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Abstract value of switching current waveforms over all time, but also

The analysis of CMOS VLSI circuit switching current has becomi® variances anq covariances of all Waveform segments as
an increasingly important and difficult task from both a vLsIWell. This extra information allows a switching current
design and simulation software perspective. This paper presentsaveform to be modeled by a well defiresidom process

new static switching current estimation algorithm based on thewith both first and second order ensemble statistics [7].
idea of “Expected Current Distributions” (ECDs). Unlike previ- Such a specification provides thewer spectral densityf

ous “expected waveform” approaches, ECDs model not only thehe switching current and allows the use of traditidrel
expected value of switching current waveforms over all time, buyuency domain noise analydis simulate the behavior of
also the variances and covariances of all waveform segments %?Nitching current in the electrical supply network. Due to
well. This extra information allows aswﬂghmg current Waveformsépace limitations, this paper concentrates solely on ECD
to be modeled by a random process with both first and secon

order ensemble statistics. This specification provides the poweSrImUIatlon' An ECD-based frequency domain approach to

spectral density of the switching current and allows the use of traSUpply network analysis is described in [4].

ditional frequency domain noise analysis to simulate the behavi iotr ;
of the switching current in the electrical supply network. An ECI(DJQ' The EXpeCted Current Distribution (ECD)

simulation procedure is described and results are presented for thehe Expected Current Distribution (ECD) is a statistical
ISCAS85 combinational benchmark circuits. Estimated quantitie§,syeform model for digital logic gate switching currents.
include total average and RMS VDD current, the autocorrelationIn this model, time is divided into clock-cycle-width por-
function of the total VDD current waveform, and per-gate average. ' .

%)(()ns and the ensemble of possible waveform shapes that

and RMS VDD currents. The results show speedups of up to 10 . I deled by the ECD. T
and good agreement with respect to figures obtained usin an occur in any one cycle are modeled by the - 10

dynamic logic simulation and statistical mean estimation. Imit the complexity of the modeling data, the ECD
assumes waveforms are discretized with a fixed timebase
1. Introduction and contain piecewise constant (PWC) segments within

_ . o . each discrete time region. Such a model of CMOS circuit
Many issues of integrated circuit reliability related toypp switching current is shown in Figure 1. An ECD is
CMOS switching current are gaining importance as techyso shown which models the entire waveform using statis-

nology improvements cause VLS| wires to have bothics of all possible segment heights within each single cycle
increased current densities and dominant electrical effeCtEeriod. Segments in different cycles are assumed to vary

The_se issues inc.ludt.a dynamic power dissipation, e|eCU0mindependently, which is a valid assumption for combina-
gration, false switching due to “ground bounce” or capacitional circuits operating with random inputs but may not
tive signal coupling, and noise coupling between analogo|d for sequential circuits due to the correlation of the

and digital circuits. Unfortunately, attempts to accurately,resent state bits. The ECD stores the following statistics
model such effects are forced to fight a war on two fronts:

not only must designers simulate tbgical behaviorof the i)
digital circuit to ascertain its many switching currents, but g - - _ . _ _ . . ...,

they must also simulate thedectrical effectof these cur- : : : : I
rents as they pass through complex VLSI metallization : :’J_\_LI_‘ : :"\J_LL,—"T't

structures. o A A T A sT A a1 A 5t
This paper presents a new static switching current estima- ', '\ ECD, ! K !

tion algorithm based on the idea of “Expected Current Dis- AN AR L e
tributions” (ECDs). In contrast to previous “expected S~ -7

waveform” approaches, ECDs model not only the expected ° T
At within a cycle
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Figure 1. Basic ECD concept. A waveform is conceptually divided
into clock-cycles and all possible shapes in any cycle are modeled by
statistics in the ECD. The arrows shown in the ECD depict knowl-
edge of segment height (co)variances.
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about each segment heigfrt;) within a single clock cyclefore, circuit VDD current may be simulated by first estimat-
ing gate level switching activities and then hierarchically

w(t) = r.v. for waveform segment height at time offget .. . .
(t) g g § combining these results to form gate, module and circuit

E[w(t)] = expected value of segment heigh(t;) ECDs. Three previously published combinational circuit
Var[w(t;)] = variance of segment heigi(t;) (1)  switching activity estimation algorithms have been imple-
Cov[w(t;), w(t))] = covariance of segment heigiwét,) andw(t;) mented for this express purpose [6][9][10]. All gates are
fu) = Boolean occurrence func. for segment heig) given integer delays and each switching activity simulation

algorithm has been programmed to produpechabilistic
Each collection of information about the random variablevaveform[8][9], PW,,, for each circuit nodeN PW
w(t) is called “the ECD component at time .” Of particu- summarizes the switching activity of note  with a set of
lar importance is the concept of a “Boolean occurrenc@robabilities{upN(ti),an(ti)|i =1...k} which denote the
function.” These functions describe when a segment heiglehance of an upward or downward transition on that node at
is non-zero in terms of logical circuit quantities and providdime offsett; within a clock cycle. Depending the particular
a means to compare the behavior of switching currents atmulation algorithm, varying degrees of underlying func-
different times within a cycle and/or in different circuit tional information may also stored for each probability.
modules. Further discussion of these methods is found in [4].

2.1. Approximating ECD Component Covariances  3.1. Building Gate ECDs

What separates the ECD from an “expected waveform” i¥he ECD for a single gaté  with output nodle  is con-
the covariance data it can contain. This information may bstructed usingPW,, . Each upward transition 6h is
explicitly specified by a numeric covariance matrix orassumed to generate a user-specified, PWC current pulse
approximated using the Boolean occurrence functions afg(t) on the gate VDD pin [1]. (Downward transitions can
each component. If neither the covariance matrix nor anglso generate VDD pulses but this effect, which can be han-
Boolean occurrence functions are specified in the ECD, atlled easily, is currently ignored.) In this manner, the ECD
covariances are assumed to be zero. for a single gate is constructed from a sum of random cur-
The Boolean occurrence functiof, (%) describes Wheieorgep;rlsgzlbiﬁtr;/ ewfg\;e?é‘rcrz Up transition in the gate output
the waveform segment height at time is non-zero in terms '
of logic circuit quantitiesy . The functioh,,(¥) ~ may be The ECD for a single transition probability waveform

sp_ecn‘l_ed exactly using its O.B.'I.DD [2] or approxmately Figure 2 illustrates the ECD calculation for a gate  with a
using its BAM cofactor probabilities [10]. An approximate _. ) -

. - . single possible output transition. Each ECD component
correlation coefficient between two segment heights may b\?v(t) has a Bernoulli distribution with mean and variance:
found by considering the probability of each occurrence '

function as the parameter for a Bernoulli distribution [5] E[w(t+ At)] = zg(Aupy(D)
and using the standard definition of covariance: var[w(t+ A] = E[w(t + At)2] — E[w(t + At)]? 4)
X = r.v. equal tof (%), Bernoulli paramp, = P(f, (%) = 1) = 25(A)?[upy(t) —upy(t)?]
Y = r.v. equal tof (%), Bernoulli paramp, = P(f(%) = 1) Any underlying functional information available for the up
XY = rv. equal to product of r.vX andY, transition probability is also saved &g, ay €., its
Bernoulli parampyy = P(fy(¥) O fy(¥) = 1) @ OBDD or its BAM cofactor probabilities).
E[XY] = E[X]E[Y] + CoV[X, Y]
= E[X]E[Y] + pJVar[X]Var[Y]
N Pxy— PxP PW, At ECD
oy bl lali i ;le(Z) z5(A) s
N (Px =P (Py —PY) 0.25 1mA
) . 0 5' 0.5 0.8mA
Py y may then be used to approximate the covariance ——— 0.5mA
between two actual segment height values: 2
9 9 _OZI_5>t At T
. 012 0123456..T
Coviw(), W1 = Puge), ey o Vartwt) I varw(t)] (3) Probabilistic , Current Pulse Mode]
Waveform = Gate ECD

3. ECD Simulation

Figure 2. Constructing a gate ECD from the output node probabilis-
The VDD current of a CMOS Iogic gate isa strong functiontic waveform and a VDD current pulse model. All components in this
of the logical switching activity of its output node. There- ECD are necessarily 100% correlated.
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’_‘I‘—Iﬁ M Figure 4. Construction of the ensemble statistics for a stochastic
A S e e VDD current waveform i(t) described by ECD; .
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3. Module ECD composed by sum of gate ECDs. deduced by exploiting the cyclic structure of the product
i(t)j(t). Specifically, at any given i(t)j(t) has the same
Summing ECDs for a multi-transition probability waveformdistribution as  the product of random variables
- Wit modT)w;(t modT). After a bit of effort [4], this idea
If a probability waveform has more than one transitiongads to the following definitions:

time, one “sub-ECD” is generated for each transition and

all sub-ECDs are summed to form the gate ECD. All unique At
Ri(® =903 [
m=0

Figure

sub-ECD component times are retained and sums of sub-'i
ECD components are treated as a sum of random variables
(Boolean occurrence functions are logically OR-ed):

b d(T—mAt)+ 5 a,8(t-mAt+ kT)]

k = —c0
g(t) = triangle function centered at origin with base widtht 2
At = circuit timebase

E[w(t)] = E[wy(t;)] + E[w(t;)] + E[ws(t;)] a,, = weight of periodic impulse train iRij(r) with shift mAt  (6)
Var[w(t)] = Var[w(t)] + Var[w,(t)] + Var[wy(t)] ¥ EIWi(t)]E[w;(t)]

+2Covw,(t), wy(t)] +2Covwy(t), wy(t)] (5) :,f,éité;tm(?single impulse iiR;(t) at 1| = mAt
+2Covwy (1), wy(t)] ”

_ S Cov[w;(ty), w;(t,)]
Fuy® = )@ O )@ O )@ petzmac

o
1

Covariances in (5) are calculated according with equatioA typical autocorrelation function is depicted in Figure 5.

(3). If no functional information is available, a pre-specifiedin general,R;;(t) is a symmetri@, -periodic function with

numeric correlation coefficient is used in @g, p = 0. some aberration near= 0  due to any non-zero covariance
produced by correlation between pairs of segment heights.

3.2. Building Module ECDs .
_ 5. Results and Analysis
Module ECDs are simply sums of gate ECDs and/or other

module ECDs. A module ECD summation is depicted inThe algorithm detailed above has been applied to the
Figure 3. It is important to note that this procedure assumdSCAS85 combinational benchmark circuits. All gates are
a perfectly conductive, single root VDD current supply net-given integer delays and piecewise constant VDD current
work within the module. pulses as a function of gate fanout. Two different gate
) switching activity simulation algorithms were used, Al and
4. Using the ECD as a Random Process Model gawm. Al'is based on [9] and assumes all logic signals are
independentBAM is based on [10] and approximates the
correlation between signal probabilities using probabilities
the waveform is formed by appending  copiesEGD, 'of function cofactors. Al and BAM results are benchmarked

This operation assumes events in different cycles are ind gainst figures found using Monte Carlo logic simulation
pendent and is illustrated in Figure 4. A o the 3][4] with identical gate models. With this technique, sim-

expected value and variance of the random variables in ﬂ.gatlorés of _?O'ZOE randcl)m vectors. Wered repea?eh(jIy p;r-
concatenation completely specify the first-order ensembl rmed until each result was estimated to within 5%

SinceECD; describes ttsingle cyclestatistics of a random
current waveformi(t) , aml-cycle statistical description of

statistics for a stochastic procegs  [7]. accuracy with 99% confidence.
Since all random processes analyzed in this research begin R;i(1)
at a known time offseti.€., simulation timet = 0 ), they
arestationaryand afford the use of single-parameter auto- / ]
- [ : '[

and cross-correlation functiong;(t) , to describe their sec- < - = 5 T A
ond-order statistics [7] The general shape "‘R(T) IS Figure 5. Typical autocorrelation function derived from an ECD.



Cogic Simulation vs. | Total Avg. | Total RMS |Per-Gate Average vDg ~ shown in Figure 6(c,d). For efficiency, Monte Carlo esti-
ECD Simulation Current Current | Current Absolute ECD : : it
Runtimes ECD ECD Dradiction Ertors mates were found only over t_he first period of the positive
Prediction | Prediction symmetric half of each function. Therefore, even though
seconds|  speedup Errors Errors Al BAM . . . . ;
ECD simulation predicts the entire autocorrelation func-

Circuit L OGSIM [Al BAM Al BAM Al BAM Mean Max Megan Max K X i
c432| 1333s| 7% Ox| 5% -1% -1q% 9% 11% 4p% 4% 1% tion, Figure 6 show®;(t) onlyfad<t<T cf Figure 5).
c499| 94.38s| 90 10: 1% -1% 206 2% 1% 9% 1% % H H fati :
S80I 7e B 5l 570t —=w—Tdos Sio—du—a0, L IS revealing to study the var_latlon of each function. Near
C1355] 626.85| 60k 4x| -26pb 5% -24% lB[A) 7% 66% 12% 54% 1 = 0, the value of the function measures the covariance
2
o 209

1
c1908] 2569s| 114x 9x| -40p6 -26%%6 -371% 3% 8% 64% 17% $2% P
e T e _ZgIﬁIVO S £ Tov e, OEtween closely spaced pulses in the current waveform.
1
*|

c5315( 4309s| 69 *| -34% * | -28% * 24% 78% H
e e A L s - rent pulses that occur farther apart. The autocorrelation

c3540] 3575s| 83X 4x| 2606 -21% -2%% 10% 19% 94% 13% $2% Values at increasing measure the covariance between cur-

Cc7552] 4951s| 37X * | 34% * | -32% * | 26% 84% 7 function results can also be used to infer the quality of their
Table 1. ECD simulation results versus logic simulation results. associated power spectral density predictions. The predic-
* indicates BAM-PS simulation exceeded 256M memory limit. tion error of each curve near= 0 is an indication of how

Simulation results are given in Table 1. RMS results arue| that correlation function will predict theontinuous
generally better than average results due to the conservati¥§mponents in the power spectral density (PSD) of the
nature of the covariance calculation described in sectiofaveform. In contrast, the accuracy of the correlation func-
2.1. That is, overestimates of the covariances tend to offsghn att = T is a measure of how well the function will
underestimates of averages. The quality of gate current esfiogel theperiodic impulseomponents in the PSD.

mates varies. As a rule, Al error distributions are lop-sided . .

with many more under-estimates than over-estimates. Fult should be noted that ECD simulation produces more
thermore, these distributions commonly have a tail runningformation, as well as more flexible information, than
out to -80% or even -100% error, indicating that assumegomparable logic simulations. For example, while Monte
signal independence may be too severe of an approximatiGrrl0 simulations can be used to estimate average or RMS
for gate-level current estimates. In contrast, BAM error disgate currents, ECD simulations estimate the complete ECD
tributions are more symmetric and narrow with a highe®f gate switching currents, which is capable of predicting
peak for small errors. Such behavior is promising and prg2©t only average and RMS gate currents, but also autocorre-
vides impetus for further research into improving the memlation functions and power spectral densities as well.

ory and time requirements for BAM ECD simulation. 6. Summary

Typical ECD predictions of total VDD current are shown in__ . .
Figure 6(a,b). In general, ECD predictions are accurate fo-l;h'S paper has presented a new method for CMOS switch-

small values oft and tend to deviate from Monte Carlg"d current analysis: This .method, based on the idea of
results at higher due to inaccurate estimates of the switc I_E>$pected Current Distributions,” models the ens:gmble sta-
ing activity at the deepest gates in the circuit. Typical EC Istics of per-cycle current waveforms and facilitates the

predictions for the autocorrelation of total VDD current are'nk betweep StaF'C sw!tchlng current analysis and subse-
guent electrical simulation of the current supply networks.
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