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Abstract

We present techniques for estimating switching activity and
power consumption in register-transfer level (RTL) circuits. Pre-
vious work on this topic has ignored the presence of glitching
activity at various data path and control signals, which can lead
to significant underestimation of switching activity. For data path
blocksthat operate on word-level data, we construct piecewiselin-
ear modelsthat capturethe variation of output glitching activity and
power consumptionwith variousword-level parameterslike mean,
standard deviation, spatial and temporal correlations, andglitching
activity at the block’sinputs. For RTL blocksthat operate on data
that need not have an associated word-level value, we present ac-
curate bit-level modeling techniquesfor glitching activity as well
as power consumption. This allows usto perform accurate power
estimation for control-flow intensive circuits, where most of the
power consumed is dissipated in non-arithmetic components like
multiplexers, registers, vector logic operators, etc. Sincethe final
implementation of the controller is not available during high-level
design iterations, we develop techniques that estimate glitching
activity at control signals using control expressionsand partial de-
lay information. Experimentson example RTL designsresultedin
power estimates that were within 7% of those produced by an in-
house power analysistool on the final gate-level implementation.

|. Introduction

Techniquesfor evaluatingadesignfor variousmetricslike area,
delay, and power consumption at all levelsof the design hierarchy
are an important part of the design process. While it is typically
the case that lower-level estimation tools offer higher estimation
accuracy, their useto explorearchitectural tradeoffs during higher-
level design tends to be prohibitively time-consuming. Several
efficient techniques for estimating area and delay during high-
level design have been proposed [1, 2, 3, 4]. In this paper, we
focus on the problem of estimating power consumption from RTL
descriptions.

Designsat the architecture or RT level are characterized by the
instantiation of pre-designed macro blocks including arithmetic
operators, multiplexers, registers, vector logic operators, etc. In
order to avoid the increase in computational complexity intro-
duced by expanding these blocksto lower-level descriptions, itis
necessary to develop power models for these library blocks. The
development of such “black-box” models is an important part of
high-level power estimation, and is typically a one-time cost in-
curred during library development. Another important task to be
performed in RTL power estimation is the estimation of switching
activity and signal statistics at various signalsin the RTL circuit,
that are then fed into the power models for each block to estimate
power consumption.
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One of theearly architecturelevel power estimation techniques,
called the power factor approximation (PFA) method [5], charac-
terized the power consumption in architectural blocks by simu-
lating their implementations using random input sequences. The
inability of the PFA technique to account for the dependency of
power consumption in embedded modules on their input statis-
tics was addressed in [6] using a dual bit-type (DBT) model for
word-level signals. Activity-sensitive capacitance models were
developedfor variouslibrary components, and coupled with zero-
delay activity information derived from RTL simulation to estimate
power consumption. Aspointed outin [6], the DBT model ismost
applicableto data-flow intensive designs, since it assumesthat each
multi-bit signal can be associated with aword-level “vaue”, whose
probability distribution satisfies certain assumptions. In[7, 8], the
use of computational entropy and informational energy as mea-
sures of switching activity was proposed. An activity-based con-
trol model to estimate controller power consumption was presented
in[9].

Most previous work on RT level power estimation has not fo-
cused on control-flow intensive designs, which have significantly
different power consumption characteristics. Unlike data-flow
intensive designs, non-arithmetic components like multiplexers,
registers, vector logic operators, and the controller dominate the
total power consumption. Due to the complex control flow, the
controller has a significant impact on the power consumption of
the circuit, necessitating accurate activity analysis techniques for
control signals. In addition, control-flow intensive designs often
contain multi-bit signalsthat do not collectively haveany meaning
asa“number” and hencecannot be modeled using techniquessuch
asthe DBT model. Previous work has also ignored the presence
of glitching activity at various signalsin the RTL circuit, and its
effect on power consumption, which can lead to significant errors
in the power estimates as shown in the following section.

1. Motivation

We illustrate some of the issues involved in RTL power es-
timation through the analysis of an example RTL circuit shown
in Figure 1, that computes the greatest common divisor (GCD) of
two numbers. The RTL blocks used in the GCD data path are one
subtractor, three (one less-than (<) and two equal-to (=)) com-
parators, registers, and multiplexers. The controller is sub-divided
into the state register, the next state logic, and the decode logic
that generates the control signals for the data path. The control
expressions implemented by the decode logic are also shown in
Figure 1 (control signal contr[i] feedsthe select input of the data
path multiplexer marked [z]). The control expressions are logic
expressionsinvolving the decoded state variables zg...z4 (z; is1
when the controller isin state s;), and status signals generated by
the data path like the outputs of comparators.

The GCD RTL circuit was mapped to acommercial technology
library, and anin-house simulation-based gate-level power estima-
tion tool, CSIM [10], was used to monitor the switching activity
including and excluding glitches at selected data path and control
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Figure 1: The GCD RTL circuit

Table 1. Activities with/without glitches for various signals of
the GCD circuit

Control Activity Datapath Activity
signal Total | W/O GI. | signal Total | W/O GI.
conir[0] 71 705 | dp2[7..0] 715 215
conir[1] 22 22 | dp4[7..0] 92 26
conir[2] 72 20 | dp5[7..0] | 11245 247
conir[3] 42 20 | dp7[7..0] | 10445 273
conir[4] 72 20 | dp9[7..0] 3215 80.5
conir[5] | 555 54

conir[6] 22 22

conir[7] 50 20

conir[8] | 555 54

conir[9)] 77 705

signals®. Theresults arereported in Table 1. The numbers shown
in the table demonstrate that switching activity estimates that ig-
nore glitches can be quite inaccurate for data as well as control
signals.

Known RTL power estimation techniques would compute the
power consumed in each of the RTL blocks in the GCD circuit
using only zero-delay activity information at the block inputs. In
order to explore the ramifications of the above assumption, we
performed the following experiments. First, the entire GCD circuit
implementation was simulated using CSIM and several typical in-
put sequences, to estimate its average power consumption. The
power consumption was reported to be 1.64m 1. Next, we per-
formed a zero-delay RTL simulation, and collected traces at the
inputs of each embedded circuit block. The implementation of
each RTL block in the GCD circuit was simulated separately (the
controller was considered as a single block) using the signal traces
derived in the previous step, and the individual power estimates
were added up to yield apower estimate of 1.32m W for theentire

LS o )
¢ r%ﬁt&%‘e&‘ rgl]%%reregler&1 %etﬂfelc%r?tr/?)' signals (outputs of the con-
troller) may themselves have a significant impact on the data path

1The simulator models each 0 — 1 or 1 — O transition as half a
transition, leading to fractional numbers used in examplesthroughout this
paper. The simulator uses an inertial delay model to capture the effect of
glitch attenuation at gates.

power consumption. In order to study this effect, we performed
another experiment with the GCD RTL circuit, where we collected
zero-delay traces at the controller/data path interface, and used
these traces to estimate power consumption for implementations
of the controller and data path separately. Thus, the effects of
glitches at (i) the data path outputs (status signals) that feed the
controller, and (ii) the controller outputs (control signals) that feed
the data path were ignored for this experiment, while glitch pro-
liferation within each sub-circuit was considered. The sum of the
individual power estimates for the controller and data path was
1.45m W, indicating that it is important to consider the effects of
glitches on the status and control signals during switching activ-
ity and power estimation for the data path. In comparison, when
we applied the glitching activity and power estimation techniques
presented in this paper to the GCD circuit, we obtained an estimate
of 1.53m W, that corresponds to an error of 6.7% compared to
running CSIM on the entire gate-level circuit.

[11. RTL power estimation methodology

The flowchart shown in Figure 2 provides an overview of our
RTL power estimation technique, which consists of three separate
phases. The aim of the first phase is to obtain the zero-delay
signal statistics at various signals in the RTL circuit. We use
RTL cycle-based simulation for this purpose. The test bench can
either be provided by the designer based on an understanding of
the design’s functionality and interface, or can be automatically
generated in order to conform to given primary input statistics.
During the simulation run, we monitor the various signals in the
RTL circuitto collect avariety of word- and bit-level statistics. The
advantages of using simulation for this purpose are its flexibility
(e.g. itisrelatively easy to use for mixed-level descriptions), and
the high speed of RTL cycle-based simulation.

RTL Circuit Test bench with
(controller + datapath) typical input traces

RTL cycle-based
simulation

zero-delay statistics

Design

Libraries Glitching Activity
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Glitching
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Figure 2: Overview of our RTL power estimation tool flow

The second phase of our tool augments the zero-delay signal
statistics derived in the first phase by estimating glitching activ-
ity for signalsin the RTL circuit (Section 1V). Glitching activity
at the output of an RTL block depends on the zero-delay signal
statistics as well as glitching activity at the block’s inputs. Hence,
the glitching activity estimation procedure traverses the RTL cir-
cuit starting at primary inputs/register outputs, that are assumed
to be glitch-free, and “ propagates” glitching activity information
forward through RTL circuit blocks until we reach primary out-
puts/register inputs.

In the third phase, the zero-delay signal statistics and glitching
activity estimatesare used to cal culate power consumptionin each
RTL module. For this purpose, we have developed power models
for various RTL blocks like functional units, comparators, multi-
plexers, and registers (Section V). These power models capture
the variation of power consumption as a function of zero-delay as
well as glitching activity at the block’s inputs. Our procedure for
the generation and use of power models differs from those pre-
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Figure 3: Implementation of control signa contr[1] in the
bar code RTL circuit

sented in [6] in accounting for glitches, and the fact that we use
bit-level models for RTL blocks that operate on bit-vectors that
may not be associated with a word-level value (e.g. multiplex-
ers, registers, bit-vector concatenation and splitting, vector logic
operations, etc).

V. Estimatingglitching activity at the RT level

In this section, we present our “models” for glitch generationin
and propagation through various components of the RTL circuit.
A. Glitching activity at the control signals

Thecontroller’s inputs are the status signals from the data path
(typically outputs of comparators or combinations thereof), while
its outputs are the control signals that feed the data path. The
control logic is usually represented as control expressions during
the high-level synthesis process. These control expressions are
expressed in the form

contr = Z T (H C]) (1
? J

where z; represents a decoded controller state variable (corre-
sponding to controller state s;), C'j represents a status signal,
which is typically the output (or inverted output) of a comparator
from the data path, and 3 _ and [ represent the Boolean or and
AND operations, respectively. Each product term in the control
expression is derived to flag the occurrence of a particular com-
bination of values at the status signals when the controller state
is s;. The status signals (Cy) may themselves carry glitches, that
propagate through the control logic, causing the control signalsto
be glitchy. On the other hand, the control logic canitself generate
a significant amount of glitching activity.

Accurate estimation of glitch generation and propagationin the

control logic requires detailed information regarding the structure
of the controller implementation and delays. However, the fina
implementation of the controller is typically not available during
high-level designiterations. Hence, we estimate glitching activity
at control signals using their control expressions.
Estimating Glitch Generation from Control Expressions.
Glitch generation in the control logic is a result of the interac-
tion of certain logic and temporal conditions, as illustrated by the
following example.

Example1: Let us consider a portion of an RTL circuit that is a
pre-processor for abar code reader. Wefocusonaparticular con-
trol signal, contr[1], whose implementation is given in Figure 3.
Signals state[2], state[1] and state[0] are fed by the flip-flops of
the controller. Signals s, x4 and control signal contr[1] are anno-
tated with their transition countsincluding and excluding glitches,
indicating glitch generation at gate G5. Consider the partial state
transition graph for the controller that is shownin Figure 4(a). The
figureindicates aloop involving states sz and s4, that is executed
a large number of times. Figure 4(b) shows how the inputs and
output of gate G5 vary under these two state transitions. A tran-
sition from s3 to s4 causes arising transition on z4 and a falling
transition on z3. However therising transition on =4 arrives later
than the falling transition on z3, due to the delays of inverters G1
and G2, resultingin al— 0— 1static hazard or glitch at the output
of gate G5. A similar explanation holds for the controller state
transition from s, to s3. The generation of glitches at G5 can be
attributed to the following two conditions:
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Figure 4: (a) Partial STG for bar code controller, and (b) Gen-
eration of glitches at gate G5

e Logic: correlation between (simultaneousoccurrenceof) ris-
ing and falling transitions at the inputs of G'5.

e Temporal: the controlling 2 to non-controlling transition at
theinput of G5 arrives earlier. [ |

In general, the logic conditions necessary for glitch generation at
agateare asfollows.

e There should be at least one rising and at least one falling
transition at the gate’sinputs.

¢ No input should assume a steady controlling logic value.

Assuming aninertial delay model, thetemporal conditionfor glitch
generation in an AND gate is asfollows.

e The earliest falling transition arrives after the latest rising
transition by aninterval that is greater than the gate'sinertial
delay.

Similar conditions can be derived for glitch generation in other
types of gates.

Given a control expression in a sum-of-products form (Equa-
tion (1)), during the zero-delay RTL simulation, we maintain a
distinct glitch counter for each product term, and also for the orR
expression combining the product terms. In each cycle, we check
the previousand current valuesat the variablesinvolved in an AND
or OR expressionto see whether thelogic conditionsfor glitch gen-
eration are satisfied. If they are, we increment the corresponding
glitch counter to indicate the possibility of glitch generation in the
current simulation cycle.

Asmentioned earlier in this section, checkingwhether the tem-
poral conditions for glitch generation are satisfied in an accurate
manner requires the final implementation for the control logic,
which is typically not available when performing high-level de-
sign optimizations. One possible approach to tackle the lack of
accurate delay information is to make a pessimistic assumption,
i.e. assumethat glitches are generated at agate whenever thelogic
conditions for glitch generation are satisfied. However, such an
assumption often leads to substantial over-estimates of glitching
activity, as shownin the following example.

Example2: We would like to estimate the glitching activity at
control signal contr[2] in the GCD RTL circuit of Figure 1. The
control expression for contr[2] is zo + z1.C11 4 £3.C'10. In
this case, the signals C'10 and C'11 were found to be glitch-free,
simplifying the problem to that of estimating glitch generation at
conir[2].

Clearly, thefirst product term (z o) cannot generateany glitches.
From the simulation traces, we counted the number of times the
logic conditionsfor glitch generation were satisfied for the second
and third product terms.

Case 1: Count(z1 |,C11T)=15
Case 2: Count(z1 T,C11 |) =20
Case 3: Count(zz |,C10T) =35
Case 4: Count(zz T,C10 |) =30

2A controlling input value for a gate uniquely determines the value at
the gate output, irrespective of the values at the gate’s other inputs.



In the above equations, the symbols T and | denote the rising
and falling transitions, respectively. From the above numbers,
one could conclude that the glitching activity generated due to
the second and third product terms is 35 and 65, respectively. 3
The glitches generated due to each product term propagate to the
output un-mitigated, sincethe decoded state variablesare mutually
exclusive. From the given traces, it was observed that the logic
conditionsfor glitch generation at an OR gate were never satisfied
by the outputs of the product terms. Hence, the glitching activity
at control signal contr[2] was estimated to be 100 transitions over
the entire simulation period. A comparison with the glitching
activity observed by CSIM for the same input traces and reported
in Table 1 (72 — 20 = 52) shows that the glitching activity at
conir|[2] was over-estimated by as much as 92.3%! |

Although exactarrival timeinformation at varioussignalsisnot
available, it is often possible to derive partial information about
delaysfrom RTL descriptions or during high-level synthesis. For
example, the outputsof comparatorscan often be assumedto arrive
later than the decoded present state signals, even when we do not
have any knowledge of their exact arrival times. Inputs to the
control logic are divided into three groups - early arriving signals,
late arriving signals, and signalswhosearrival time information is
assumedto be unknown. We assumethat each controller input that
is marked aslate-arriving arrives significantly later than any input
signal that is marked as early-arriving. No assumption is made
involving the arrival time of a signal marked unknown. Similarly,
no assumption is made about the relationship between the arrival
times of two signalsthat are both marked either early or late. When
the temporal conditions for glitch generation at a gate involve
signals whose arrival time relationship is unknown, we revert to
the pessimistic approach of only checking logic conditions.

Example 3: Let usrevisit the control signal contr[2] in the GCD
circuit that was used for the discussionsin Example 2. Suppose
we are allowed to make the assumption that the comparator output
signals, C'10 and C'11, arrive after the decoded state variables,
zo, 1 and z3. Consider C'ase 1 (z1 |, C11 1) in the equations
presented above. Since the rising transition arrives later than the
falling transition in this case, the temporal conditions for glitch
generation are not satisfied. Similarly, it can be seenthat Case 3
does not satisfy the temporal conditionsfor glitch generation. The
revised glitching activity estimate for contr[2] is 50, which repre-
sents an error of only 4% with respect to the number reported by
CSIM. ]

Glitch propagation through the control logic. Consider again
the generic control expression given in Equation (1). Consider
a particular comparator output, C'1, that we have predicted to be
glitchy based on our data path glitching activity models. Let us
re-write the control expression by separating the product terms
into terms in which C'1 appears, terms in which C'1 appears, and
terms that do not depend on C'1.

contr = Cl.contr01+CTl.contr51 2

+ Z xi.HCj

product terms indep. of C1

J
conlrcr = Z T; H Cy

product terms with C1 Cy#C1l

contrsy = Z T H Cy

product terms with c1 C]#CTI

3Note that each time the conditions for glitch generation at a gate are
satisfied, the output undergoestwo transitions. However, for compatibility
with CSIM, which countseach 0 — 1 and 1 — O transition as half a
transition, we do not multiply by the factor of two.

In order for glitches at C'1 to propagate to the control signal, at
least one of the product terms it is involved in must have non-
controlling side-inputs (i.e., 1), and the result of all other product
terms should evaluate to 0. Hence, the following equation can
be utilized to estimate the propagation of glitches to the control
signal.

GlI(Cl) * P{(contrc1=10R contrsy =1) AND

> e [[ci=0 @

product terms indep. of C1 7

In the above equation, GI(C'1) representsthe glitching activity at
C1, andis multiplied by the probability that the control signal will
be" sensitized” to glitchesat C'1. Thisprobability canbecomputed
easily during thezero-delay RTL simulation. Equation (3) assumes
that the conditionsfor glitch generation at C'1 and the conditionsfor
theglitches propagating through the control logic are uncorrel ated,
which can lead to errorsin the estimated activities. Weresolvethis
problem by maintaining separate data statistics for each state, and
for each signal in the transitive fanin of C'1, and hence compute
separate glitching activity estimates for each state [11].
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Figure 5: Scatter plot of Switching Activity at Control Signals:
RTL Estimate v/s CSIM

In order to get a feel for the accuracy of our switching ac-
tivity estimation techniques for control signals, we obtained a
complete gate-level implementation of the GCD circuit and esti-
mated switching activities using CSIM. The scatter plot shownin
Figure 5 plots the switching activity estimated using our RTL es-
timation techniques (y-axis) vs. the switching activity reported by
CSIM (z-axis), for each distinct control signal. Asareference, the
plot also showsasolid line for the equation y = =. Thefigurein-
dicatesthat our techniquesproduceestimatesthat are quite closeto
the activity numbers obtained using CSIM after atime-consuming
implementation of the complete GCD controller and data path.

B. Modeling glitch generation and propagation in data path
blocks

For data path blocks which operate on multi-bit input signals
that are associated with a word-level value (e.g. adders, subtrac-
tors, multipliers, and various comparators), previous work [6] has
shownthat it is possibleto construct activity-sensitive power mod-
elsthat utilizeword-level statistics (mean, standard deviation, etc.).
Several datapath blocks, however, do not associateany word-level
value to their multi-bit input signals. Common examples of such
blocks are multiplexers, registers, vector logic operations, logic
shift units, etc. We model each bit-slice of such units separately.
Thisallows usto build more accurate glitching activity modelsfor
such blocks, and to consider the effects of bit-level statistics that
may not be well reflected by word-level signal statistics in cer-
tain situations. Since multiplexers play an important rolein glitch
generation and propagation for control-flow intensive designs, we
explain glitching activity model for multiplexers in detail next.



Figure 6: Circuit used to study glitch propagation from a multi-
plexer’s select input
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Figure 7: Modeling propagation of glitches from a multiplexer
select signal

Glitch generation and propagation in multiplexers. Theglitch-
ing activity at the output of an n-bit multiplexer with data inputs
Aand B, selectinput Sel and output OU T is calculated using the
following equations.

GUOUT) = > GlLGen(i)+GI_Prop A; (4
=1

+GIl_Prop_B; + GI_Prop_Sel

The term Gi_Gen(z) in the above equation represents the gen-
eration of glitches in the ith bit-slice of the multiplexer, and
is calculated as follows. The number of distinct input vector
pairs that can be applied at A;, B:, and Sel is 2 « 2° = 64.
Since the above number is small, we simulate the implemen-
tation of a 1-bit multiplexer for the exhaustive set of 64 input
vector pairs, and build a look-up table that stores the glitches
generated for each vector pair. The lookup table can be thought
of as a six-dimensiona array Muz_gl_gen[], and the entry of
the table corresponding to present and previous input values
Ai(t), Bi(t), Sel(t), A;(t—1), B;(t—1), Sel(t— 1) iswritten as
Muz_gl_gen[A:(t), Bi(t), Sel(t), Ai(t—1), B;(t—1), Sel(t —
1)]. During the zero-delay RTL simulation phase, we accrue the
glitch generation at each bit-slice of a multiplexer by looking up
the appropriate entry of the M uz_gl_gen[] table.

The output of a multiplexer can also be glitchy due to the
propagation of glitches from the data and select inputs. Theterms
Gl_Prop_A; and GI_Prop_B; in Equation (4) represent the glitch
propagationfrom A; and B;, respectively, and are computed using
the following equations.

Gl_Prop_A; = GI(A;)* P(Sel =0)
Gl_Prop.B; = GI(B;)* P(Sel =1)

In order to study the propagation of glitchesfrom the select sig-
nal of amultiplexer, weimplemented the circuit shownin Figure6,
where the embedded multiplexer’s select input is glitchy whileits
data inputs are not. Figure 7 shows a bit-slice of the multiplexer,
and atable that reportsthe activity at OU T; for all possiblevalues
of A; and B;. Inthe < 0,0 > case, glitches on select signal Sel
are killed at AND gates G1 and G2 due to controlling side inputs
that arrive early. When data inputs are < 0,1 > (< 1,0 >),
glitcheson Sel propagatethrough gates G2 and G3 (G'1 and G3).
Finally, when datainputsare < 1,1 >, glitches on Sel propagate
through gates G1 and G2. The output of the multiplexer is glitchy
as a result of the interaction of the glitchy signal waveforms at
G1 and G2. We conclude that the glitch propagation from the

select input of amultiplexer to its output is affected by the spatial
correlation between the data inputs. Hence, simply measuring the
signal probabilities at each data input bit to a multiplexer will not
suffice.

Our model for glitch propagation from the select signal of the
multiplexer to its output is given by the following equation.

Gl_Prop_Sel = GI(Sel) (Do x P(A; =0, B; = 1)
+Dio* P(A; =1, B; =0)
+Du* P(A; =1, B; = 1))

The probabilities P(A; = 0, B; = 1), P(A; = 1, B; = 0), and
P(A; = 1, B; = 1) are monitored for each multiplexer bit-slice
during the zero-delay simulation phase. The constants Do1, Do,
and D11 depend on the exact implementation of the multiplexer,
and are computed by performing experiments using the circuit
configuration shown in Figure 6.

Word-level models for glitching activity. We next focus on
data path blocks that operate on multi-bit input signals that are
associated with aword-level value (e.g. adders, subtractors, mul-
tipliers, and various comparators). The glitching activity at the
output of an embedded data path block depends on its function-
ality aswell as its implementation details, zero-delay statistics at
the input signals (e.g. mean, standard deviation, spatial and tem-
poral correlationsin the case of signalswith anumeric value), and
glitching activity at the inputs themselves. We construct glitch
models from the implementations of various library components
through a process of characterization. We perform controlled ex-
periments (simulation runs) by selectively varying one or more of
the controllable variables (input zero-delay statistics and glitch-
ing activities), and observing the value of the dependent variable
(glitching activity at the block output). Given the set of samples
obtained from the characterization experiments, there are several
statistical techniquesthat can be used to build amodel that predicts
the output glitching activity [12]. An approachthat we havefound
to be flexible and suited to automation is the use of one or more
piecewise linear models for capturing the relationship between
glitches and the various controllable variables. We illustrate the
processof deriving the glitching activity modelsfor the case of an
8-bit subtractor with inputs named A and B, and output OUT". In
general, the glitching activity at OUT' can be written as

Glovr = fa(Meana, Meang,SDa,SDp, TC4,TCg,
SC4,p,Gla,Glp) ©)

The first seven parameters of f() represent the zero-delay signal
statisticsat A and B. Mean 4 represents the mean or expected
word-level value represented by signal A, SD 4 represents its
standard deviation, T'C 4 isthetemporal correlation coefficient that
represents the correlation between consecutive values that appear
at signal A, SC4 g isthe spatial correlation coefficient of A and
B. Gl represents the glitching activity at A. Parameters with
subscripts B have a similar meaning. The brute-force approach
for building amodel for f,; () would involvediscretizing therange
of variation of each of the parameters with a desired granularity,
generating input sequencesthat correspond to each possible set of
values for the parameters, and simulating the implementation of
the subtractor to observe the glitching activity at the subtractor’s
output for each case. Assuming that each parameter can assume &
possible values, the above approach will require ™ simulations,
where n is the number of parameters or independent variables
considered. Inthe case of the subtractor,» = 9, and even assuming
k = 5leads to 1.95 million simulation runs! Clearly, the brute-
force approach is undesirable, in spite of the fact that building the
modelsis a one-time cost for a given component library. We use
two techniquesto avoid the combinatorial explosionin the number
of simulation runs required.
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Thefirst technique, called variable elimination, attemptsto re-
duce the number of independent variablesin the glitching activity
model by identifying ones whose variations affect the dependent
variable (output glitches) minimally. We use techniques from
multi-variable data analysis for this purpose. Given a set of sam-
ples (each sample consists of a set of values for the independent
variables y1...y,, and the corresponding observed value that the
dependent variable (z) assumes), we can use the ANOVA test 4 to
check whether the null hypothesisfor any given variabley; istrue,
i.e., whether different values of y; had any impact on the observed
samplevaluesof z [12].

The secondtechnique, called model decomposition, attemptsto
decompose the function f() into multiple sub-functions by parti-
tioning the set of parametersinto smaller groups of variables such
that the effects of variablesfrom different groups on the dependent
variable interact minimally. Again, it is possible to use standard
ANOVA techniquesto obtain aquantitative evaluation of theinter-
action of the effects of two independent variables on the dependent
variable from a given set of samples.

In the case of the subtractor, we found that the basic model of
Equation (5) can be decomposed into the following equation.

GIOUT = fgll(MeanA,MeanB) *fglz(SDA,SDB)

fas(TCa, TCR) * fg1,(SCa,B)
fgls(GlA’ GIB)

*

*

(6)

The independent variables have been partitioned in the above
equation into the groups, {Meana, Meang}, {SDa,SD5},
{TCA, TCp}, {SCa,r}, and {Gl4, Gip}. The above partition
was based on the observationthat variableswithin each group have
a significant interaction in their effect on the dependent variable,
while the variables in distinct groups are reasonably independent
in their effects. Asbefore, assuming we discretize the domain for
each parameter into 5 distinct regions, we would need to perform

simulations for 5% + 52 4+ 52 + 5% 4+ 52 = 105 different sets of

4ANOVA stands for Analysis Of VAriance, which is a popular tech-
nique used for statistical inference and testing.
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Figure 8: Glitching activity models for an 8-bit subtractor

parameter values, which can be performed much more efficiently
compared to the approach of building a single huge piecewise
linear model from Equation (5).

Note that the sub-functions are composed using a multiplica-
tive relationship. Hence, we can view one of the sub-functions,
say fq1,() asabaseglitch model, and the remaining sub-functions
as multiplicative correction factors. The base glitch model in the
form of a contour plot is shown in Figure 8(a). Consider the
sub-function fg:,(SDa, SDg). In order to construct the model
for this sub-function, we discretize the range of variation of S D 4
and SDp into afinite number of uniformly spaced points. For
each point, that correspondsto distinct valuesfor SD 4 and SD 5,
we construct long vector sequences that have the desired values
for SD4 and SDgp. Well-known algorithms exist to generate
seguenceswhose means, standard deviations, and spatial and tem-
poral correlations conform to desired values [13]. The subtractor
implementation is simulated using CSIM and the values of glitch-
ing activity at the output are recorded. The plot in Figure 8(b)
showstheresults. Thevaluesin the plot are normalized to the case
of SD4 = SDg = 25.6, sincethebase power model (f4,()) was
derived assuming S 4 and SD g to be fixed to 25.6. Given the
valuesof SD 4 and .S D g for an embedded subtractor, the value of
fq1,() is estimated from the values at the four points nearest to it
inthe discretized S D 4, S D p space, using standard linear intrap-
olation techniques. The modelsfor fgi,()... f4i5() are provided in
Figures 8(c) through 8(e).

In order to generatethe model for f:5(), weneededto generate
input sequencesto the subtractor that have varying glitching activ-
itiesat A and B. Inorder to dothat, we used acircuit configuration
similar to that shownin Figure 6. We added two multiplexers to
feed theinputs of the subtractor, and connected their selectinput to
the output of a (<) comparator. Given a sequence of inputsto the
(<) comparator that is known to generate glitches, we can control
the glitches at the outputs of the multiplexers through the spatial
correlations at their inputs, asillustrated earlier in this subsection.

V. RTL Power Models

Given the zero-delay and glitching activity estimates obtained
from the first two phases of the tool, the third phase uses several



cooo00000
SERNBRND DO

POWER CONSUMPTION (mw)
CORRECTION FACTOR

CORRECFION FACTOR
°

CORRECTION FACTOR

0 0.2 04 0.6 0.8
SPATIAL CORRELATION A-B

(d)

CORRECTION FACTOR
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word- and bit-level power models that we discussin this section.
Word-level power modeling techniques. The process of deriv-
ing power models is similar to that of deriving glitching activity
models, except that the dependent variable now becomesthe total
power consumption as opposed to the glitching activity at the out-
put of the block. As explained in Subsection IV.B, we attempt to
simplify the modeling process by using the techniques of variable
elimination and model decomposition.

Asan example, consider an 8-bit less-than (<) comparator. The
power model for the (<) comparator was decomposed into sub-
functions, and the model for each sub-functionisillustrated by the
plotsin Figure 9. Note that glitchy inputs can cause a substantial
increase in the power consumption of the comparator, as shown
in Figure 9(e), confirming the importance of considering glitching
activity at the inputs of various RTL blocks during estimation.
Bit-level power models. For data path blocks which do not as-
sociate any word-level value to their multi-bit input signals, we
derive power models that use the bit-level signal and transition
probabilities, correlations and glitching activity to calculate power
consumption in each bit-slice of the block separately. For exam-
ple, the power consumption in an n-bit multiplexer is modeled as
follows.

Muz_Power = ZBase-Power(i) )
=1

+A_Gl_Power(i)
+B_Gl_Power(1)
+Sel Gl_Power(i)
AGIPower(i) = GI(A;)* (Kao* P(Sel = 0)
+ K a1 % P(Sel = ))
B.Gl_Power(i) = GI(B;)* (Kpo* P(Sel
+Kp1* P(Sel = ))
Sel_Gl_Power(1) = GI(Sel)
(Ksei0* P(A; =0,B; =0)
+Ksan* P(A; =0,B; =1)

0)

+Kse10% P(A; =1,8; =0)
+Ksan* P(A; =1, B; =1))

Theterm Base_Power representsthe power consumption in the
multiplexer ignoring glitching activity at itsinputs. The remaining
threeterms are additive correction factors used to capturethe effect
of glitches at the select and data inputs. As with the case of the
glitch generation model, we apply all 64 possible vector pairs to
a 1-bit multiplexer, measure the power consumption using CSIM,
and store the results in the form of atable called M uz_Power]].
During the RTL zero-delay simulation phase, welook up theentries
of this table using the present and previous values at the inputs of
each multiplexer bit-slice to calculatethe Base_Power term.

The presence of glitches at the select input can significantly
increase the power consumption in the multiplexer. \We model
the power consumption separately for the caseswhen the datain-
puts are 00, 01, 10, and 11. The coefficients K scio, ..., K sein1
are obtained by performing controller experimentswith the circuit
configuration shown in Figure 6 by fixing the multiplexer datain-
putsto 00, 01, 10, and 11 (note that even when glitches at Sel do
not propagateto the output, they could cause power dissipationin-
ternal to the multiplexer). The purposeof the A_GI_Power(i) and
B_Gl_Power(i) isto similarly account for the effect of glitching
activity at A; and B;.

The power model for an n-bit register that hasadatainput / N,
aclock input C'L K, and output OU T is given by the following
equation.

Reg Power = nx* Kcrpwxx Act(CLK) (©)

+ > Kour, + Act(OUT))

=1
+ > Ky, + GUIN;)
=1

The first term accounts for the power dissipated due to the clock
line switching. Thevalueof K¢, x ismeasured by simulating the



implementation of a register while holding the value of I N con-
stant. Thesecond term accountsfor the power dissipated when the
value stored in the register changes. The value of Koy, is de-
termined by simulating the register under along, glitch-free input
seguence, subtracting the contribution of the clock transitions, and
dividing the residual power per bit-slice by the average bit-level
activity at the output of theregister. Thelast term modelsthe effect
of glitches at the input of a register. The value of Ky, is deter-
mined by simulating the register under a glitchy input sequence
and subtracting estimatesfor the effect of thefirst two terms. Note
that usually ]&/YOUTl = I(OUT]' for all i, ]

Controller power estimation. In order to obtain an estimate for
the total RTL circuit power consumption, we must also estimate
the power consumptionin the controller. Asmentioned previously,
the complete controller implementation is typically not available
until logic synthesis optimizations have been performed. Hence,
it isdifficult to obtain an accurate estimate of the controller power.
In [6], models for controller power were proposed based on the
target implementation style (e.g. PLA, ROM, Standard Cell),
and the number of states, inputs, and outputs of the controller.
The controller consists of a state register, next state logic, and
decode (or output) logic. Control expressions are typically used
to represent the functionality of the next-state logic and decode
logic during high-level synthesis. For the purposes of estimating
controller power, we assume that the next state and decode logic
are implemented in a straightforward manner from their control
expressions. The zero-delay switching activity at various signals
in the controller is monitored during the RTL simulation. Later,
we estimate glitching activity using the control expressions as
explained in Subsection IV.A. We multiply the total activity at
the output of each gate in the controller with approximate values
for gate output capacitance (we assume typical values for a 2-
input AND gate, 2-input OR gate, and INVERTER) to yield a power
consumption estimate for the controller. The power consumption
in the stateregister is estimated using the model for register power
presented earlier.

V1. Experimental results

We performed experiments in order to evaluate the proposed
RTL power estimation techniques using the following RTL cir-
cuits: the GCD circuit shown in Figure 1 [14], the bar code
preprocessor [14], and a circuit implementing a part of the X. 25
communicationsprotocol [15]. All the RTL circuits were obtained
by synthesizing them from control-flow intensive specifications
using the SECONDS high-level synthesissystem [4, 15].

We built glitching activity as well as power models for the
components of the RTL library used by SECONDS. For the first
phase of our power estimation tool (zero-delay RTL simulation),
we used atest bench that was derived using the knowledge of the
functionality of the design and its environment. Asthe simulation
proceeded, zero-delay statistics for various signalswere collected.
The zero-delay statistics were then used for predicting glitching
activity at various data path and control signals using the models
presented in previous sections. Thereafter, zero-delay and glitch
statistics were used to calculate a number for power consumption
for each data path block and for the controller. We performed logic
synthesis optimizations on the controller, mapped the controller
and data path to a commercial 0.8 micron technology library, and
estimated power consumption using the tool CSIM.

We performed experimentsto demonstrate thefollowing claims
(i) the estimates obtained by our RTL power estimation tool com-
pared favorably to estimates obtained using CSIM, and (ii) the
importance of estimating glitching activity and using it to enhance
theaccuracy of power estimatesfor thevariousRTL circuit blocks.
Table 2 reports the power estimates obtained using CSIM after a
complete gate-level implementation of the RTL circuit (column
CSIM), RTL power estimates obtained using our tool (column
RTL Est.), and RTL estimates obtained by ignoring the effects of

Table 2: Experimental Results

Circuit CSIM RTL Est. RTL Est. W/O GlI.

Pow. | %Err Pow. %Err
GCD 1.64mW || 1.53mwW 6.71 || 1.28mwW 21.95
Bar - 2.82mW || 2.94mwW 425 || 2.41mW 14.54
code

X. 25 3.38mwW

3.18mw 592 || 2.89mW 14.49

glitching activity at the control and datapath signals(columnRTL
Est. W/O Gl.). In order to obtain RTL power estimates ignoring
the effects of glitches, we used our tool but instructed it to not
perform the second phase of glitching activity estimation. Note
that the estimates thus obtained do include the effects of glitches
within each RTL block. For the second and third cases, the table
reports the power estimate as well as the percentage error with
respect to CSIM.

The results indicate that the proposed RTL switching activity
and power estimation techniques result in power estimates that
range from within 4.25% to within 6.71% of those obtained after
the final gate-level implementation of the circuit. The results also
demonstrate the importance of considering glitching activity at
control and data path signals during RTL power estimation.
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