threshold voltage paradigm. The DVDV technique is presented in Sec-
tion 5.5. Following that, a Depth-First Search (DFS) based heuristic for minimizing the
total power dissipation of a logic circuit under a delay constraint and using the DVDV
methodology is described. Section 5.7 provides results from applying our new scheme
on a number of ISCAS and MCNC benchmark circuits. A summary of the chapter is

given in Section 5.8.
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5.2 Delay and Power Models

5.2.1 Delay Model

The basic CMOS delay model (presented in Chapter 2) where the delay of a CMOS gate

is inversely propotional to (V ad—VYen) 2 is not valid for short (sub micro-meter) channel

devices. The main reason for this deviation is the velocity saturation [60]. This term
refers to the fact that by shortening the transistor channel, the carriers velocity will satu-

rate when the electrical field along the channel reaches a critical value, E,,. For ap-type
silicon, electrons reach saturation at an electrical field of about 1.5V/um.Ina 1 pym
NMOS device, this is translated to a drain-source voltage (V) of 1.5V after which

velocity saturation occurs. In a 0.25um process, this voltage reduces to 0.375V which

can be easily met.

Several models were proposed in the past years to account for velocity saturation
and other short-channel effects such as carrier mobility degradation. An often cited
model is the alpha-power law [78] which replaces the square factor above by a that can
take any value between one, for full velocity saturation, and two, for no velocity satura-
tion, as in long channel devices. An average value of o between 1.3 to 1.5 is often used
[58] [79] [80]. Thus the delay equation of a CMOS gate can be modified to:

C -V
T,= L (5.1)

£ (7) V- v®

£
where K = uC,, and C, = -*= is the gate oxide capacitance per unit area with ¢
ox ox t g p ox
ox

being the oxide thickness. The mobility factor M is not constant and depends on the
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applied electric field among other factors. Finally, W and L are the width and length of

the transistor, respectively.

Notice that for short-channel devices and since o is less than two, reducing the
supply voltage (up to a certain extent) does not have a very significant impact on the
delay as in long-channel transistors. For example, moving from 5V supply to 3.3V
results between 10% to 30% degradation in the delay (depending on the threshold volt-

age) and yields a 60% reduction in power.

5.2.2 Power Model

As discussed in Chapter 2, the total power dissipation (ignoring short-circuit power) of a

CMOS circuit with N gates is given by:

N N
Ptolal = den + Pleakage = ( Vezid f A) ’ ZCZ + z(l;eak ) Vdd) 5.2)
i i

Where CZ = o,C; is the switched capacitance of gate i with a; being the switching

activity (as defined in Chapter 2) and C; is the total lumped capacitance seen at the out-

put of the gate.The factor A defines the fraction of time the circuit is active (i.e. doing
useful computations) over an extended period of time, which can be possibly obtained

from system-level simulations.

The second term of EQ 5.2 considers the total leakage power, with IL ok deing

the sub-threshold current of gate i. This current accounts for the weak-inversion conduc-

tion of the carriers when the gate to source voltage (Vs) of the transistor drops below

the threshold voltage (Vip), and is given by [81]:
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Vi VF] (Vee=V,) 7/ (nVy)
Ilealmge = Io[l -é ]e (5-3)

where I, = u,C ox (Wey/ L) Vzrel’s, Mg is the zero bias mobility, Vy = kT/q is the
thermal voltage which is about 26mV at T = 300K, and n is the subthreshold swing

C
coefficient given by 1 + C—d- with C, being the depletion layer capacitance of the
ox

source/drain junctions.

Note that the leakage current is exponentially propotional to (Ves-Vin)» as seen in

Fig. 5.1. The figure plots I, vs. Vis for a 0.25um process for two V, values. As Vy, is

[Pt 0.25 b scrematic : Ape 21 14:29:39 1999

Ly (a) llog scale}

Vys= 0V (logic “0") and
the NMOS device is leaking
subthreshold current.

Ves (V)

Figure 5.1: Sub-threshold current in a 0.25pm NMOS (W =1um, Vi = 1V).

lowered, the leakage current exponentially increases, thus contributing a significant
amount to the total power dissipation in CMOS circuits. This is particularly true if the
circuit has to operate at low frequency (f) and/or under low activity (A), as given in EQ
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5.2. Under these circumstances, the leakage power can overtop the total power. This

issue will be further tackled in the next section.

The sub-threshold behavior of the MOSFET transistor is also often characterized
by the inverse subthreshold slope (S) defined as the amount of gate voltage required to
drop the leakage current by one decade (see Fig. 5.1). This amount can be determined
by taking the ratio of two points in the sub-threshold region using EQ 5.3 which gives §
= nV7In(10) or nVy = $/n(10). Using this result and Ves= 0V (device off), EQ 5.3 can be

rewritten as:

I

leakage = 10[1 -e

-V, /V. -V./S
ds T]IO th (5.4)

It is desirable to have § as small as possible in order to turn off the device as close to Vin

as possible [6]. Unfortunately, S increases with temperature rise and has a minimum value
(for a subthreshold swing coefficient n of unity) of 2.3V, which is about 60mV/decade at

room temperature. In reality, n is greater than one and is largely invariant with scaling [9].
This makes a typical value of S in the proximity of 100mV which means that for every

100mV reduction in V,,, the leakage current is increased by one order of magnitude.

5.3 Supply Voltage Scaling

Supply voltage scaling is a key methodology for low-power design and is believed to
yield the maximum reduction in power among other approaches [3]. Another force
behind low-voltage design is the high demand for portable products which are powered
by batteries with limited supply voltage. Moreover, reducing the supply voltage is also a
must in high-performance and Ultra Large Scale Integration (ULSI) systems to cut

down cooling costs and maintain manageable power consumption per chip area.



CHAPTER 5. POWER MINIMIZATION USING DUAL-VDD AND DUAL-VTH 108

From a reliability viewpoint, lowering the supply voltage is essential to prevent
long term device degradation and eventually malfunction due to high electric fields. As
miniaturization of CMOS devices progresses without reducing the supply voltage, the
electric field (measured in V/m) along the channel increases and this can trigger hot-car-
rier mechanisms. By increasing the electric field, the electrons can acquire very high
velocity (or become hot) and so may depart the silicon and tunnel into the gate oxide.
This can result in modifying the device properties (for example, its threshold voltage)

and finally device failure.

Unfortunately, lowering the supply voltage comes at the expense of increasing
the delay. In [9], two voltage scaling scenarios are described: one optimized for the
highest speed without impacting the long term device reliability and one optimized for
power. In both cases, the threshold voltage is not fully scaled to maintain acceptable
leakage current. It was found that for the same process generation (feature length), the
high-performance scenario requires higher supply voltage than the low-power one by a
factor of about 1.5 on average. For example, the high-performance supply voltage for a
0.25um process is about 2.5V while the low-power one is set to 1.5V,

In this section, we present a simple explanation as to why the above two scenar-
ios differ. Assume that we have a circuit designed in a certain process and is operating at
a high supply voltage (HV,;) and under a high threshold voltage (HV,;). Assume further
that we want to scale down both the supply and threshold voltages to LV44 and LV,
respectively such as the delay (speed) is maintained while keeping the sizes of transis-
tors (or area) the same. If EQ 5.1 is used before and after scaling, then the following
equality has to be satisfied:

C,-HV C,-LV
L dd L dd _ (5.5)

K(%') (HV,,~HV,)" i K(%) LV, ~LV,)"
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Figure 5.2: Effect of velocity-saturation factor (ct) and LVg4qon LVy,.

Solving for LV, gives:
Lv,, 1/7a
LV!h = LVdd- (HVdd-HVm) m (56)

EQ 5.6 tells us that LV, has to be reduced as LV, decreases or & increases as illustrated
in Fig. 5.2. The figure plots LV, as a function of LV, and o, assuming a HV =25V
and HV,;, = 0.5V. The contour curves show constant LV,, versus LV,4and a. Notice that
at o = | (full velocity saturation), LVy, = LV,4/5. However, in contemporary submicron
processes and down to 0.1um technologies [79] and possibly less, @ is unlikely to be
this small. Therefore, much lower LV,, is needed at low LV 44 (low-power scenario in
[9]) to maintain the same delay, as the figure illustrates. For example, for o = 1.3-1.5

and at a low supply voltage of 1V, LV,, drops below zero (for an NMOS device).



CHAPTER 5. POWER MINIMIZATION USING DUAL-VDD AND DUAL-VTH 110

normalized frequency

0.2

) mN‘

Figure 5.3: Oscillation frequency of a 31-stage ring oscillator in a 0.25um process.

To verify the above analytical result, a benchmark circuit representing a ring
oscillator of 31 stages was simulated using HSPICE with a 0.25 pm process. We varied
LV,, by modifying the DVTH parameter in the HSPICE models. Fig. 5.3 shows the
oscillation frequency versus LV, and LV,,, normalized with respect to that using HV 4,
= 2.5V, and HV,;, =0.56V. Note that at LV ;= 1V, and even with LV, = 0V, the speed is
only about 90% of the original. Solving for & using the above simulation points gives a
value of 1.54, as expected. Notice that the results in Fig 5.3 is in good agreement with
those given by EQ 5.6. As an example, for LV, = 1.5V and LV, = 0.1V, the oscillation
frequency is almost equal to the original (within 4%) as shown in Fig 5.3. Using EQ 5.6
with & = 1.54, HV ;= 2.5V, and LV, = 0.56, gives a LV,, of about 0.108V which is

close to the simulated one (0.1V).

Another example that illustrates the effect of voltage scaling on delay is given in
Fig. 5.4. The figure (taken from [9]) plots the delay of a 2-input NAND gate for different
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Figure 5.4: 0.25um CMOS delay versus Vg, and Vg4 [9].

Vinand Vy values. Ata Vy;= 1.3V and V,;, = 0.26, the delay is about 18% worse than at

Viaa= 2.5 and V;, = 0.5, although V,4/V,, = 5 in both cases. The figure predicts that the

delay gets even worse as V,; is reduced.

The proceeding discussion suggests that it is theoretically possible to achieve the

same performance before and after V,;, scaling if V,,, is scaled proportionally as dictated
by EQ. 5.5. However, two main factors prevent full V;scaling. The first is the increase
in the leakage current. Remember from before (section 5.2.2) that as V,;, decreases, a

hefty penalty in the leakage current has to be paid since the later is exponentially propo-
tional to Vy,. As an example, Fig 5.5 plots the ratio of the leakage power, simulated

using HSPICE, to the total power (EQ. 5.2) as a function of LV 44 and LV, This was

done for the above ring oscillator benchmark (without the ring feedback) using a fixed
input frequency of SOMHz. It is clear that at low LV, the leakage power becomes con-

siderable. For example, at LV, = 1.0 and LV,;, = 0, the leakage power is more than 50%
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Figure 5.5: % Piegy/Pyoy) as a function of LV, and LV 44.

of the total power. This contribution is, however, much smaller at higher frequencies at

which point the dynamic component of the power becomes more significant.

The second element that prevents extreme V,,;scaling is the increased sensitivity
of the delay to fluctuations in Vj; caused by process variations. Note that the threshold

voltage of transistors within a chip or a single transistor across chips varies randomly.
This can be attributed to nonuniform fabrication conditions in elements like the channel
length, impurity concentration densities, oxide thicknesses, and diffusion depths [60].
For achieving a high yield, the chip with the worst case (highest) V,;, determines the
speed specification of a design. Consequently, minimizing Vi, variations is a key issue

that has to be addressed in future ultra high-performance chips.

In (58], it was analytically shown that the delay sensitivity to Vi, variations

worsens as V, is reduced. Assume that AV, and AT stand for the variations in the
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threshold voltage and delay, respectively. Then by differentiating the delay given by EQ
5.1 with respect to Vy, the following relation is obtained:

ATd 1 5.7)
AV'h (Vdd‘ V'h)a-rl

The above result was derived in [58] for ot = 1.5 and is rewritten above and further
investigated next for the general case. Note that as ot becomes small and approach unity,
the exponent of the denominator gets smaller. This means that under this condition

(small @), reducing V,, makes the delay more sensitive to V,, variations (large AT/
AVyp). This conclusion is true even if V,, is scaled relatively for equal T, as illustrated in
Fig. 5.6. The figure plots AT /AV,, as a function of « for three V44 values: 2.5V, 1.5V,
and 1.0V. Only the lowest curve (V,;= 2.5V) has a fixed V,, of 0.5V, while the other two
curves assume different Vy, for different a. The exact V,, value at each point on the top

two curves were obtained from EQ 5.6 for equal delay. It is clear that AT JAV,,, is not a
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Figure 5.6: Delay variations for different V44's and oc’s.
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big issue at high V;;. As V4, is lowered, this ratio is adversely affected particularly as

devices become more velocity saturated (small o).

In summary, scaling the supply voltage is essential for reliable device operation
and to enable battery-operated systems. However, it was shown that without a relative
decrease in the threshold voltage, the delay increases rapidly, particularly at very low
supplies. An important relation (EQ. 5.6) that expresses the new low threshold voltage
in terms of the new scaled supply, the old high supply and threshold voltages, and the
velocity saturation factor o was derived. Scaling Vin according to that relation for equal
delay results in a very high penalty in terms of the leakage current. Furthermore, it was
shown that the delay sensitivity to V,, variations is exacerbated at low V,, especially for
velocity saturated devices. In the next section, a review of the state-of-the-art design

techniques that address the problems associated with V,;, scaling will be presented.

5.4 Low-Vg44 Circuit Techniques

In general, low-V, circuit approaches can be classified into two categories: dynamic
and static. In the dynamic case, a control signal is commonly employed to turn off
devices in the stand-by (sleep) mode to minimize leakage power. This mechanism is
similar to disabling the clock feeding various parts of a system during idle periods in

order to cut off the dynamic power dissipation of these sections (since f = 0) [40).

Parts (a)-(e) of Fig. 5.7 show different dynamic low-V, circuit techniques that

were proposed over the last few years. In the Variable Threshold CMOS (VTCMOS)
approach [82], the threshold voltage is controlled dynamically through varying the sub-
strate bias voltage. In this scheme, all transistors have low V,, (LV,,) and the substrate

bias voltage is altered so as to: (1) compensate for V,, fluctuations in the active mode
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and so minimize delay variations, and (2) reduce the leakage current in the stand-by

mode. Notice that V,, is propotional to the square root of the substrate voltage (EQ. 3.3)
and so a large change in the later is required to change V. by effective values. Another

problem associated with VTCMOS is that it requires a triple-well structure and a

charge-pump circuit. A similar technique to achieve dynamically variable V,, but using

Silicon On Insulator with Active Substrate (SOIAS) was investigated in [41].

Another commonly used configuration, called the Multi-Threshold CMOS
(MTCMOS) [83], is given in Fig. 5.7b. The MTCMOS employs both low and high V,,

transistors. The logic gates are implemented using LV, transistors and are connected to
virtual ground (VV,;) and virtual supply (VV,,;) lines. These lines are linked to the main
supply and ground rails through high V,, (HV,;) transistors with large sizes. Using LV,

transistors permits operating at low supply value during the active mode. In the stand-by

mode, the sleep signal is activated to turn off the HV,, devices. This will cause the VWV,
and the VV,, to float and so limit the leakage current to that of the HV,, transistors,

which is very small.

To preserve the data during the sleep mode, a conventional static latch imple-

mented using HV,, can be used. Other more faster latch circuitry like the “balloon”

scheme was also proposed [84]. Note that the configuration shown in Fig. 5.7b is partic-
ularly useful if a latch has to be used at the output. In this case, both HV,, PMOS and

NMOS are necessary to prevent any leakage through the latch. In pure combinational

circuits where storing the state is not required, only one HV), transistor (either a PMOS

or an NMOS) can be used.

There are several drawbacks associated with the MTCMOS scheme. First, both
LV, and HV,;, devices have to be available. Second, the HV,, gating devices can eventu-

ally limit how low the supply voltage can be scaled. Third, it requires extra overhead to
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store the state in idle periods. Finally, the gating devices have to be made sufficiently
large to (1) reduce delay, and (2) minimize noise bouncing on the virtual rails. Note that
the virtual lines have much higher impedance than the true rails and will unavoidably
bounce. This will adversely affect both noise margins and delay. The latter is influenced

because of reduced effective supply voltage and increased Vip due to body effect. A

technique for sizing MTCMOS gating transistors for minimizing delay based on mutual

exclusive discharge pattern was proposed in [85].

Fig. 5.7c and Fig 5.7d show two recently proposed configurations that address
some of the MTCMOS problems. The Multi-Voltage CMOS (MVCMOS) [86] scheme

in Fig 5.7c do not use HV,, devices to reduce leakage power. Instead, it employs LV,,
gating transistors whose gate voltages are driven in the sleep mode to larger than V,
and smaller than V, for the PMOS and NMOS, respectively. This creates a negative
gate-to-source biasing (Vgs) and so reduce leakage current substantially (see EQ 5.3).
The elimination of the HV,, transistors allow the supply voltage to get much smaller
than the MTCMOS technique. Also, since the gating transistors are LV, devices, they
can be sized smaller than the HV,, MTCMOS transistors for the same current drive. This

scheme still however suffers from the supply bounce problem and, in addition, it

requires positive and/or negative charge pump(s).

The Virtual Rails Clamp (VRC) [87] circuit in Fig 5.7d solves the data holding
problem during the stand-by mode. Similar to the MVCMOS, the gating transistors are
LV, devices. These transistors are turned off in idle periods and so the virtual rails will

float. Due to leakage current, the V'V, line will start dropping below V44 and the VV,
line will start rising above V;. Once the voltage on the VV,, line drops by an amount
equivalent to the built-in potential (®) of the clamping diode (~0.5V), the diode is

turned on, hence preventing any further discharge. Similarly, any voltage increase on the
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VV, line will be compensated by the other clamping diode. The difference between the
VWV, and the VV, rails which ié about V,;; -2 makes it possible to hold data during
the sleep mode. In that mode, the leakage current is reduced because the voltage drop/
increase on the virtual rails will (1) cause an increase in the bulk-to-source voltages of
internal transistors which in turn increases their threshold voltages (body effect), and (2)
negatively bias the gate-to-source voltages of internal transistors. However, unlike the
MTCMOS scheme, the VRC approach suffers from leakage current between the true
and virtual rails due to the use of LV, gating transistors. In addition, it sets a lower limit
on V4 in order to have a sufficient logic swing (V4 - 2®) to guarantee data preserva-
tion.

Note that the VRC scheme saves leakage power in the stand-by mode due to the
“stacking” of turned-off transistors which in this case occurs between the gating transis-
tors and the internal transistors. In general, having more than one turned-off transistor in
a stack creates an intermediate voltage on the parasitic capacitance between transistors
(see Fig. 5.7¢) which will cause an increase in the effective Vi, of transistors in the
stack. This happens due to (1) establishing a body effect (for M ; in Fig 5.7¢) and (2)
reducing the drain-to-source voltage (of M, in Fig 5.7e¢) which lessens the Drain-
Induced-Barrier-Lowering (DIBL) effect and so forces Vi to increase. Furthermore, the
gate-to-source voltage (of M) is negatively biased, farther decreasing the subthreshold

current.

Due to the stacking effect and differences in the leakage of PMOS and NMOS
devices, the leakage current of a CMOS gate can vary broadly with input combinations.
An example is shown in Fig. 5.7¢ for a 2-input NAND gate in a 0.25um process. This
fact can be used to save leakage power in a module (like an adder) if the primary inputs

of the module are set to the vector that best minimizes power in the sleep mode [88-90].
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Fig 5.7e shows an example of a latch that can be used to force a primary input to logic
“0”. Searching for the “best” vector can be done through circuit simulations controlled
using random [88] or genetic techniques [89]. It was illustrated in both [88] and [89]
that the stacking effect is not very effective in circuits with deep logic since on average
the greater the number of logic levels, the more insensitive the leakage power to primary
input combinations. Furthermore, the power of a CMOS inverter is only slightly

affected by its input since it does not possess any stacking effect.

In summary, dynamic low V, circuit techniques requires the use of special tech-
nology (as in VTCMOS [82] and SOIAS [41)), suffer from delay and noise degradation
due to employing virtual rails which require special sizing of the gating transistors as in
MTCMOS [83]), MVCMOS (86], and VRC [87], need special circuitry or techniques for
preserving data in idle periods, and might not be very effective in saving leakage power
in large circuits as in the “stacking” techniques. Furthermore, common to all dynamic
low Vy circuits (except possibly those based on “stacking”) is the power cost incurred
when switching the devices from idle to active states and vice versa. It was shown in
[41] that large savings in the total power of a system are possible with dynamic tech-
niques if the system spends most of its time in the idle state (for example, 98%). This is
necessary in order to offset the power penalty paid in turning devices on and off (or in

varying their threshold dynamically as in [82-41]).

Unlike dynamic techniques, static approaches do not employ any control signal
for power savings. Parts (f) and (g) of Fig 5.7 give two examples of static techniques. In
the dual V4 [91] approach, two supply voltages are provided: high Vaq (HV,) and low

Viaa (LV4y). Gates with large slacks are made to operate at LV, thus reducing dynamic

power. On the other hand, those along the critical paths, which represent a small portion,
remain as HV ;; nodes. On the positive side, the availability of HV 4, permits operating at

high frequencies. Furthermore, this approach does not suffer from leakage current
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increase since no low threshold devices are used. However, the amount of power sav-

ings is limited since LV, can not be greatly lowered than HV 4, particularly at high fre-
quencies. In addition, the dual V; technique requires inserting a level-shifter whenever
a LV, gate fanouts to a HV 45 one in order to stop any short-circuit (DC) current in the
HV 4, gate. Using level-shifters increases the area penalty of the circuit. Finally, efficient

DC-DC converter has to be used in order to generate a low supply from the main supply
(HVy,).

Another example of a static low V,, scheme is the dual V,, approach shown in
Fig 5.7g [92]. In this case a very low supply (LV4y) is used along with two threshold
voltages: HV,, and LV,,. Gates off the critical paths are made to operate at HV,, thus
minimizing leakage power while those which are critical remain as LV, nodes. While
effective in reducing both dynamic and leakage power, the dual Vy suffers from speed

degradation. As the results in the previous section have shown, this is due to the fact that

a very low (infeasible) value of LV, is needed otherwise to achieve high-performance at
low LV, (for example, 1V). Therefore, the dual V,, scheme is a good choice for low-

power applications running at low-to-moderate frequencies.

Note that the static schemes do not have the (previously summarized) drawbacks
associated with dynamic approaches. On the other hand, leakage power is not almost
completely cut off in the standby mode like in the MTCMOS technique. This is because
some gates, as in the dual V,, approach, have to operate at low V,, all the time. In the
next section, the dual V4 dual V,, (DVDV) approach, introduced at the beginning of the
chapter, will be described. This scheme tries to capture the advantages of both the dual
Viq and the dual V), scheme; namely high-performance, low dynamic power and low

leakage power.
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5.5 LP HP Design Using the DVDV Approach

The dual V4, dual V,;, (DVDV) approach is proposed as a means for low-power design
of high-performance CMOS circuits. It comes in a mid-point between the dual V4qand
the dual V,, schemes described in the previous section. In DVDV, each node in a net-

work can assume any of the three gate implementations listed in Table 5.1 under the

DVDV column. Nodes with zero or very small slacks are kept as (HV 44, HV;) gates. On

Table 5.1: Spectrum of Vg4 and V, scaling.

NoScaling  dual-Vgq(91] ~ DVDV (This Work)  dualkVy, 92] W7V dgd
HVyq HVyy,  HVyy, HV, HV44, HVy, LV44, LVy, LVya HVyy,
LVdd. HV, th LVdd, LVm LVdd. HV,h
LV44, HVy,

the other hand, nodes with relatively larger slacks are re-mapped to (LV,, LV,;) gates.
This will considerably reduce dynamic power dissipation as compared to the dual V,,
scheme. In that case, re-mapping is done using the slower (LV44, HV,,) gates and so a
higher LV 4 has to be used to maintain performance. Using LV,, gates incurs high pen-
alty in the leakage current, as mentioned before. In DVDV and like the dual Vs scheme,
this power can be significantly reduced by using (LV44, HV,;) gates whenever possible.

The advantages of the DVDV scheme can be summarized as:

* itallows high-performance designs due to the availability of the (HV 44, HV,,) gates.

* it reduces dynamic power dissipation because LV 44 can be scaled deeply, owing to

having LV, devices.
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* itreduces leakage power by using HV,, transistors whenever possible.

Notice that having gates operating at HV,, is also advantageous from delay sen-
sitivity point of view. Recall from Section 5.3 that the delay sensitivity of a CMOS gate
to Vy, variations increases as the supply voltage is scaled down, particularly for velocity
saturated devices. The most sensitive nodes in a logic circuit are those on the critical
path(s) since they have zero slacks and so any slight increase in their delays will affect
the speed specification of the design. In the DVDV scheme, if these nodes are imple-
mented using (HV 4,4, HV,,) gates, then their sensitivity to Vj, variations will be greatly
suppressed (see Fig. 5.6). Fortunately, mapping these nodes to (HV,,;, HV,;) gates is the

same means for achieving high-performance designs, as outlined before.

This however might not solve the whole problem since some nodes are imple-
mented using LV, gates. The sensitivity of those nodes will be affected as a result, forc-
ing them to be critical. A trade-off between power and delay sensitivity has perhaps to
be made then by re-mapping some of the nodes implemented using LV, to HV 4, gates.
Although not exploited in this work, the availability of different types of cells in the
DVDYV approach gives us the flexibility to do so, which is a definite advantage over
other approaches. Note that having to worry about the delay sensitivity in the low volt-
age era adds a fourth dimension to the (by now) conventional three dimensional design
space of area, speed and power. Other solutions to the sensitivity problem are: (1) reduc-
ing AT, in EQ 5.7, which is a definite challenge to device engineering [58], or (2)
dynamically varying the threshold voltage as in VTCMOS scheme [82] [93], and this

requires triple well process.

When using two supply voltages (HV,, and LV,;) in a logic circuit, a level
shifter (LS) has to be inserted whenever a LV, gate fanouts to a HV,;; one. If otherwise

connected directly, a large DC current may flow in the HV,, gate whenever the LVy
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gate outputs high. In that case, the PMOS transistor of the HV,;; gate is not completely
turned off, as illustrated in Fig. 5.8a. The conventional LS employed in the dual Vad
approach [91] uses a Cascode Voltage Swing Logic (CVSL) inverter, shown in Fig.
5.8b. At low LV, inverting of the cross coupled PMOS transistors becomes very slow

which leads to large short-circuit power.

This problem can be circumvented by using LV,,, transistors since they are avail-
able in the DVDV scheme, as demonstrated in Fig. 5.8c. This will allow faster switching
of the cross coupled PMOSs leading to less short-circuit current. For NAND gates, it is
possible to further improve the speed by embedding the LS within the gate as in Fig.

T
<
=

LV HVad > V)

DC cumvent if

level shifter

convention

(a) ()

©)

Figure 5.8: (a) Direct connection between LV 44 and HVy, gates, (b) NAND gate with
conventional level shifter [91], (c) NAND gate with improved level shifter, (d) NAND
gate with embedded level shifter.
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Figure 5.9: Comparing the level shifters in fig. 5.8 in terms of: (a) delay, and

(b) power dissipation.

5.8d. The circuits in Fig 5.8 (parts b, ¢, and d) were simulated in HSPICE using a
0.25um process and the delay and power comparisons are shown in Fig 5.9a and 5.9b,
respectively. For each LV, value, LV,, was set to 0.2xLV,,. Fig 5.9 shows that the
embedded configuration (Fig. 5.8d) is the fastest and consumes similar total power as
the one in Fig 5.8c. Simulations have shown that the circuits in Fig. 5.8c and Fig 5.8d
consume more leakage power than the one in Fig. 5.8b because they employ LV,
devices. This power is only significant at very low frequency and/or under low activity
(see EQ. 5.2). Note that using level shifters between gates incurs some area penalty.

However, as the results at the end of the chapter will show, this penalty is relatively
small.

In addition to the level shifters overhead, the DVDV scheme requires the use of
a dual Vy, process, similar to the MTCMOS [83] and the dual Vin [92] approaches. Note

however, unlike the VTCMOS [82] which requires triple well process and SOIAS [41]
which demands dual gated SOI, having dual V, can be easily implemented with an extra

implant step to create the high V,, devices. Recently, several dual Vin MOSFET pro-
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cesses were developed as in [94], making implementing logic circuits using the DVDV

approach more feasible.

Another concern, which is common to the dual V;, is how to place and route

(P&R) the cells using standard P&R tools. The problem arises because some cells are
supplied from the HV 4, rail while others have to be connected to the LV 4, supply. An
efficient layout strategy which causes less than 3% area penalty per cell was proposed in
[95], and is shown in Fig. 5.10. Each cell has two power lines (HV 4, and LV ), but only
one can be connected to the interior of the cell depending on its type. Owing to the abil-
ity to butt the two types of cells arbitrarily, existing P&R tools can be used without any

modification.

Finally, similar to the dual V_; approach, an efficient DC-DC converter is needed

in order to generate the low supply voltage from the high one without wasting too much

energy in the conversion. The energy efficiency of the converter () can be loosely

HVy
3.3 a =LVy
F 4
3z &
[~ [t
LV“ gate
HVy
LV“
W
HV“ gate

Figure 5.10: Layout architecture using dual supply voltages [95].
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defined as the ratio between the energy supplied by the converter to the energy it con-
sumes, with an ideal value of unity. In [96], a first order analysis was presented to deter-

mine how much DC-DC efficiency is needed to make the dual V,;, approach viable. The
following result that reveals the system energy savings (as compared to using HV

alone) was obtained:

(5.8)

LV, )

% savings = B( 1-
H‘éd’“

where B is the percentage of logic gates that will run at LV4;. Note that in the ideal case

(M = 1), EQ 5.8 reduces to the energy savings obtained when ignoring the DC-DC con-

LViq

HV,y

HVy4=2.5V and LV~ 1.5V, then 1 has to be at least 36% to avoid losing energy. This

version. The break even point (0% savings) occurs when i = . For example, if

limit is far exceeded by some newly designed DC-DC converters as in [97], which

achieves more than 90% efficiency for 6V to 1.5V conversion.

In the next section, a Depth-First-Search (DFS) based heuristic that applies the
DVDV technique to a CMOS logic circuit is described. The procedure attempts to mini-

mize the total power dissipation of a circuit while meeting a delay constraint.

5.6 Algorithm

5.6.1 Preliminaries

A combinational logic circuit is represented as a directed acyclic graph G(V,E). Each

node x € V, which is neither a primary input nor a primary output, maps to one gate in a
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given library. An edge e = (x/, x,) € E if the output of node x; connects to an input of x3.

The delay of a node x, d(x), is defined as the maximum delay from any of the inputs of x

to its output.

Following the terminology used in [98], each node x € V is labeled with two val-
ues: the arrival time, a(x), defining the delay of the slowest path from the primary inputs
to x, and the required time, r(x), which is the latest time the signal has to be available at
the output of x. The arrival time of a primary input (PI) is taken to be zero while the
required time at a primary output (PO) is given by:

r(vy =M-T

cycle

V(ve PO) (5.9)

where Tcyc,e is the delay of the critical path(s) of the circuit as determined from an initial

mapping, and M is a multiplication factor that can be set by the user and has a default
value of 1. Given the above, a(x) and r(x) of a node x can be mathematically defined in
EQ5.10, and EQ 5.11, respectively:

max
a(x) = ye FI(x) (a(y) +d(x)) (5.10)
min
r(x) = ye FO (%) (r(y) -d()) (5.11)

where FI(x) and FO(x) are the sets of fanin and fanout nodes of node x, respectively.
Assuming the above notions of a(x) and r(x), the slack of x is defined as the amount of

time by which node x can be slowed down, or:

s(x) =r(x)-a(x) (5.12)

Note that in order not to violate the required timing constraint set by EQ 5.9, each node
x € V should have its s(x) 2 0. Nodes with zero slacks are those on the critical path(s).
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Assuming the above definitions, we now describe a procedure of two phases to imple-
ment the DVDV technique.

5.6.2 DFS Heuristic

Given: (1) an initially mapped logic network, G, using (HV 44, HV,;) gates only, (2) a
timing constraint as specified in EQ 5.9, and (3) a DVDV library with all possible com-
binations given in Table 5.1, the following heuristic attempts to minimize the total

power of the network while satisfying the required timing constraint.

As an initial step, the nodes of the (mapped) network are traversed in a DFS
manner starting from the POs. The result of this traversal is stored in an array { such

that each node appears somewhere before all of its transitive fanin nodes.

In phase I of DVDV, the nodes in { are processed in order one at a time, and an
attempt is made to replace each node with a functionally (and size-wise) equivalent, but

slower, (LV,4, LV,;) gate. This replacement is committed if and only if the slack of x

after replacement, s‘(x), remains non-negative. Note that s'(x) is given by r(x) - a'(x),

where:

£(yy o Mmax
a* (x) ye FIx) (a(y) +d*(x)) (5.13)

and d"(x) is the delay of node x if x is to be implemented using (LV 44 LV,,) gate. From
EQS5.1,d"(x) can be simply obtained by scaling d(x) as follows:

LV, (HV,,-HV a
ad (AVyy m)_. d(x) (5.14)

a
HV,,(LV,-LV,)

d*(x) =
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If the above calculations give a positive s‘(x), then it is safe to assign (LV,, LV,;) to
g P g dd» LVih

node x, otherwise x is not replaced. If x is replaced, then the slacks of the affected nodes

in the network are updated (using EQ 5.10-5.12) before proceeding to the next node in .

Notice that before attempting to replace a candidate node x, a check is made to

see if the output of x has a fanout to a (HV44 HVy) gate. If so a LS is needed to prevent
DC current dissipation as discussed before. This LS is inserted at the output of node x,
and its delay (obtained from a look-up table) is summed to that in EQ 5.14 before calcu-
lating s"(x). As in [91], the POs of the circuit at hand are assumed to supply AV ; sig-

nals. Therefore, a LS is also inserted at the output of node x if this output happens to be
a PO, and x is a candidate for replacement. The last condition is not necessary and can

be eliminated.

When a LS is added, it is difficult to check right away whether its power over-
head will be offset by other (unvisited) nodes in its transitive fanin. Therefor, a check is
made at the end of phase I to remove all redundant level-shifters. A redundant LS is a

one used at the output of a LV, node x, such as all the fanin nodes of x are mapped to
(HVy4q HV,) gates. If such a LS is found, its power dissipation is not outweighed and so

x is replaced back to a (HV,,, HV,,) implementation and timing information is updated.

Phase IT of DVDV is similar to phase I, except that only nodes assigned to (LV
LV,) in phase I are re-visited in this phase in an effort to substitute them with the even
slower (LV4, HV,;) gates to minimize leakage power. Delay recalculation, slack check-

ing and timing information updating proceed in a similar fashion as in phase L. At the
end of phase II, the total power dissipation is calculated by:

N N
Pou=(-4)- Z(C;- X Vf) + 2( v, xlfmk[V:,,] ) + power of level shifters (5.15)
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which is a modified version of EQ 5.2. In the above equation, V; represents the supply

voltage of gate i which can be HV4 or LV, and V,, is the threshold voltage of gate i

with HV,y, or LV}, as possible values. The total power in EQ 5.15 is compared to the

original power (EQ 5.2) and the modified solution is accepted if it reduces the power.
Note that in both EQ 5.2 and EQ 5.15, fis taken as (M. Ty )

In the above description of the heuristic, it was assumed that both LV, and a
related LV, values are given. Alternatively, the procedure can be used to search for the
(LV4q> LVyy) combination that can “best” minimize the total power without violating the

required cycle time. This usage will be illustrated in the next section.

5.7 Results and Discussions

The proposed heuristic was implemented in the C programming language under the SIS-
1.2 CMOS logic synthesis environment [99]. To simplify the technology-mapping step,
a simple library containing BUFFER, INV, NOR, and NAND gates was used. HSPICE
simulations was carried out using a model file of a 0.25 um process. Simulations to
extract the delay and capacitance parameters needed by the SIS routines as well as the
leakage current of a gate were performed. The latter was found as the average over all

possible input combinations.

In the following experiments, HV 4, and HV,;, were fixed at 2.5, and 0.5, respec-

tively. Logic optimization and technology mapping for each circuit was performed in
SIS using the script script.delay which optimizes the circuit for minimum delay. Only

(HV 44 HV,,) gates were allowed at this step. Teycle of a circuit was taken as the delay of

the critical path(s) obtained from SIS after mapping. Using the above 0.25 um process,
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T,

cycle Tanged from 0.32ns to 4.43ns for a set of ISCAS and MCNC benchmarks. For

dynamic power calculation, the SIS’s gate-level power_estimate command with random

primary inputs transition probability was employed to extract CZ for each gate i. The

later was used for power calculations in EQ 5.2 and EQ 5.15. To find the LV , value that
results in the largest power savings, the heuristic was repeated six times for LV, of

2.25V, 2.0V, 1.75V, 1.5V, 1.25V, and 1.0V. For each case, LV,, was taken as LV/5.

To compare the power savings of the DVDV approach to the dual V44 scheme,

we performed two runs. In the first run, we used a library having all the three DVDV
gate combinations (Table 5.1) and the modified LSs (Fig. 5.8c and 5.8d). For each circuit,
the (LVyy LV,;,) combination that best minimized the total power for a given timing con-

straint was chosen. In the second run, a library having the two dual V44 combinations
(i.e, no LV, is allowed in this case) and the conventional LS (Fig 5.8b) was used. For
fairness, the LV, value that resulted in the minimum power dissipation was selected.
Note that in this case, only a single phase is needed to re-map nodes to (LV44, HV,;) gates

whenever possible. Further note that EQ 5.14 is slightly modified since LV, is not used.

Fig. 5.11 shows an example of the results for circuit C3540. For different values
of M (timing constraints), the figure gives the total power dissipation obtained using a
single HV 4, the dual V4, scheme, and the DVDV approach. For this example, the dual
Vad saves 41% on average of the original power (using a single HV,4;). The DVDV
scheme further improves upon the dual V; by 42%. A summary of the results for all cir-

cuits is given in Table 5.2. For each M value, the corresponding entry shows the percent-
age of power savings using the DVDV scheme over the dual V,; approach, or:

dual V,,~ DVDV

dual V, x 100 % (5.16)
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Figure 5.11: Total power dissipation using different approaches and values of M.

The last row of Table 5.2 gives the average savings over all circuits for each M

value. It is clear that the DVDV scheme always outperforms the dual V. This is
because DVDV utilizes the faster (LV44 LV,;,) gates and the modified LSs, thus allowing
a lower “optimal” LV,,. Also note that at low values of M (very tight timing con-
straints), not many nodes can be re-mapped to LV 44 gates and/or LV, can not be scaled

profoundly, resulting in low to moderate savings. As we relax the timing requirements,

better savings are possible as the table shows.

The above observations are clarified in Fig. 5.12 and Fig. 5.13. Fig 5.12 plots the

“optimal” LV, averaged over all circuits as a function of M. The figure clearly shows
that DVDV allows deeper scaling of the supply voltage than the dual V,; scheme,
thanks to the availability of LV,,. It further illustrates that at low M, LV, is not signifi-
cantly reduced on the average. Since the benchmark circuits have divergent initial Teycle

(see the third column of Table 5.2), large error bars (deviations) are produced at small
values of M. This tells us that the “optimal” LV, (and so the related LV, in the DVDV
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case) varies largely depending on the circuit and the required operating frequency. How-

Table 5.2: % savings of DVDV over dual Vad-

A=10and M=

T,
ool g0 fna 12|13 f1a| 15| 16| 17| 18| 19 | 20

Gates | (ns)
CI355 | 788 | 237 {1 00 | 21.1|33.5(41.4(369493[473(61.2] 559383 38.3

C17 9 032 100 (00| 00 | 00 |144)263(390(489|47.6|42.7]395
C1908 863 301 {{ 0.0 [16.1 [35.738.9|45.1)|48.1 (49.7]59.0|50.546.0 | 45.7
C3540 | 1572 | 443 [[169 252|359 41.0|463 | 446|597 548 48.7 | 46.5 | 45.2

C432 257 | 342 || 0.0 |1 164 19.226.7[305]36.2]32.0] 409409321 306
C499 640 196 |1 0.0 | 16.1 | 37.6 | 44.2 | 408 | 52.2 | 42.9 | 59.8 | 59.8 | 34.0 4.1
C5315 | 3119 | 4.13 [[23.5{21.3 [35542.6 478|502 53.5] 517 46.4 1 45.6 | 45.6
C880 566 | 3.03 |[18.0126.6|33.6{39.5(452|463|51.1]503|476]434 42.0

il 51 0.77 [| 9.1 [20.0 | 22.6 | 23.6 | 32.8 | 34.6 | 28.6 | 39.2 | 36.1 [ 30.1 | 25.6

i2 279 1.88 1133.7 32,0 [ 39.6 | 47.1 | 56.7 | 54.0 [ 56.0 | 60.1 | 58.7 | 58.6 | 55.0
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Figure 5.12: *“Optimal” LV44 using DVDV and dual V4 for various M values.

ever, as M increases, most circuits can operate at the same supply voltage, which in the
DVDV case equal to 1V,

Fig. 5.13 gives the breakdown of the gates replaced using the DVDV approach
for circuit (i8). As M increases, it is possible to operate more gates at a low supply volt-

age (LV,,) using either HV, or LVy,. In fact, at some point (M > 1.8, for this example),

all gates can operate at LV ;. At this stage, the DVDV scheme converges to the dual Vir

approach [92]'. This confirms our early observation that the dual V,, is a good choice for

low-power but not very high-speed designs.

In the previous simulations, it was assumed that the activity factor (A) (EQ 5.2
and EQ 5.15) is one. This might not be the case in systems which are not continuously

operational, or in other words, even-driven [41]. In such environments where the hard-

1 The few level shifters shown in the figure at high values of M are those used at the primary outputs.
They can be eliminated if not needed as mentioned before.
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Figure 5.13: Breakdown of replaced nodes using the DVDV method.

ware can be idle for long periods of time, leakage power comes into respect. To illus-
trate this, Fig. 5.14 plots the same figure-of-merit used in Table 5.3 for circuit C880

under various activity factors and for three delay constraints. Note that unlike M, the
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Figure 5.14: Effect of frequency (f) and activity factor (A) on DVDV savings.
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factor (A) is not considered when making replacement decisions and is only used at the
end of the procedure to calculate the final power. Fig. 5.14 shows that at high frequen-
cies (M = 1 and 1.5) and almost independent from A, the DVDV approach is always bet-
ter than the dual V4. As (A) becomes small and drops to 1% and below, the power
savings of DVDV is only slightly decreased. However, as the operating frequency is
lowered, the advantage of DVDV will become adversely sensitive to low (A) values
since Py 4444, becomes more important due to long idle time (1-A). Similar results were

obtained for other circuits.

From the simulations reported in Table 5.2, it was found that both the dual Vid

and the DVDV schemes incurred reasonable area penalties in terms of the percentage of
level shifters used, as illustrated in the example of Fig 5.13. Running times on an Ultra
Sparc station with 120MB memory were 23 and 6 minutes for the largest circuit, using

the DVDV and the dual V,, approaches, respectively. The DVDV scheme takes longer

time because it requires a second phase and replace more nodes in the first phase.

5.8 Summary

In this chapter, we studied the effect of supply voltage scaling on circuit performance. It
was shown that without a corresponding decrease in the threshold voltage, the delay
increases rapidly. An important relation (EQ. 5.6) that expresses the new low threshold
voltage in terms of the new scaled supply, the old high supply and threshold voltages,

and the velocity saturation factor o is derived. Scaling Vi according to that relation for

equal delay results in a very high penalty in terms of the leakage current. Furthermore, it

was shown that the delay sensitivity to Vj, variations is exacerbated at low Vaa» €spe-

cially for velocity saturated devices.
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To address the conflicting requirements of high-speed and low-power, a new
design approach, called DVDV, targeting very high-speed and low-power designs is
proposed. DVDYV reduces both dynamic and leakage power through the use of two Vad

voltages and two V}; voltages. The main advantages of this technique are:

* it allows high-performance designs due to the availability of (HV 4, HV,,) gates. In
other words, high-performance is achieved without the need for excessive Vi scaling

which comes at the expense of high leakage current.

* it reduces dynamic power dissipation because LV44 can be deeply scaled, owing to

having LV, devices.
* it reduces leakage power by using H Vix transistors whenever possible.

* it allows faster level shifters which also consume less dynamic power than conven-

tional ones.

* it requires a dual V,, CMOS process which adds minor alterations to current design
q th p g

trends and technologies.

* as explained in Section 5.5, the availability of different types of cells in the DVDV
approach gives us the flexibility to trade-off between power and delay sensitivity to

Vi variations which increases at low supply voltages.

A heuristic of two phases to implement the DVDV technique is described. The
algorithm is based on depth-first-search and the user has control over supply and thresh-
old voltages as well as latency constraints. Exercising DVDV over a set of ISCAS and
MCNC benchmark circuits has indicated that circuits can largely benefit (consume less
power) from this scheme, particularly at very high frequencies.



Chapter 6

Power Macro-Modelling for RTL

Power Estimation

6.1 Introduction

As stressed in the previous chapters, low-power consumption has become a primary tar-
get in contemporary digital VLSI design. Two main factors are behind this trend. First,
increased circuit speed accompanied with high integration densities have resulted in sig-
nificantly large heat dissipations. Unless power consumption is brought down to accept-
able levels, reliability is affected and expensive cooling and packaging systems are
required. Second, battery-driven mobile electronics put a high demand on low-energy
consumption in order to extend the battery life to the maximum possible level before

recharging is needed.

The above factors have added to the complexity of digital IC design since low
power has become an important design goal with equal footings as high-speed and small

138
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area. To minimize the power consumption of a digital system, the design that dissipates
the least power has to be chosen provided that it meets some speed performance and/or
area constraints. To aid designers to achieve that in a reasonable amount of time, power-
sensible CAD tools and methodologies at all levels of the design hierarchy have been
developed over the past few years [3][100].

More recently, particular attention has been given to power optimization tech-
niques at the architectural, also called Register-Transfer (RT), level because design
experience and research efforts have shown that decisions made at the highest levels
could have the largest impacts on power savings At the RT level, different schedules
and/or bindings of components can result in significantly dissimilar power savings. To
assess the effects of these and other “what-if” decisions on power consumption, one
possibility is to map each RT design to gate-/transistor-level implementation and then
use accurate gate-/transistor-level tools for power estimation. However, this approach is
extremely unpractical because: (1) the number of feasible high-level decisions might be
substantial, and (2) modem circuits contain a sizable number of components which take
a long time to evaluate. This motivates the need for developing a methodology for esti-

mating power at the high-level of abstraction.

To be useful, an architectural-level power macro-model should possess the fol-
lowing features. First, it must be simple to evaluate, otherwise there would be no advan-
tage in using it and one might as well resort to low-level tools. Secondly, it should be
accurate enough to be applied over a wide range of input stimuli (for example random or
correlated) and high-level components (for example, different adders, multipliers, etc.).
Note that at the architectural-level, relative accuracy is much more important than the
absolute one, since the objective is to find out whether one alternative design is better

than the other. Finally, a high-level model should have a well-defined mechanism in
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which a certain number of parameters can be extracted by an automated characteriza-

tion process, with minimal user intervention.

In this chapter, a new technique to characterize the power dissipation of data-
path components (that is, adders, multipliers, etc.) is presented. Given a hard data-path
module with N primary inputs, and M primary outputs, exactly NX(N+M+1) effective
capacitance coefficients are derived for that module. A transistor-level tool is used for
capacitance extraction. The proposed methodology is based on linear regression theory.
In addition to the above features, the technique presented here allows the user to trade-
off between accuracy and characterization time, and propagates power information
directly from transistor-level (real) implementations. Simulation experiments on a set of
data-path components with various sizes are performed. The results illustrate that as
compared to a previously published approach [101], our scheme significantly improves
the accuracy of RTL power estimation and produces results within 15% from a transis-

tor-level tool on the average.

The rest of this chapter is organized as follows. In the next section, we define the
concept of effective capacitance based on the power equations given in Chapter 2. In
Section 6.3, we quickly review power estimation at the transistor, gate, and architectural
levels. Section 6.4 presents the proposed power characterization technique, and simula-
tion results to verify the applicability of the approach are given in Section 6.5. The chap-

ter ends with a summary.

6.2 Effective Capacitance

In a static CMOS circuit, power is mainly dissipated as a result of input signal transi-

tions. This power is called dynamic power and it has two components: switching power



CHAPTER 6. POWER MACRO-MODELLING FOR RTL POWER ESTIMATION 141

and short-circuit power. Switching power is used for charging/discharging capacitive

loads during logic transitions. For a circuit with S gates, this power is given by:

s
2
Piten = [ 2 aici] XVia %L (6.1)

where C; is the lumped capacitive load at the output node of gate i, V,, is the supply
voltage, f.;; is the clock frequency which controls the rate at which the circuit’s primary
inputs change values and, «; is the switching activity of gate i defined as the expected
(average) number of power consuming (or 0-to-1) transitions the output node of gate i
will make during a clock cycle (1/f.;). The term between the parentheses in equation

(6.1) represents the average switched capacitance per clock cycle or Cgpircp

In a static CMOS gate, a short-circuit transient current flows between V4 and
ground whenever both the NMOS and PMOS devices are turned on during logic transi-
tions. Similar to the switching power, the short-circuit power can be approximated
through an equivalent short-circuit capacitance (C,.) [102]. In a well-designed circuit,
Cyc is usually much smaller than Cj,,;,; (10 to 20% of the total dynamic power). How-
ever, in some cases, it represents a significant portion and should not be neglected. Thus,

the total effective capacitance is given by:
Ceff = Cswitch + Csc (6.2)

Indeed, estimating the dynamic power in CMOS circuits mainly involves predicting Coq
since both V,; and f;, are assumed to be given. Because C.ydepends on the input activi-
ties, the problem of power estimation is known as highly input pattern dependent. This
means that to accurately estimate power consumption, it is essential to account for these

activities.
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Notice that the leakage power is ignored in the above discussion. As shown in
the previous chapter, this power can not be neglected as Vin is scaled down. In this sce-
nario, design techniques (like those given in Chapter 5) to virtually eliminate leakage

power must be employed.

6.3 CMOS Power Estimation Tools

The problem of power estimation has attracted lots of interest over the past years. As a
result, the amount of literature which tackled this problem is immense. In this section,
we will give a brief overview of the main state-of-the-art efforts in power estimation.
For the sake of thoroughness, we will start with transistor level power estimation tools

and then move up to higher level approaches.

6.3.1 Transistor Level Tools

In general, transistor level power estimation tools are simulative, meaning that a digital
circuit is simulated directly with a set of vectors that represent the “typical” behavior of
the input data. At the end of simulation, the total current is divided by the total simula-
tion time (number of cycles times cycle width) and the resultant average is multiplied by

Viaa to get the average power. A well-known example of transistor-level tools is HSPICE

from Meta-Software Inc. [103).

Transistor-level tools are generally very accurate and can estimate power dissi-
pation irrespective of circuit type, design style or logic family employed. This is
achieved through time-driven simulation coupled with detailed device models. As a

result, these tools are very slow if used to estimate the power of large circuits.
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Several efforts have been made in the past to improve the speed of transistor-
level tools without compromising their accuracy. An example is PowerMill [104] from
EPIC Inc. PowerMill is a transistor-level simulator which is two to three orders of mag-
nitude faster than SPICE, but within 10% of its accuracy. Instead of employing time-
driven algorithms as in SPICE, PowerMill uses an event-driven approach along with
simplified look-up tables for device models. Upon user’s request, PowerMill can report
average switching current and average short-circuit current. PowerMill also offers sev-
eral power diagnosis options such as DC path detection, hot-spot (nodes with high load
capacitance and high switching activities) analysis and excessive rise/fall time detec-
tion. However, the performance of PowerMill is still far from acceptable for large
designs. For example, PowerMill is expected to take about 11 months’ CPU time for

simulating a design with three million transistors using only 10,000 vectors [105].

More recently, a completely different approach to improve the speed of transis-
tor-level tools (and simulative techniques in general) was proposed in [106]. The basic
idea is to generate a compact vector set that is representative of the original input set and
can be simulated in a reasonable time. Experimental results shows that a 20x compac-

tion ratio can be achieved with average error less than 2%.

Most transistor-level simulators (other than SPICE) ignore the sub-threshold
power. As mentioned before, for deep sub-micron designs with very low threshold volt-
ages, the sub-threshold current can be very significant. A simple analytical model for
estimating both switching and sub-threshold power in deep sub-micron digital circuits at
the transistor-level was described in [107). The model shows good accuracy as com-
pared to SPICE results.
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6.3.2 Gate Level Tools

At this level, a digital circuit is represented by a a netlist of basic cells or gates. Each
cell/gate has a simplified/advanced power and delay models which are created using
transistor-level tools and are stored in a library. Since the circuit is described in terms of
gates/cells rather than transistors, gate-level power estimation is typically orders of
magnitude faster than at the transistor level. Roughly speaking, gate-level techniques

can be divided into two categories: simulative and non-simulative.

Just like transistor-level techniques, gate-level simulators (for example [108]
and [109]) simulate the circuit using a number of user-specified (or randomly-gener-
ated) input vectors. After each input vector transition, the switching activities of all
gates (that is, o; in equation EQ 6.1) are updated. At the end of simulation, the total
switching power is calculated using EQ 6.1. In general, gate-level simulators show good
degree of accuracy as compared to SPICE for a large range of circuits. However, their

main drawback is long simulation times for large circuits with thousands of gates.

Non-simulative techniques uses probabilities to characterize the primary inputs

behavior. These probabilities are then propagated to each gate in the circuit to estimate

its switching activity, and EQ 6.1 is used as before to calculate the switching power!.
This process is very quick and so probabilistic approaches are usually much faster (10x-
1000x) than simulative techniques. However, basic probabilistic techniques suffer from

low accuracy. There are three main reasons for this inaccuracy:

1) since an input data stream is represented as a set of probabilities rather than as real

vectors, some error is introduced.

1 See Section 2.1.1.1 for an example.
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2) correlation (or dependence) between logic signals is ignored. Among logic sig-
nals, three kinds of correlations can be identified: temporal, spatial, and spa-
tiotemporal. Temporal correlation exists if the values of the same signal in some
clock cycles are not independent. Spatial correlations exists if the values of two
or more signals in one clock cycle are not independent. Finally, spatiotemporal
correlation exists if the values of two or more signals in some clock cycles are not
independent. Correlations can exist between signals on the primary input lines of
the circuit due to the nature of the input data, or can be internally generated due to
reconvergant fan-out and feed-back lines. In general, different degree of correla-
tions can result in very large variations in power dissipation. In simulative tech-
niques, signal correlation is not a concern since any correlation can be
automatically taken care of during simulation. On the other hand, in probabilistic
techniques, simple probabilities do not capture any kind of correlations, and this
can result in very large errors in power estimation. One possible solution is to use
conditional probabilities to describe correlations. However, the number of all pos-
sible correlations is exponential and thus accounting for correlations between sig-

nals is computationally very expensive.

3) zero-delay model is assumed. In a zero-delay model, only steady state transitions
are counted, while spurious transitions (glitches) due to signal races are ignored.
In {110}, it has been shown that the glitching power is normally 20% of the total
switching power and can be as high as 70% in some combinational adders and

multipliers.

Some heuristic techniques that tackled the above issues in order to improve the
accuracy of gate-level power estimation were proposed over the past years for both
combinational and sequential circuits [110-117]. In general, these approaches try to

achieve a good compromise between estimation speed and accuracy. More recently, a
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new a hybrid approach which combines both simulative schemes with probabilistic ones
was described in [118]. The idea is to use a simulation approach for the highly corre-
lated user-specified control sequence and a probabilistic technique for the weakly corre-

lated input data.

As a result of the extensive research on gate-level techniques, power estimation
tools that operate at the gate level are now available from several CAD companies,
examples of which are DesignPower from Synopsys Inc. [119] and WattWatcher-Gate
from Senté Inc. [128]. However, due to their relatively low speed, the applicability of
gate-level tools is still limited to designs with a few thousands gates. For architectural-
level low-power optimizations where a single design option can easily have hundreds of
thousands of gates, architectural tools are more appropriate. These tools, which deal

with blocks rather than gates, are discussed in the next section.

6.3.3 Architectural Level Tools

At the architectural-level, a digital circuit is represented by an interconnected set of
macro-modules like adders, multipliers, memory units, control units and multiplexors.
An RTL circuit is generated from a Control/Data Flow Graph (CDFG) representation of
the design during a process called architectural synthesis. In general, a large number of
RTL designs can be created during architectural synthesis. For low-power applications,
it is important to choose the design with the lowest power dissipation provided that it
meets some speed and/or area constraints. Therefore, a fast, yet relatively accurate, tool

for architectural-level power estimation is needed.

In general, existing architectural-level power estimation techniques can be clas-
sified into: top-down or bottom-up [120]. In top-down approaches like those based on
entropy theory [121-122], a combinational circuit is specified as a boolean function,
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with no information on the circuit structure or number of gates, etc. Estimates of switch-
ing activities are obtained based solely on information about the primary inputs and the
primary outputs entropies, which can be approximated from input and output signals
probabilities, respectively. However, as in all probabilistic-based power estimation tech-
niques, input data correlations are very difficult to account for and so some simplifying
assumptions about the input behavior (like temporal and spatial independence) are nec-
essary. It was noted in [120] that top-down approaches are still in their infancy and

much work is to be done to demonstrate their applicability.

In contrast, bottom-up techniques are used when one is designing an architecture
using previously designed (hard) macros with known internal details. In this case, rather
than relating the power of RTL blocks to fundamental parameters such as gate equiva-
lent count or entropy, the approach here is to develop a power macromodel for each
block in the given library. This macro-model can be used later during high-level power
estimation to quickly predict the power dissipation of the block. A clear advantage here
is the strong link to real implementations which will give the designer an approximately

correct power figures.

An early contribution to power marco-modelling was described by Powell et. al.
[123]. The method, called Power Factor Approximation (PFA), treats all input bits of a
macro as Uniform White Noise (UWN) data and derive a single (average) C,; value for
a given module. Looking up one single value per module during architectural-level
power estimation is extremely fast. However, this approach can result in very large

errors since the effect of input activities on power dissipation is ignored.

Several schemes to overcome the above limitation have been developed over the
past few years. These approaches can be further classified into: statistical (non-simula-
tive) and simulative. The first statistical technique was the Dual-Bit Type (DBT) model

[124] which derives an analytical equation with a number of capacitive coefficients for a



CHAPTER 6. POWER MACRO-MODELLING FOR RTL POWER ESTIMATION 148

given module. These coefficients reflect: (1) the random activity of the least significant
bits, and (2) the correlated activity of the most significant (sign) bits in DSP data
streams. During architectural level power estimation, functional simulation of the sys-
tem is used to derive a number of word-level statistics that describe the data being fed to
each module. These statistics such as mean, variance, and temporal correlation are
employed to decide about the regions of inputs for which different capacitive coeffi-
cients should be used. Although accurate, the DBT scheme is limited because to charac-
terize a module, it requires some human knowledge of its internal structure. This means
that a different equation has to be derived for each module depending upon its structure,

which is obviously hard.

The above problem was addressed by the input-output statistical model proposed
in [125]. The model is based on a single fixed template which is independent of the
macro being analyzed. For each module, a three dimensional look-up table is derived.
The axes of this table are: (1) the average input signal probability (probability of a sig-
nal being logic “1”) (2) the average input transition density (the expected number of
logic transition per unit time), and (3) the average output transition density. An auto-
matic procedure is used to characterize a module for different combinations of the above
three variables. As in the DBT scheme, functional simulation is used to derive the above
numbers which are used at the end to look-up the estimated power. A similar approach
was also proposed in [126]. The main difference is that other word-level statistics such
as spatial correlation, temporal correlation, and glitching activity are included in the

macro-model.

As with gate-level non-simulative techniques, signal correlations are difficult to
account for. This problem is further exacerbated in architectural-level approaches since
only word-level correlations can be partially accounted for. Furthermore, ignoring indi-

vidual primary bits activities can result in large errors since some circuits power are
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more sensitive to activities on some primary inputs than other. Finally note that signal
statistics of a module are highly dependent on the context and/or the application the
module is run on, plus they can be dynamic (that is, non-stationary). If the module is
used in such an environment which is different than the one assumed during character-

ization, large errors are also possible.

Approaches based on direct simulation and profiling based on input transitions
rather than input statistics were proposed as an alternative to statistical techniques. An
early simulative scheme which does not make any assumption about input data statistics

nor it requires any knowledge about the module structure was described in [127]. Since

the number of possible input transitions for a circuit with N inputs is 22V, a clustering
algorithm which collapses closely related input vector transitions into clusters with
approximately equal power values was proposed. These clusters are stored in a table and
retrieved during power estimation. The number of clusters produced by this approach
for a given module depends on the module size and the level of accuracy as set by the
user. For a good accuracy, this number can be very large especially for big circuits and
this increases the characterization time. In addition, if these clusters are not distinct,
they can not be hashed. This implies that during architectural-level power estimation,
one has to linearly search for the cluster corresponding to each input vector transition,

which lengthens the estimation time.

A more efficient, though possibly less accurate, simulative method based on
regression theory was described by Benini et. al. [101]. The main idea is to model the
power as a linear function of single input and output bit activities. The coefficients of the
regression model are derived by first simulating the module at the gate-level using a
very large sample of input vectors and then solving an over-defined system of equations

using least-square fitting techniques. If a circuit has N primary inputs (/1,5 ...,Iy) and M
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primary outputs (0,0, ...,0y), then a single equation is obtained to model the power as

given by:

P = BO+Blll+B212+"'+BNIN+BN+IOI+BN+202+”‘+BN+M0M (6.3)

During architectural level power estimation, functional simulation is performed and the
primary inputs and outputs of a module are monitored. In a given cycle, an I; (forj=
1,2,...,N) or an Oy (for k = 1,2,...,M) in EQ 6.3 take the value of one if there is a transi-
tion on the corresponding jth primary input or kth primary output of the module, respec-
tively. Otherwise, the corresponding entry will take the value of zero. At each cycle, the
power equation is evaluated and at the end of the simulation, the total power is found

and averaged over the simulation period.

The linear regression technique (henceforth called LR) is attractive because of its
simplicity. Only (M+N+1) coefficients have to derived and stored for each module.
Moreover, these coefficients can be quickly retrieved during power estimation. This can

be done, for example, by XORing consecutive input (output) vectors as shown in Fig. 6.1.

As mentioned before, to obtain the coefficients in EQ 6.3, the module is first

simulated using accurate gate-level power simulator with a large input sample. For

ooi110 0@ 1010000110 1
11110010f@1111001110
10010101)® l01100&1/

Bn

Figure 6.1: Finding transitional bits in the LR method.
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every input vector transition, the I; and O, values along with the dissipated power (or

effective capacitance) per cycle are recorded. Note that I; and Oy are binary numbers

and are stored in a matrix A whose ith row has 1,1';, 1;, ...,va, 0';, 0;, . 0;,. The

power values are stored in a vector P. At the end of the simulation, we have the linear

system of equations:

P = AB (6.4)

where P is a vector of size [sample size x 1], A is a matrix of size [sample size x
(M+N+1)], and B is a vector of size [(N+M+1) x 1]. To overdefine the system, the sam-
ple size must be much larger than (M+N+1). By using least-square fitting techniques to

solve the above system, EQ 6.3 is derived.

It was noted in [101] that the least square fitting always produces an estimate of
P with the same average value as the average value of power in the sample employed for
fitting. This will guarantee that the LR model will perform at least as good as an average

power approximation using the same input sample. In this case, Bo in EQ 6.3 approaches

the average value of the sample with the rest of the coefficients being (additive/subtrac-
tive) correction terms. However, If the module is used in a design environment with
input patterns having behavior different than the characterization patterns, then adding

By to the total power every clock cycle can significantly degrades the estimation accu-

racy. Note that in [101], a uniformly distributed and independent input patterns was used
for model building.

In this work, we propose two important modifications to the LR approach. First,
we significantly improves the accuracy of the model by introducing a piece-wise linear
regression technique based on the number of transitional input bits. Second, we propose

a Monte-Carlo based simulation approach to limit the size of the sample needed to
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extract the power coefficients. Limiting the sample size is critical in order to reduce the
characterization time especially if accurate (and more versatile) transistor-level simula-

tors are to be used to measure the power.

Before concluding this section, it is worth noting that due to the increased
demand for architectural-level power estimation, a commercial tool, called Watt-
Watcher-Architect [128] from Senté Inc., is now available in the market. WattWatcher is
claimed to have an accuracy- within 25% of gate-level tools with a speed of 34 minutes

for a circuit of 120,000 gates.

6.4 Effective Capacitance Macro-Modelling

In a static MOS circuit, it was observed experimentally that C,gcorrelates well with

input and output bits activities!. Several simulations were performed to verify this
observation. One result is shown in Fig. 6.2 for a 5x5 array multiplier (N = M = 0). The
figure gives two curves: the upper curve plots C.y as a function of the total number of
transitional input bits, A;,, which in this case can range from I to 10, and the lower curve
plots C,4 as a function of the total number of transitional output bits, A, (Which also

varies between 1 to 10). Each point on every curve represents the total switched capaci-
tance averaged over a very large number of randomly generated input cycles. In each

cycle, a particular A;, or A, is satisfied as shown in the onsets of Fig 6.2. A transistor-

level power simulation tool, PowerMill [104], was used for capacitance extraction.

Fig 6.2 clearly illustrates the strong dependency between Cgand A, or A, In

addition, it shows that a large difference in Ce (up to 3 times in this case) can result

1 we will limit our discussion now on modules with no control inputs. Extension of the approach for
multi-functional modules is discussed at the end of this section.
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Figure 6.2: Dependence of C,g; on the number of transitional input and output bits
for a 5x5 (N=10, M= 10) array multiplier.

depending on the number of transitional bits. Similar behaviors were also noticed for
other data-path modules with various sizes. Although this correlation is not necessarily
linear, it gives a good validation to the simple LR approach [101]. Moreover, the LR
approach gives more details than Fig 6.2 since it accounts for individual input and out-

put bit activities.

As pointed out in the previous section, the LR technique can be largely inaccu-
rate if employed to estimate the power when highly correlated input data sequence is
used. The reason for this is that the least-square fitting solution will produce a Bo term
that converges to the average value of the random sample used for fitting. Adding this

term for every input vector transition will greatly over estimate the actual power.

In order to overcome this problem, we propose a modification to the LR
approach (henceforth called Modified LR, or shortly MLR). The basic idea is to gener-
ate a number of LR equations, one for each possible value of A;, (1,2,...,N). For each
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case, a random sample of input vectors is generated such as exactly A;, bits are allowed

to flip between each consecutive input vectors (as in Fig. 6.2). The module is simulated
N times using this modified set of samples and for each run, the least-square fitting tech-
nique is used as before to produce the corresponding LR model. Thus at the end of the

characterization process, the following set of equations is obtained:

1 1 gl 1 1 1 1 1
Cor= Bo+Bily +Boly + ...+ Byly + By, 0, + By, ,0,+ ... +By .+ yOu

2 2 o2 2 2 2 2 2
Ceff= BO+B|I[+B212+"'+BNIN+BN+101+BN+202+"'+BN+M0M (6.5)

N N N N N N N
Coir= Bo + By, +ByLy+ .. + Bl + B, 0, +BY . 0, +... +By . 1Ou

The rationale behind this approach is that Cegrhas a direct relationship with A,

and therefore it is intuitively more accurate to use this dependance to construct piece-
wise linear models. In this case, the minimum mean square error obtained from fitting is

not global (over all possible values of A;,) but rather local (over a single value of A,,).

A,
As a result, the constant " will be restricted to the average capacitance over a single

value of A;,. Note that it is easier to generate random vectors that confine to a particular
Ai, value rather than A, which is why the former parameter is used for the MLR model

construction.

The main limitation of the MLR scheme is that it requires long characterization
time. Instead of performing one simulation using a large sample, we need to execute N
simulations one for each value of A;,. This can take very long time, especially if transis-
tor-level tools are used for extracting the switched capacitance. To handle this problem,
we use a Monte Carlo based scheme to execute each simulation. Monte Carlo simula-

tion was previously used to find the average power of a module using random/user-spec-
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ified input data [130]. Instead, we employ it here in the characterization process to limit

the number of cycles required to derive each of the above equations.

A
Let C;" represents the effective capacitance switched when the module is stim-

A
ulated with T input vectors satisfying a given A value. Assume for now that CT"' have

a normal distribution with unknown mean p. For each A, the size of the characteriza-
tion sample is determined by the number of input vectors needed to obtain a close esti-
mate of W. This will allow us to say with some confidence when the sample size is large

enough to stop the simulation and so cut down the characterization time.

Each simulation is executed as follows. For a given Ain» the module is simulated
for T cycles (using a transistor-level simulator) where in each cycle, a randomly gener-
ated pair of consecutive input vectors that satisfy Ain is used. Using random vectors
ensures that the characterization procedure is not biased for a specific input data. This
process is repeated (independently) R times, and hence a random sample of size R is cre-

ated. The sample mean can be found by:

JE( C:,‘" - u)

a t-distribution with (R-1) degrees of freedom, where (s) is the sample standard devia-

A,
Using the above normality assumption of C,™, it can be shown that has

tion [129). This allows us to write the following probability inequality:
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4

where fg/ is obtained from a r-distribution with (R-1) degrees of freedom. From EQ6.7,

R )

s

A
R( n - )
we can say that we have (1-£)x100% confidence that M <tg,, .orby
s
rewriting:
o
- S
T a i f/ : (6.8)
c,” C,"JR
Ain
. -] . . .
ifwelet € = ——  then for a desired percentage error, €, in the effective capac-
C,
itance estimate and for a given confidence level, (1-€), the circuit must be simulated
until:
te 0S8
—-;%L >€ 6.9)
C, "R

which sets a lower limit on R given by:

[P
Rz[ ﬁ’;) (6.10)
eC,,’

Note that both € and & can be set by the user to trade-off between characterization time

and accuracy. Further notice that exactly 2XTXR input vectors are used for a given A;,.

During characterization, the I and O values of each vector pair are stored along with
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their switched capacitance and at the end of the simulation are used to derive the corre-

sponding LR equation!.

The above procedure assumes that a large fixed value of T is used for all runs.

On the other hand, R is not constant and changes depending on (other than the user-

specified € and § parameters): (1) the sample standard deviation (s), and (2) the magni-
A

tude of C,". In general, it can be observed that for small A;, (highly correlated input

patterns), s tends to be high since the effective capacitance is greatly affected not only

by A;, but also by the state of the non-switching primary input bits. In addition, the mag-

nitude of the effective capacitance itself is the very small since not too many bits are

switching. Both these factors force R to be large as given by EQ 6.10. As A;, gets larger,

A
s becomes smaller and C, " rises, decreasing R as a result. Thus, for each value of Ains

this technique automatically adjusts the sample size to enable convergence and cuts the
characterization time. As an example, Fig 6.3 shows the number of cycles required to

characterize a 10x10 array multiplier. Notice how the number needed decreases as Ain

gets larger.

The use of a Monte Carlo based technique in the characterization process has the

implicit assumption that the effective capacitance has a normal (Gaussian) distribution.
A

We checked the normality hypothesis by plotting the distribution of C; obtained from

several modules. A typical example is shown in Fig. 6.3 for a 5X5 array multiplier. The

bell-like curve for each value is similar to that of a normal distribution. Notice that for

1 Another possible way which cuts the characterization time in half is to use the destination vector of
each pair as the starting vector of the next pair. Thus, the total number of vectors simulated will be
(T+1)XR. The above approach allows more randomness, however, since in the later case the subsequently
generated vectors will depend on the initial one.
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Figure 6.3: Number of cycles required to characterize a 10x10 array multiplier
(Aip = 1,2,...,20).
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Figure 6.4: Bell-like distribution of Ceg for a 5x5 array multiplier (A= 1,2,...,10).



CHAPTER 6. POWER MACRO-MODELLING FOR RTL POWER ESTIMATION 159

small values of A;, the curves are more distorted and wider than those for larger ones,

which is one of the reasons why the Monte Carlo technique requires more iterations for

the former cases!.

A summary of our characterization approach is shown in Fig 6.5. This procedure
is only valid for uni-functional modules. For multi-functional units (an ALU for exam-
ple), the steps have to be repeated for every possible setting at the control inputs. Thus,
a unique set of linear regression equations must be computed for each distinct function
that the module may be called on to execute. During power estimation, the control

inputs are used to select among the different regression functions.

During architectural-level power estimation, the MLR macro-model can be used
with a typical/user-specified input data. For each pair of consecutive input vectors, the /

and O values are found as well as A, to select the corresponding LR equation for power

calculation. At the end of the simulation, all cycle capacitances are added up and aver-

aged over the simulation period to obtain Cegr Which if multiplied by Vj 4 gives the total

power.

6.5 Results

We tested the proposed methodology on a set of data-path circuits: a 16-bit Ripple Carry
Adder (RCA), 15x15 Array Multiplier (AM), a 16-bit Conditional Sum Adder (CSA), a
6x6 modified Booth Multiplier (BM), a 16-bit Magnitude Comparator (COMP), and an
8-by-4 Divider (DIV). Some of these modules were implemented using static CMOS

circuit styles while others were designed using Complementary Pass-transistor Logic

1 The normality observation is not assumed to be general but we found it to valid across several data-path
modules.
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(CPL). Each circuit was laid out in a 3-metal 0.8um CMOS technology. Layout extrac-
tion was performed to include parasitic capacitance from interconnect metals, and the

netlist was translated into PowerMill format.

The capacitance characterization procedure given in Fig. 6.5 was implemented
in the C programming language and was applied on each benchmark circuit. The least-

square fitter in MatLab was used for model generation. The following parameters were

"in=l

{_run transistor-level simulations for T times|

{ store /, O and C values]

no

yes

]

find the LR equation for the
given A, value using least-
square fitting.

Figure 6.5: Summary of the MLR characterization technique.

1 see Section 2.2.3 for a CPL example.
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utilized for the Monte Carlo simulations: € = 0.10 (that is, maximum percentage error of
10%), & = 0.01 (that is, 99% confidence level), and T = 50 cycles. For comparisons, we
also simulated each circuit using a large sample with random vectors and derived a sin-
gle LR equation (as in [101]).

To test the performance of the proposed approach, two long data streams were
employed: (1) Random with average switching activity per primary input line of 0.5,
and (2) Correlated where the average switching activity per bit was set to 0.15 and ran-
dom correlations between different bits were generated using the state lines of an up/
down counter. Using the outputs of a digital counter to generate highly correlated input
data is a common practice in the literature [131]. Notice that the way the test streams
were created is different from the method used for characterization. Table 6.1 gives a
summary of the main features of the test circuits and also presents the accurate effective
capacitance values obtained from PowerMill for each data stream. It is worth noting

here the large difference in Cgrobtained using the random sequence and the correlated

one.

Table 6.1: Characteristics of modules and their C, values from PowerMill.
Module | #ofinputbits | #ofoutputbits | Implementation | Random | Correlated

Name N) ™M) Style (D (e

RCA /g 33 17 CMOs ——12—8_%
AM;5,;s 30 30 CPL 1194 335
CSA 6 33 17 CPL 39 0.96
BMg,5 12 12 CPL 26.1 18.3
COMP;4 32 2 CMOS 1.2 0.30
DIVg.,y.q 12 5 CPL 158 122
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Comparisons between the MLR approach and the LR technique are shown in

Table 6.2. The measure used is the relative error on the average defined as:

Berror = |[PowerMill - Model| ., 100 (6.11)

PowerMill |
Both LR and MLR shows good performance when the input data is random (LR is
slightly better). For correlated data, MLR is superior to LR and has an average error
within 15% from PowerMill. Both approaches produced large errors per cycle and so
neither is suitable for cycle-based RTL power estimation. Cycle-based accuracy might
not be crucial at this level of the design since to compare two design alternatives the

cumulative power is more important than the instantaneous one.

Table 6.2: Summary of power estimation results.

Module LR MLR
Name (% error) (% error)
Random | Correlated | Random | Correlated
Rcf,; 1.2% 0% | 16% | 1i2% |
AM;sys | 0.0% 146% 09% 7%
CSA 4 1.7% 61% 1.2% 2.3%
BMg,s 0.0% 5% 1.6% 14%
COMP,4 0.8% 130% 2.6% 4%
DIVg ;.4 0.1% 13.2% 0.4% 13%

Both techniques performed power estimation very quickly (less than 3.0 CPU
seconds for the largest circuit on a Sparc 20 station with 240M memory). LR is slightly

faster since the coefficients of only one equation has to be looked up during power esti-



CHAPTER 6. POWER MACRO-MODELLING FOR RTL POWER ESTIMATION 163

mation (as compared to selecting one out of N equations and then looking up its coeffi-
cients for MLR). In [101], the amount of time needed to characterize a module is not
given. Our approach requires about 8000 PowerMill cycles for the largest circuit. Of
course, much longer time would have been required if the Monte-Carlo simulation tech-
nique was not used. If accurate gate-level power simulation tools are used for character-
ization, this time can be made much smaller. However, not all circuits are gate-level

representable, and so in such cases transistor-level simulation is the only alternative.

6.6 Summary

In this chapter, a new procedure to characterize the effective capacitance in data-path
components was described. The technique is based on piece-wise linear regression mod-
elling using the number of transitional input bits as the split criteria. We also employ a
Monte-Carlo simulation scheme to cut-down the characterization time. Our approach
significantly improves the estimation accuracy as compared to simple LR approach pre-

sented in [101] with similar estimation time.



Chapter 7

Conclusions and Recommendations

For many years, chip area and speed have been the conventional measures of quality in
a VLSI design. Only over the last decade or so has power becomes a crucial design cri-
terion. On one hand, high-performance systems with increased packing density have led
to power-related reliability problems and expensive cooling/packaging requirements.
Another motivation for low-power is the extraordinary growth in portable electronics
such as cellular phones and portable computers. These devices are battery-operated and
therefore must be extremely economical with their energy consumption. The above fac-
tors have set strict limitations on power dissipation and forced design engineers to look

for solutions on all fronts: process, circuits, gates, architectures and systems.

This dissertation presented novel circuit techniques and methodologies pertain-
ing to low-power CMOS VLSI design. The proposed schemes achieve the main objec-
tive of low-power with similar or improved performance as compared to traditional
design approaches. The effect on area is also addressed and the most feasible ways to

reduce power with similar or smaller area overhead are investigated.

164
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The work presented in this thesis can be broadly divided into two main parts:

1) new low-swing circuit techniques based on charge sharing and current injection.
These techniques were used to reduce the power consumption and improve the
speed of: (a) dynamic CMOS circuits with high capacitive nodes such as internal
bus lines, bit-lines in ROMs, and match lines in CAMs, and (b) the write and read
operations in multi-port SRAMs. For this part, four chips were designed, fabri-
cated and tested to verify the functionality and performance of the proposed

schemes.

2) new low-power design methodologies at the gate and architecture levels. These
methodologies target: (a) high-speed and low-power/low voltage logic design,
and (b) power marco-modelling for efficient high-level power estimation. For this
part, two pieces of software were written to implement the proposed methodolo-

gies and the later were tested using some benchmarks circuits.

The main contributions of this thesis were described in Chapters 3-6 and are

summarized below:

* Chapter 3 reported a new circuit technique for low-power and high-performance
design of a class of dynamic digital circuits with high capacitive nodes. The basic
idea is to create a low swing on these nodes using the principle of charge sharing. A
new model (called HiCapCS) to create this swing very quickly, without any DC
power dissipation or the need for pulsed operation or reference voltage generator was
described. An added advantage of HiCapCS is reducing the supply line noise. Three
applications of this technique; namely match lines in CAMs, bit-lines in ROMs and
internal bus interconnect lines, were described. HSPICE simulations of the extracted

circuits show significant improvements in speed and energy as compared to conven-
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tional approaches. The functionality and performance of the proposed method were
verified through three chips: a 2-bit internal bus, a 4Kx16b ROM, and a 32x32 TLB.

Measurement results of these chips down to 1.2V were presented.

* in Chapter 4, a new method for fast and low-power memory write operation was pro-
posed. The basic idea is to initially bias the back-to-back CMOS inverters of the
memory cell in the transient region to increase their voltage gain. Then by creating an
extremely small swing on the bit-lines, a differential current is injected into the cell.
This current difference will in turn be converted to full CMOS voltage levels by the
memory cell which exhibits a high gain. The proposed method, called Current-Injec-
tion Write (CIW), comes at a small increase in the cell area. However, we showed
that by using this technique in multi-port SRAMs, the area penalty is actually
reduced. Furthermore, CIW allows no degradation in the cell noise immunity. In
addition to the write circuit, a sense amplifier for low-power and high-speed memory
reads was also described. This amplifier works in a similar fashion as the CIW cir-
cuitry. These techniques were used in the design of a 3-port, single-phase clocked,
32x64b register file fabricated in a standard 3-metal 0.35um CMOS process. Mea-

surements of the file chip have confirmed the feasibility of the approach.

* Chapter 5 presented a comprehensive summary of low-voltage/low-threshold design
techniques. The pros and cons of several dynamic and static approaches were dis-
cussed. Also, a study on the effect of supply voltage scaling on delay, leakage power,
and delay sensitivity was presented. Based on the above discussions, a new approach,
called DVDV, was proposed as a means for low-power/low-voltage high-perfor-
mance design of submicron CMOS logic circuits. The DVDV scheme adds minor
alterations to current design trends and technologies. The main idea is to utilize a
library of gates having dual supply voltages and dual threshold voltages, hence the
name DVDV, to achieve high-speed at the lowest possible dynamic and leakage
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power dissipation. A simple algorithm to implement the DVDV approach was devel-
oped and implemented under the Berkeley’s SIS-1.2 environment. Application to
benchmark circuits (using a 0.25um process) show larger power savings as compared

to using two supply voltages (and a single Vi), and faster speeds than could be

achieved utilizing two threshold voltages (and a single V).

* in Chapter 6, a simple, yet accurate, method to characterize the effective capacitance
in data-path macros was proposed. The resultant macro-models can be used to
quickly estimate the power at the architectural-level. The capacitance models are
based on linear regression and a transistor-level tool was employed for capacitance
extraction. The characterization methodology assumes no specific word-level statis-
tics of the input data, requires little knowledge about the internal structure of the
modules, allows the user to trade-off accuracy and characterization time, and propa-
gates effective capacitance directly from transistor-level (real) implementations. Sim-
ulation experiments on a set of data-path components with various sizes were
performed. Compared to a previously published approach, the proposed scheme sig-
nificantly improved the accuracy of RTL power estimation and produced results

within 15% from a transistor-level tool on the average.

As with most research efforts, this dissertation possibly raised as many questions
as it solved. The limited time allocated for this research prohibited further investigations
of these problems. However, the ideas presented here should provide a strong founda-
tion upon which to build. The following discussion will point out the limitations of the
techniques presented in the previous chapters and suggest improvements that could be

made to them.

For the HiCapCS scheme, new applications that can benefit from its low-power
and high-performance features should be investigated. An example would be Program-
mable Logic Arrays (PLAs), which similar to ROMs, have highly capacitive bit-lines.
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Also common to all HiCapCS applications described in Chapter 3, a Sense Amplifier
Enable (SAE) signal has to be generated in order to turn on the single-/double-ended
sense amplifiers. In the current implementation, this signal is generated by simply delay-
ing the clock signal using a set of cascaded inverters. More reliable circuit techniques to
produce this signal while tracking worst/best process variations should be developed.
Finally, the dynamic and low-swing nature of HiCapCS puts a lower limit on how small
the threshold voltage can be scaled in circuits utilizing this approach. More analysis is
needed to check the necessary adjustments to HiCapCS under the low Vidlow V,,

regime with increased leakage current.

Extensions to the CIW scheme include employing it in a general (column-
decoded) SRAM. As mentioned in Chapter 4, this could be done by using multiple write
word-lines. The effect on area and layout under this scenario need to be investigated.
Also in contemporary register files, a desirable feature is to allow read-after-write of the
same word in the same cycle. In our register file, this can be accomplished for example
by delaying the SAE signal. Other more versatile circuit techniques to allow this opera-
tion should be explored.

It is our belief that the DVDV design methodology, in which all legal dual V,
and dual V,, are considered in the optimization search space, addresses a new design

paradigm which no other research effort has previously examined. However, the current
solution using DFS is rather simple and greedy (looking at one gate at a time). Perhaps
there is someway to take advantage of the problem structure in order to generate better
results. Other stronger solutions using for example mathematical/dynamic programming
or iterative improvement techniques with dynamic evaluation of the cost (power) func-
tion should be studied. The last point will allow the inclusion of the switching activity
() and the activity factor (A) in the mapping decisions taken by the algorithm. Other

enhancements to the technique include:
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* improving the initial implementation of the algorithm through better data structures
and selective timing information updating. In the current implementation, the later is
performed globally after each permissible move, which accounts for a significant

portion of the total running time.

* Dbetter modelling of the delay and power. Currently this is done using the simple mod-
els in SIS which have limited accuracy. For example, power estimation is performed
assuming uncorrelated primary inputs with each having 0.5 signal probability. More
accurate results can be obtained by using switch-level tools such as PathMill (for

delay) and PowerMill (for power).

* including the delay sensitivity to V,, scaling in the optimization process. As
g y y dd P P

explained in Chapter 6, this is becoming more important and the availability of dif-
ferent types of cells in the DVDV approach gives us the flexibility to sacrifice more

power for less sensitivity.

* simultaneous gate sizing and DVDV optimizations. The current implementation uti-
lizes a small library with a few cells. Using a larger library with various cells and dif-
ferent sizes per cell can possibly allow lower power. For example, wider (and so

faster) gates can be operated at LV, to reduce dynamic power. A recent work has

addressed this problem using a single supply voltage [132].

* also related to the above bullet, the used library has no detailed layout/interconnect

information, which can affect the delay and power estimates.

* it would be interesting to stretch the technique using multiple Via's and V,,’s and see

if the resultant gain (if any) warrants this extension, and
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* finally, applying the DVDV methodology at the architectural (block) level might be

advantageous too. Previous efforts utilizing multiple Vad's [32] or dynamically vari-
able Vy, [41] at the RT level have shown significant (dynamic or leakage) power sav-

ings than using conventional single V,, or single V,, schemes, respectively.

Future work of the MLR power characterization scheme should focus on
improving its accuracy as well as the characterization time. The former can be achieved

for example by partially accounting for the type of transitions at the primary input bits

as well as the state of non-transitional bits. The distorted distributions of C eff for small

A;, values suggest that these modifications should be particularly applied to these cases.

Further improvements are also possible by increasing the number of characterization

vectors utilized for those C eff’s with large standard deviation (by using smaller €, for

example). Reducing the characterization time can be done, for example, by creating

equivalent sets of patterns with “nearby” A, values to reduce the number of simulations

and linear regressions that have to be performed.
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