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Abstract Parameter variations cause high yield losses due to
their large impact on circuit delay. In this paper, we propose the
use of so-called soft-edge flip-flops as an effective way to miti-
gate these yield losses. Soft-edge flip-flops have a small window
of transparency (ranging from 0.25-3 FO4) instead of a hard
edge, allowing limited cycle stealing on critical paths, and thus
compensating for delay variations. By enabling time borrowing,
soft-edge flip-flops allow random delay variations to average
out across multiple logic stages. In addition, they address small
amounts of delay imbalance between logic stages, further maxi-
mizing the frequency of operation. We develop a library of soft-
edge flip-flops with varying amounts of softness. We show that
the power and area overhead of soft-edge flip-flops grows
directly with the amount of softness. We then propose a statisti-
cally aware flip-flop assignment algorithm that maximizes the
gain in timing yield while minimizing the incurred power over-
head. Experimental results on a wide range of benchmark cir-
cuits show that the proposed approach improves the mean delay
by 1.9-22.3% while simultaneously reducing the standard devi-
ation of delay by 1.9-24.1% while increasing power by a small
amount (0.3-2.8%).

1 INTRODUCTION

Modern CMOS processes suffer from large variations in
transistor parameters such as length and threshold voltage
[1]. As the circuit delay has a strong dependence on these
parameters, it shows a significant spread due to process vari-
ations. This can result in substantial yield losses due to tim-
ing failures in the circuit, as nominally sub-critical paths may
now become critical. Scaling trends point to an overall
increase in the variations with technology scaling. This
increase can be attributed to a number of factors, such as
increasing difficulty of manufacturing control, increase in
atomic scale randomness like variation in dopant profile of
the transistor channel, and introduction of new systematic
variation generating mechanisms [2]. Hence, there is a need
for extensive design and modelling in order to address the
variations.

A significant amount of research has focussed on process
variation aware analysis. One such approach is corner based
static timing methodology [3]. However, traditional corner
based design approach mostly leads to overly pessimistic
guardbanding [4]. Moreover, while global variations can be
approximated by considering appropriate corner cases, it
does not provide a statistical way of modelling the variations
across dies. Also, as variations are increasing, number of
process corners to be considered for true accuracy is becom-
ing too large for computational efficiency. A second
approach, namely, statistical static timing analysis (SSTA)
has emerged as an alternative analysis approach. While much
work has been done on analysis using SSTA [5, 15], there
has been a limited work to account for variability in circuit

optimization[6, 7, 8, 13, 16]. In [7], the authors extend deter-
ministic optimization using gate sizing approach to the statis-
tical domain, while in [9], authors used geometric
programming to address the problem. Most of the optimiza-
tion in this area uses gate sizing as a solution.

Retiming and so-called usefu! clock skew assignment has
been considered as an effective way to balance out the path
delays and maximize the frequency of operation. In the past,
this has been formulated as a linear programming problem
[10]. However, with the exception of [11], these solutions are
deterministic in nature and do not consider the effect of pro-
cess variations. Useful skew assignment also results in a
large number of paths pushed to the very edge of satisfying
the timing requirements. Hence, even a slight variation in
delay on these critical paths can cause a timing based failure.
This makes useful skew assignment more effective in
improving nominal delay than for improving yield. Further-
more, useful skew assignment is typically performed on an
individual flip-flop basis, which is difficult in practice. In the
results of this paper, we show that performing useful skew
assignment for clusters of flip-flops can address clock skew,
but is ineffective for addressing process variation and circuit
imbalance.

Another approach to address delay variations in the circuit
is to use latch based design. Latches have no hard boundary
and are transparent for half a clock period. This means that
there can be variations in the data arrival time and still the
correct data would be captured by the latch. In [12], the
authors present clock scheduling for latches in order to
improve yield considering the delay variations. However,
latch based design has its own limitations. The most impor-
tant problem with latch based design is the need for two sep-
arate clocks, which means significant power and area
overhead. Furthermore, generating two non-overlapping
clocks can be difficult in high performance design. Other
problems with latch based design include serious hold time
violation issues due to the large period of transparency, and
difficulties in designing with latches using standard EDA
tools. The goal of our work is to use the concept of averaging
and cycle stealing, while maintaining the conventional flip-
flop based paradigm.

In this paper we propose the use of soft-edge flip-flops as
a useful method to address process variation as well as lim-
ited circuit imbalance through time borrowing and averaging
across stages. The key idea is to delay the clock edge of the
master latch so as to create a window of transparency instead
of a hard boundary for capturing the data. As shown in Fig-
ure 1, the transparency window allows cycle stealing in order
to compensate for the difference in delays of the two paths
resulting from either circuit imbalance or from local random
process variations. Soft-edge flip-flops utilize the fact that
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Figure 1. Transparency window compensating for delay variation.

random variations average out along a circuit path, and by
allowing averaging across stages they reduce the sensitivity
of the design towards process variations. By creating a win-
dow of transparency, we increase the hold time of the flip-
flop. However, as the window is small, the resulting increase
in hold time is not large enough to cause hold time viola-
tions. This is verified for all the test circuits as discussed later
in the results section.

The softness comes at a cost of power. Hence, we designed
a library of soft-edge flip-flops with varying amounts of soft-
ness in order to analyze the power overhead involved. A
variation aware algorithm was then used to statistically opti-
mize yield with minimum power overhead. When applied to
a wide variety of benchmark circuits synthesized, placed and
routed with an industrial library, the resulting improvement
in the mean delay ranged from 1.9-22.3%, for a power over-
head of about 1.8% on average. The corresponding improve-
ment in p+3c value for the delay distribution ranged from
4.8-23.6%, which gives an estimate of improvement in tim-
ing yield. The yield data was obtained using Monte Carlo
simulation.

The remainder of this paper is organized as follows. Sec-
tion 2 discusses the proposed methodology while Section 3
describes the soft-edge flip-flop assignment technique. The
actual design of the soft-edge flip-flops is discussed in Sec-
tion 4. Sections 5 and 6 give the experimental results and
conclusions, respectively.

2 PROPOSED METHODOLOGY

Figure 2 shows a sample setup to demonstrate the effec-
tiveness of soft-edge flip-flops in addressing process varia-
tions. The setup consists of two stages of logic(Logicl and
Logic2) separated by a soft-edge flip-flop whose softness is
varied from 0 to 100ps in steps of 20 ps. Logicl has a nomi-
nal delay of 1050 ps, and Logic2 has a nominal delay of 1000
ps. Each logic stage has a delay distribution with a global
variation of 5%(c/p) and another 5% of random variation
(o/p). In the absence of softness the critical delay is the
maximum of the two delays. However, on introducing soft-
ness in the flip-flop, for cases where the path preceding the
flip-flop (Logicl) is critical, the softness is used to borrow
time from the next stage (Logic2) to average out the delays.
This leads to the shift in the mean delay as softness is
increased. If skew assignment was done, it would have
assigned the flip-flop a skew of 25 ps, so as to balance out
the nominal delays. And for each sample, the critical delay
would have been the maximum of the two delays.

With standard D flip-flop, the distribution of critical delay
has a mean of 1059.8 ps, and a standard deviation of 68.4 ps.
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Figure 2. Setup for demonstrating the effectiveness of soft-edge flip-
flops and the corresponding plots of mean v/s softness and delay
distribution for softness of 0 and 80 ps and for skew assignment.

As shown in the Figure 2, the mean decreases as softness is
increased and becomes almost constant after a softness of 80
ps. This is because almost all the cases involving the path
preceding the soft-edge flip-flop being critical, have been
averaged out by time borrowing to the maximum limit
allowed by the slack available. Beyond this point, increasing
softness has little effect on the mean. The value of mean for
softness of 80 ps is 1030.7 ps with a standard deviation of
63.6 ps. This means that the mean of the delay improved by
29.1 ps which is a fairly large fraction of the initial standard
deviation (about 42.5%). For the case of skew assignment,
the mean delay is 1053.1 for an improvement of only 6.7 ps
with a standard deviation of 66.7 ps. While skew assignment
obtains a 25ps improvement in nominal delay, the statistical
mean of the delay under process variation is improved by
much less. This is caused by the balancing of delay paths in
skew assignment, which makes the design more sensitive to
process variation and counter acts the improvement in nomi-
nal delay. The delay distribution curves plotted for softness
of 0 and 80ps along with the distribution for the case of skew
assignment are shown in Figure 2. Note that skew assign-
ment shifts the delay distribution curve slightly to the left,
while the shift is more significant in the case with softness of
80 ps. This shift corresponds to the improvement in mean.
The curve for the case of 80 ps softness is narrower than that
for no softness, and this shows up as improvement in the
standard deviation.

As seen in this example, there is little improvement in
mean if we increase the softness beyond 80 ps. Softness
comes at a cost of power overhead, thus, there is a need for
an algorithm to intelligently assign softness so as to get best
possible improvements in mean for minimum power. We dis-
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Figure 3. Calculation of yield for a given clock frequency from the

delay distribution curve.

cuss the soft-edge flip-flop assignment technique to mini-

mize power overheads in the next section. In order to analyze

the power overhead involved, a library of soft-edge flip-flops

was designed. The method to design a soft edge flip-flop is to

delay the master’s clock. This can be done in different ways,

and the designs are described in section 4.

3 SOFT-EDGE FLIP-FLOP ASSIGNMENT TECHNIQUE

Soft-edge flip-flops have a power overhead associated
with them due to the additional delaying elements used to
delay the clock to the master latch. The flip-flop assignment
problem can thus be formulated as the minimization of
power for a given yield constraint. In theory, for a custom
design, it is possible to construct a soft-edge flip-flop with
any arbitrary amount of softness, by proper sizing. However,
for a typical standard cell based design, there will be a library
of such flip-flops with varying amounts of softness, and so
our goal in this case is to assign flip-flops available in a
library. Thus, the design variable which is the amount of soft-
ness, is a discrete variable, while the yield constraint is statis-
tical in nature.

The calculation of yield from the statistical data is illus-
trated in Figure 3. For a given frequency of operation, there
is a certain value of critical delay beyond which a circuit fails
to meet the timing. This value is shown as A in the figure. So
for all values of delay between amin and A, the circuit meets
the timing requirements and for delays beyond that it fails.
The yield in this case is given by the area of the shaded por-
tion divided by the total area under the curve. Thus, the yield
Y is given by equation 1.
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Clearly, any yield constraint of the form Y>Y, can be

translated into an equivalent constraint on the critical delay A
for that given clock period expressed as A > Aj. Now, we

can express the flip-flop assignment problem as a simple
robust integer linear programming (ILP) problem as shown
below:
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where F is the total number of flip-flops in the circuit, and
n is the total number of quantization levels of softness that a
flip-flop can have (softness is a discrete design variable and

can be varied in steps). vy is the kth quantization level vari-
able associated with the " flip-flop, Sy is the softness associ-
ated with the k™ quantization level, and X¢ is the value of

softness for the i flip-flop. Note that softness associated
with the first quantization level is 0, and this corresponds to
the standard D flip-flop from the library. P is the power con-
sumed by a flip-flop with softness Sy. The power for the rest
of the circuit remains the same, and the only overhead is due
to the assignment of softness to the flip-flops. Constraint (2)
is the simple yield constraint while constraints (3), (4) and
(5) together make sure that each flip-flop has only one value
of softness assigned to it out of the n possible values corre-
sponding to the n levels of quantization. Setup and hold time
constraints are essentially captured in the yield constraint,
and hence they need not be expressed independently. The
yield constraint makes the problem variation aware, as yield
depends on the delay distribution caused due to process vari-
ations. There have been many advancements in efficiently
solving robust integer linear programming problems. How-
ever, a typical industrial circuit consists of several thousands
of flip-flops and the runtimes for solving the corresponding
ILP will most likely be very large. Hence, we use a less com-
plex greedy heuristic to assign softness, while the ILP is con-
sidered for possible future extensions.

We use a greedy algorithm ‘GREEDY_SOFTNESS( )’ to
solve this problem of soft-edge flip-flop assignment. The
idea is to search for the most critical path in the circuit (con-
sidering process variations), and increase the softness of the
flip-flop following the path by one step. This is to be



repeated till the yield requirements are just met, or when
there ceases to be any appreciable improvement upon
increasing softness. The second criterion ensures that we
stop assigning further softness if the improvement gained by
that step is not appreciable, and that we stop in case the yield
target is not achievable for the given constraint. The pseudo
code for GREEDY_ SOFTNESS() is as follows:

GREEDY SOFTNESS()

1 continue <-- true

2 while continue == true

3 find most critical path P

4 find current yield Y

5 check <-- false

6 if P ends at a flip-flop ['s input

7 then increase softness of the flip-flop f by one step
8 check <-- true

9

find new yield Y,,,,
10 ifYnew > Yy
11 then continue <-- false

12 elseif (Y-Y,,,) is not appreciable

13 then continue <-- false

14 if check == true

15 then decrease the softness of flip-flop f by one
step

As we show later in the results section, we obtain near
maximum delay improvements with small power overheads
(less than 3%), by using this greedy algorithm for assigning
soft-edge flip-flops.

4 SOFT-EDGE FLIP-FLOP DESIGN

Figure 4 shows the design of a soft-edge flip-flop. Like a
standard D flip-flop, it is constructed using back to back
master/slave latches. Each latch consists of a tristate inverter
feeding into the latch followed by a cross-coupled inverter
pair. For a standard D flip-flop, at the positive edge of the
clock, the tristate feeding the master closes while the tristate
forming the feedback loop opens thereby latching the value
into the master latch. At the same time, the tristate feeding
the slave opens, while the feedback tristate closes, making
the slave transparent. This allows the outputs Q and QB to be
evaluated based on the value latched in the master. So, in
order to be displayed correctly at the output, the data should
arrive sometime before the rising edge of the clock. This
time is called the setup time and it defines the hard edge
before which the data should arrive for a standard D flip-
flop.

In order to create a window of transparency (soft edge),
we need to delay the clock supplied to the master latch by a
small amount. The amount of delay is the period for which
both the master and the slave are transparent together. This is
because when the slave’s clock makes a transition causing it
to become transparent, the tristate feeding the master is also
open as its clock is a delayed version of the slave clock. In
this way, even though slave is transparent, a change in data
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Figure S. Power consumption for the designed soft-edge flip-flops.

value can still change the state of master which, in turn, will
change the value of output. As shown in Figure 4, signal cl
which is fed to the master latch is the delayed version of sig-
nal ¢ which controls the slave latch. For the period between
the two vertical lines, slave has opened while the master has
not closed and this is the period of transparency or the
amount of softness. This softness allows time borrowing if
the stage following the flip-flop has a slack.

As in the original D flip-flop ¢ was one inverter delayed
version of cn, in our new design cl and cnl (supplied to the
master) should be such that c1 is more delayed than cnl. This
ensures that our design is as close to the original as possible,
if we match the rise time for the new signals to the original
ones. Keeping this in mind, there are two ways of delaying
the clock. One is to simply insert two more inverters after ¢
as shown in design A. Here, we need to size the inverter
chain such that cnl and cn have the same rise time, while ¢
and cl have the same rise time and this should be close to the
rise time of the corresponding signal in the standard D flip-
flop. Along with the risetime we need to ensure that the delay
between cnl (cl) and cn (c) is the same as the value of soft-
ness required. For higher values of softness, more inverters
might be added to the chain of inverters.

However, for design A, cnl (cl) is two inverter delayed
version of cn (c¢). This means that there is a lower limit to the
softness that we can assign which is determined by the mini-
mum delay of two inverters. For lower values of softness, we
use design B, which uses pass gates for delaying the signals.
In design B as shown in the Figure 4, c1 and cnl are delayed
versions of ¢ and cn respectively, which have been delayed
using pass gates. By appropriate sizing much lower values of
softness are possible. In our designed library, we use design
B for getting the softness of 10 ps and 20 ps, while design A
is used for all other values.

Figure 5 shows the power values for flip-flops with differ-
ent values of softness. Note that softness of 0 corresponds to
the standard D flip-flop. Power has been measured using
Hspice, assuming the switching activity of the data to be 0.1.
The sudden increase in power when we go from softness of
50 ps to 60 ps, is due to the fact that two more inverters have
to be added to the inverter chain in order to get values of
softness greater than 50 ps. A similar increase can be seen
when increasing the softness from 100ps to 120ps. Table 1
gives the power and area overheads for the library of soft-
edge flip-flops. Area overheads are computed by laying out
the soft-edge flip-flops and comparing it to the area of stan-
dard cell. The power and area overheads for the flip-flop
with the largest softness (120ps) are 36.8% and 45%. How-



ever, we find that only a small fraction of flip-flops need this
level of softness. Hence, the power overhead was found to be
a very small percentage (0.3-2.8%) of the overall circuit
power, as reflected in the experimental results which are dis-
cussed in the next section.

5 EXPERIMENTAL RESULTS

The proposed soft-edge flip-flop assignment technique
was implemented based on an industrial 0.13pm CMOS
technology. All the test circuits were synthesized, placed and
routed using commercial tools. The test circuits ranged in
size from 119-36544 gates. The physical placement details
were used to cluster the flip-flops for the purpose of cluster-
ing based skew assignment. We compare our results against
skew assignment for cluster sizes of 30 (large), 15 (moder-
ate), and 5 (small). Based on industrial estimates [14], we use
a switching activity of 0.1 for the primary inputs of the cir-
cuit, while measuring power. In this work, we consider chan-
nel length as the source of variability. We consider inter-die,
spatially correlated intra-die as well as random components
of variation (5% o /p due to each component).

Table 2 summarizes the main results for the proposed
approach and compares them with clustering based skew
assignment for ISCAS89 benchmark circuits and two DSP
circuit implementations (‘Viterbil” and “Viterbi2’). The first
three columns give the name and size of each test circuit. The
fourth and fifth columns give the mean and standard devia-
tion of delay for the original test circuit without any optimi-
zation. The next three pairs of columns give the percentage
improvement in mean and standard deviation of delay, by
using clustering based skew assignment technique for cluster
sizes of 30, 15 and 5. The next pair of columns gives the per-
centage improvement in mean and standard deviation by
using soft-edge flip-flops. Note that this is the best possible
improvement which can be achieved by using soft edge flip-
flops. The last two columns provide an estimate of how this
improvement compares with that for skew assignment tech-
nique for a cluster size of 5. Essentially, it is the ratio of the
improvement achieved by using soft-edge flip-flops, to that
achieved by using clustering based skew assignment for clus-
ter size of 5. A cluster size of 5 is difficult to achieve. This is
because typically at least a dozen flip-flops are driven by a
single clock regenerator.

The results clearly show that our approach gives signifi-
cantly better improvements in mean and standard deviation
even when compared to skew assignment for a cluster size of
5, which is difficult to achieve. We get improvements of up
to 22.6% (8.9% on average) in the mean and up to 24.1%
(10% on average) in the standard deviation of the delay, over
the original circuit. As compared to the improvement using
skew assignment with a cluster size of 5, our approach gives
improvements of up to 8.8X (2.6X on average) in the mean
and up to 9.9X (2.6X on average) in the standard deviation of
the circuit delay.

Figure 6 shows sample delay distribution curves of one of
the larger circuits (Viterbil) for the original circuit without
any optimization, for the case of skew assignment (cluster
size =5), and for the case of using soft-edge flip-flops. As
shown in Table 2, the mean delay improves by 2.3% for skew

Table 1. Area and power overheads for soft-edge flip-flops.

Softness Percentage Percentage
power overhead | area overhead
10 6.8 18
20 8.2 18
30 10.2 18
40 12.9 18
50 16.0 18
60 24.1 32
70 26.2 32
80 272 32
90 28.3 32
100 29.5 32
120 36.8 45

assignment, and by 6.1% for the case in which soft-edge flip-
flops are used. This change is depicted in the shifting of the
curves towards left. The shift is less for skew assignment
(lesser improvement), and a greater shift is observed for soft-
edge flip-flops. Also, the curves become narrower as we
move from the original circuit to skew assignment and to
soft-edge flip-flop assignment. This corresponds to the
improvement in the standard deviation by using the two
approaches.

Table 3 shows results for soft-edge flip-flop assignment
using the greedy algorithm. Columns two and three give
improvement achieved in mean and express it as a fraction of
the best possible improvement that we can get using soft-
edge flip-flop assignment (reported in Table 2). The next col-
umn gives the improvement in p+3c value for the delay
distribution, which provides an estimate for the improvement
in timing yield. It shows improvement of 11.9% on average.
Last two columns give the percentage power overhead and
the percentage of flip-flops that were assigned some softness.
Power overhead is computed based on the extra power used
for making the flip-flops soft, as compared to the power for
the original circuit, assuming a switching activity of 0.1 for
the primary inputs. On an average, we get 0.97 of the best
possible improvement in mean by using the greedy algorithm
for a power overhead of 1.8%. The results show that we get
very close to the best possible improvement by using greedy
algorithm, with a small power overhead. For a more complex
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Figure 6. Delay distributions for the circuit Viterbil- for the original,
skew assignment and softness assignment cases.



Table 2. Improvement in mean delay for several circuits by soft-edge flip-flop assignment as compared to skewing.

Percentage Percentage Percentage

No. of .. skew assignment skew assignment Skew assignment | Improvement by .

Delay | No. of flip- Circuit (Cluster (Cluster (Cluster Softness to that( 213; gl:uss)termg

(ps) gates flops Size = 30) Size = 15) Size = 5)
n c n c n c n c n c n c

5298 119 14 345.5 15.2 0.0% | 0.0% 0.0% 0.0% 1.6% 2.8% | 143% | 6.3% 8.8X 2.2X
s344 160 15 567.5 30.8 0.0% | 0.0% 0.0% 0.0% 5.6% 35% | 17.1% | 11.1% | 2.9X 3.2X
s349 161 15 573.5 31.3 0.0% | 0.0% 0.0% 0.0% 7.4% 44% | 17.2% | 14.0% | 2.3X 3.1X
s386 159 6 351.5 15.6 0.6% | 3.2% 0.6% 3.2% 0.6% 3.2% 2.6% | 4.1% | 4.6X 1.2X
5400 164 21 490.5 25.4 0.0% | 0.0% 0.0% 0.0% 0.0% 0.0% | 11.5% | 15.6% | NA NA
5420 218 16 731.4 42.4 0.0% | 0.0% 4.8% 7.4% 5.9% 7.5% 6.8% | 152% | 1.2X 2.0X
s510 211 6 521.5 27.6 12% | 0.4% 1.2% 0.4% 2.0% 0.9% 6.5% | 8.7% 33X 9.9X
$526 194 21 488.5 25.3 0.0% | 0.0% 0.0% 0.0% 15.6% | 13.3% | 22.6% | 22.8% | 14X 1.7X
$820 289 5 531.2 28.3 1.1% | 42% 1.1% 4.2% 1.1% 4.2% 4.1% | 5.5% 3.8X 1.3X
s832 287 5 537.5 28.7 0.0% | 0.0% 0.0% 0.0% 0.0% 0.0% 39% | 5.1% NA NA
s838 446 32 1144.4 71.5 4.4% | 0.9% 4.4% 0.9% 4.8% 1.1% 6.7% | 3.6% 1.4X 34X
s1196 529 18 644.5 36.3 49% | 2.8% 6.4% 8.1% 6.8% | 10.7% | 16.9% | 24.1% | 2.5X 2.2X
51238 508 18 683.4 39.0 3.7% | 4.6% 3.7% 4.6% 3.7% 4.6% 9.5% | 10.3% | 2.5X 2.3X
51423 657 74 1688.5 99.2 0.3% | 0.1% 0.4% 0.3% 0.5% 0.3% 3.1% 1.9% 6.8X 5.9X
51488 653 6 579.4 31.7 0.0% | 0.0% 0.0% 0.0% 0.0% 0.0% 2.1% | 2.7% NA NA
s15850 9812 534 1456.0 92.5 0.7% | 0.6% 1.8% 1.9% 1.8% 1.9% 6.0% | 5.9% 34X 3.0X
$35932 16065 1728 480.4 24.0 3.7% | 51% 3.7% 5.1% 3.7% 5.1% 8.9% | 122% | 2.4X 24X
s38417 15106 1636 1046.6 62.8 1.8% | 2.2% 3.1% 4.6% 5.0% 6.4% 8.1% | 11.4% | 1.6X 1.8X
Viterbil 12024 | 4215 812.3 46.8 03% | 0.3% 0.3% 0.3% 2.3% 3.5% 6.1% | 6.1% 2.7X 1.8X
Viterbi2 | 36544 | 5788 1744.3 70.0 02% | 0.7% 0.3% 1.7% 0.5% 2.8% 33% | 12.8% | 64X 4.5X
Average 1.1% | 1.2% | 1.6% 2.1% 34% | 3.8% | 89% | 10.0% | 2.6X 2.6X

approach, the small gains are likely to be overweighed by the
runtime overheads.

Figure 7 shows the plot of power overhead versus
improvement in mean for the circuit Viterbil. The point cor-
responding to the improvement obtained by the greedy algo-
rithm has been circled in the figure. Note that beyond the
circled point, increase in power is more significant as com-
pared to the further improvement in mean that we can obtain.
Figure 8 shows the corresponding distribution of softness
after running the greedy algorithm on the circuit Viterbil.
Maximum softness used in this case is 80 ps.

Soft-edge flip-flops have a window of transparency
instead of a hard edge. So, it is necessary to check for possi-
ble hold time violations. Figure 9 shows the short path slacks
for all test circuits after soft-edge flip-flop assignment. Short
path slack is the amount of time by which the minimum path
delay meets the hold time violation constraint. As shown in
the figure, the hold time constraints are met comfortably, and
there is substantial slack for the circuit to meet the con-
straints after variations. This is expected because the window
of transparency is very small even for the largest value of
softness (about 3FO4), and so the resulting increase in hold-
time is not large enough to cause hold time violations.

6 CONCLUSIONS

In this paper, we proposed the use of assigning soft-edge
flip-flops as a process variation tolerant technique for fine
grained balancing of a circuit, in order to improve the timing
yield. Soft edge flip-flops allow time borrowing and averag-
ing across stages, making the design less sensitive to process

variations by taking advantage of the fact that random varia-
tions average out. We constructed a library of soft-edge flip-
flop variants, with softness of up to 120 ps (about 3FO4). As
soft-edge flip-flops have a power overhead associated with
them, we used a statistically aware greedy algorithm to intel-
ligently assign these flip-flops in order to minimize the
power overhead. Experimental results show that as compared
to clustering based skew assignment technique, our approach
provides improvements of up to 22.3% (8.6% on average) in
the mean and up to 24.1% (10% on average) in the standard
deviation of the delay, with a very small power overhead
(0.3-2.8%).
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Figure 7. Power overhead versus improvement in mean delay for the
circuit Viterbil. Circled point corresponds to the improvement
obtained by greedy algorithm.
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Figure 9. Short path slack after soft-edge flip-flop assignment.



