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Abstract

Several techniques to estimate power consumption of
a combinational circuit using probabilistic methods
have been proposed. However none of these tech-
niques take into account circuit activity when two or
more inputs change simultaneously or when glitch-
ing occurs. A formulation is presented in this paper
which includes signal correlation and multiple gate in-
put switching. Work is also presented in estimating
the glitching contribution to the switching activity.
Results obtained from benchmarks and test circuits
show very good accuracy when compared to actual
activities as measured by SPICE and IRSIM.

1 Introduction

With the emergence of battery-operated applications that de-
mand intensive computation in a portable environment, power
analysis and optimization have become important functions in
order to reduce power dissipation in circuits. Accurate estima-
tion of power dissipation is a significant task needed to assist
design and synthesis tools in their attempt towards design-
ing low power circuits. Power dissipation in a CMOS circuit
is directly related to the extent of switching activity of the
nodes in the circuit. A direct and simple approach to esti-
mate power is to simulate the circuit[13]. Given the speed
of circuit simulation, these techniques cannot be used to sim-
ulate long-enough input vector sequences to get meaningful
power estimates. A Monte Carlo simulation based technique
was proposed in [11]. The use of symbolic simulation in order
to produce a set of boolean functions representing conditions
for switching at each gate in the circuit has been proposed
n [2][14]. Other approaches [3][4][9] have been proposed that
require the user to specify the typical behavior at the circuit
inputs using probabilljities. These techniques allow the user to
cover a large set of possible input patterns with little effort.
The switching activity is propagated along the network from
the inputs and the activity for all nodes in the network are
estimated. The transition density concept was introduced in
[4]. The model in [4] however did not take into account signal
correlation. Recently, a way to consider signal correlation was
proposed in [3]. In [8] it was shown that hazard contribution
to power dissipation in CMOS ICs (glitch power) cannot be
neglected.

resently none of the techniques on improving transition
density consider multiple input switching or glitc%ing contri-
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butions to the signal activity. This paper incorporates both
multiple input switching andyglitching into the power estima-
tion model.

The rest of the paper is organized as follows. Section 2
presents the definitions for the terms used in the paper. Sec-
tion 3 discusses the activity estimation using the zero delay
model, in particular multiple input switching. Section 4 dis-
cusses the activity estimation using the unit delay model. In
section 5 we demonstrate the results from our implementation.
Section 6 concludes with comments on future work.

2 Power model definitions
We define some commonly used terms in the paper.

e Signal probability of a node 1s defined as the duty cycle of
the signal or the probability of the signal being ONE in
a vector event.

o Switching probability of a node is the probability of the
signal switching from one state to another.

e Transition densily [4] has been defined as the “average
switching rate” at the gates in the circuit. This is denoted
by D(f). The equation for power can be defined as

Power = 0.5Vad> »_ C;D(f)
fEN

where f i1s an internal or output node in the circuit, Vg
is the supply voltage and C; is the capacitance at node f
and N is the set of internal and output nodes. A wvector
event (ve)is a change of the input vector to the circuit.
Normalized transition density is the number of transitions
per vector event or the amount of switching per vector
event. This is similar to switching probability and both
the definitions are used interchangeably. Thus, the equa-
tion for power can also be rewritten as

Energy/ve = 0.5V’ Z CyD(f)
fEN

An uncorrelated input with this definition has a normal-
ized switching density of 0.5 events per vector event{epuv).
The clock has a normalized switching density of 1 epv.

o In Zero delay model all gates are assumed to have zero
delay and in unit delay model all gates have unit delay.

e Glitching is the spurious transition(s) which occur when
the signal switches more than the required logic switch-
ing. A static hazard exists if a signal that should remain
constant changes twice(in opposite directions). Tt is a 0-
hazard if the signal should stay at 0, and a {-hazard if the
signal should stay at 1. A dynamic hazard exists if a sig-
nal which should change its state once changes multip%
times.



Figure 1: Overestimation of switching activity

3 Activity estimation

Estimation techniques under two delay models - zero delay
model and the unit delay model are described.

3.1 Zero delay model

The zero delay model 1s used to calculate the switching ac-
tivities due to logic alone. The transitions are assumed to be
instantaneous, therefore glitching cannot occur.

3.1.1 Previous work - ) )
It was shown in [4] that transition density D(f) is D(f) =

> wer P(df/dx)D(x) where f is the output of a circuit and =
is an input of the circuit, df /de is the boolean difference of f
with respect to x and I is the set of all inputs. D(x) is the
transition density for node z. There are a couple of problems
with this definition for D(f).

1. It only considers single input switching.

2. The partitioning of the nodes is at the lowest level (i.e.,
individual gates) and hence does not take into account the

correlation between the signals.
Attempts have been made to take care of the correlation by

partitioning[3] however multiple input switching has not been
considered. Consider Figure 1. The inputs nodes (a,b,¢) are
assumed to have switching probabilities 0.5 and signal prob-
abilities of 0.5. The node at ¢1 i1s a + b and has switching
probability of 0.5 and signal probability of 0.25. Similarly
the node at ¢2 18 b+ ¢ and also has switching probability of
0.5 and signal probability of 0.25. If the mo erropose by
[4] is used then the node at f will be calculated to have a
switching probability of 0.75 and signal probability of 0.5625.
A flaw with this gate level partitioning is that signals ¢1 and
t2 are correlated. The partitioning of circuits so as to “see”
independent signals only is proposed in [3] and this would es-
timate the switching probability at node f to be 0.625 and
the signal probability to be 0.625. This estimation model is
still inaccurate because it overestimates the switching proba-
bility, since it considers switching by single inputs only and
does not take into account simultaneous switching by multiple
inputs. The switching probability derived from experiments

using logic simulation(IRSIM) is 0.47, demonstrating the lack

of accuracy in the single input switching model. We have de-
rived a model which takes simultaneous switching into account
and also the correlation between the intermediate signals.

Given a circuit realizing function f with input vector I =
(xo,®1..2n_1), the boolean difference df /dx; of a circuit with
respect to one of the inputs #; is defined to be

df /de; = f(z:) ® f(5:) = fayz0 ® foi=1

where @ is the logical XOR operation. It was first suggested in
[4] to calculate the boolean difference by using BDDs(Binary
Decision Diagrams)[10]. This is a very efficient tool to carry
out probability computation. The scan function of the BDD
package can be used to compute the probabilities at the nodes.
Similarly the boolean difference for two inputs is defined as

df [d(zizj) = fo,=0,0,=0 B fr;=1,0;=1

Several properties of the boolean difference are listed in [5].
These define the boolean difference functions for operations
NOT, AND, OR and XOR. A complex function is recursively
computed by breaking down the function into smaller ones.
The boolean difference can hence be computed in a bottom-
up fashion.

3.1.2 Activity considering multiple input switching
Given a circuit realizing function f with input vector I =
(xg,®1..2p_1) the switching probability at the output f is

given by
d
D(f)= néﬁ Z:p(dgi)l)(ggipr
z, €1
1 1 df df |
nCs mlgj:e]p(g(d(x’x]) + d(flx])))D(xl)D(x])—i—

1 1, df df
n(ly Z p(4(d(xixjxk) + d(xix]fk)—i_
Ti,T5,T el
g
d(zizg;zr)  d(Tizjer)
+ .- (1)
The first term is the contribution of signal input switching, the
second term of two input simultaneous switching, the third of
three input simultaneous switching and so on.
Single input switching
The single input switching probability of f is

Z P(fm,:0 2] f$,=1)D(xi)

x; €T

N D(@:) () D(wk)

Using the boolean difference definition and since there are " C}
ways to select signal x; the contribution due to single input
switching for all inputs to the overall switching is

nl ) Z P(ddi )D (i)

x; €T

Multiple input switching

The condition for two input simultaneous switching is de-
rived and we will extrapolate the result for multiple input
switching.

The two input switching probability of f is

Z p(%(f.r,:Omj:O@f.r,:l.rj:l +f.r,=0.rj=1 @fm,:mj:o))D(?Ei)D(I])

.r,.erI

Using definition of boolean difference and since there are " Cy
ways to select signals z; and z;, the contribution due to two
input switching to the overall switching probability is

1 1. df df
mCo mﬂzj:ejp(g(d(xm]) + d(@x])))D(ﬂci)D(m])

Similarly the three input switching contribution is

1 1 df df
nCly Z p(23_1 (d(xix]xk) + d(ﬂﬁﬂjfk)—i—

zi,x5,0, €1

f f

d(zizg;zr)  d(Tizjer)

N D(@:) () D(wk)

The support set foup of a function f are the set of variables
f depends on. Using the support set allows us to partition



Algorithm calculateMultipleInputDensity(f,1,G)
/* I is the primary input vector */
/* f is the output vector */
/* G is the set of gates*/
(Vi € Dicup :=0;
(Vg € G)gvisited = FALSE,
nodelist :== Itanouts;
Yk € nodelist

*ksup 1s the support set for node k*/
ksup 1=
Vl,] € kfan]ns
S (ieup a7 0)
sup — ksup U isup U jsup;
else
ksup 1= keup Ut U g;
kformuta :=calculateFormula(k, ksup);
kdensity ::evalDenSity(kformula ; ksup);
Vg S kfanOuts
/*if all gates driving gate g have been visited
then add g to nodelList */
Zf((Vh € gfanIns)hvisited = TRUE)
nodelist := nodelList U g;
kvisited = TRUE,

Figure 2: Algorithm for calculating multiple input density
Table 1: Activity estimation results (zero delay)

Galtes ero Delay Model TRSTM
Single tnput | Multiple input | results
switching switching
nand2 0.5 0.375 0.38
nand3 0.375 0.21875 0.23
nand4 0.25 0.1172 0.15
nor2 0.5 0.375 0.38
nor3 0.375 0.21875 0.20
nord 0.25 0.1172 0.13
XOor2 1.0 0.5 0.48

the circuit so that every node only depends on the directly
correlated signals. The algorithm to calculate the minimal
support set so that each partition packs more correlated nodes
is shown in [6]. The pseudo-code for the multiple input density
calculation algorithm is given in Figure 2.

The procedure calculate Formula calculates the formula for
the node using the support sets and is implemented using
BDDs. The procedure evalDensity evaluates the switching
density given the multiple input switching equation(Equation
1). The algorithm makes one pass through all the gates of the
circuit. The procedure evalDensity depends exponentially on
the size of the support set. For a tree based circuit support
sets for each node consist only of 1ts immediate inputs.

3.1.3 Examples

Table 1 shows the accuracy obtained using our multiple input
switching and signal correlation model along with single input
switching modelgwith respect to the experimental results. It
is obvious that multiple input switching gives more accurate
results. The experimental results were corroborated with IR-
SIM results by calculating the switching activity for about 400
vectors. The IRSIM linear model is used which models tran-
sistors as a resistor in series with a voltage controlled switch.
This model uses a single-time-constant computed from the re-
sulting RC network and uses a two-time-constant model to
analyze charge sharing and spikes[6]. All the gates were im-
plemented in CMOS and analyzed by IRSIM by counting the
transitions.

The following example shows the calculation of switching
activity for thegNAND ate. The input switching probability
1s 0.5 and the signal probability is 0.5.

2 input nand gate

e e
S e
oL T

Figure 3: Glitching

A 2 input nand gate implements f = ab. The boolean
differences are df/da = b and df/db = a. The second order
boolean differences are df/d(ab) = 1 and df/d(ab) = 0. The
switching probability of f is thus

(@) D(B) + p(5) D(@)) + 1 (p(1/2(1 +0)) D(@) D(B))

The switching probability of the output i1s calculated to be
0.375.

3.2 Unit delay model

The contribution of hazards to power dissipation (glitch
power) is a critical issue in power estimation and low power
circuit design[8]. Glitching of a gate depends on several fac-
tors.

1. The difference in delay of signals arriving at a gate.

2. The sensitivity of the gate to the signal arrivals.

It is known that some gates are more sensitive to glitching
than others. This sensitivity also depends on the arrival se-
quence of the signals at the gates. Using the unit delay model
one can estimate the switching due to glitching. We assume
in a unit delay model that al% gates have same propagation
delay(1 gd). The arrival times at the gates can simply be cal-
culated by counting the number of gates encountered in the
path. The first condition is easily detected when the signals
arrive at the gates differing by more than certain 6 time. We
consider > 2¢gd as the condition for glitching in our imple-
mentation. The second condition is to figure out how many
of these transitions differing in time actually cause a glitch.
Glitching sensitivity (gs) of a gate is defined as the probabil-
ity of a gate glitching under a given arrival sequence of input
vectors. We propose the following algorithm to calculate the
glitching sensitivity of the gates given the arrival times to the
inputs of gates. Step functions (and their inverse) are applied
on the inputs of the gate. The step functions are staggered by
their arrival times. The gate transforms the steps at the input
into steps or pulses on t%e output depending on the gate and
the arrival sequence. The number of pulses which occur on the
gate divided by the number of all possible input step patterns
(2™) gives the glitching sensitivity of the gate. For example,
assume switching across a NAND gate (Figure 3). If signal a
arrives at time ¢ and signal b arrives at time ¢ 4 6 then glitch-
ing can only occur if signal a is rising and signal b is falling
which is one of the possible four conditions (3rd condition).
Thus the glitching rate is .25 times the switching probabilities
of signal a and signal b of a NAND gate. By observing small
gates(NAND/NOR/OR/AND) it is clear that they glitch only
0.25 times the possible glitch conditions, however for a gate
like XOR glitches are 1.0 times the possible glitch conditions
if the arrival time at the inputs differ. Assuming input signal
probabilities 0.5 and input switching probabilities of 0.5 then
transition density of a NAND gate is 0.375(Section 3.1.3).
pt(f) = 0.375; ptg(a) = 0.5;ptg(b) = 0.5
ptg(f) = pt(f) + 2 x ptg(a) * ptg(b) * .25
plg(F) = 0.5
where pt(f) is the transition density at f without glitching
and ptg(f) is the transition density at f with glitching.



Algorithm calculateGlitchingSensitivityOfGate(f, 1, o)
/* I is the primary input vector */
/* f is the output vector */
/* «a is the arrival vector*/
pulseCount := 0;
V 2" input assignments of I with u(«a) and u(«)
evaluate f(I);
V pulse component € f(I)
pulseCount := pulseCount + 1;
/*set glitching sensitivity of gate f*/
fgs := pulseCount/27;

Figure 4: Algorithm to calculate glitching sensitivity

The logic operations(NOT, AND, OR) on step, pulse and
step/pulse functions is given in [5].

3.2.1 Activity considering glitching
Let I = (xg,#1..2,-1) be the input vector with arrival vector
a = (ap, a1..a0p—1) at a gate with n inputs satisfying function
f- An ordering on the arrival vector at the gate 1s known.
For each 2" combinations of the input vector with step re-
sponse and its inverse, f(I) is calculated using rules from [5].
The total number of pulse components for each input assign-
ment is then incremented for all inputs. The probability of
glitching is calculated by dividing the total number of pulse
components for all inputs by the total number of input pat-
terns 2". For most gates in practice n is small (n < 5), so
the algorithm given in Figure 4 can be used to calculate the
sensitivity for most of the commonly used gates and then used
by table lookup in the estimation.

The pseudo-code to calculate the sensitivity and to update
the activities are given in Figure 4 and Figure 5.

After the glitching sensitivity has been calculated, the new
activity factor can be calculated as

DY(f) = D°(f) + 2% fye % D' (w:) ¥ DX(xj) -+ (2)

where z;x;.. are the inputs which arrive at different times and
fgs 1s the glitching sensitivity of the gate with the given ar-
rival times. DY D' are the zero delay switching density and

the unit delay switching density respectively. The factor 2
1s multiplied because glitching causes two transitions at the
output (one in each direction). The procedure updateDen-
sity (Figure 5) updates the transition density for unit delay
model with the Equation 2. The procedure calculate Unbal-
ancedGates (Figure 5) calculates the arrival times on the gate
and computes whether the gate is unbalanced (6 > 2). Tt is
assumed that glitching propagates through the network.

Table 2 shows the circuit activity of simple gates when con-
sidering glitching under various arrival patterns. «,3 and ¥
are the arrival times at different input. The activity is cor-
roborated using TRSIM for about 400 vectors. Note that for
a gate implementation like XOR glitching could double the
activity factor of the gate.

4 Experimental results

We have incorporated the algorithms for multiple input
switching and glitching estimation into an estimator (PSIM)
built using a BDD package. This estimator gives two sets of
activity results, one consi%ering only multiple input switching
and the other considering multiple input switching and glitch-

ing. This estimator operates on the logical description (eqn
format) of the circuit. This estimator also gives a power factor

Algorithm calculateDensity WithGlitching(f, 7, G)
/* I is the primary input vector */
/* f is the output vector */
/* G is a set of gates*/
Vg e G
Guisited = FALSE,
Gbalanced ‘= TRUE,
/* Compute unbalanced gates and their arrival times */
calculateUnbalanced Gates();
nodelList :== Itanouts

Yk € nodelist
if(kbalanced = FALSE)

/* kdensity is the zero delay density at gate k*/
/* ko is the arrival vector at gate k*/
/* kgs is the glitching sensitivity of gate k*/
kaensity = updateDensity(kaensity, ka, kgs);
Vg € kfanOuts
Zf((Vh € gfanIns)hvisited = TRUE)
nodelist := nodelList U g;
kvisited = TRUE,

Figure 5: Algorithm to calculate activity with glitching

Table 2: Activity estimation results (unit delay)

Galtes Arrival Glitching | Unit delay model | IRSIM
seq. sensitivity | (multiple input) | results
nand?2 oa=[ 0.0 0.375 0.38
a < B 0.25 0.5 0.47
nand3 a=F=x 0.0 0.21875 0.19
a=p81<7v | 0.125 0.2795 0.29
a<F<T 0.25 0.3975 0.36
nor2 oa=[ 0.0 0.375 0.38
a < B 0.25 0.5 0.48
nor3 a=F=x 0.0 0.21875 0.23
a=p81<7v | 0.125 0.2795 0.30
a<F<T 0.25 0.3975 0.35
X012 oa=7 0.0 0.5 0.48
a < B 1.0 1.0 0.90

Table 3: Circuits used for comparison

Circutts | Inputs | Outputs | Gates
hpar 9 2 17
mux3 1T 1 49

hcomp 11 3 51
rcad 8 5 34
clad 9 5 76

sd 6 5 66
rca8 9 2 74
halu 14 8 93

Table 4: Comparison of SPICE results with PSIM

Circuits Power CPU Time
SPICFE PSTM SPICE | PSIM
(mW) (power factor) (secs) | (secs)
(multiple inputs)
(& glitching)
hpar 0.1399 16.01 17.23 1500 2
mux3 0.3135 19.58 24.2 2880 54
hcomp 0.3605 20.01 27.32 3600 32
rcad 0.4402 20.13 35.26 1200 3.5
clad 0.7222 55.69 68.45 6420 9
sd 0.898 85.01 90.27 6600 12.5
rca8 1.080 87.54 107.34 7440 93
halu 1.18 92.03 105.0 2440 72




Plot of PSIM results with SPICE
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Figure 6: Plot of SPICE results with PSIM

for the circuit which 1s

Z fanoutsy D(f)

f€allnodes

Power factor =

where fanouts; are the fan-outs of signal f. The fanouts; is

proportional to the gate capacitance driven by signal f. Power
1s hence proportional to the power factor.

The glitching sensitivity of gates which occur frequently
within the circuits are evaluated. This is used to compute
the glitching for gates within the large circuits by looking up
the right sensitivity values depending upon the actual arrival
times of the inputs at the gates.

The results for some circuits and their characteristics are
given in Tables 4 and 3. The power factor from PSIM is
calculated with glitching and without glitching (both of them
including multiple input switching) and plotted along with
actual power values (mW) obtained from 100 random runs of
SPICE (Figure 6). The dotted curve denotes the power fac-
tor estimated considering multiple input switching only and
the solid curve shows the power factor estimated when consid-
ering multiple input switching and glitching. The difference
between the two curves represents the glitching power contri-
bution. It can be noted that circuits such as rca4, rca8 and
halu have more switching energy loss due to glitching. This
can be attributed to the imbalanced paths in these circuits.
Comparisons between CPU times of SPICE and PSIM are
shown in Table 4. We see that the CPU times for PSIM are
several orders of magnitude faster than SPICE.

5 Conclusions and future work

We have described a quick and accurate method of estimating
switching activity from the logical description of the combi-
national circuit.

We would like to extend the work to use actual gate delays.
This will help in determining when glitches get damped when
propagating through the circuit.

Switching activity results can be used as an input to other
CAD tools 1n order to make performance based decisions on
partitioning, routing or transistor sizing.

Switching activity results could be used to compare the
power consumption of two functionally equivalent but logi-
cally different implementations of a function. Currently t%ne
estimation is based only on gate level implementations how-
ever this could be extended to transistor level implementations
either by extending the eqn syntax of the circuit with “if then
else” statements or by including transistor level switching ac-
tivity by reading from the transistor-level description of the
circuit. A fallout of this work would be to compare different

logic implementation styles (e.g., static v/s dynamic).
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