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Abstract ous decisions during the design process.

) ] ) A challenging problem in this context is how to effi-
We present a transistor level power estimator which giently obtain power estimates which meet the accuracy and
exploits algorithms for fast circuit simulation to compute the run-time constraints of the designer. Several approaches
the power dissipation of CMOS circuits. The proposed paye been proposed to compute or estimate power dissipa-
approach uses stepwise equivalent conductance and piecEion, each with a different accuracy/run-time trade-off.
wise linear waveform approximation. The power estimator These approaches can be classified into three broad catego-
has been implemented in the SWEC framework. Experimenyjes: statistical/empirical techniques [7], probabilistic tech-

tal results indicate that SWEC can obtain a substantial pigques [6][9][10], and circuit simulation based techniques
speed-up over HSPICE while maintaining an accuracy of [213][5].

within 5-7%. Benchmark results on a suite of industry cir- _ o _ _
cuits, which include circuits that HSPICE could not handle, ~ The main advantages of the probabilistic techniques is
are presented. their short runtimes and input-independence. The probabi-

listic techniques use a stochastic model of logic signals of a
circuit and propagate the probabilities of logic values
through the combinational logic modules in order to com-
pute the average switching rate of the circuit. This measure
. is in turn, is used to obtain the average power consumption
1 Introduction of the circuit. It can potentially be accurate; however, for
Power minimization is becoming very important for a high accuracy, the spatial and temporal corre_lation between
number of reasons ranging from an increasing demand fO,internaI_ node values must be modeled. As this proves to be
portable computing and telecommunication equipment, XPensive, most approaches trade off accuracy for speed,
increasing clock frequencies, to advances in process techresulting in highly unacceptable estimates at times.
nology that enables the integration of extremely large num-  Another approach is to make use of various statistical
ber of densely packed devices on a single chip. Minimizing measures of the circuit. This approach is the most crude of
power dissipation of chips has an impact not only on energyaj|, despite its advantage in speed. It reads a description of
savings, but also helps create more reliable chips. Althougtihe design, compiles various statistical measures, and calcu-
designers have several techniques at their disposal to minijates the power consumption based on these measures. The

mize power, there is little or no help in terms of tools 0 main use of this method is to obtain rough estimates of
assist in analyzing and evaluating the effectiveness of vari-power dissipation at early stages of the design.

This work was supported by a grant from SRC contract 94-DC-324 and by Cir(fUit simulators such as HSPICE [4] Sti”_ provide the_
LSI Logic Corporation, Milpitas, CA 95035. most direct and accurate approach for computing power dis-

sipation. While offering good accuracy, HSPICE suffers
from a drawback of limited capacity and large run times.
This makes HSPICE impractical for all but the smallest of
circuits consisting of around a few hundred gates. The pop-
ular solution thus is to separately use point tools like Power-
mill [3] for power estimation and HSPICE for the
simulation and verification of the circuit in parts.



In this work we propose the use of a circuit simulation Piotal
tool SWEC, that alleviates some of the problems faced by
tools such as HSPICE, thus making it realistically feasible = The most accurate and straightforward approach to
to perform power estimation along with simulation of the power estimation is by simulation: perform a circuit simula-
entire design. SWEC uses Stepwise Equivalence Conduction of the design and monitor the current waveform. While
tance [8] and piecewise linear waveform approximations for this estimate accounts for all types of power dissipation, the
fast and accurate circuit simulation. These techniques provemain drawback of this approach is the very high runtime. At
to be very well suited for efficient power estimation as well. the transistor level, the problem thus reduces to performing
In the following sections, we describe the power estimation efficient transient simulation of the circuits ipawer-esti-
problem, provide a brief description of SWEC, the power mation friendlyway, i.e. using simulation techniques that
estimator implemented within the SWEC framework and are also suited to computing power estimation with mini-
present experimental results on industrial circuits, which mum overhead.
show that this tool can be effectively used for power estima-

= P+ Py (EQ 4)

tion of large CMOS circuits.

2 Problem Description

By power estimation we refer to the problem of estima
ing the average power dissipation of a circuit. In CMOS cir-
cuits, there are two components that contribute to power
dissipation [1]: static dissipation (due to leakage current

3 The Circuit Simulation Platform

Stepwise Equivalence Conductance approach was first
proposed in [8] to exploit certain characteristics of MOS cir-

t- cuits to speed-up simulation. This approach is based on the

use of a stepwise equivalent conductance model of a nonlin-
ear resistive device. The major advantage of this technique

)is that it eliminates the need of Newton-Raphson iterations

and dynamic dissipation (due to switching transient currentfor implicit integration. This technique is consistent, abso-

and charging and discharging of load capacitance).

lutely stable and convergent. When applying the integration
to digital MOS circuits, an additional speed-up in the simu-

In most CMOS ASICs the contribution due to static dis- lation is achieved by taking advantage of the fact that the
sipation is small compared to dynamic dissipation. The voltage waveforms can be modeled to a good approximation

static power dissipationg®f a circuit is given by the equa-
tion:

n
Ps = Z'V‘Vdd

(EQ 1)

where | is the leakage current of the device (gatg) i€
the supply voltage andlis the number of devices in the cir-
cuits.

The dynamic power dissipatioryFor a logic gate is
given by the equation:

p =l 2 ot EQ 2
di = 5 i VaaT (EQ2)

whereC; is the output load capacitance on the gaig, is
the supply voltage, T is the clock cycle anglislthe num-
ber of switching transitions per clock cycle for gat&he
dynamic power dissipationgPof a circuit withn gates is
given by the summation:

Vag &
Pa = 5T IZIZ CLi Ny
i=1

(EQ3)

The total power dissipated by the circuit is the sum of

the two components; static and dynamic dissipation.

as piecewise linear functions.

Assuming for the sake of simplicity, that there are no
inductors and only constant capacitors in the simulated cir-
cuit, the KCL nodal equations for the simulated circuit will
be of the form

F (V) +CV(D) = 1) (EQ5)

whereV(t) is the node voltage vectdr(.) is a vector func-

tion of V(t) with itsi-th entry representing the total current
flowing out of node through resistive device§,is the con-
stant capacitance matrix, ahgt) is a vector of inputs. This
nonlinear system of equations can be transformed to a linear
time variant system below without any loss of accuracy.

GOV(H) +CV() = 14 (EQ6)

G(t) represents the instantaneous equivalent conduc-
tance matrix for every branch in the circuit at timevith
GV(t) = F(V() at every time instant. G(t) can be
expanded in a Taylor series arount},. Retaining only the
first two terms, we obtain

[G(t) +G(t,) (t-t)IVD +CV(D) = 1) (EQ7)
This can then be further approximated as,
GV() +CV() = 141 (EQ 8)



where, forh, = t,1 - t, h, 5
G DcI_V
P,=—1[|V({t)+t dt EQ 12
G = G(t,) +G(t) 5 (EQ9) 0

) i ) . ) The power in capacitors can be computed similarly. Spe-
~We thus obtain a system of linear differential equations, gifically, one can directly measure the power consumption
which can be solyed directly without any iterations using during ated in the design synthesis environment of LSI
standard integration scheme. Logic using simulation using the piece-wise linearity prop-
SWEC uses an event-driven approach with circuit parti- erty of the waveforms in SWEC. For each event during the

tioning to exploit the latency and multi-rate behavior of the course of a simulation, we perform the following calcula-
circuit. tions. Suppose an event changes the voltage across a capaci-

tor C; from vg at timetg to v; at timet;. Then, the power
dissipated fronty to t, is given by:
4 Power Estimation using SWEC . y
The Stepwise Equivalence Conductance and the piece Pe = m i D‘/avg dt (EQ13)
wise linear waveform approximation are ideally suited for
efficient power computation. The power can be measuredwhere \,qis the average value af andv,. dV/dtis a con-
directly by monitoring the conductance and the voltage stant as before. Inductors in the circuit are handled similarly,

waveform during each time-step. Using (5), The power dis- with the inductor current (computed for transient simulation

sipated in each device during a time digffrom t, tot,.1) using the modified nodal analysis) as the controlling vari-
is given by able.
t ., Then we update the average power up to the tjnas
1 follows.
Pa =7 J’ V(®)F (V(t)) dt (EQ 10)
n
t, o _ Pto [y + Ptl_to oty —tg) o1
Recall that, during each time-step, each nonlinear device t, t (EQ 14)
conductance is approximated by an equivalent conductanct
G (Eq. 6-10). Thus, (11) can be simplified as: wherePt —t, denotes the power consumed ftgto t; and
P, denotes’the power consumed from 0 totj. We per-
t., fotm this calculation for every event of the simulation, and
1 " 2 finally sum up the power dissipated at every node to obtain
Pg =7 [ GV Ot (EQ11)  the power consumption of the circuit.

Since the voltage waveforms are piecewise lirtd&dt 5 Implementation and Results
is a constant for a given time step. Thus, the power dissi-

pated in each device frotptot,.1 can be obtained by sim- The power estimator described in the previous section
ply computing the area under the power waveform curvehas been implemented in the SWEC framework. We use
given by: HSPICE along with this tool to compare benchmark results.
Circuits Size (cell units) MOS devices Capacitors Description

mux2b16 208 214 134 16 bit 2-to-1 mux

clal6 993 1200 500 16 bit carry look ahead adder

mult8 1276 2691 1008 8 bit wallace tree multiplier

multp16 6344 11314 3922 16 bit pipelined multiplier

multl6 5320 9778 3148 16 bit wallace tree multiplier

Table 1: Circuits used in the experiment



For the purpose of this benchmarking, we used indus-
trial circuits obtained from LSI Logic Corporation. The
netlists were extracted from the layout of real designs gener:
ated in the design synthesis environment of LSI Logic using
their ASIC cell libraries and submicron devices. These cir-
cuits range in size from 200 to 6000 cell units in the LSI
technology. These netlists were then used along with input
stimuli to serve as data for both HSPICE and SWEC. The
circuits used in the experiments are listed in Table 1.

Table 2 shows the power measurement results for thest
circuits. The results were obtained on a DEC 5100/125 plat-
form with a 96 Mbyte memory. The second and third col-
umns in the table correspond to the power dissipation result:
reported by SWEC and HSPICE respectively. The last col-
umn shows the percentage error in the SWEC measuremer
as compared to HSPICE. It can be seen that for the first ¢
circuits the absolute percentage errors range from 1.9% tc
10.2%. Note that HSPICE was not able to handle the lasi
two circuits (multp16 - 6344 cell units and multl6 - 5320
cell units) due to memory limitations and/or CPU time con-
straints. SWEC successfully completed simulation in all
examples we ran.

Table 3 shows the speed up achieved by SWEC as com[

pared to HSPICE. For the circuits that HSPICE was able to
handle, the speed-up ranged from 18.22 for a 200 cell unit
design to 56.96 for a 1276 cell unit design. Note that the
speed-up increases as the circuit size grows.

6 Conclusions

We have presented an approach to power estimatior
using SWEC. The proposed method exploits the stepwise
equivalent conductance approximation to efficiently com-
pute power dissipation while speeding up the transient sim-
ulation process. Based on the results presented, we believ
that SWEC can effectively replace HSPICE when a rela-
tively accurate power estimate is desired without the large
run times.

In conclusion, SWEC can be effectively used as a tool
for power characterization for library elements in system
design. It can also be used as a baseline tool for power est|
mation for reasonably large circuits that HSPICE cannot
handle.
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