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ABSTRACT

In this thesis, we propose a modeling approach that captures the dependence of the
power dissipation of a combinational logic circuit on its input/output signal switching
statistics. The resulting power macromodel, consisting of a single four-dimensional table,
can be used to estimate the power consumed in the circuit for any given input/output
signal statistics. Given a low-level (typically gate-level) description of the circuit, we de-
scribe a characterization process by which such a table model can be automatically built.
In contrast to other proposed techniques, this can be done for any given logic circuit
without any user intervention, and applies to all possible input/output signal statistics;
it does not require one to construct specialized analytical equations for the power dissi-
pation. The macromodel can then be used during high-level power estimation in order to
estimate the power of a combinational logic block once its input/output statistics have
been computed in the context of its environment. High-level power estimation is impor-
tant in order to provide the designer early warning of any power problems before much
design effort/cost has been expended. The four dimensions of our table-based model
are the average input signal probability, average input transition density, average spatial
correlation coefficient and average output zero-delay transition density. This approach
has been implemented and models have been built for many benchmark circuits. Over a
wide range of input signal statistics, we show that this model gives very good accuracy,
with an RMS error of about 4% and average error of about 6%. Except for one out of
about 10,000 cases, the largest error observed was under 20%. If one ignores the glitching
activity, then the RMS error becomes under 1%, the average error becomes under 5%

_and the largest error observed in all cases is under 18%. -
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CHAPTER 1

INTRODUCTION

As the minimum feature size of VLSI circuits is continuously shrinking, and the device
densities are increasing several folds, their increased power dissipation has begun to pose
serious concerns with regard to their reliability, and marketability.

In the case of microprocessor circuits, the computing power has been increased tremen-
dously, primarily by increasing the device count and the clock frequency on the chip. On
the other hand, efforts to push the computing throughput to its extreme are causing the
architecture of the processors to become deeply pipelined. Heavy pipelining of the circuit
means that the devices on the circuit participate more actively in the computations. All
of the above situations, viz. the higher device count, the higher clock frequency and the
higher switching rate lead to the increased power consumption of integrated circuits to
undesirable levels.

The high levels of power dissipation result in high chip temperature, which if unchecked
can lead to reliability problems. Also, it degrades the performance of the chip as some of
the device parameters are affected by the temperature. Thus the chip might be forced to
operate at speeds lower than what it was originally designed for. High power dissipation
also implies high currents which may result in high current densities due to shrinking
feature size. Thus the chip becomes more vulnerable to electromigration failures. In
order to overcome these problems affecting reliability and performance, one has to resort
to expensive packaging. This in turn affects the cost of the chip and hence profitability.

In case of digital signal processing chips and microprocessors used in portable appli-

cations, smaller and longer-life battery is desirable. This situation, again requires that



the circuits consume very low power. Also, in case of desktop applications there is a need
for low power chips for keeping the cooling cost low.

Thus from both a performance and cost point of view it is desirable to design low-
power VLSI circuits. This has resulted in an increasing interest in designing low-power
VLSI circuits that are power efficient without compromising their: performance while
keeping their size small, i.e., there is an interest and a need to design VLSI circuits
keeping the three objectives of area, delay and power in mind. This is In sharp contrast
to the past design styles where designers often were satisfied by trading off delay for
area or vice versa with no concern for power. The added dimensionality to the design
space (now spanned by area, delay and power) is much more challenging as these three
objectives often conflict with each other. This makes the problem of optimizing one
parameter, while keeping the other parameters at the desired value, very challenging,
and can be restricted with respect to other parameters. Particularly, the task of power
optimization is felt to be significantly more complex than that of optimizing the area or
speed of a circuit. This is so, not without some very substantial reasons. For one, the
power dissipation of a circuit depends on a much larger set of circuit parameters than its
area and delay do. Some of these parameters, for instance the input pattern, render the
problem of power estimation inherently difficult, compounding the difficulties with the
problem of power optimization.

Although the above challenges have attracted enough interest in the area of low-power
circuit design, nonavailability of fast and accurate power estimation tools has impeded
the research in this area. Designers have, hitherto, resorted to several approaches, such
as power-down methods, voltage scaling and feature size reductions, besides one-time
decisions with regard to power-efficient design alternatives, design styles, etc., based on
experience. The need for power estimation tools exists at all levels of the design. At
the circuit level, circuit simulators, like SPICE, can be used for estimating the power.
However, these simulators are too slow and power estimation at this level can often be
used only to verify that the design actually meets the specification. This is because it is

Lo late in the design cycle vo alter the design. It was only recently that the problem of
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power estimation has been addressed satisfactorily, at the gate level (see [1] for survey).
But there are still some issues that need to be resolved at the gate level. However, by
the time the design has been specified down to the gate level, it may be too late or too
expensive to go back and fix high power problems. Hence in order to avoid costly redesign
steps, power estimation tools are required that can estimate the power consumption at
a high level of abstraction, such as when the circuit 1s represented only by the Boolean
equations. This will provide the designer with more flexibility to explore design trade-offs
early in design process, reducing the design cost and time.

In response to this need, a number of power estimation techniques have been recently
proposed (see [2] for survey) at higher levels of abstraction-namely, RT level, behavioral,
algorithm and system levels. In the following discussion, we present a summary of the
research in the area of high-level power estimation, targeting all levels of abstraction
from the register transfer level (RTL) to the system level. The style of presentation here

closely resembles [2].

1.1 Register Transfer Level Power Estimation

This level is the lowest level of abstraction in the domain of high-level power estima-
tion. As a result, power estimation at this level has received a lot of attention lately. At
this level of abstraction, the primitives are functional blocks such as adders, multipliers,
controllers, register files and memories. The difficulty in estimating power at this level
stems from the fact that the gate, circuit and layout level details of the design may not be
available, thus making analysis of interconnect and clock distribution networks difficult.
The power estimation techniques at this level can be broadly classified into two cate-
gories: top-down methods and bottom-up methods. These two approaches are discussed

next.



1.1.1 Top-down methods

The top-down methods attempt to relate power consumption of a particular RTL
description to quantities that describe the physical capacitance and activity of a design.
However, these methods assume that no lower-level description (i.e., gate, circuit or layout
levels) of the components of the design is available. Thus these techniques attempt to
capture the complexity of design from RTL description. One such strategy was proposed
in [3]. Here the complexity of the chip architecture was described in terms of “gate-
equivalents,” by expressing the functional blocks in terms of reference gates. The power
required by each functional block can then be obtained by multiplying the approximate
number of gate equivalents by the average power consumed by the a gate in the functional
block under uniform white noise (UWN). One disadvantage of this technique is that all
power estimates are based on the energy consumption of a single reference gate. This
does not take into account different circuit styles and clocking strategies. This technique
is particularly inaccurate for highly specialized blocks like memories.

Liu and Svennson [4] improved on this method [3] by applying different estimation
techniques to different design entities: logic, memory, interconnect and clock. The logic
component of power was estimated in a manner similar to [3]. The interconnect length
and capacitance was modeled using Rent’s rule. The clock capacitance was calculated
by assuming an H-tree clock distribution network.

Both the above techniques are very easy to employ and they require very little in-
formation. However, they do not model circuit activity accurately. An overall (fixed)
activity factor is assumed. In reality, however, activity factors vary with block function-
ality and with the data bring processed. So even if the user provides an activity factor
that results in a good estimate of the total chip power, the predicted power breakdown
is likely to be incorrect, making it hard to make meaningful architectural trade-offs.

The above-proposed techniques can be described as performing “rough synthesis” of
the functional block in terms of reference gates. In [5] an attempt is made to solve the

problem of power estimation without resorting to synthesis. However, in [5], only the



problem of estimating the activity of the functional block is addressed. These methods
utilize information theoretic metrics like entropy to estimate the switching activity of the
functional blocks.

In [6], the authors observe that the power is proportional to the product of the total

physical capacitance and the average switching activity. In other words,
P o« Capacitance x Activity (1.1)

Area and entropy of the circuit are employed as measures of its capacitance and
activity respectively. It was shown that the average activity in a functional block can be
estimated as a function of the input and output activities and is given by:

2/3

Activity = n
n-+m

(D; +2D,) (1.9)

In [7], the authors propose an area model for single-output Boolean function by em-
ploying a new measure called average area cube complexity. The above area model was
further modified in [8], using two proposed measures called the linear measure and the
exponential measure. In [9], the area model was extended to multioutput Boolean func-
tions. This was achieved by transforming the given multioutput Boolean function into an
equivalent single-output function. Then the area measure of the single output function
was employed to determine the area of the multioutput function. Also, for the first time,

activity and capacitance models were combined to give the power estimate at RTL.

1.1.2 Bottom-up methods

The bottom-up techniques, unlike the top-down methods, try to relate the power
consumption of RIL components to fundamental parameters. The strategy here is to
“measure” the power consumption of existing implementations and produce a model
based on those measurements. In other words these techniques attempt to build power
macromodels for power estimation. The power macromodel of a block can be used
during high-level power estimation, in order to estimate the power dissipation of this

block without performing a more expensive gate-level power estimation on 1t.



Clearly, this approach is best suited for designs that will be built using a library-based
approach. This is true for digital signal processing applications. In [10], [11] a method
called the Power Factor Approximation (PFA) was proposed. Here all the circuit input
bits are treated as digital “white noise” and because of this assumption can give errors
of up to 80% in comparison to gate-level tools. Another power macromodeling approach
was proposed by Landman and Rabaey [12], [13]. This is based on the dual bit-type
(DBT) model. The dual bit-type model is based on the observation that fixed-point
and twos complement data streams are characterized by two distinct activity regions.
The region corresponding to LSB exhibit activity similar to uniformly distributed white
noise. The region corresponding to sign bits (MSB) exhibits an activity dependent on
the temporal data stream correlation. Different empirically derived coefficients are used
for these two regions. This results in greater accuracy, however, its main disadvantage
is that it treats different modules differently, requiring specialized analytical expressions
for the power, to be provided by the user. Thus depending upon the functionality of the
module, a different type of macromodel (analytical equation) may have to be used.

In [14], Mehta et al. characterize the power dissipation of circuits based on input
transitions rather than input statistics. Because the number of possible input transitions
for an n-input combinational circuit is 92n they present a clustering algorithm to com-
press the input transitions into clusters of input transitions that have approximately the
same power values. They use heuristics to implement the clustering algorithm, but it 1s
not clear how efficient the method would be on large circuits. In [15], Raghunathan et al.
present a technique to estimate switching activity and power consumption at the RTL
for data path and control circuits, in the presence of glitching activity. To construct a
power macromodel, they use both analytical equations and look-up tables. The method
is quite good and uses 9 or more variables in the power macromodel. In [16], Gupta
and Najm also propose a look-up table-based approach to high-level power macromod-
eling with tables that have fewer variables (up to 3). The models of [15]. [16] have the
advantage of having a fixed template irrespective of the functionality of the block and

Lience are simple Lo generate and easy vo use. Recently, in [17], the authors presented a



macromodel for estimating the cycle-by-cycle power at RTL. The proposed methodology
consists of three steps: module equation form generation and variable selection, variable
reduction, and population stratifications. The generated macromodel has 15 variables.
They show good accuracy in estimating average and cycle-by-cycle power. However, the
macromodels are dependent on a training set of vectors, which may result in erroneous
power estimation if the training set is not similar to the vector set to be applied.

In this thesis we will present an extension of the approach discussed in [16].

1.2 Behavioral Power Estimation

At this level of abstraction, power estimation becomes even more difficult, as very
little is known about the design at this level. The typical approach is to assume some
architectural style or template and produce power estimates based on it. Some of the
numerous unknowns that must be predicted include the foreground/background memory
configuration, the number of memory accesses, the bus architecture and average wire
length, the number of bus transactions, the control path complexity and the control line
activity. It is apparent from the above that some of the parameters relate to the physical
capacitance of the resources being accessed, while the others describe the activity of
those resources. At this level of abstraction, activity associated with a resource type
corresponds to the frequency of access of that resource type.

There are two ways of predicting activity for every resource type used in the behavior.
One is called the static activity prediction [18], [19], as it performs a static analysis of the
behavioral description to determine the access frequency. This approach has to resort
to approximations in the presence of data dependent conditionals, branches and loops.
The other approach, which goes by the name dynamic activity prediction [20], performs
a simulation of the behavior from user defined input to determine the access frequencies
of various modules. The disadvantage of this approach is that it is much slower than the

static method and that it requires user specified input information.



To translate the activity measurements into power estimates, they have to be weighted
with capacitance, switched per access of a given resource. For functional blocks like
adders and multipliers, and for memories and registers, it is possible to get measured or
estimated values of capacitance from design libraries. Predicting the dissipation of other
components, such as 1/0, busses, clocks and controllers is harder as their capacitance
is strongly influenced by subsequent design phases. Ignoring their contribution can lead
to erroneous power estimates. A popular approach adopted for these components 1s to
generate an empirical model based on a large set of benchmark examples. This is the
approach adopted in [18], [19]. A disadvantage with this approach is that it is design
tool and design methodology dependent.

A more recent approach for estimating power at this level of abstraction has been
presented in [21]). Here, an attempt was made at computing lower-bounds on the power
dissipated by an algorithm. An equivalence between computation and communication
was established by adopting an information-theoretic view of VLSI computation. More
specifically, a DSP algorithm is viewed as a mechanism for information transfer with a re-
quirement on the information transfer rate. An architecture implementing the algorithm
is treated as a network with a certain capacity. A lower bound on the power dissipation is
then the signal power that makes the channel capacity equal to the information transfer
rate (reminiscent of Shannon’s channel capacity theorem). However, more work has to
be done in the proper characterization of “noise” affecting information transfer before

this technique can be used to predict power.

1.3 Instruction Level Power Estimation

It is possible to realize behaviors in software on a programmable instruction set proces-
sor. In such a case the power dissipated by the behavior is given by the power dissipated
by the software, when executing on the instruction set processor. Thus it makes sense
to have an instruction-level power model. In [22], such a model was proposed for general

* purpose and DSP proccssors. Their model associates -each instruction in the instruction



set with a base cost, which corresponds to the current drawn by the processor when
executing this instruction placed in a loop. The model also accounts for interinstruction
effects (corresponding to the change of state of circuit between two instructions) along
with effects due to pipeline stalls and cache misses. It was noted in [22] that although
the model is accurate for most instructions, it can produce significant errors on certain
types of instructions due to the effect of operand activity. In order to account for this, a

model that is activity sensitive is needed.

1.4 System Level Power Estimation

At the earliest stages of design specification we can consider performing system level
power estimation. Here the objective is to come up with rough budgeting of power to all
the components of the system which could include analog, digital, mixed signal portions.
A power exploration tool at this level of abstraction would be useful for identifying power
hungry parts of the design on which maximum optimization effort needs to be focussed.
This helps reduce turn around time and minimizes redesign.

A tool called PowerPlay has recently been developed for design exploration at the sys-
tem level [23] and can be found on the web at http://infopad.eecs.berkley.edu/PowerPlay.
PowerPlay employs a spreadsheet-like interface to facilitate hierarchical design entry,
rapid exploration of design partitionings, and parameter variations.

It is clear from the above discussion that there is an urgent need for high-level power
estimation tools at all levels of abstraction, from the system level to the RT level. How-
ever, it is more important to solve the power estimation problem at the RT level before
attempting to systematically solve the problem at higher levels of abstraction, as the
solution to the power estimation at the RT level can be used to guide us to meaningful

solutions at higher levels of abstraction.



1.5 Thesis Overview

In this thesis, we propose a modeling approach that captures the dependence of the
power dissipation of a combinational logic circuit on its input/output signal switching
statistics. The resulting power macromodel, consisting of a single four-dimensional table,
can be used to estimate the power consumed in the circuit for any given input/output
signal sfatistics. Given a low-level (typically gate-level) description of the circuit, we de-
scribe a characterization process by which such a table model can be automatically built.
In contrast to other proposed techniques, this can be done for any given logic circuit
without any user intervention, and applies to all possible input/output signal statistics;
it does not require one to construct specialized analytical equations for the power dissi-
pation. The macromodel can then be used during high-level power estimation in order to
estimate the power of a combinational logic block once its input/output statistics have
been computed in the context of its environment. High-level power estimation is impor-
tant in order to provide the designer early warning of any power problems before much
design effort/cost has been expended. The four dimensions of our table-based model
are the average input signal probability, average input transition density, average spatial
correlation coefficient and average output zero-delay transition density. This approach
has been implemented and models have been built for many benchmark circuits. Over a
wide range of input signal statistics, we show that this model gives very good accuracy,
with an RMS error of about 4% and average error of about 6%. Except for one out of
about 10,000 cases, the largest error observed was under 20%. If one ignores the glitching
activity, then the RMS error becomes under 1%, the average error becomes under 5%
and the largest error observed in all cases is under 18%.

The thesis is organized as follows. In Chapter 2 we will discuss the gate-level power
estimation technique that will be used in the thesis for comparison purposes. Chapter 3
describes the power macromodeling approach. Chapter 4 describes the characterization
process used for building the power macromodel. Chapter 5 gives the results showing

the accuracy of our approach, and finally, some conclusions are presented in Chapter 6.
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CHAPTER 2

GATE LEVEL POWER ESTIMATION

In the previous chapter we presented a motivation to the problem of high-level power
estimation and also discussed current research trends in the area of high-level power
estimation at various levels of abstraction. In this chapter we will provide a brief review
of the issues involved in estimating power at the gate level of abstraction. This is because
the power estimation techniques at the gate level of abstraction would be used to motivate

a high-level power estimation methodology, to be discussed in Chapter 3.

2.1 Introduction

There are several important issues related to power estimation. These issues are
concerned with the accuracy, speed and effectiveness of the solution, and have direct
bearing on the power model, the estimation methodology, and the assumptions about
the input information. In the following, we will bring out these different issues affecting
the power estimation methodology.

The total average power dissipated by a static fully complementary CMOS imple-

mentation consists of two components: static and dynamic power. Thus,

Ptotal :Ppn+Psub+Psc+Pcap (21)
N - . D
static dynamic

where P,, is due to leakage in reverse-biased pn-junctions (source /drain and well regions),
P, is due to subthreshold conduction current in MOSFETS, also called sub-threshold
leakage, P is due to the short-circuit current and P, is due to charging/discharging of

circuit capacitors when a gate makes a logic transition.
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The first two components in the above equation constitute the static power dissipa-
tion, which is independent of the switching of the transistors. Leakage power is due to
the junction and sqbstrate leakages, and is primarily dependent upon the device technol-
ogy, threshold voltage and power supply voltage. Although this component is becoming
more important in sub-micron technologies, its magnitude is negligible compare to other
components of the power.

The short-circuit power Py, is due to the rush-through currents that flow through the
transistors when a direct path is established between Vyq and ground during switching.
The input signal slope, the switching speed, the drive strength of the transistors, and the
load driven determine the magnitude and duration of the short-circuit. The stringent
design rules that are followed in most designs, especially in standard cell designs, ensure
that this component is small by careful selection of signal slope, transistor size, and load
values.

Finally, the capacitive component P..,, a direct result of switching of the circuit
nodes, is due to the effort required to charge and discharge the (capacitive) loads at
the nodes, during their upward and downward transitions. The capacitances that are
charged/discharged are primarily the diffusion capacitances of the driving gate, the input
capacitances of the driven gates, and the capacitances of the interconnects. Thus, the
capacitive power dissipated in a CMOS gate is directly dependent on the amount of

switching of its output, and the capacitance that is switched, as given by the relation:
1
Peap = 5VaaV CioeaD (2.2)

where V4 is the supply voltage, V is the voltage swing at the node, Cjseq is the capacitance
at the output of the node, and D is the average number of transitions per second at the
node. The voltage swing, V, at the output of the CMOS gates equals Vgq, thus leading

to a quadratic dependence of switching power on the supply voltage, as below.
1
Pcap = gvddeloadD (23)

At this juncture, it is pertinent to point out that the above expression is based on the

notion that the transitions at the nodes are complete, and not partial. This is the result of

12
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approximating the transition signals, which are really analog signals, to be digital signals.
The resulting difficulty with such a notion is in counting the glitching transitions which
do not rise/fall all the way to Vy or ground potential. Although it might appear that
this situation will result in either overcounting or undercounting of transitions, and hence
overestimating or underestimating the switching power, very effective filtering techniques
[24] have been proposed for adaptation in digital power estimation schemes.

Tt must be noted from the above expression that, except for D, every other term of
the equation is known, given a gate level implementation of the circuit. The term D is
dependent on the input switching pattern. Thus power estimation is pattern dependent.
Moreover, there is wasteful power dissipation due to nodes making several transitions
before evaluating to a final value, for a given input change. These spurious transitions
have been referred to as hazards or glitches. These spurious transitions occur due to the
difference in arrival times of inputs to a gate. Although the glitches do not contribute
to the functionality of the circuit, they dissipate power. Once generated at a node, they
can propagate through several gates in the node’s fanout cone region. The propagation
of glitches through a gate depends on its delay characteristics and the input combination
itself. This makes it hard to capture the dependence of D on glitches. The above
discussion points to two different types of transitions that can occur at the output of a

gate, namely a zero-delay transition and a glitch, which are defined below.

Definition 1. (zero-delay transition) A transition at the output of a gate in a circuit
is said to be a zero-delay transition, provided that transition would have occurred if the
primary input changes responsible for the transition were to occur simultaneously, and

all the gates in the circuit were to have zero delays.

In other words, the zero-delay transitions are the fewest transitions a node would
undergo with a given sequence of primary inputs. These transitions are legitimate in the
sense that they contribute toward the functionality of a circuit, assuming no redundancy
in the circuit. The zero-delay transitions have the nice property of being independent

of the physical pararseters of the citeuii, bui dependent only vn the input pattern and
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Figure 2.1 Illustration of glitch generation and propagation.

the Boolean functionality. This relation is given in the section on power models to be

presented.

Definition 2. (glitch) A transition is said to be a glitch if it is not a zero-delay tran-

sition.

Figure 2.1 illustrates the generation of glitches at the output of a NAND gate and
their propagation through another (INV) gate.

From the above classification of transitions that can occur at a node of a circuit, we
can break down the power dissipated by a circuit into two parts, namely the zero-delay
power and the glitch power. A power estimation at the gate level must estimate both
the components in order to be considered a good power estimation scheme. In the next
section we present a power model used in this thesis, to address the problems of pattern

dependence and glitching.

2.2 Power Model

To get around the input pattern-dependence problem, one can use probabilities to
describe the set of all possible logic signals. The work of [25] characterizes signals using
two parameters, viz., equilibrium probability and transition density, based on a stochastic
modeling of the logic signals. For convenience, we repeat the definition of these quantities

below.
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Figure 2.2 Capacitances at a node.

Definition 3. (equilibrium probability) If z(t) is a logic signal that can take values
either 0 or 1, then its equilibrium probability is defined as:

Tooo I [T

2

P(z) = lim l/ z(t)dt

Definition 4. (transition density) If a logic signal z(t) makes ny(T) transitions in a

time interval of length T, then the transition density of x(t) is defined as:

) = fim B

The transition density, which we shall refer to simply as density, provides an effective
means to capture the switching activity in logic circuits. If the density D(z;) at every
node z; is made available, the overall average power dissipation in the circuit can be

computed as:

1 n
Pavg = 5Viz ) CiD(2:) (24)

i=1
where C; is the total capacitance at the node z;, and is an aggregate of three components,
Cint, Cuwire, and Cload, as shown in Figure 2.2. Ciy is the internal capacitance (also
known as the output capacitance) of the driving gate connected at z;, which is basically
the diffusion capacitance of the drains. Cyr. is the capacitance due to the interconnects
between the driving and driven gates connected at z;. Cleaa is the sum of the gate
capacitances (also known as input capacitances) of the driven gates connected at ;.

It i’s important to note that the transition density measure, used above, is general
enough to account for every kind of transition at the output of a gate, whether it be

a zero-delay transition or a glitching transition. In view of this, we choose to use (2.4)
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as the power model for power estimation at the gate level of abstraction. Also we will
propose a high-level power estimation model based on (2.4).

In spite of the apparent simplicity of the above power model, the problem of power
estimation at the gate level is complicated by the fact that the estimation of probabilities
and densities at the nodes of the circuit is sensitive to the stochastic dependencies (spatial
and temporal) between the primary inputs. These stochastic dependencies are often
referred to as spatial and temporal correlations. We now make the notion of épatial and

temporal correlations more precise.

Definition 5. (spatial correlation) When the occurrence of a certain logic state (0 or
1) is considered as an event, a signal x is said to be spatially correlated to another signal
y if the occurrence of an event for one of the signals affects the probability of occurrence

of an event on the other.

Definition 6. (temporal correlation) When the occurrence of a certain logic state
(0 or 1) is considered as an event, a signal x is said to be temporally correlated if the
probability of its event at a given time is affected by the occurrence of some event at some

previous time.
The aforementioned correlations arise because of the following situations:

e Two signals in a circuit become spatially correlated owing to their having a common

ancestor node in the gate level structure.

e A signal ‘remembering’ its past behavior due to memory or feedback in the circuit

leads to temporal correlation in that signal.

A number of techniques for VLSI power estimation at the gate level have been pro-
posed [1] . These estimation techniques can be broadly classified into two categories,
namely, static methods and dynamic methods. Both methods use probabilistic informa-
tion such as probability and density.

The static methods attempt to propagate the input statistics to nodes in the circuit,

calculating the corresponding statistics for these nodes. The statistics at the nodes
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are used to obtain the required switching activity. The dynamic methods, on the other
hand, use the input statistics to generate random input patterns, conforming to the given
statistics, and apply these patterns in a simulation sequence. The node transitions are
monitored and the simulation is stopped when a prescribed accuracy can be guaranteed
with a certain degree of confidence.

The advantage of the static methods is that they can be made very fast (linear
time in the number of nodes) under certain assumptions. However, as a result of these
assumptions, and also due to not considering the delays of nodes and signals, they are
less accurate than the dynamic methods. The dynamic techniques take longer but at the
gain of much higher accuracy.

The correlations are not naturally accounted for in the static methods, thus result-
ing in less accurate power estimates. Several methods have been proposed to fix this
problem with static methods [26] . However, this problem has not been addressed satis-
factorily, and is a topic of ongoing research. On the other hand, correlations are naturally
accounted for dynamic methods. In this research we use a simulation based power esti-
mation tool [27] to estimate power at the gate level of abstraction, a dynamic method.
This simulation technique is based on gate-level statistical simulation of the network
under a user-specified delay model. The network is simulated with repeated application
of random input vectors, generated from user specified input probabilities and densities,
until some user-specified convergence criterion is satisfied. As signal correlations are
automatically éccounted for, this approach provides accurate power estimates.

The above mentioned simulation tool requires delay models for the gates in order
to perform an accurate estimation of node probabilities and densities. In the following

subsection we discuss this delay model.

2.3 Delay Model

The statistical simulation method uses libraries that have a precharacterized delay

‘nfsimation. The delay of a gate is characterized using two paraineters, an intrinsic delay,
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toiock, Which is independent of the load, and a load dependent delay factor, riad, which
is the delay per unit external capacitance load. If Cey is the external load driven by the

gate, then the gate delay is given as:

gate dela}’ - tblock + TloadCezt (25)

Note that C.,; does not include the internal (output) capacitance of the gate, Cint, but
is the aggregate of the wire capacitance, Cyire, and the input capacitances of the driven
gates whose sum is Cl,q¢. The input capacitance of the gates are also specified, in addition
t0 tpioek and Tioeq. Moreover, separate values of tyocr and 7ieeq can be specified for rising

and falling output conditions, and for each input to output pin combination.
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CHAPTER 3

POWER MACROMODELING

In this chapter, we will discuss the parameters that are required to build the power
maromodel for estimating the RTL power. Initially, we will discuss the parameters that
can be chosen fof making the power macromodel, assuming the primary inputs are in-
dependent. We then discuss the additional parameters that are required, when primary
inputs are correlated.

What should a power macromodel look like? Which features are desirable and which
are too expensive and infeasible? To begin with, it is clear that a macromodel should be
simple to evaluate, otherwise there would be no advantage in using it and one might as
well perform the analysis at the gate level. Furthermore, it must apply over the whole
range of possible input signal statistics. Finally, it should consist of a fixed template, in
which certain parameter values can determined by a well-defined and automatic process
of characterization, without user intervention. We present a macromodel that has all

these properties.

3.1 Power And Input Parameters Relationship

Before, building the macromodel we investigated the relationship between power and
input parameters like average probability and average transition density (see Eq. (4.7)
for definitions) of the primary inputs. Simulations were performed for different values
of average input probability and average input density to determine the nature of their
relationship with power. Figure 3.1 shows the plot of real-delay power for different

values of average input probability and average inpmt density for ¢6288 combinational
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Figure 3.1 Plot of total power for D, = 0.1 and different F,.

benchmark circuit [28]. Figures 3.2 and 3.3 show the same plot for ¢3540 combinational
benchmark circuit [28]. It can be seen that the relationship is nonlinear and the plots do
not have a consistent shape. Similar results were obtained for other circuits. Hence an
equation-based model was not used. In the next section the look-up table based approach

for power macromodeling is described.

3.2 Power Macromodeling Assuming Independence

Because the power depends on the circuit input switching activity, it is clear that a
power macromodel should take the input activity into account. The question is, however,
exactly what information about the inputs should be taken into account and included
in the macromodel. When the circuit being modeled is small (one or a few gates), then
a simple modeling strategy is to create a table that gives the power for every possible
input vector pair. In this case, there is no loss of accuracy. However, this strategy cannot
be applied to large circuits. A circuit with 32 inputs will have 2% possible input vector

* pairs, which would be prohibivively expeusive wo store in a table.
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Table 3.1 Details of ISCAS85 circuits

Circuit Function #inputs | Foutputs | #gates
c432 | Interrupt control 36 7 160
c880 ALU 60 26 383
c1908 | Error correction 33 25 880
c2670 | ALU and control 233 140 1193
c3540 ALU 50 22 1669
ch315 ALU 178 123 2307
c6288 Multiplication 32 32 2406
c7552 ALU 207 108 3512
c499 Error detection 41 32 202
c1355 | Error detection 41 32 546

This leads to a trade-off between the amount of detail that one includes about the
inputs and the accuracy resulting from the model. One possibility is to consider the
signal probability P(z;) and transition density D(z;) at every input node z;, and to
build a model that depends only on these two variables. Notice that any information
about correlations between the input nodes is lost when this is done. Thus, for instance,
one could consider building a table which gives the power for every given assignment
of input P(z;) and D(z;) values. Even in this case, however, such a table-based model
would be too expensive, because a circuit with 32 inputs would require a 64-dimensional
table.

Qiven the above observations, we have considered what aggregate compact descrip-
tions of the P(z;) and D(z;) values would be sufficient to model the circuit power. For
instance, one could consider building a two-dimensional table whose axes would be the
average input P(z;), which we will denote by P, and the average input D(z;), to be
denoted D;,. In this case, two different input assignments of P(z;) and D(z;) values,
which may lead to different power values, may have the same P, and Di, averages, and

the table would predict the same power for both assignments, obviously with some error.
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Table 3.2 Error in 2-d approach, when total power is estimated.

Circuit | Py, | D | RMS.Error | Max.Error
c432 | 04| 04 1.61% 34.88%
¢880 04104 1.77% 40.46%
cl908 | 0.4 | 0.4 1.74% 16.80%
c2670 | 0.4 | 0.4 2.43% -31.61%
c3540 | 0.4 0.4 2.96% 35.77%
ch315 | 0.4 0.4 1.76% 20.94%
c6288 | 0.4 | 0.4 16.6% -40.04%
c7552 | 0.4 | 0.4 3.37% 19.02%

We have studied how big this error can be, as follows. Given a gate-level circuit
and for a certain fixed P;, and D;,, we generate a large number (80 or more) of P and
D assignments at the circuit inputs that each have averages equal to the specified P,
and D;,. We then perform an accurate power estimation for each assignment using a
Monte Carlo gate-level (with full-delay model) simulation technique [27]. The average
of the resulting power values is a good candidate value to store in the table. For each
of the estimated power values, any deviation from this average value is considered to be
an “error” relative to this table. The root-mean-square (RMS) and maximum errors for
ISCASS5 circuits [28] (see Table 3.1 for details of these circuits) are reported in Table 3.2,
for Py, = 0.4 and D;, = 0.4. A density of 0.4 means that the node makes an average of 4
transitions in 10 consecutive clock cycles. The largest RMS error is about 17% and the
largest maximum error is -40%.

The poWer estimator (simulator) used to generate this table uses a scalable-delay
timing model that depends on fanout and gate output capacitance. Thus, it captures the
glitching power accurately (multiple transitions per cycle due to unequal delay from the
inputs to an internal node). The glitching power is hard to account for in a high-level
model. This is why such a high RMS error is seen for c6288, in which some internal
nodes make up to 20 transitions per cycle. The errors improve considerably if the power

estimates are based ou a zero-delay timing model, in which the glitches are excluded, as
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Table 3.3 Error in the 2-d approach, while estimating zero-delay power.

Circuit | Py, | Din | RMS.Error | Max. Error
c432 04104 0.59% 16.02%
c880 04104 0.85% 27.5%
c1908 (0.4 04 0.46% -7.28%
c2670 | 04| 0.4 0.92% -18.82%
c3540 | 0.4 | 0.4 0.83% -19.07%
c5315 (0.4 0.4 0.47% 10.88%
c6288 [ 0.4 |04 0.72% -16.82%
c7552 | 0.4 0.4 1.01% -15.54%

shown in Table 3.3. The largest RMS error is now 1% and the largest maximum error is
27%.

In any case, with such a high RMS error in the general case, the total power estima-
tion using Table 3.2 is too inaccurate. The simple 2-dimensional table approach is too
simplistic. Another parameter is needed by which we can accurately model the variation
of the power due to various input P and D assignments. We have found that if one more
dimension is added to the table, reasonably good accuracy can be obtained. The third
axis is the average output transition density over all the circuit output nodes, measured
from a zero-delay (functional) simulation of the circuit, and which we will denote by Dout.
The stipulation that D,y corresponds to zero-delay is not optional, but rather required
for the following reason. We envision that during high-level, say RTL, power estimation,
one would perform an initial step of estimating the signal statistics at the visible RTL
nodes from a high-level functional simulation. These (zero-delay) statistics would then
be applied to the power macromodel in order to estimate the power. Thus, the power

model will be given by:

Pavg = f(Pz'naDinaDout) (31)



Table 3.4 Error in the 3-d approach, while estimating total power.

Circuit | P | Din | Dows | RMS.Error | Max.Error
c432 0.4 04| 0.44 0.97% 16.48%
c880 04041032 1.58% 27.87%
cl908 | 0.4 | 0.4 | 0.44 1.18% 12.71%
c2670 [ 041 04 | 0.37 1.78% -18.82%
c3540 | 04 | 0.4 | 0.44 1.94% -20.33%
ch5315 [ 0.4 | 0.4 | 042 1.76% 17.16%
c6283 | 0.4 04 | 0.44 6.05% -33.54%
c7552 [ 04| 0.4 | 0.42 2.97% -15.67%

In order to study the accuracy in this 3-d approach, and to perform a direct com-
parison with Tables 3.2 and 3.3, we will show the errors in the estimation for the same
P, = 0.4 and D;, = 0.4 specifications as before. The value of D,,; will naturally be
different in different runs. For each circuit, we selected the largest subset of cases that
has the same (approximately) D,,; value and examined the errors based on the results
in that subset. It is clear from Table 3.4 that the errors are much less now, and the
RMS error in c6288 is now reduced to an acceptable 6%. The largest error of -33% is
somewhat undesirable, but we will see later on that the spread of the error values over a
wide range of input/output statistics is quite acceptable. For comparison with Table 3.3,
the errors in the zero-delay power are given in Table 3.5. The RMS error is now below

0.77% and the maximum error is under about 12%.

3.3 Power Macromodeling For Correlated Inputs

In the previous section we assumed that the primary inputs are independent, but in
practice the primary inputs are correlated. For example the primary inputs could be the
output of another circuit block, which can be very highly correlated. In these situations
the 3-dimensional table-based macromodel will give erroneous power values. Figure 3.4

cunpares the correlated and s-d table-pased power values for all ISCAS-35 circuits, over
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Table 3.5 Error in the 3-d approach, while estimating zero-delay power.

Circuit | Pop | Din | Dout | RMS.Error | Max.Error
c432 | 04| 04 | 0.44 0.33% 4.90%
c80 | 0.4 04032 0.55% 9.87%
c1908 | 0.4 | 0.4 | 0.44 0.19% -3.23%
c2670 | 0.4 | 0.4 | 0.37 0.65% -9.70%
c¢3540 | 0.4 | 0.4 | 0.44 0.47% -12.37%
c5315 0.4 | 0.4 | 0.42 0.45% 6.32%
c6288 1 0.4 0.4 1044 0.45% -10.18%
c7552 | 0.4 | 0.4 | 0.42 0.77% -8.82%

the wide range of P;,, Din, and Dy, values. An enlarged view of the lower section of the
Figure 3.4 is shown in Figure 3.5. This comparison is also shown for different ISCAS-85
circuits in Figures 3.6 to 3.14. It can be seen from the figures that the 3-dimensional
table-based macromodel gives erroneous estimate of the power when primary inputs are
correlated. Table 3.6 gives the RMS, average and maximum error, when the Inputs are
correlated and the total power is estimated using the 3-d table-based macromodel, over
a wide range of P, Din, and Doy values, for all ISCAS-85 circuits. It can be seen from
the table that RMS error is quite high. For c6288, it’s around 42%. The average error is
more than 15% for most of the circuits and in the case of c6288 it reaches 90.17%. The
maximum error is more than 100% for most of the circuits, showing the inaccuracy of the
3-d table-based macromodel when total power of correlated input vectors is estimated.
This led us to consider other parameters in our macromodel.

The primary inputs can be either temporally or spatially correlated. A signal z is
said to be temporally correlated if its event (occurrence of certain logic state) at a given
time is correlated to an event at some past time and is said to be spatially correlated
to another signal y if their events are correlated. The question now arises as to what
other parameters we should include in our 3-dimensional table-based macromodel, such
that the temporal and spatial correlations at the primary inputs are accounted for while

estimating the power at R1'L.



Table 3.6 Error when total power of correlated inputs is estimated.

Circuit | RMS.Error | Average Error | Max.Error
c432 3.84% 35.5% 122.16%
c880 2.00% 16.26% 73.9%
c1908 3.73% 25.75% 114.78%
c2670 4.46% 27.08% 116.4415%
¢3540 2.936% 20.59% 120.0089%
ch315 3.72% 21.72% 121.75%
c6288 41.4% 90.17% 226.64%
c7552 4.56% 28.73% 124.34%
c499 3.36% 43.15% 160.79%
c1355 2.846% 29.66% 134.7045%
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Power, from 3d Macromodel (uW/MHz/gate)

Figure 3.5 Power comparison while estimating total power.
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Figure 3.6 Power comparison for c432, while estimating total power.
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We will start our discussion by considering temporal correlation at the primary inputs.
Here we will consider only lag-one temporal correlation. For the temporally correlated

primary inputs, define T'C; for the ¢th input, as
TC;=P{ztnalt =1} (3.2)

where ¢ — 1 and t are consecutive clock periods and where P {-} denotes probability.

Temporal correlation coefficient (vy;) for 7th input is defined as [29]:

_ Plataa =1} - P(e)
i P(a)(1— P (=)

(3.3)

In Eq. (3.3) P (z;) is the probability at an input node z;, which is known, as individual
input probabilities are required to determine P;, for the 3-dimensional table based power
macromodel and the only quantity which is unknown is P {a! A 2{™! = 1}. Therefore, ;
can be estimated accurately, if we can determine T'C;. But, we will show now that T'C;

can be uniquely determined from the knowledge of P; and D;.

Proposition 1. For any primary input node:

D;
2

<

TC; =P — (3.4)

where T'C;, P; and D; are temporal correlation, signal probability and transition density,

as described earlier, respectively.

PROOF. Let us denote probability of a high-to-high transition by Py, probability of a

low-to-high transition by P, and probability of a high-to-low transition by Pj;.

P;(t) = P+ P (3.5)
P (t—1)= Pu+ P (3.6)

But P; (1) = Pi(t — 1) = P..
= P = Py (3.7)

33



Transition density D; can be expressed as:

D; = Pp+ Pu
= 2Py
= 2(F— Pryp) (3.8)
D;
= P = P, — > (3.9)
where Py, is nothing but T'C;. U

Therefore, temporal correlation at the primary inputs is taken care by P; and D; and
we do not need an additional parameter to represent temporal correlation at the primary
inputs.

Now we will discuss spatial correlation between the primary inputs. Spatial corre-
lation is the pairwise correlation between every input. Here we will consider only first
order correlation; higher order correlation are neglected. We define SCj;, the spatial

correlation between ith and jth inputs as:
SCij =P {z: Nzj =1}, (3.10)

i.e., the probability of both inputs being high simultaneously.
The reason for considering SC;; as the measure of spatial correlation coefficient follows

from the definition of spatial correlation coefficient. Spatial correlation coeficient (p;;)

between two inputs is given by the following expression [29]:

_ Plz;ANz; =1} — P(z;)P(z;)

VPP () - P) 0= P (=)

The only unknown quantity in Eq. (3.11) is P {z; A z; = 1}, as we know P (z;) and P (z;).

i (3.11)

Therefore, it is evident from the Eq. (3.11) that if we can determine P {z; A z; = 1}, pi;
can be accurately estimated. From the definition given in Eq. (3.10), it is clear that SCj;
is the sufficient measure to capture p;;. In the rest of this thesis, the spatial correlation

coefficient between ¢th and jth primary iuput-will be vepresented by SCj;.
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Now one possibility is to consider spatial correlation between every primary input
pair of nodes as the parameter in our macromodel. But as the number of primary
inputs increases, the number of parameters will also increase quadratically. Hence we
cannot consider SC;; between every primary input as the parameter in our table based
power macromodel. We have found empirically that if we consider SC;, (average spatial
correlation coefficient, i.e, average of all SC;; terms), as the fourth parameter in our table
based power macromodel, sufficient accuracy can be obtained for estimating the power of
highly correlated primary inputs. Now, our table based power macromodel in presence

of the fourth parameter looks as follows:

Pavg = f(-PinrDin) Scina Dout) | (312)

35



CHAPTER 4

CHARACTERIZATION PROCESS

In the previous chapter, we discussed the parameters that are sufficient to build a
power macromodel. In this section we will discuss how to characterize the macromodel
for a given combinational logic circuit. First we will discuss the bounds for D;, and SCi,
given P,. After that we will discuss the algorithms to generate input vectors having the

required Pj,, D;, and SC;, values.

4.1 Bounds For D,, And SC;,

We assume that the combinational circuit is embedded in a larger sequential circuit,
so that its input nodes are the outputs of latches or flip-flops and that they make at most
one transition per clock cycle. We assume that the sequential design is a single clock
system and ignore clock skew, so that the combinational circuit inputs z3,Z2,...,%n
switch only at time 0.

At this point it is helpful to recall some definitions. The signal probability P(z;) at
an input node z; is defined as the average fraction of clock cycles in which the final value
of z; is a logic high. The transition density D(:v,) at an input node z; is defined as the
average fraction of cycles in which the node makes a logic transition (its final value is
different from its initial value). For brevity, in this section we will write F; and D; to
represent P(z;) and D(z;). Both P; and D; are real numbers between 0 and 1.

Because the input signals z; make at most a single transition per cycle, there is a

special relationship between probability and density, given by:

D; . D

1/
I/\\



The derivation of this property is rather simple, as follows:

From [25], P (z) and D (z) at a node z are given by

—_ M
Ple)= po + 1 (42)
2
D(z) = . (4.3)

where 11 (o) is the average of high (low), intertransition times of signal z (k).

Using Eqgs. (4.2) and (4.3), it is easy to arrive at:

_ 2P (z) ’
_21-P() .

Because time is discrete at the primary inputs, then gy > 1 and g, > 1. Combining this
with Eqgs. (4.4) and (4.5) leads to the required result.

Eq. (4.1) can be rewritten as:
D; <1-2|P —0.5] (4.6)

so that for a given P(z), D(z) is restricted to the shaded region shown in Figure 4.1.
We also recall the definitions of the average input probability, denoted Pi,, and average

input density, denoted D;,, as follows:

1< 1
Py, = ;;Pi Dip =~ ZDi (4.7)

where n is the number of input nodes. It is clear from Eq. (4.1) that similar bounds hold

for P, and D;,:

Din Din

= SPnsl-—7 (4.8)
from which we also have:

Din < 1 = 2|F; — V. (4.9)
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Figure 4.1 Relationship between density and probability

Similarly we have found a special relationship between SCi, and P, i.e., given P,
we can find lower and upper bounds for SC;,. Because SCj, is a probability it can take

values only between 0 and 1. Before describing the bounds, we first recall the definition

of SCin:

SCin = n_lzZ’P{ml—lmJ——l} (4.10)

Vo j=itl
where n is the number of primary inputs.

Let us consider that we have to generate a block of input vectors of size N, with each
vector consisting of 1s and 0s, and let us represent the kth vector by Vi. SCi, can be

written in terms of the input vectors as:

§Cin = lim scy (4.11)
where:
1 N
N
SC”_L = Z?’L'I’L—l sz1k$_jk
k=1 =1 j=i+1

= 2

n(n_mzl ZZ (4.12)
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Notice that 3 > % ;. #ixe;, = number of bit pairs, in kth vector, that are (1,1).
Therefore,

}n: zn: L (k) (n;(k) —1) (4.13)

=1 j=i+1
where ny (k) = number of 1s in V.

By substituting Eq. (4.13) into Eq. (4.12), we get

N
SC = s Z m ") D (4.14)

=1

At this point, it will be helpful to define PN For a block of N vectors, P;, can be

written as:

Py = lim PN (4.15)

k213

where:

Notice that:

N
~ > ni(k) = nPy (4.17)

k=1
It can be shown that the minimum value of SC¥ occurs when, for all k (see Ap-

pendix A for proof):
ny (k) = nPy, - (4.18)

Therefore, a lower bound on SC;, is given by

sCl > 4.19
m — n (n _ 1) ( )
For large values of NV, Eq. (4.19) becomes:
2 _p
SC., = hm SC’N > ﬁ (4.20)

(n—1)
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Similarly, the upper bound on SC¥ is given by the following expression:

N mn(n=1)+r(r—1)
5Cin < Nn(n-1)

where, r = | NnP;, — mn|, and m is the largest integer < N for which 0 <r <n.

(4.21)

The proof is clear from the fact that maximum value of S Cin in Eq. (4.14) will occur
when n; (k)s are set to their maximum values, because of the quadratic term. Therefore,
maximum value will be achieved by setting n; (k) = n. Since not all ny (k)s can be set
to n due to (4.17), in Eq. (4.21) up to the mth vector, every vector contains n, (k) = n,
ie.,i=1...m,ni (i) =n. The (m+ 1)th vector contains the remaining ones and the

remaining vectors contain all zeros.

Therefore,
0< NnP, —mn<n (4.22)
<P -t (4.23)
= Liin NN s
m .
im — = F; 2
For large value of N, and using Eq. (4.24), Eq. (4.21) becomes:
. N .oom . r(r—1) .
= N < m TN p 4.2
5Cin ]&EEOSCm _]3];?30N+]3£I30 Nn(n—1) P (4.25)
Combining the lower and upper bounds gives:
2 __ P

(n—1)
The relationship between P;, and D;, given by Eq. (4.8) will also hold for the block of

input vectors.

The transition density at a primary input in terms of number of input vectors IV is

given by:

D(z;) = E [”x" (k’)}

Q
—_
o
o
-~
S’



From which D;, can be written as:

Din = ;ZD(:L})

¢
S
|-
=
3
8
2
=
o
&

where

ng (N) = z; (k) ®z; (k+1) (4.29)

o
Il
A

By substituting Eq. (4.29) into Eq. (4.28), D;, becomes

n N-1
Din = _lzzu(k )@ zi (k+1)
z=1 =
1 N-1 n
= —— z; (k)@ i (k+1 (4.30)
n(N—-l)kzlzZ:; (k) )
It can be shown that
Iny (k) —ny (B +1) | Z @'Ezk+1)<n—|n—n1(k)—nl(k+1)} (4.31)

from which bounds on D;, are given by:

_12|n1 '—nl ]"+1)‘ < Dzn_.

N-1
1

mz (n—In—ni(k) —n(k+1)]) (432)

Therefore, only those values of D;, which lie in the bound given by Eq. (4.32) can be
realized.

Figure 4.2 shows the lower and upper bounds for SCj,, given Fi,, i.e., given a value
of Pi,, there is a range of SC;, values which can be achieved, as given by Eq. (4.26).
The shaded region in the figure shows the feasible region for P, and SCj,. Shown in
Figure 4.3 is the three-dimensional plot showing the relationship between P, Din, and

S5Cin. The upper two shaded surfaces are the lower and upper bounds for SCj, for
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Figure 4.2 Relationship between probability and spatial correlation.

different values of P;, and D;,. It is evident from the figure that D;, does not have any
effect on SCj,. The surface in the (P;, D;,) plane shows the relationship between P,
and D;, as given by the Eq. (4.8).

Thus, the 4-dimensional table with axes P,,, D;,, SC;, and D,,; will not be completely
full, and the choices of P, D;,, and SC;, during characterization will have to satisfy
the above constraints (4.8) and (4.26). We subdivide the probability, density and spatial
correlation axes between 0 and 1 into intervals of size 0.1, so that we form a 10 x 10 x 10
grid in the (P, Din, SC;n) plane. This choice is rather an arbitrary one, which we have
found works well. Only about half of these points are valid, namely those that fall inside
the shaded regions in Figures 4.2 and 4.3. Each valid grid point will correspond to a
column of cells in the table along the D,,; axis as shown in Figure 4.4.

For each valid grid point in the (P, Din, SC;n) space, we generate a block of input
vectors at the primary inputs such that the average probability, density and spatial
correlation at the primary inputs equal to P;,, D;,, and SC;, respectively and that they
satisfy the constraints (4.8) and (4.26). Using this block of input vector, the circuit power
is computed using Monte Carlo power estimation [27], and the value of D,y is computed

as the average of the individual (zero-delay) density values at the circuit outputs, also
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Figure 4.3 Relationship between probability, density and spatial correlation.
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Figure 4.4 Relationship between probability, density and spatial correlation.
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found during the Monte Carlo analysis. The value of Dy 1s rounded to the nearest grid
point on the D, axis, and the power value obtained is associated with the resulting cell
location (Pin, Diny SCiny Dowt) in the table. Eventually, a number of power values may be
associated with a single cell in the table. At the end of the characterization, every cell
is filled with the average of the power values associated with it. Some cells may have no
power values associated with them, in which case their contents are left at zero. When
it comes time to use the table, interpolation and extrapolation can be used to find the
power for a (P, Diny SCiny Dout) combination which does not exist in the table. In the
next section, we will show a number of results that demonstrate the accuracy of this
approach over a wide range of input statistics, in which interpolation and extrapolation
were used whenever required.

The above characterization process is straightforward, except for the generation of the
block of input vectors at the primary inputs such that the average values of probability,

density, and spatial correlation are equal to P, Din, and SCi, respectively.

4.2 Generation of Input Vectors

Mathematically, the problem can be stated as to generate a block of N input vectors

(as shown in Figure 4.5) such that they satisfy the following requirements:

Pvec = Pin
Dvec - Din
$Che = SCim (4.33)

where P, D;,, and SC;, are the required average signal probability, average transition
density and average spatial correlation coefficient, respectively, at the primary inbuts
which satisfy Eqgs. (4.8) and (4.26). Similarly, Prec, Dyec, and SCye. are the averages
obtained from the generated input vectors.

We have developed heuristic algorithms to generate the required block of input vec-

tors. First we will present the algorithm for the generation of input vectors satisfying
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Figure 4.5 A block of N input vectors.

P,.. = Py and SChee = SCjn. Once we have these vectors we will describe an algorithm

to modify these vectors in order to also satisfy the constraint Dyec = Din-

4.2.1 Generation of vectors satisfying P;, constraint

First we will describe the algorithm for generating the vectors satisfying the P

constraint. The algorithm (Algorithm 1) works as follows:

1. Find the required total number of ones by Ty, = nN Pin, based on Eq. (4.17).

o

Randomly choose the number of ones (n; (k)) in each vector, based on a uniform

distribution over {0,1,... ,n} for each £ =1,2,... ,N.
3. Find S, = SO0, nq (k).
4. If S,, < Ty,, increase the ny (k) in the following way:

(a) Set k=1.

Y

(b) It Sn, # Tn,, siop. Eise, if 0 < ny (k) < n, do the following:
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d.

6.

i. Set ny (k) =ni(k)+ 1, k=k+1and S,, =S, +1
. If k=N +1, set k=1 and go to step (b).

(c) If ny (k) > n, set k =k + 1 and go to step (b).
If S,, > T,,, decrease ny (k) in the following way:
(a) Set k£ =1.
(b) If Sp, # T, stop. Else, if 0 < n; (k) < n, do the following:
i. Setny(k)=ny(k)—1,k=k+1and S,, =85, —1
. If k=N +1,set k=1 and go to step (b).

(c) If na (k) <0,set k=Fk+1 and go to step (b).

Stop.

At the end of this process we will get a sequence of ny (k) values satisfying the P,

constraint.

4.2.2 Generation of vectors satisfying SC;, constraint

The main idea behind this algorithm is to increase the number of ones in some vectors

and to decrease the number of ones in other vectors, while keeping the total number of

ones constant, untill we achieve some level of accuracy.

The algorithm (Algorithm 2) works as follows:

1.

o

Arrange the vectors in decreasing order of ny (k).
Find SC\.c using Eq. (4.14).
Seti=1,j=N,z=1and y = N.

If |t —y| < 1, stop. Else set i = z, j = y and continue.

. If SC.... < SC.,. do the following, untill ﬁ@%—:’?% < 0.01:
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(a) If ny () < n, do the following:
i. If ny () > 0, do the following:
Ay (§) = m1 ()41, 7m0 (j) =ma (j)—1,i=i+1and j = j—1. Calculate
SChyec using Eq. (4.14) and go to step 4.
ii. Else, do the following: |
A. j=3—1,set y =7 and go to step 4.
(b) Else, do the following:

i, i=141, set z =t and go to step 4.

6. Else, do the following, untill E¢=5%l < 0.01;

(a) If ny (z) > 0, do the following:
i. If ny (§) < n, do the following:
A. ny (i) =n1 (1)1, n1 (§) = (§)+1, ¢ =i+l and j = j—1. Calculate
SCyee using Eq. (4.14) and go to step 4.
ii. Else, do the following:
A. j=7—1,set y= and go to step 4.
(b) Else, do the following:

i. t=1¢41, set z = ¢ and go to step 4.
7. Stop.

From Eq. (4.14) it is clear that SC;, depends quadratically on n; (k). Therefore, for
increasing SCyec, increasing the number of ones of the vectors which have higher number
of ones and decreasing the number of ones of the vectors which have the fewer number
of ones will result in increase of SCyec, as the increase in the square term will be more
than the decrease. Similarly, for decreasing SCye., decreasing the number of ones of the
vectors that have the higher number of ones and increasing the number of ones of the

vectors which have the fewer number of ones will result in decrease of SCe.. Hence the

above algorithm.

47



At the end of this process we have an n; (k) sequence which satisfies the P, and SCiy,
constraints. In the next section an actual vector sequence will be generated from the

n1 (k) sequence, while satisfying the third and final constraint.

4.2.3 Generation of vectors satisfying D;, constraint

This third algorithm is based on setting the number of transitions between the vectors,
untill we reach the required number of transitions. The algorithm (Algorithm 3) works

as follows:

1. Choose first vector randomly. Set 7 = 2 and sum = 0.
2. Do the following, until z < N:

(a) Calculate the number of transitions required with the next vector, by using

the following expression:
Tyee =n (1 — 1) Din — sum (4.34)

(b) Calculate the minimum (tp:,) and maximum (¢m,,;) number of transitions of

the (¢ — 1)th vector with the remaining vectors by using the Eq. (4.31).

(c) Choose the vector for which tmin < Treq < timaz, and set the number of tran-
sitions of the (i — 1)th vector with ith vector as nT (i — 1) = Tye.. Also set

sum = sum + Tyee, and 2 = 7 + 1. Go to step 2.
(d) If condition in step 4 is not satisfied, do the following steps:
i. Tyee > nD;y, choose the vector with the largest ¢, and set nT (1 — 1) =
tmaz- Also set sum = sum + tye and 2 =7+ 1. Go to step 2.

ii. IfTyee < nD;y, choose the vector with the minimum ¢,,;, and set nT (z — 1) =

tmin. Also set sum = sum + t,;, and 7 =1+ 1. Go to step 2.

(e) Calculate Tto; =n(N-—1)Diy. U Ty # Zﬁ;l nT (i), increase or decrease

the number of transitions between vectors in the following way:
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i I Tooe > S X710 (3), do the following:

A. Calculate the minimum and maximum vector of each vector with the
immediate next vector using Eq. (4.31) and store it in t,,, (k) and
tmaz (k) arrays.

. Set k= 1.

. If k=N, stop. Else continue.

B

C

D. Calculate Tyijs = Tyor — Zl 1 nT( ).

E. If tnar (k) = nT (k) < Tuisy, set nT (k) = tpaz (k) and go to step C.
F. Else, if tyin (k) =0T (k) < Tuiss, set nT (k) = nT (k) + T4iss and stop.
G. Else, set £ =k + 1 and go to step C.

i If Thor < SSN7"nT (2), do the following:

A. Calculate the minimum and maximum vector of each vector with the
immediate next vector using Eq. (4.31) and store it in ¢y, (k) and
tmaz (k) arrays.

Set k= 1.
If k= N, stop. Else, continue.

Calculate Tyiss = Tyor — 21_1 nT (1).

= U o w

If tiin (k) — nT (k) > Tuiss, set nT (k) = tmin (k), k = k+1 and go
to step C.

F. Else, if tmez (k) —nT (k) > Tuizy, set nT (k) = nT (k)+ T4y and stop.
G. Else,set k =k + 1 and go to step C.

3. Stop.

In above algorithm, Eq. (4.34) is a general form of Eq. (4.30). The above algorithm
does not work for all values of D;, and SC,, especially when D;, and SC;, approach
their maximum values. But, using this algorithm, we get a more random arrangement of

vectors. For the cases in which this algorithm will not work, we have developed another
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algorithm. The main disadvantage of this algorithm is that vector distribution is not

random.

The second algorithm is based on first arranging the vectors for Dpi, and then moving

the vectors to meet the D;, constraint.

The algorithm (Algorithm 4) works as follows:

1.

W

For i = 1,--- , N, arrange n; (¢) in descending order of number of ones. Calculate

number of transitions from this vector arrangement by:

N-=1

Tyee = 3 Ina (i) = na (i + 1) ] (4.35)

=1
This arrangement of vectors will have minimum number of transitions and hence

Dmin-

Calculate the required number of transitions (Tye,) by using the following expres-

sion:
Treqg = n(N —1)Dyy (4.36)
and set Tyifs = Treqg — Toee-
Set 1 = 1.
Until Tyee < Treq, repeat the following steps:

(a) If > N, go to step 5.

(b) Calculate the maximum (Tje;) and minimum (Tnin) increase in transitions

by moving Nth vector to (¢ 4 1)th position:

Tres = [n—In—n1(1)—ny (N) ||+ [n—|n—ni (1) —ni (N)]]
—[Ins (N) =g (N = 1) [] = [Ina (1) = ma (£ + 1) [] (4.37)

Tomin = |n1(i) —ng (N)]| = |na (i +1) = na (N) |
—n1(3) =n1 G+ 1) | —|ng (N) —ny (N —1)| (4.38)
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(¢) U Ther <= Tuisy, do the following steps:

i. Move the Nth vector to the (7 + 1)th position and move the remaining
vectors one position down.

ii. Set the transitions between :th and (i + 1)th by nT (i) = n— |n —nq (¢) —
ny (i +1)|. Similarly, set the transitions between (i + 1)th and (¢ + 2)th
vectors.

i, ¢ =1+ 2, and Tyee = Tvee + Tnaz-

(d) Else, if Trpin <= Tuiss, do the following steps:

i. Move the Nth vector to the (7 + 1)th position and move the remaining
vectors one position down.

ii. Set the transitions between 7th and (i 4+ 1)th to nT (i) = -T“%f- Similarly,
set the transitions between (z + 1)th and (¢ + 2)th vectors to nT (1 + 1) =
Tyigg — T4LL,

. 1 =14 2, and Tyee = Tvec + Taify-
iv. Forj=1,--- ,N—=1,set nT(j) = |n1 (j) —n1 ( + 1) |

(e) Else, do the following steps:

i nT (i) =|n1(3) —n1 (1 +1)]

. =14 1.
5. Stop.

Figures 4.6 and 4.7 show the vector distribution for Algorithms 3 and 4 respectively.
The X-axis shows the number of vectors and the Y-axis shows the number of 1s in each
vector. It can be seen from the figures that vector distribution in the case of Algorithm
3 is more random than that of Algorithm 4, showing the advantage of Algorithm 3.

After finding the number of transitions, s and Os are arranged to get the desired
number of transitions between every vector pair. This way, at the end, we will get a

block of vectors that satisfy P;,, SC;., and D;, constraints.
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Figure 4.8 shows the histogram of Euclidian distance between (P, Din, SCi,) and
(Puecs Dyecy SChec), Tor blocks of input vector of size N =100, over a wide range of P,
D;, and SCj;, values. It is evident from the figure that for all of the cases the distance
is near zero and maximum error is under 5%, thus demonstrating the accuracy of these

algorithms.



CHAPTER 5

MODEL ACCURACY EVALUATION

In this chapter, we report the results of our 4-dimensional power macromodeling ap-
proach on the ISCAS-85 circuits. We have implemented this approach and built the
power macromodels (4-dimensional look-up tables) for a number of combinational cir-
cuits. In order to study the accuracy over a wide range of signal statistics, we randomly
generated block of input vectors at the circuit inputs while covering a wide range of
Pin, Din, and SC;, values. Because Egs. (4.8) and (4.26) must be enforced, any case
that violated these constraints was rejected. Approximately 1000 such valid blocks of
input vectors were generated this way for every ISCAS-85 circuits, for which the power
was estimated from gate-level Monte Carlo simulation; the Monte Carlo simulation also
provides accurate estimation of D,,;. The power values predicted by the look-up table
were compared to those from simulation, and the RMS, absolute average and maximum
errors were computed.

The results are summarized in Table 5.1 for the case when total power is estimated.
The RMS, absolute average and maximum errors are computed over the 1000 different
cases for every ISCAS-85 circuits, covering the wide range of Py, Din, and SCiy values.
Over a wide range of statistics, it is seen that the RMS error is very good, under about
5%. The largest maximum error is at 22.56% for c432, because the estimated power value
is very small and a slight difference in power value causes a lot of error. The average error
in all cases is less than 6%, which shows the accuracy of our macromodeling approach.
The combined scatter plot of all ISCAS-85 circuits showing the accuracy of 4-d approach
while estimating the total power is shown in Figure 5.1. An enlarged view of the lower

section of this plot is given in Figure 5.2. Both these plots report the normalized power
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Table 5.1 Error in the 4-d approach, when total power is estimated.

Circuit | RMS.Error | Average Error | Max.Error
c432 0.868% 5.56% 22.56%
c880 0.647% 3.73% 14.64%
c1908 0.729% 3.85% 16.89%
c2670 0.738% 3.08% 11.52%
3540 0.802% 3.61% 16.53%
c5315 0.612% 2.48% -14.58%
c6288 4.14% 3.75% 18.23%
c7552 0.847% 3.03% -16.58%
c499 0.497% 4.05% 16.4%
c1355 0.5167% 4.19% 15.6%

values, so that the results for all the circuits can be examined on the same plot. The
scatter plots of all ISCAS-85 circuits while comparing the total power, obtained from
4-dimensional power macromodel and simulation, are shown in Figures 5.3-5.12.

For completeness, the accuracy of the macromodels when zero-delay power is esti-
mated is shown in Table 5.2 and in the scatter plot in Figure 5.13. Over a wide range
of signal statistics, the RMS error is below 0.60%, the average error is under 5% and the
maximum error is under 18%. The scatter plot also shows excellent agreement. Similarly,
the scatter plots of all ISCAS-85 circuits while comparing the zero-delay power, obtained

from 4-dimensional power macromodel and simulation, are shown in Figures 5.14-5.23.
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Table 5.2 Error in the 4-d approach, while estimating zero-delay power.

Circuit | RMS.Error | Average Error | Max.Error
c432 0.428% 4.409% 17.35%
c880 0.519% 3.62% 13.97%
c1908 0.461% 3.73% 15.69%
2670 0.307% 2.18% 10.16%
c3540 0.413% 3.22% 15.55%
c5315 0.29% 2.08% -12.20%
c6288 0.332% 2.218% 17.37%
c7552 0.23% 2.65% -14.32%
c499 0.45% 3.95% 16.34%
c1355 0.383% 4.03% 15.04%
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Figure 5.13 Power comparison for ISCAS-85 ckts while estimating zero-delay power.
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CHAPTER 6

CONCLUSION

Since gate-level power estimation can be time-consuming and because power estimation
from a high level of abstraction is desirable so as to reduce design time and cost, we have
proposed a power macromodeling approach for combinational circuits with synchronous
inputs. Our macromodel consists of a 4-dimensional look-up table with axes for average
input signal probability, average input transition density, average input spatial correla-
tion coefficient and average output (zero-delay) transition density. A novel and significant
aspect of this approach is that we use the same model template for all types of combina-
tional circuits, and no specialized analytical expressions are required. Another important
fact is that this model works for all possible signal switching statistics.

We have shown why it is advantageous to use a 4-d rather than 3-d table, and de-
scribed an automatic procedure for building the 4-d macromodel, without the need for
user intervention. Once the model for a combinational block has been built, it can be
used to estimate power during high-level power estimation, based on signal statistics that
are computed from a high-level functional simulation. Over a wide range of input Joutput
signal statistics, we have shown that this model gives very good accuracy, with an RMS
error of about 4%. Except for one out of about 10,000 cases, the largest error observed
was under 20%. The average error was under 6%. If one ignores the glitching activity,
then the RMS error becomes under 0.60%, the average error under 5% and the largest

maximum error under 18%.
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APPENDIX A

MINIMUM VALUE FOR SCj,

In this appendix we will derive the value of n; (&), for which SCH and hence SCip
takes the minimum value.

Eq. (4.14) can be rewritten as:

N
n?(k)— > ni (k) =n(n—1)NSCi (A1)
k=1

k=

—

From Eq. (4.17) we have:

}\7
> “ny(k) =nNPy, (A.2)
k=1

Therefore, the minimization problem becomes:

minimize Z nf (k)

k=1
, N
s.t. an (k) = nNP;, (A.3)
k=1
Proposition 1. Minimum value of Zi\;l n? (k) occurs when for all k:
ny (k) =nP, (A.4)

PROOF. The problem given by Eq. (A.3) is a constrained minimization problem. Because,
it is a convex problem it can be solved by converting (by introducing a Lagrangian) into

an unconstrained problem [30]. Therefore, the unconstraint problem becomes:

N N
minimize Z n? (k) — A (nNP;,, - Z ny (k\) (A.5)

k=1 k=1
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where A is a constant. Let us denote Sn_, n? (k) — A (nNPz-n - m (k)) by J.

Differentiating J with respect to n; (k) and putting it equal to 0 we get

Hence proved.
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