July 1997 UILU-ENG-97-2219
DAC59
University of lllinois at Urbana-Champaign

Prediction of Activity Factor and Signal
Probability in Domino CMOS Circuits

Subodh Gupta and Farid N. Najm

Coordinated Science Laboratory
1308 West Main Street, Urbana, IL 61801



" UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
la. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Unclassified None
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION /AVAILABILITY OF REPORT

Approved for public release;

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE distribution unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
U. 1LU-ENG-97-2219 (DAC59)
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL  7a. NAME OF MONITORING ORGANIZATION
Coordinated Science Lab (If applicable) Intel Corp
University of Illinois N/A NSF Career Award
6c ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (Clty Stat%\ and ZIP Code)
1308 W Main St Santa Clara 95052-8119
Urbana, IL 61801 1800 G St NW, Washington, DC 20550
8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
Intel/NSF MIP-96-23237
8c ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
Santa Clara, CA 95052-8119 ELEMENT NO. NO. NO. ACCESSION NO.

1800 G St Nw, Washington, DC 20550

11. TITLE (Include Security Classification)
Prediction of Activity Factor and Signal Probability in Domino CMOS Circuits

12. PERSONAL AUTHOR(S) _
Gupta, Subodh; Najm, Farid N.

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) |S. PAGE COUNT
Technical FROM TO 15 Jul 97 9

16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP Power estimation, DOMINO CMOS, Switching activity,
Activity factor, Signal probability

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

While doing RTL simulation (for power estimation purposes), the simulator cannot distinguish between combinational
blocks that will eventually be implemented as DOMINO or as static CMOS circuits. Since the simulator uses Boolean models
for these blocks, it is implicitly assuming, therefore, that they will be implemented as static CMOS. For those blocks which
eventually are implemented as DOMINO, this assumption leads to incorrect estimation of activity factors and signal probabili-
ties which would result in erroneous estimation of power at RTL and hence wrong design decisions. In this paper, we provide
a way to predict the activity factor and signal probability at the output of a Boolean function implemented using DOMINO

CMOS circuit, from the knowledge of signal probability at the output of same Boolean function implemented using static
CMOS circuit.

20. DISTRIBUTION/AVAILABIUTY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
GBUNCLASSIFIED/UNLIMITED O SAME AS RPT. O DTIC USERS Unclassified

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

UNCLASSIFIED



Prediction of Activity Factor and Signal Probability
in Domino CMOS Circuitst

Subodh Gupta and Farid N. Najm

ECE Dept, and Coordinated Science Lab.
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801

Abstract

While doing RTL simulation (for power estimation purposes), the simulator cannot distin-
guish between combinational blocks that will eventually be implemented as DOMINO or as
static CMOS circuits. Since the simulator uses Boolean models for these blocks, it is implic-
itly assuming, therefore, that they will be implemented as static CMOS. For those blocks
which eventually are implemented as DOMINO, this assumption leads to incorrect estimation
of activity factors and signal probabilities which would result in erroneous estimation of
power at RTL and hence wrong design decisions. In this paper, we provide a way to predict
the activity factor and signal probability at the output of a Boolean function implemented
using DOMINO CMOS circuit, from the knowledge of signal probability at the output of same
Boolean function implemented using static CMOS circuit.

f This work was supported by Intel Corp., and by the National Science Foundation (NSF) under CAREER
award MIP-9623237.
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1. Introduction

High level power estimation has emerged as an important step in the design process, in
order to provide early warning of any power problems before the circuit-level design has
been specified. With such early warning, the designer can explore design trade-offs at a
higher level of abstraction than previously possible, reducing design time and cost.

When estimating the power dissipation of a circuit, some information about signal switch-
ing activity and signal probability is required. For high-level power estimation, these signal
statistics are obtained by performing some type of high-level simulation, say at the register
transfer level (RTL). At RTL, the circuit is composed of combinational blocks that lie be-
tween banks of latches or flip-flops, as shown in Fig. 1. We assume that the combinational
blocks will eventually be implemented using either boMmINO CMOS or static CMOS logic
styles. While doing the RTL simulation, the simulator cannot differentiate between blocks
that will eventually be implemented as boMINO CMOS or as static CMOS. Typically, since
the simulator works only with the Boolean function, it is implicitly assuming that all com-
binational blocks are implemented using static CMOS logic style. For a block which is
subsequently implemented in DoMINO, this will result in erroneous estimation of switching
activity and signal probability and hence incorrect power estimation. In this paper we will
derive expressions for activity factor and signal probability at the output of boMINO CMOS
circuit in terms of signal probability at the output of a static CMOS circuit implementing
the same Boolean function.

Figure 1. High level description of combinational block

2. Problem formulation

We assume an overall logic design style as shown in Fig. 1, where the blocks marked
“LATCHES” contain banks of edge-triggered flip-flops and where the two clocks <4 and 02
are non-overlapping. We start with some definitions:

S 1.



Definition: Activity Factor (AF) at a node is defined as the number of transitions of
that node occurring within a given time window of a given vector set divided by the number
of transitions of the reference clock over that same time window.

It is clear that AF is a non-negative real number:

AF > 0.0 -

For example, suppose a node makes Nt transitions in N clock cycles. Since the clock makes
2 transitions in every clock cycle, then the number of transitions made by the clock is 2N,
and the activity factor of the node is:

Nt
2N

AF =

Definition: Signal Probability (SP) of a node is defined as the fraction of the time that
a node is at logic high, within a given time window of a given vector set.
It is clear that SP is a non-negative real number and is no larger than L

0.0< SP <10 Q)

For example, suppose a node is high for a total time of NhT, where Nh is the number
of times the node is high and T” is the duration of each high interval (assuming they are all
the same length). The total length of time (the time window) is NT, where N is the total
number of clock cycles and T is one clock period. Hence, the signal probability of the node

is given by:
NhTh

NT

-f£>°-

Figure 2. A Boolean function implemented using
DOMINO CMOS logic family.
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Fig. 2 shows a typical boMmINO CMOS gate that implements the same Boolean function
as the static CMOS gate in Fig. 3. The clock 0 driving the DOMINO gate is one of the two
clocks, either fa or fa, of Fig. 1

Figure 3. Static CMOS circuit implementing the
same Boolean function as by boMINO CMOS.

Definition: Duty factor (5). As shown in the Fig. 4, duty factor is the fraction of the
time for which a clock signal is high during a clock cycle, i.e.:

= ®

Figure 4. Definition of duty factor

3. Proposed Solution

Our solution is based on the following assumptions:

1 The latch outputs change on at the falling edge of the clock. In other words, the latches
are negative edge triggered.



2. All primary inputs must be stable just before and during the evaluate phase.

3. The evaluate clock is same as the reference clock (either fa or 02), except when there is
clock gating.

4. RTL simulation uses zero-delay timing models.

In the next two sections we will derive the expressions for AF and SP at the output
of boMINO CMOS circuit for the two cases: without and with clock gating. We will use
the symbol SP* to represent SP of a static circuit under zero-delay conditions, and SP% to
represent the same for a dynamic (DoMINO) circuit. Likewise, A F and AFfi will be used
to represent AF in the static and dynamic cases. In a time window of N clock cycles, we
denote by the number of cycles in which a node evaluates to a logic high value.

3.1 Without Clock Gating

Given the above assumptions, we can now prove the following propositions.

Proposition 1 : SP at the output of boMINO CMOS circuit is given by the following
expression:

SPS = 6SP? )

Proof : For a static implementation, a node is either high for the whole clock cycle or low
for the whole clock cycle (given zero-delay). Therefore, it follows from the definition of SP*
that:

sp; =/ ()

Shown in Fig. 5 are typical waveforms of the clock, the output of a static CMOS circuit,

and the output of the corresponding boMINO CMOS circuit. It can be seen that, in any

clock cycle where the output of a static circuit is high, the output of the DOMINO circuit is

also high, but only during the evaluate phase. At all other times, the output of the boMINO

circuit is low. Therefore, the output of a boMINO circuit is high for a total time of NhST.
Hence the signal probability at the output of a boMINO CMOS circuit is given by:

= <BSPZ
d NT £ (6)

Proposition 2: AF at the output of boMINO CMOS circuit is given by the following
expression:

AFI = SPi @)

Proof : It is clear from the Fig. 5 that, whenever the output of a boMmINO CMOS circuit
goes high during the evaluate phase, it makes exactly two transitions. Hence, the number
of transitions made by the output of a boMINO CMOS circuit is 2Nh. The clock makes two
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Figure 5. Waveforms at the output of static and DOMINO
circuits implementing the same Boolean function.

transitions every clock cycle, therefore the number of transitions made by the clock is 2N.
Hence, A F at the output of a bDoMINO CMOS circuit is given by:

An = = spi (8)

From (4) and (7) a special relationship between AF% and 5PJ can be seen, as given by
the following expression:

SPi = 6AFI (9)

It is not hard to see that this relationship is always true for any DOMINO gate output.

3.2 With Clock Gating

In case of clock gating, the high level circuit remains the same as that in Fig. 1 except
that the clock is now being gated by an AND gate as shown in Fig. 6. Notice that, in this
case, AF of the gated clock may be less than 1.0 and the bomMINO logic may not evaluate
in every cycle of the reference clock. Whenever the enable signal £ is low, pgated will be low
regardless of Preferencee Therefore, whenever £ is low, the output of a static CMOS circuit
will retain its logic value while the output of a boMINO CMOS circuit will be forced low.
When £ is high, the circuits will behave the same as in the no-clock-gating case.

Define the random variable (RV) r to be a random time point value within the time
window of interest, and let r be uniformly distributed, so that all time points within the
window are equally probable. Note that r is a continuous (rather than discrete) time variable.

-5-



Figure 6. Clock gating

Since r is random, the value of a logic signal at the time r is another RV (that takes values
in {0,1}), whose 1-probability will be denoted by V{x = 1}. Let X represent the output of
a Boolean function and let xd be the circuit node corresponding to the dynamic DOMINO
CMOS implementation of x and xs correspond to the static implementation. Note that
SPz = V{xs —1} = V{x —1} and SP% = V{xd = 1}. Notice also that for a clock 0, the
duty cycle is such that $= {(\>=1}. We now define a to be the duty cycle of the enable
signal:
a=V{S =1}

The conditional probability of a node X, conditional on the enable signal S being high, is
written as V{x = 1]S —1}. We will also represent this with the symbol SP =1, so that:

Sp£:1= v {x = i = I}

The interpretation of the conditional probability is as follows. Let TE be the total cumulative
time duration for which S — 1 in the time window of interest. Then, the conditional
probability is equal to the fraction of the time duration Ts for which the signal x is high.

Proposition 3: SP at the output of a boMINO CMOS circuit when there is clock gating is
given by the following expression:

SPg@= aSSPX s-1  abSPz, (10)

where the subscript g denotes that the clock is gated.

Proof : As before, let x be the output of a Boolean function, xd be the circuit node
corresponding to the dynamic boMINO CMOS implementation of X, and xs correspond to
the static implementation. It is clear that SP%g = V {xd = 1}. Using conditional probability,
we can write:

V{xd= 1} = V{xd= \\e= 1}V{E = 1} + V{xd= I\E = O}V{£ = 0} (11)
But V{xd= \\£ = 0} = 0. Hence:

p{xd= 1} = = 1 = 1} (12)



Also, V{xd = 1I = 1}: SV{xs = li = 1}as this is equivalent to the case when there is
no clock gating. Therefore:

V{xd = 1} = a6V{xs — I\ —1} (13)

This leads to the first equality in the proposition. If we make the approximation that the
output node and the enable signal are independent of each other, which is probably true in
practice, then V{xs= NS = 1} » V{xs = 1} and, in this case:

V{xd= 1} « aSP{xa= 1} (14)

which leads to the 2nd equality in the proposition.
Proposition 4: AF at the output of a DOMINO CMOS circuit, when there is clock gating
is given by the following expression:

(15)

Proof : This follows directly from (9) and (10).

4. Conclusion

In this paper, we have derived expressions for predicting AF and SP at the output of
DOMINO CMOS circuit in terms of SP at the output of a static CMOS circuit implementing
the same Boolean function, both without and with clock gating. This is useful for high level
power estimation.



