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Editors’ note:
Typically, design optimization during synthesis is for area and/or
performance, while optimization for yield occurs at the layout level. To obtain
more effective yield improvement, this article proposes elevating the
abstraction level for yield optimization by introducing an interesting approach
to yield-driven logic synthesis.
—Yervant Zorian, Virage Logic; and Dimitris Gizopoulos, University of Piraeus

existing interconnections, and replacing
cell instances with higher-yielding vari-
ants, placed in the same position as the
original ones. Postsynthesis yield opti-
mization does not perturb placement,
thus avoiding costly repetition of opti-
mization aimed at maximizing speed and
minimizing area. Traditional postsynthe-
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Il 1C DESIGN METHODOLOGIES typically target nomi-
nal designs. However, defects and variations in the IC
manufacturing process can make a circuit behave sub-
stantially different from the nominal design. Particularly
in deep-submicron technologies, manufacturing process
variations and defects can turn a successful design into a
failure. Design for manufacturability denotes all tech-
niques designers use to estimate and control yield and
robustness during the design phase, prior to manufactur-
ing. DFM is strategically important to decreasing the man-
ufacturing cost of VLSI ICs.

Yield is the percentage of manufactured products that
meet all performance and functionality specifications.
Parametric yield loss usually refers to the effects on circuit
performance caused by process variations. Functional (or
catastrophic) yield loss refers to physical and structural
defects that cause the circuit to fail completely.

In deep-submicron technology, yield improvement
is as much a design problem as a manufacturing prob-
lem. Presently, designers perform optimization for cat-
astrophic yield at a postsynthesis stage: First, synthesis
targets area and timing;'? then the design is optimized
for yield at the layout level.

The traditional synthesis approach assumes that larg-
er area leads to lower yield. However, for complex
nanometer designs, yield might depend more on design
attributes than on total chip area. In fact, the postsyn-
thesis optimization might involve adding redundancy
to contacts and vias, modifying the spacing between
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sis yield optimization can reduce manu-
facturing cost by up to 10%.3*

Researchers have devoted extensive work to under-
standing circuit sensitivity to manufacturing defects and
reducing catastrophic yield loss.>® Heineken, Khare, and
d’Abreu present an attempt to make yield optimization
less of an art.? Their approach is to generate yield-opti-
mized cells and substitute them in the synthesized
design. However, their algorithm is limited to an in-place
substitution to preserve the original design’s footprint.

Following the general rule that the higher the
abstraction level, the greater the optimization horizon,
we propose a synthesis-for-manufacturability approach
that makes manufacturability part of the cost function
that drives synthesis. Shaikh, Khare, and Heineken inde-
pendently pointed out the necessity of including man-
ufacturability (and testability) in the synthesis cost
function,' but, to the best of our knowledge, we are the
first to develop a methodology for doing so. In particu-
lar, we optimize for yield on noncritical paths, thus
avoiding introducing additional delays. We trade off
yield with area in the secondary component of the syn-
thesis cost function. Our approach is completely user
transparent, and it leverages the logic synthesis engine
itself (rather than an external optimizer running during
physical synthesis) to maximize effective yield.

New approach

Figure 1 shows the current, yield-aware design flow
and the new design approach we propose. The stan-
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dard flow is an optimization process with two main
objectives: maximum speed and minimum area.'? At
the end of this process, the design is optimized for yield
enhancement at the layout level. Our new design para-
digm introduces manufacturability to replace area in
the cost function. This approach is transparent to
designers, who need only choose whether to minimize
area or minimize manufacturing cost.

A possible further development in the synthesis-for-
manufacturability paradigm is to incorporate yield dur-
ing standard-cell design. In addition to variants for high
speed and low power, the cell library might also include
variants for high yield. Later, we describe a preliminary
analysis of how our new technology-mapping heuristic
exploits libraries containing yield-optimized variants to
reduce manufacturing cost.

Comparing Figure 1a and 1b shows that our approach
focuses on choosing the best gate mapping before phys-
ical synthesis, rather than manually or semiautomatical-
ly performing in-place optimization limited by design
placement. Our methodology is a global optimization,
which traditional local optimization can effectively com-
plement once the design is laid out. The designer can
make additional improvements during routing.” Other cir-
cuit techniques, such as adding redundancy to render
the circuit robust to failure, are also possible.’

In the synthesis-for-manufacturability approach, per-
formance is still the first target during optimization. In
fact, whereas the standard flow tries to optimize perfor-
mance and area on noncritical paths, our approach
tries to optimize performance and manufacturability (a
combination of area and layout sensitivity to defects)
on noncritical paths.

Catastrophic-yield modeling

Now we review the catastrophic-yield-modeling
problem. Our focus is not on rigorous statistical model-
ing for yield prediction; rather, we provide an intuitive
view of the new cost function we propose to use during
synthesis, along with the related results.

Various types of defects occur in ICs during the man-
ufacturing process. These defects can cause open or short
circuits, for example. However, not all defects necessari-
ly cause circuit failures; functional-yield loss depends, in
fact, on wafer defectivity and design attributes.

The metric commonly used to quantify layout sensi-
tivity to defects is critical area. A¢ (x) is the critical area
for defects of type i and diameter x; it is the area within
which the center of defects of type i and diameter x
must fall to cause a circuit failure. We denote critical
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Figure 1. Standard (a) and synthesis-for-manufacturability (b)
design flows.

area for defects of type i averaged over all defect diam-
eters x as

A:= [ 45 (x)1, (x)ae (M

where f,(x) is the defect probability density function.
With d; denoting the average number of defects of type
i per unit area, the average number of faults on the cir-
cuit is

A=) Arxd, )

where the sum is taken over all possible defect types on
the circuit.®

In general, for given design component b, we can
express yield as

Y,=e™ 3)

where 4, is the failure rate of component b.
Assuming gates are statistically independent com-
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ponents and defects are uniformly distributed (the
Poisson model), yield for a circuit with N gates is

N
Ycircuit = HYG,k (4)
k=1

where Nis the number of circuit gates and Y, is a single
gate’s yield averaged with respect to different defect
types and sizes. From Equation 3, circuit yield becomes

N
— _Zkzl Aok e*lcmm

Ycircuit =e = (5)

This model is pessimistic for yield value prediction
because defects are not uniformly distributed but rather
tend to cluster. There is much literature on deriving a
model to accurately predict yield with clustered defect
distributions for a given circuit layout.* Our research
aims instead at analyzing how synthesis for manufac-
turability can lower manufacturing cost. Therefore, we
use the simple Poisson model (Equation 4) and the fail-
ure rate description (Equation 5) to focus on yield
increase and decrease.

We distinguish between a circuit’s effective yield
Yeiteirewiv defined as the number of good manufactured
circuits per wafer, and a circuit's yield Y., defined as
the percentage of good circuits. The following equation
expresses their relation:

Y

eff circuit

= Naireuit X Yeireut ©)
where N, is the number of circuits in the wafer.

To lower a circuit’s manufacturing cost, we must
improve its effective yield. Recalling Equations 2 and 3,
we observe that yield loss is due to the combination of
two effects: the presence of a defect and the compo-
nent’s sensitivity to the defect. Assuming we cannot
influence defect distribution, we are left to decrease cir-
cuit sensitivity and perform a tradeoff with circuit area.
This is the goal of synthesis for manufacturability.

Technology-mapping heuristics for
manufacturability

To evaluate the usefulness of the synthesis-for-man-
ufacturability approach depicted in Figure 1b, we now
analyze various implementation heuristics. We base this
preliminary exploration phase on a modified version of
the well-established technology-mapping algorithm
available in commercial tools such as the Synopsys
Design Compiler.! Because performance is our primary
objective, we allow some flexibility in area along non-

critical paths. The key is to exploit this flexibility to
obtain a higher effective yield by manipulating yield
and area instead of simply area.

State-of-the-art tools perform technology mapping with
a dynamic programming algorithm that relies on the fact
that area is an additive function. Things are not so straight-
forward for effective yield. In fact, using the Poisson model
and assuming a given wafer area, the optimization prob-
lem for synthesis for manufacturability becomes

[1.x
ax R § PR

m = Q)
Acircui N
' Zk:IAG’k
or, equivalently,
N
. A
min Acutult — zk:l & (8)

N
Ycircuil YG k
k=1

where A, and Y., are area and yield of the circuit,
and Ag, and Y;, are area and yield of the single gates
composing the circuit. The cost function for the opti-
mization problem described in Equation 8 is not additive,
so we must devise a good heuristic to approximate it.

Heuristic 1: Yield only

Intuitively, we can try to improve circuit yield by
decreasing layout sensitivity to defects, as Equations 2
and 3 describe. Therefore, recalling Equations 4 and 5,
the optimization problem becomes

N N
max [ [, =e 2o ©

or its equivalent additive form

N
ln( YG,k]
k=1

In practice, this heuristic would minimize the criti-
cal area (or equivalently the failure rate), disregarding
the actual circuit area.

min |lr1(Y)| = =) g (10)

N
k=

Heuristic 2: Weighted yield

The previous heuristic doesn’t account for area.
Introducing area as a weighting factor turns the opti-
mization problem into
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min zli,|AGk ln(yc,k )| = zli, Asp A (1D

Heuristic 3: Manufacturability function
approximation

A more sophisticated approach is to approximate
the original cost function as closely as possible with an
additive function. We adopt the following approxima-
tion for the optimization problem:

min

A = Z llAGk ~min ZN: il (12)

Y e :]71)/(3'/2 k=1 YG[fk
where p is a parameter we can choose to tune the
heuristic.

An intuitive choice is p = 1, but p = Nis actually bet-
ter. The reason becomes evident if we approximate all
Y, terms with a common average value, Y

i&z z:;AGk = z:;AG’k - 2:/:1'40"‘

YN YaN N N
=IOk H k:lYa k=1 YG*k

(13

This approximation seems reasonable, given the typi-
cal values of

Yy, =e " =1-FR;,
with FR;, << 1, where FR is the failure rate.

We experimented with different values of p, and we
report the results in the next section.

Experimental results

We carry out our evaluation of synthesis-for-manu-
facturability effectiveness in two steps: First, we show
that we can achieve significant improvement with this
method, without involving designers and library devel-
opers, simply by changing the synthesis cost function.
Second, we report preliminary results on further reduc-
ing manufacturing cost by adding yield-optimized gates
to the library.

Technology mapping for manufacturability

We evaluated our proposed heuristics on test cases
from the 1993 International Workshop on Logic
Synthesis (IWLS 93) benchmark suite, which we
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mapped onto STMicroelectronics’ 0.13-micron standard-
cell library. For comparison, we used standard synthesis
optimization results, based solely on area. Because yield
data for the standard-cell library was not available to us,
we assigned a yield value to each gate by assuming fail-
ure rate FRto be a random variable with uniform distri-
bution (300 ppb, 500 ppb). Based on industrial
experience (as described by Enrico Malavasi of PDF
Solutions in a personal communication), these values
correspond to failure rates for most yield loss mecha-
nisms in typical state-of-the-art industrial processes.

We used the yield information to compute the syn-
thesized circuits’ effective yield. Figure 2 shows the
heuristics evaluation results. This data confirms our
expectations: We obtained the best results for failure
rate reduction by optimizing for yield (function Y) or,
to a lesser extent, optimizing for yield weighted by area
(function | AIn(Y)|). As expected, these heuristics per-
formed poorly for area, and overall the effective yield
worsened (Figure 2c). Notice that A/Y gives the same
results as the standard optimization for area. The rea-
son is that for a single gate, yield Y'=e " is almost 1. We
also explored giving larger importance to yield by using
p=100N and p = 1,000/V. The last four columns of the
charts in Figure 2 correspond to using different values
of p in the heuristic in Equation 12. Table 1 validates our
prediction that, assuming yield follows a Poisson model,
p =Nleads to the best effective-yield results.

Figure 3 (on page 197) shows the percent error
resulting from the approximation described in Equation
12 for a set of IWLS 93 benchmark circuits. As we pre-
dicted, this error shows a minimum value at approxi-
mately p = N. The error is less than 0.1% when p = Nand
increases as p moves away from /N, the error can reach
values up to 20% when p = 100", Therefore, we use this
heuristic to drive the technology-mapping algorithm in
the following experiments.

Because the circuits reported so far are quite small,
the effective-yield improvement was relatively small. To
evaluate the impact of synthesis for manufacturability
on larger circuits, we created various 10-mm? circuits,
each composed of the repetition of a single benchmark
circuit, and we projected the effective-yield value for
each large circuit. As Figure 4 shows, effective-yield
improvement was as large as 5%. To assess our method-
ology’s validity, we repeated the synthesis experiments
using different yield assignments to the library—that is,
different seeds for the random-number generator. The
seeds correspond to the stripes in Figure 4 (on page
198). Effective-yield improvement varies across the dif-
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ferent seeds because the first synthesis target is timing
performance; hence, if most of the fast cells (typically
on the critical path) are randomly assigned low yield
values, the tool has little room for manufacturing opti-
mization. We reiterate that designers and library devel-
opers obtain this improvement at absolutely no cost,
assuming yield information is available.

Further improvement: Yield-optimized gates
Using libraries containing yield-optimized variants
| in addition to cells optimized for speed and area can
$38584 clma C7552 apex 2 seq | further improve our results. To show how our synthesis
flow can exploit these variants, we developed a virtual
variant for each of the original standard cells in the
STMicroelectronics 0.13-micron library. We modeled
Heuristic functions yield improvement by dividing the original cell failure
3 dA u A/Y:VOON ...... rate, FR, by a random variable, FR_factor, with uniform
Win(v! B AV , | distribution (1, 10). In other words, for each cell, the
W AIN(Y)l [ A/Y"O00ON |
25 UV || ISV (S oAy e .| new variant’s failure rate decreases randomly from a
value in uniform distribution (300 ppb, 500 ppb) to a
2 B | | (R value in uniform distribution (30 ppb, 500 ppb).
According to Heineken, Khare, and d’Abreu, manufac-
turability can be improved with small or no penalty in
area (or even area reduction).? We assumed that 80%
of cell variants would suffer from area increase, while
the remaining 20% would benefit from yield increase
with no area penalty. Clearly, this is a conservative
assumption, and more-advantageous tradeoffs could

Failure-rate ratio with respect
to area optimization

—
)
~

Area ratio with respect
to area optimization
6]

38584 clma C7552 apex 2 seq
(b) give us better results. We randomly chose the cells to

suffer from area penalty, and we increased area by a dis-
crete quantity (technology pitch multiplied by cell
1.2 - ¢| height).

5 We synthesized IWLS 93 benchmark circuits using
the enhanced library. We used both the standard flow
(area optimization) and synthesis for manufacturability
(implementing heuristic A/Y"). To project the improve-
ment on large circuits, we again replicated the IWLS 93
circuits to form 10-mm? and 1-cm? areas. Figure 5 shows
the results. The light-colored columns indicate effective-
yield ratios taken from the plot in Figure 4 and corre-
spond to using the base library. This data shows that
i|  synthesis for manufacturability effectively exploits the
38584 cima C7552 apex 2 seq extended library to substantially improve effective yield.

All our experiments were based on the Poisson yield
model. As discussed earlier, this model typically pro-

—_

o
®

°
~

Effective-yield ratio with respect
to area optimization
o o
[N o

—_
2)
~

Figure 2. Comparison of synthesis-for-manufacturability duces a lower bound on effective yield. Our goal in this
heuristics on IWLS 93 benchmarks: failure rate (a), area (b), article is to highlight the manufacturability improve-
and effective yield (c). Data is normalized with respect to ment trend we expect from the new heuristics for the
results obtained from the standard area optimization technology-mapping algorithm. Although we do not
(indicated as heuristic function A). compute exact yield values, we expect the increase in
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yield lower bounds to decrease defect sensitivity and
increase exact yield values. Hence, we expect a more
accurate yield model to show a similar trend.

Finally, with different yield and process models, we

optimization on IWLS 93 benchmark circuits.

Table 1. Effective-yield ratio with respect to standard synthesis

Benchmark circuit

can use a different heuristic to better match the data, or | Function s38584 clma C7552 apex2 seq
we can simply tune the value of p in Equation 12. In fact, | A 1.0000 1.00 1.0000 1.0000 1.000
we’ve shown that increasing p increased the weight of | lIn(Y)! 0.6100 0.37 0.3600 0.4600 0.460
yield in the manufacturability cost function. IAIn(Y)l 0.9000 0.95 0.9300 0.9000 0.910
AlY 1.0000 1.00 1.000 1.0000 1.000
Production costs AN 1.0001 0.99 1.0010 1.0002 1.006
Although we can obtain effective-yield improvement | A/Y'%N 0.9900 0.99 1.0020 0.9900 1.005
at no additional cost simply by changing the synthesis | A/Yy"000N 0.9000 0.94 1.0009 0.9800 0.990
cost function, we expect a larger advantage when addi-
tional cells with higher yield are avail-
able. Clearly, we should include this .30 {errereeseseeeeseeeegeeeeseeeeseseeeseseeeseseeeeseeeeseseeeseegeeeeeeere
development cost when considering a spla
product’s return on investment. On the 6288
basis of industrial experience, we can 0.25 g;g?ﬁ
assume extending a standard-cell library apex2
will require a few staff-months (again, g 0.20 seq
from personal communication with S 2'3'2284
Enrico Malavasi). To estimate the return S 0.15 dsip
on investment for a large-volume prod- '*%
uct, we must compare this cost with the % 040 | NN
cost reduction associated with even a W
small effective-yield improvement. In
0.05 [ S BN

addition, if the same library is used on
multiple products, the return on invest-
ment will skyrocket. Another factor to 0
consider is that improving yield at the @)
layout stage in the traditional flow would
incur a similar development cost, but the 100
benefits would not be directly reusable 90
on multiple products.

With these considerations in mind,
we're confident that our approach can

80

increase effective yield, and in most <
cases, this corresponds to lower manu- Té 50
facturing cost. Apart from the develop- o
ment of an extended library, our % 40
methodology has basically no effect on £ 30
the design cycle; the overhead is the time i 20
needed for running a logic synthesis step

to roughly estimate the number of cells in 10
the design. Finally, our approach lets us 0
estimate product yield improvement as a

function of process maturity. In fact, if (b)

methods (such as the Arima model'?) of

Approximation coefficient p

100N

estimating the evolution of a process are
available, we can repeat the optimization
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coefficient p for p < N (a) and p > N (b).

Figure 3. Percent estimation error of additive heuristic as a function of
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Projected ratio of effective yield

Figure 4. Projection of synthesis-for-manufacturability results
on repetition of circuits to constitute a 10-mm? area.
Different stripes correspond to different assigned random-
yield values.
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Projected ratio of effective yield

Figure 5. Projection of effective-yield ratio using IWLS 93
benchmarks to obtain 10-mm? (a) and 1-cm? (b) circuits. Data
is normalized with respect to results obtained by using the
standard synthesis flow on the extended library.
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with different failure rates to project the expected sav-
ings from future process improvements.

GIVEN THE PROMISING RESULTS we obtained with our
synthesis-for-manufacturability approach, we plan to
further investigate this research direction and apply the
methodology to industrially relevant examples. To char-
acterize cells for yield and estimate catastrophic yield
loss of synthesized circuits, we plan to use yield extrac-
tion tools. |
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