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SUMMARY  This paper discusses a statistical effect of per-
formance optimization to uncertainty in circuit delay. Perfor-
mance optimization has an effect of balancing the delay of each
path in a circuit, i.e. the delay times of long paths are shortened
and the delay times of short paths are lengthened. In these path-
balanced circuits, the uncertainty in circuit delay, which is caused
by delay calculation error, manufacturing variability, fluctuation
of operating condition, etc., becomes worse by a statistical char-
acteristic of circuit delay. Thus, a highly-optimized circuit may
not satisfy delay constraints. In this paper, we demonstrate some
examples that uncertainty in circuit delay is increased by path-
balancing, and we then raise a problem that performance opti-
mization increases statistically-distributed circuit delay.
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1. Introduction

In VLSI design, many techniques for reducing circuit
delay and power dissipation are utilized at every de-
sign phase in order to satisfy given design require-
ments. Delay optimization methods basically detect
the longest path and optimize the circuit for reducing
the longest path delay. Some power reduction meth-
ods slow down blocks/cells whose timing constraints
are not tight. Performance optimization therefore can
be regarded as an operation that shortens long paths
and lengthens short paths in a circuit. The delay times
of many paths in a circuit are equalized by performance
optimization, which is called path-balance.

There are several sources that cause uncertainties
in circuit delay time, such as error in delay calcula-
tion, manufacturing variability, and fluctuation of op-
erating conditions. The delay uncertainties are classi-
fied into two groups; global change and random change.
The global change applies to all gates and wires simi-
larly in a certain region, while the random change fluc-
tuates all gates and wires independently according to
a certain statistical distribution. This paper focuses
on the random change. In recent VDSM technolo-
gies, intra-chip variability in transistor characteristics,
which corresponds to the random change, is comparable
to inter-chip variability [1],[2]. The estimation errors,
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such as gate delay model and interconnect capacitance
extraction, can be roughly treated as random fluctu-
ation. Therefore the random change is not negligible
and should be considered properly.

In this paper, we examine the effect of path-
balancing to uncertainty in circuit delay. Due to the
statistical characteristic of circuit delay, the average
value of statistically-distributed circuit delay becomes
large when the number of long paths increases. So
far, this increase of statistically-distributed circuit de-
lay caused by path-balancing has not been well dis-
cussed. We raise a notice that performance optimiza-
tion increases statistically-distributed circuit delay due
to the statistical effect of path-balancing.

2. Statistical Effect of Performance Optimiza-
tion on Circuit Delay Time

The circuit delay, which is the maximum path delay
time in a circuit, Dgjreuit is represented as follows.

Dcircuit = mZaXDz (Z = 1a25 ...,’I’L), (1)

where D; is the path delay time of the i-th path, and
n is the number of the paths in the circuit.

Let us show a simple example of the statistical ef-
fect caused by the max operation. Suppose that D; is
distributed independently according to a normal distri-
bution N(6,1). We examine the distribution of D eyt
under several values of n. Figure 1 shows the distri-
bution of Dgjrenir- When n increases, the average of
D¢ ircuit becomes large and the standard deviation of
D ireuit becomes small.
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We show another example. We fix n to 100, and
vary the standard deviation o of D;. Figure 2 shows the
distribution of D j,cuit- We can see that the average
and the standard deviation of Dgj.cyit become large,
when the standard deviation of D; increases.

Many delay optimization techniques have been
proposed so far, for example, division into pipeline
stages, clock scheduling, technology mapping, gate/
transistor sizing, buffer insertion. As for power opti-
mization, gate/transistor sizing, multiple supply volt-
age technique, multiple threshold voltage technique, for
example, are used. The above performance optimiza-
tion techniques basically modify circuits such that long
paths are shortened and short paths are lengthened.
This operation equalizes the delay times of many paths
in the circuit. Figure 3 explains the concept of path-
balancing.

The path-balancing operation increases the num-
ber of the paths whose path delays are close to the max-
imum path delay (Fig.3). These long paths have the
possibilities of becoming the longest path in the circuit.
The increase of the number of long paths corresponds
to the increase of n in Fig.1, and hence the average
of D jreuit becomes large when the number of the long
paths increases. Performance optimization therefore in-
creases statistically-distributed delay by the statistical
phenomenon shown in Fig. 1.

The random variability in transistor characteristics
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Fig.3 Path-balancing effect caused by performance
optimization.

tends to be larger when its transistor size becomes small
[5]. Transistor sizing for power reduction reduces tran-
sistor widths considerably, and hence it may increase
the amount of delay variability in each gate, which cor-
responds to the effect shown in Fig. 2.

3. Experimental Analysis

This section shows some experimental results of sta-
tistical delay analysis. We reveal that statistically-
distributed circuit delay increases by path-balancing
operation.

We use the ALU part of a vector proces-
sor (dsp-alu) [6] and the circuit (des) included in
LGSynth93 benchmark set for the experiments. These
circuits are synthesized and mapped by a commercial
logic synthesis tool [7] under tight delay constraints.
The target library is a standard cell library used for ac-
tual fabrication in a 0.35 ym process with three metal
layers. These circuits are placed and routed, and the
wire capacitances are extracted from the layouts. We
use these circuits as initial (not path-balanced) circuits.
The number of gates used in dsp_alu and des are 14370
and 3837, respectively.

In order to obtain the path-balanced circuits, we
utilize a transistor sizing method for performance opti-
mization. We optimize the initial circuits by continuous
transistor sizing for minimizing power dissipation un-
der the delay constraint such that the delay does not
increase from the initial value. Here in transistor sizing,
the typical delay is evaluated, i.e. delay fluctuation is
not considered. The optimization method used for the
experiments is a heuristic method that reduces power
dissipation greedily based on the result of sensitivity
analysis [4]. Figures 4 and 5 represent the distribu-
tions of path delay in the initial and optimized circuits.
The number of paths whose path delays are close to
the longest path delay increases drastically, which cor-
responds to the increase of n in Fig. 1.
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Fig.4 Distributions of path delay (des).
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Fig.5 Distributions of path delay (dsp-alu).

3.1 Analysis of Delay Uncertainty

We first evaluate the impact of delay calculation error
to the circuit delay uncertainty in the initial and opti-
mized circuits. We assume an error model of gate de-
lay such that the error of each gate is independently
distributed according to a normal distribution with
30=10% of its typical (no error) delay. The distri-
bution of circuit delay is obtained by a Monte Carlo
analysis as follows. We assign delay fluctuation to each
gate in the circuit randomly according to the given nor-
mal distribution, and evaluate the circuit delay using a
static timing analysis technique. The number of delay
evaluation is 10,000. The results are shown in Figs. 6
and 7. The bar labeled “Typical” represents the de-
lay time calculated using the typical (no error) delay
time for each gate. The statistically-distributed delay
of the optimized circuit increases as we expected. In des
circuit (Fig.6), the average delay of the optimized cir-
cuit is 2.98 ns, whereas the average of the initial circuit
is 2.90ns. The average delay increases by 3% by path-
balancing although the circuit delay calculated from the
typical delay does not change after the optimization.
Also, the delay distribution of the path-balanced cir-
cuit moves far to the right of the typical delay. There-
fore, in the case that the circuit is optimized consider-
ing only the typical delay, the statistically-distributed
delay of the optimized circuit hardly satisfy the delay
constraints.

Next, we examine the relationships between the
uncertainty of gate delay and the distribution of circuit
delay. We assume three models of gate delay uncer-
tainties such that each gate delay fluctuates indepen-
dently according to the normal distribution with 3c=>5,
10 and 15% of its typical delay. In the case of a con-
vex gate delay model for continuous transistor sizing,
it is reported that 30 of the estimation error in sim-
ple gates is 5 to 23% [8]. In this gate delay model,
the error model of 30=15% might be a reasonable as-
sumption. We guess that the model of 30=5% cor-
responds to the delay calculation using well-designed
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Fig. 6 Circuit delay distributions under a delay error model of
30=10% (des).
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Fig.7 Circuit delay distributions under a delay error model of
30=10% (dsp-alu).
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Fig.8 Circuit delay distributions under three delay error
model of 30 = 5,10,15% (des).

look-up tables characterized at many points (capacitive
load, input transition time, transistor sizes). Figure 8
expresses the distributions of circuit delay under three
error models. As the value of 30 increases, the average
and standard deviation of the circuit delay distribution
becomes large, which is the same phenomenon shown in
Fig. 2. Compared with the initial circuits, the increase
of the statistically-distributed delay in the optimized
circuit is large. Even when the accurate delay model
with 30=5% is used in performance optimization, there
is a distinct delay difference between the statistically-
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Table 1  Accuracy of statistical static timing analysis in
worst-case delay calculation.

30 of |Monte Carlo SSTA

Circuit |Gate Delay| Worst-Case | Worst-Case| Error
Error (%) | Delay (ns) | Delay (ns) | (%)

5 2.93 2.93 0.0

Initial 10 2.97 2.97 0.0
15 3.01 3.02 0.3

5 2.96 2.96 0.0

Optimized 10 3.02 3.02 0.0
15 3.09 3.10 0.3

| Average | - | - | - [ 0.1 ]

distributed delay and the typical delay in the optimized
circuit.

3.2 Worst-Case Delay Calculation

The increase of statistically-distributed circuit delay is
different between the initial and the path-balanced cir-
cuits (Figs.6-8). So, setting a design margin to avoid
the delay violation is difficult and seems not to be a
good way. To avoid this problem, statistical delay cal-
culation [9] and the performance optimization based on
statistical delay model [3], [10] are desired. We then ap-
ply the statistical static timing analysis (SSTA) method
[3] to the initial and optimized circuits. The circuits
and the error models of gate delay are the same with
those used in the previous experiment. We evaluate the
worst-case delay D.orst. The worst-case delay Doyorst
is defined such that the probability of D¢ireuit < Dworst
becomes 99.87%, which corresponds to the value of
m + 30 in a normal distribution.

Table 1 shows the accuracy of the statistical static
timing analysis (SSTA) method [3]. The column “3c of
Gate Delay Error” represents the value 30 of gate delay
uncertainties. SSTA method computes the worst-case
delay Dors¢ Within 0.3% error, and the average error is
0.1%. SSTA method can calculate the worst-case delay
accurately irrespective of the initial and the optimized
circuits. Table 2 represents the comparison of CPU
time needed to derive the worst-case delay. The column
“Monte Carlo” corresponds to the Monte Carlo simula-
tion whose number of delay evaluation is 10,000. Each
CPU time is the average CPU time of six calculations
shown in Table 1. SSTA method calculates the worst-
case delay as more than three thousand times as fast as
the Monte Carlo simulation with 10,000 delay evalua-

Table 2 CPU time of worst-case delay analysis.

Monte Carlo Statistical Static
F#evaluation: 10k | #evaluation: 1 | Timing Analysis
6044 s 0.6s 1.9s

tions. SSTA method requires only threefold CPU time
of the Monte Carlo simulation whose evaluation number
is one. In other words, SSTA needs threefold CPU time
of the usual static timing analysis, although the average
error of SSTA is 0.1%.

4. Conclusion

This paper examines the statistical effect of path-
balancing operation to uncertainty in circuit delay. We
demonstrate some examples that uncertainty in circuit
delay is increased by path-balancing. We raise a notice
that path-balancing increases uncertainty in circuit de-
lay, and demonstrate a problem that a highly-optimized
circuit may not satisfy delay constraints.
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