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corporate statistical timing deviations caused by these sources seems to be

Abstract te statistical timing deviati d by th tob
Noise effects such as power supply and crosstalk can significantlyingvitable. Our path selection technique considering power supply noise

fect the performance of deep submicron designs. These delay effectl$ &@sed on a statistical timing analysis framework [4]. In statistical tim-

: ; ot . e analysis, the delays of cells/interconnects are modeled as correlated
h_|gh|y |nput pattern dependent. Existing path sglecﬂon anq timing anég’adom )\I/ariables Withyknown probability density functions (pdfs). Given
sis techniques cannot capture the effects of noise on cell/interconnec e cellfinterconnect delays, the cell level netlist and the clock period,

lays. Therefore, the selected critical paths may not be the longest pg{iifistical timing analysis can derive the pdfs of the signal arrival times,
and predicted circuit performance might not reflect the worst-case cCirggijuired times and slacks at internal signals and primary outputs. Noise
delay. In this paper, we propose a path selection technique that can egfects, such as power supply noise, can cause perturbations of the delay
sider power supply noise effects on the propagation delays. Next, for#imelom variables of the affected cells and/or interconnects. We use the
selected critical paths, we propose a pattern generation technique forsigtistical model for power supply noise proposed in [1] to derive the per-
namic timing analysis such that the patterns produce the worst-case pdWied delay random variables of each cell/interconnect in the presence of
supply noise effects on the delays of these paths. Our experimental reRAWEr SUpply noise. By running the statistical timing analysis using the

demonstrate the difference in estimated circuit performance for the cB§gUrPed cellinterconnect delays we derive the slack distributions at in-
when power supply noise effects are considered vs. when these effec ernral nodes and primary outputs of the circuit. These slack distributions
P pply ) &'fhen used in our critical path selection strategy. After the set of crit-

ignored. Thus, they validate the need for considering power supply nQIs¢ haths considering power supply noise has been selected, we perform
effects on delays during path selection and dynamic timing analysis. - gynamic timing analysis. For this purpose, for each selected path, we gen-
1 Introduction erate vector pairs that sensitize the path while producing the worst-case
. . . . . ower supply noise effects on its propagation delay. Our experimental re-
Continuous shrinking of device feature size, increased number of |nter«§m\-3 demonstrate the advantage of considering power supply noise effects
nect layers and gate density, increased current density and higher VO§iagQq the path selection process as well as during pattern generation for

drop along the power nets give rise to the noise effects such as power §iBsmic timing analysis. Because different nodes/interconnects in the cir-
ply noise and crosstalk noise. Analysis shows that excessive noise

significantly_ af'fect_ the pe_rformance o_f deep submicro_n design_s [1]. Fd’fhe

devices are switching simultaneously and this results in increased p ys are considered from the case when the effects are ignored. The ex-
supply noise. The power supply noise reduces the actual voltage 'Et\;‘ﬁ ental results clearly indicate the difference and thus validate the need

reaching a device, which, in turn, leads to increased cell and interconp&alyhidering power supply noise effects on delay during path selection.
propagation delays. This results in increased signal arrival times at theém-

mary outputs and the next state lines and causes performance degradétioackground
If the cell is a clock buffer or is in the timing-critical path, this delay de\S/'E
ation could cause serious clock skew problems or a non-trivial increa: eq
the critical path delay. Similarly, increase in design density leads to nf)Wé

fﬁgen;féﬁ%qﬁ;%isetﬂf tﬁgedcéiigﬁg/veen the interconnects that can again noise and power ndR voltage drop. The inductivAl noise is caused

The goal of timing analysis is to predict the performance of the desﬁ%.the change of the instantaneous current on either the package lead in-

. ) - Lo
However, traditional timing analysis techniques cannot consider noiseldgtance or on wire/substrate inductance and it is proportiortaftoOn
g @ther hand, thiR voltage drop is caused by the instantaneous current

fects on the performance of the design. This is because these effect% L X :
through the resistive power and ground lines. Recently, several techniques

highly input pattern dependeribynamic timing analysig used to predict S e ;
the performance of the design by simulating a sef of input patterns. TO®E Peen proposed for estimating power supply noise in deep submicron
ns [5, 6, 7, 8]. The first three approaches use closed-form equations

able to give an accurate and efficient estimate of the performance, dyngﬁﬁl'# ; | . h | . h cell
timing analysis must simulate a small set of patterns producing the wdts€'Icient models to estimate the power supply noise at each cell based

case path delays in the circuit. Therefore, this process involves seleﬁwe given input conditions. The fourth technique provides an accurate
the right set of paths and generating the right set of patterns for th@f§f efficient method for estimating the maximum power supply noise in
Traditionally, path selection is performed using timing analysis tools B¢ entire circuit. This technique uses a Genetic Algorithm-based (GA-
selecting all paths that exceed some percentage of the clock period (ct&5fd) [9] approach for generating a small number of input patterns that
time). However, traditional false-path-aware timing analysis tools (suctf@4se high power supply noise. For efficiency reason we incorporate this
PrimeTime [2]) cannot take into account the noise effects and theref&ta;Pased technique into out timing analysis flow.
can fail to include some critical paths into the target set. In this paper,Syatistical Timing Analysis Framework. The core engine for our sta-
address the problem of path selection and pattern generation for dynagtical path selection considering power supply noise is a statistical timing
timing analysis considering power supply noise effects. Our path selecsinalysis framework [4]. To achieve a balance between accuracy and ef-
technique can also be used for selecting a set of paths for delay tesidighcy, we adopt a cell-based approach in building our framework. It
considering power supply noise effects [3]. requires pre-characterization of cells, i.e., building libraries of cell delays
Many parametric variations, noise sources and modeling errors (caasetloutput transition times (as random variables). The input transition
by, for example, inaccurate RC extraction and reduction) are statisticairime and output loading of the cells are used as indices for building these
nature. Therefore, the use of statistical methods for timing analysis tdibraries. Since the goal of statistical timing analysis is to describe the

yé/er Supply Noise Estimation. Power supply noise is a result of
ching activity in the circuit and it is highly input pattern dependent.
neral, power supply noise includes two components: induffive

o
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Figure 1: Statistical vs. nominal path selection method. Figure 2: Types of slack distributions.

timing behavior of the circuit regardless of the applied input patterns, ieguired time and the arrival time). If the slack of the node is negative, the
adopt the worst-case analysis in building the cell libraries. The intercoaéde is a critical node. Here, the required times of all primary outputs and
nect delay is also modeled as a random variable and is pre-charactenieridstate lines are set to the given limit of path delay. Under the statistical
once the RCs are extracted. The random variables of the signal arfigahework, the arrival times, the required times, and the slacks of internal
times at cell/interconnect outputs are computed using the informatiomodes are all random variables. Therefore, a node could be critical for
the arrival and transition times of the cell fanins as well as the informat&mme circuit instances but non-critical for other circuit instances.

on the cell/interconnect delays [10]. Our framework uses Monte Carld-or any node in a circuit, there are three types of possible slack distri-
simulation based technique to approximate the pdfs of the signal artivalons as shown in Figure 2. If the entire pdf of a node’s slack is in the
times at the internal signals and primary outputs. The convergence crifg#tive region, as shown in Figure 2(a), we say the node has a positive
are decided based on desired accuracy of results. Our framework alsglafk. For all circuit instances, this node is non-critical and it will not be in
ficiently supports a large number of elements sharing the same correlaigncritical path. If a node has a negative slack (Figure 2(b)), the node is
factor and it avoids the problem of the large size of covariance matrix uaettitical node for all circuit instances. If the pdf of a node’s slack covers
to model correlation between elements. both positive and negative regions as shown in Figure 2(c), we say the node

Statistical Model for Power Supply Noise and Its Delay Effects. To has & mixed slack. The area of the pdf in the negative region is the prob-
estimate the propagation delay increase of cells/interconnects (as a ra@@Jfy of the node being a critical node. Note that if normal distributions
variable) due to the power supply noise we use the technique prop@&gdgissumed, any slack will always have a non-zero probability of being
in [1]. It first builds a statistical model of the supply voltage. In this moddf, Poth positive and negative region. In that case, we can set a threshold
the supply voltage is represented as a random variable and its pdf is def@fdi€ classification. For example, if the threshold is set to 99.7%, then a
from the transistor-level simulation results using a small set of vectors [19§l€ iS classified as one with a positive slack if the area of the slack pdf in
which cause high power supply noise. Next, by this statistical model, Y& POSitive region is over 99.7%.
can derive the perturbation on the pdfs of the propagation delays forEkample 2 Toillustrate different types of slack distributions and how they
affected cells/interconnects. This is done by combining a set of delaya@ be used for path selection, consider the circuit in Figure 1. The limit
Vgq curves (available in the cell library or derived during the cell libragf path delay is set to 20.00 time units which is then the required time of
characterization phase) with the statistical model of the voltage level. grimary OUtprtg- IAftker st?jtistical timbilng analysis, t?je mean and stanldard

; eviation ofg’s slack random variable are5.96 and 138, respectively
3 Path Selection (assuming a normal distribution). As the Bounds of this random variable
Due to a very large number of paths in practical designs, techniquesaferall in the negative region, by definitiog,has a negative slack. On
dynamic timing analysis and delay testing rely on selecting a small sethef other handf has a mixed slack (-4.64/2.23) as the pdffes slack
target paths for analysis/testing. The set of longest paths in the circuitars both positive and negative regions. If we perform Monte Carlo-
significantly differ for the case when noise effects on propagation delBysed static timing analysis for 480 runs, the delafPbfalways exceeds
are considered from the case when these effects are ignored. Existingth@#pecified limit and thus is guaranteed to be a critical path (with a certain
selection techniques cannot consider noise effects on the propagatiogaiidence level). On the other hand, the probabilitPafbeing critical
lays and therefore, might not select the right set of paths. Also, the exiséng39/480 = 91% (in 439 out of 480 Monte Carlo runs it is a critical
techniques for path selection are based on the results of nominal or wpegh). If the paths are ordered according to the runs (probabilities) in which
case timing analysis (i.e., the delay of each cell/interconnect is a sifgéepaths are critical, the order will #&L(480), P3(469), P2(439), and
value - either its nominal delay or worst-case delay) instead of statistrg(l373). If we would like to cover all paths whose probability of being
timing analysis. This again can lead to selecting some not-so-critical patitial is higher than 50%, then all paths should be tested. On the other
while omitting other more critical ones for analysis/testing as illustratediind, if we can afford to select only two paths, selecitigandP3 will
the following example. maximize the probability of covering the most critical paths encountered
Example 1 Consider the circuit in Figure 1. It has four paths connectifiyall circuit instances.

Pls (i.e., signals, b, ¢, d) to PO (signab): P1, P2, P3, P4. If the nominal path Selection Strategies. In our statistical path selection procedure,
pin-to-pin delays are used, the longest patiPiswith delay of 25 time \ye first derive the cell/interconnect delay random variables by including
units. On the other hand, if thexdin-to-pin delays are used (e.g., the 3the power supply noise effects on the propagation delays [1]. Next, using
pin-to-pin delay fromato eis 15+ 3 x 1 = 18), the longest path becomegonte Carlo sampling we derive the pdfs of signal arrival times, required
P4 with delay of 34 time units. If we can afford to select only one pathtithes and slacks. The path selection procedure is then based on these pdfs.
the circuit, then these two different delay models would result in a selectignselect a set of most critical paths considering power supply noise ef-
of completely different paths. As this example illustrates, conventiopadts, it is clear that we must select all paths on which every node has
methods for path selection based on single-value analysis may fail to fighgative slack. This is because the delays of these paths, if they can be
the right critical paths. This observation motivates the need for a pafRsitized, are guaranteed to exceed the specified limit. However, selecting
selection methodology under the statistical timing analysis environmefaths containing only nodes with negative slacks is not sufficient. There
3.1 Statistical Method for Path Selection are many paths V\_/hi_ch contair_l si_gnals_v_vith mixed slacks_. _These paths have
) ) L . non-zero probabilities to be timing-critical. The probability of a path be-
Our goal is to find a minimum set of paths considering power supply NQi§¢ timing-critical is equal to the smallest node probability for the nodes
suph that sensitizing these paths leads to an accurate prediction of thg@ﬁg the path. Path searching strategies are used to maximize the total
cuit performance. This is equivalent to searchingcfitical paths Critical probability of a selected path set.
paths are paths with delays e>_(ceeding a given Iir_nit which can be a certaifye propose two path searching strategitsategy 1searches for paths
percentage, e.g., 90%, of the intended clock period. whose probabilities of being timing-critical exceed a given threshold (e.g.,
Critical Nodes. Critical paths are composed ofitical nodes Critical 30%). This search can be done by searching for paths that contain nodes
nodes are defined with respect to their slaciadkis the difference of the whose probabilities of being timing-critical exceed the given threshold. If
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Figure 3: Circuit model for deriving power supply noise.
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the given threshold is 100%, then the paths selected will be guaranteed to for each cell ‘
be timing critical as discussed at the beginning of this subse@imategy oo ____ !
2 closely integrates path selection into Monte-Carlo-based statistical tim-
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paths than Strategy 2, and very often cover most paths selected by Strategy es
2. Therefore, Strategy 1 will provide better path selection results at the cost no
of more CPU time and memory for longer test sequences. Note that these [ Transistor-level smuationof thepattens |

strategies are used after the complete statistical timing analysis is done, so
there is no explicit path enumeration at each run of Monte Carlo analysis.

4 Pattern Generation Figure 5: Dynamic timing analysis flowchart.

Our pattern generation method for dynamic timing analysis consists of &éed such that they activate the worst-case noise effects and produce the
eral steps. The first step is a pre-processing step and it is performed wohgt-case propagation delay on the path. Consider, for example, the cir-
once for each design. In this step, we extract the poweR@stand build cuit in Figure 4. The selected path is shown in bold line. There are 6
a current/voltage waveform library for different cells. In the second stepmary inputs in this circuit (marked with symbadghroughf). In order

for each selected path, we generate a partially specified input vectortpaensitize the path only the value of primary inputas to be fully spec-

that sensitizes the path. In this step, we attempt to leave as many priifizg. Different assignments of unspecified values can result in different
inputs unspecified as possible. In the third step, we assign the unspeg#éu delays. This is because gate delays depend on the number of inputs
primary input values such that the power supply noise impact on the detags are switching and because different input vector pairs can also result
of the signals on the path is maximized. in different power supply or crosstalk noise. For example, transistor level

Step 1. The circuit model used for deriving the current/voltage wavefor‘?‘mirnu""‘tion [12] of & vector paw (abcdef) = (011000111000 produces

libraries for each cell is shown in Figure 3. Symbujg andVss are used @ Path delay of 2.71 ns, whilé;(abcde f) = (000101111000 produces a

to denote power and ground. In the following, we will discuss only tRath delay of 2.80 ns.

network used to modélyg pin and segment (the model fks is similar Step 3. For each selected path, our goal is to generate an input vector
to Vyg). EachVyq pin is modeled by aRLC network (pg, Rpg andCpg). Pair _su'ch that the impact of the power supply noise on the _path delay is
SymbolCs is used to denote the substrate and on-chip decoupling cap&giximized. The assumption that a two-vector pair could excite the worst-
tance. Symbol&,q andC,q are used to denote the effective resistance agfe power supply noise is valid, since we assume that any vector can be
capacitance o¥/yq line from theVyq pin to Vyq node of the cell, respec-initially applied to the sequential circuit. We extend the GA-based ap-
tively. Power supply noise at thgq node of a cell can be computed byproach [8] to use the primary input don’t care set for this purpose. The
summing up the inductival noise andR voltage drop along the powerhitial population for the GA-based iterative phase is derived from the par-
line segments from theyg pin to theVgg node of the cell. Noise causedially assigned vector pair obtained in the previous step by randomly as-
by the wire/substrate inductance is ignored, since it is substantially sm&i@hing the don’t care values. Next, we use the cell current/voltage wave-
than that caused by the package lead inductance. Though this packagé&@adibraries and the information about the extracted powerR@st de-
inductance is seen globally the same for all cells, it should be considergévgfl in Step 1 to perform the waveform simulation of the current pat-
this characterization phase because the final current waveforms are diffgs. The fitness value of the pattern is calculated as a summation of
ent for every cell, even with the same inductance value. In order to findtiie maximum power supply noise for the nodes on the path. In each it-
power supply noise, it is necessary to derive accurate current wavef@fagon of the GA, we use the selection, crossover and mutation schemes
for all segments 0¥/yq andVsslines and pins, which depend on the chargélggested in [11] to generate a new pattern population. The GA-based iter-
and discharge current waveforms of all cells. For a given circuit with @ié/e process stops when the number of generations exceeds a pre-specified
netlist and its physical design, first the current waveforms for each §@t. For the same path in Figure 4, this approach produces vector pair
with respect to a given input pattern are estimated. The current wavefdfsfgbcde ) = (010011111100 which results in a path delay of 2.99 ns.

for all the cells are then used to compute the current waveforms throbir the vector patterns for all selected paths have been generated, we use
theVyg andVss pins as well as all segments\dfy andVss nets. a transistor-level simulator [12] to predict the circuit performance. The

Step 2. Sensitizing a given path usually requires assignment of On%zgvchart of our dynamic timing analysis algorithm is shown in Figure 5.

small number of primary input values. The unspecified values can be specEXperimental Results

In this section, we describe our experimental results for path selection and
pattern generation for dynamic timing analysis for ISCAS85 and ISCAS89
benchmark circuits. All results are obtained for Ou2h 2.5 V technology.

To demonstrate the need for considering power supply noise effects dur-
ing path selection process, we select three sets of critical paths. The first
set of paths is selected using Strategy 1 with threshold set to 10%, which
controls the minimum probability of nodes to be considered in path selec-
tion. We denote this set of paths 8& The second set of paths (denoted
. L o . asS? is selected using Strategy 2. The paths in these two sets are selected
Figure 4: Minimally specified input vector pair. considering cell/interconnect delays that take into account delay pertur-




circuit performance for simulated patterns (ns)
Max delay Ave Delay CPU time (s)
Pattern set M1 Pattern set M2 Pattern set M1 Pattern set M2 # selected paths | STA

Ckt # cells S1 S2 N S1 S2 N S1 S2 N S1 S2 N S1 S2 N path GA
C1355 517 | 279 271 251 241 235 211 242 255 232| 200 210 1.86| 248 52 248]| 1.00 12
C1908 615 | 3.87 3.77 3.34| 359 354 3.11| 345 351 3.26| 3.11 320 292| 94 12 122 2.47 21
C2670 811 | 434 428 4.05| 402 399 354| 391 408 3.77| 365 378 322 96 16 112| 2.56 25
C3540 1135 | 655 6.55 595/ 6.03 6.03 531| 6.21 6.21 564 588 588 471 16 16 16 | 7.05 54
51196 487 | 2.21 2.21 1.90| 1.88 1.88 1.69| 2.00 2.01 1.71] 1.70 1.71 1.50| 28 27 29 | 1.92 9
51238 540 | 2.86 2.79 2.46| 283 266 231| 263 271 230| 243 251 207 7 3 10 | 1.88 12
51488 608 | 485 480 450| 451 433 4.21| 383 392 380 3.71 382 3.71| 114 12 142| 2.64 18
s5378 1256 | 3.89 3.85 3.74| 3.47 3.22 3.12| 3.60 3.71 3.21| 3.01 3.13 2.98| 30 22 22 | 3.52 32
s9234 1192 | 6.17 6.14 590 5.81 5.78 4.91| 5.78 5.88 5.21| 5.31 5.55 4.70| 90 8 114 | 4.77 28
513207 2975 | 2.95 2.93 2.85| 2.71 2.70 2.65| 2.69 2.65 2.58| 2.40 2.37 2.33 6 6 4 | 157 85
s$38584 12705 | 18.1 17.4 16.2| 16.5 16.1 14.6| 15.2 16.9 13.8| 14.2 15.8 12.1 7 2 7 | 52.2 102
Average
(norm) - 1.23 1.22 1.12| 1.13 1.11 1.00| 1.23 1.26 1.13| 1.11 1.14 1.00

Table 1: Circuit delay for different sets of paths and different test vectors.

bations caused by power supply noise effects. The third set of pathE2P% larger if the noise is taken into account only during pattern genera-
selected using nominal delays for cells/interconnects (power supply nt@es. We would like to stress that the final part of this experiment is done
is not being considered). The required time for the outputs is set suchhat full-circuit Powermill simulation. This complete simulation can con-
the number of selected paths in the third set approximately matchessither various aspects of analog behavior of the circuit. For example, the
number of paths selected by Strategy 1 (because of the presence ofdatselation of power surge in different parts of the circuit is taken into ac-
paths we cannot easily select the same number of paths in these setsjoWvi by the simulator automatically. In general, the measured worst-case
denote the third set of paths Bs This set represents the paths selectddlays should be considered accurate with the power supply model used.
by the traditional method. For each of these three sets of paths, we ggner, i
ate two different sets of vectors. The first set of vectors (denotédl3s ® ) COI”IC|USIOI’]$ " .
is generated using the technique described in Section 4. Therefore, ke effects can significantly affect the performance of deep submicron
vectors are generated such that they sensitize the paths and the don’EESHS- Traditional critical path selection and timing analysis tools can-
set at the primary inputs is used to maximize the power supply noise a||agbcon5|der these gffects on the propagation d_elays o_f interconnects/cells.
the nodes in the paths. The second set of patterns is generated such that@igfore, the predicted longest delay of the circuit might be shorter than
vectors senistize the paths and the don't care primary inputs are assig?%gue worst-case delay of the circuit. We have proposed a methodology
randomly. We denote this set of vectorsM2. The two sets of patternsior selecting (_:rltlcal paths and_ estimating the performan_ce of the design
are next simulated using a transistor-level simulator (PowerMill) [12] it can take into account the impact of power supply noise effects on the
estimate the performance of the design. perf_ormance of the cwcu@. We use statistical tlrr_ung analy3|s as a core
The results of the experiment are shown in Table 1. Columns 3 throfgine for our path selection strategy, together with statistical models for
8 show the delay of the longest path in the circuit. Columns 9 throug eggmatmg the impact of power supply noise on the interconnect/cell de-
show the average delay for the tested paths. Columns 3, 4, and 5 . Also, we propose a technique for generating patterns for the selected
the propagation delays of the longest paths in sets S1, S2 and N witR$E1S such that they produce the worst-case noise effects on the delays.
spect to the patterns generated under M1 strategy, respectively. Col xperimental results show a S|gn|f|c_ant increase in the_ estimated cir-
6, 7, and 8 show the delays of the same sets of paths after applyiné:qﬂé)erformance when power supply noise effects are considered.
patterns generated using strategy M2 which represents the existing pattern References
generation methods. The results for the average delays based on the three ) :
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