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A processor maximum clock frequency (FMAX) distribution is signifi-
cantly influenced by the magnitude of critical path delay deviations
resulting from both die-to-die (inter-die) and within-die (intra-die)
fluctuations. FMAX is a measurement performed at wafer sort in
which each functional die is tested for its maximum operating clock
frequency. Die-to-die fluctuations resulting from lot-to-lot, wafer-to-
wafer and some sources of the within-wafer variations affect every
element on a chip equally. Conversely, within-die fluctuations con-
sisting of both random and systematic components produce a non-uni-
formity of electrical characteristics across the chip [1].

The FMAX distribution model is based upon statistical simulations of
critical paths for a 0.25um Pentium®family processor. Die-to-die
(D2D) fluctuations are simulated using statistical process files that
incorporate D2D variations. Within-die (WID) fluctuations are ana-
lyzed using a WID circuit simulator along with 0.25pm WID variation
models. Figure 17.6.1 summarizes the statistical simulations of three
critical paths by providing the mean delay (utep) and the ratio of the
standard deviation to the mean delay (61ep/liTep) corresponding to D2D
and WID fluctuations. The mean critical path delays are different for
the three simulated paths, since some circuits require execution in
less than one clock cycle. The nominal mean critical path delay
(Tep,nom) 18 assumed equal to the longest path delay. The nominal crit-
ical path standard deviation (0Tepnem) is calculated by averaging the
ratio of the standard deviation to mean path delay for all three simu-
lated paths.

The impact of WID fluctuations on one critical path is modeled as a
normal distribution using the nominal mean and standard deviation
provided in Figure 17.6.1. The probability of one critical path satisfy-
ing a specified maximum delay (tmax) is calculated as:
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where t is the variable critical path delay. Fwip-r,,,,,and fwin-1,,,,,,
are the WID cumulative and density functions, respectively, for one
critical path. A chip, however, contains many critical paths, all of
which must satisfy the worst case delay constraint {2-4]. The paths
may be completely dependent (correlation=1), independent (correla-
tion=0) or some correlation between 0 and 1. If two paths are com-
pletely dependent, only one distribution is required to model the
worst-case delay for both paths. If two paths, however, are not com-
pletely dependent, both paths must be statistically combined to obtain
the worst-case delay. Assuming a number (N¢,) of independent criti-
cal paths for the entire chip [4], the probability of satisfying tmax is:
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where Fwip is the chip WID cumulative distribution. The chip WID
maximum critical path delay density function is then calculated by
taking the derivative of (2) with respect t0 tmay as:

fwip (tmax)= Nepfwin-r,, ., (tma)Fwip-T,
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Figure 17.6.2 illustrates the dependence of the WID maximum criti-
cal path delay density function (3) on N¢p. As N, increases, the mean
delay increases and the standard deviation decreases. Since the slow-
est critical path limits the chip overall performance, the probability of
a longer cycle time increases as N, increases. For example, when
only one path is considered, the probability of a delay less than Tep nom
is equal to 0.5. When two independent critical paths are considered,
the probability that the delay is less than Tepnom is (0.5)%=0.25.
Notice, however, that increasing N¢p from 1 to 10 has a greater impact

on the mean and variance of the WID distribution than increasing Nep
from 10" to 10", thus elucidating the decreasing dependence of the
WID distribution on N, as N increases to relatively large values.

The impact of both D2D and WID fluctuations on the chip maximum
critical path delay distribution is analyzed by combining the indi-
vidual D2D and WID distributions. Shifting the D2D and WID dis-
tributions by  -Tepuem, the  resulting  distributions
(far,,, and far,,,) represent the deviations in delay from Tepnom.
Assuming far),, and fat,,, are independent, the maximum critical
path delay is calculated as:

Tcp,max = Tcp,lmm + ATp2p + ATwip, (4)

where ATpop and ATwip are the deviations in the nominal critical
path delay due to D2D and WID fluctuations, respectively. The max-
imum critical path delay density function resulting from both D2D
and WID fluctuations is then calculated from a convolution,

fi Tepmax = f Topom * f: AT o * [ ATy » (5)
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Figure 17.6.2 also plots the D2D critical path delay distribution.
Notice as Ny, increases the WID distribution approaches an impulse
function with an increasing mean delay. As the D2D and WID dis-
tributions are statistically combined through (5), the resulting dis-
tribution has a mean equal to that of the WID distribution and a
variance resulting predominantly from the D2D distribution. Thus,
WID fluctuations determine the mean of the maximum critical path
delay distribution, and D2D fluctuations determine the variance.

is an impulse at Tep nom-

The combined distribution in (5) is now mapped to a frequency dis-
tribution. The maximum clock frequency is calculated as:

Fclk,nwx = (6)
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where b is the clock skew factor (b=0.9, assumes 10% clock skew).
Figure 17.6.3 illustrates the mapping of 1, . to the maximum clock
frequency density function ( fF,, .. ). The probability that the maxi-
mum critical path delay is within some interval ty< ¢ < ¢; is equal to
the probability that the maximum clock frequency is within the inter-
val blt; < Fur < bltg. As t1- to approaches zero, the maximum clock
frequency density function is derived as:
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Figure 17.6.4a compares the FMAX distribution model, described in
(1), (3}, (5) and (7), for both D2D and WID fluctuations with N =100
against the FMAX measured data obtained at wafer sort for a
Pentium®family microprocessor. The predicted FMAX distribution
agrees closely with the distribution of measured data in mean, vari-
ance and shape. Figure 17.6.4b validates the model with measured
data for the cumulative FMAX distribution. Figure 17.6.5 plots the
distributions resulting from only D2D and only WID fluctuations to
illustrate their individual effects on the FMAX distribution. These
results clearly reveal that within-die fluctuations directly impact the
FMAX mean and die-to-die fluctuations impact the FMAX variance.
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I8 Path 1| Path 2 | Path 3 [ Nominal Path
700 | 0.77 | 051 1.00
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WID: orep/trep (%) | 265 | 319 | 3.32 3.05

Figure 17.6.1: Stafistica! summary of the die-to-die (D20} and within-die (WID)
! flucuations on three critical paths for an Intel® Pentium® family processor as well

as the nominal path.
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Figure 17.6.3: Mapping the maximum critical path delay distribution to the maximum
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. Figurg 17.6.4; Comparison of the model projections with measured data for the maximum clock frequency {a) prabability density and (B} cummulative distributions.
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Figure 17.6.2: The within-die (WID) maximum crilical path deiay distriGution for
different values of N, and the die-to-die (D20} tritical path delay distribution.
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Figure 17.6.5: Individual contributions of die-to-die (D2D) and within-die (WID)
fiuctuations to the FMAX distribution.
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