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Design-for-manufacturability (DFM) guidelines are recommended layout design practices intended to capture
layout features that are difficult to manufacture correctly. Avoiding such features prevents the occurrence of
potential systematic defects. Layout features that result in DFM guideline violations may not be avoided
completely due to the design constraints of chip area, performance, and power consumption. A framework
for translating DFM guideline violations into potential systematic defects, and faults, was described earlier.
In a cell-based design, the translated faults may be internal or external to cells. In this article, we focus on
undetectable faults that are external to cells. Using a resynthesis procedure that makes fine changes to the
layout while maintaining the design constraints, we target areas of the design where large numbers of external
faults related to DFM guideline violations are undetectable. By eliminating the corresponding DFM guideline
violations, we ensure that the circuit does not suffer from low-coverage areas that may result in detectable
systematic defects escaping detection, but failing the circuit in the field. The layout resynthesis procedure is
applied to benchmark circuits and logic blocks of the OpenSPARC T1 microprocessor. Experimental results
indicate that the improvement in the coverage of potential systematic defects is significant.
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1 INTRODUCTION

The scaling of integrated circuit (IC) technologies has brought about many benefits, including
faster devices, lower power consumption, reduced chip sizes, and increase in functionality. How-
ever, the continuous shrinking of device sizes also increases the gap between the feature size and
the lithography wavelength. As a result, for each smaller process technology node, the chips are
increasingly impacted by deviations in manufactured patterns from the intended design. Specif-
ically, certain layout features are more difficult to manufacture than others and are more likely
to lead to circuit failures. When such features are present multiple times in a chip, they can re-
sult in repeated or systematic defects, which can impact the yield and defective-parts-per-million
(DPPM) significantly [5, 17, 18, 32, 33, 38]. Due to modeling errors and algorithmic inaccuracies in
removing the resulting systematic variations, process-related corrective actions using OPC/RET
techniques are not sufficient for acceptable yield and DPPM [3]. Thus, appropriate interventions
during circuit design are inevitable to remedy the potential manufacturing issues and address the
systematic defects.

Such design interventions are formulated as design rules and design-for-manufacturability
(DFM) guidelines. While design rules are mandatory, and must all be applied to a design, DFM
guidelines are taken as recommendations, and they are adhered to when possible within the de-
sign constraints of area, performance, and power consumption. When DFM guidelines are not
adhered to, potential systematic defects may occur. The relationship between DFM guideline vio-
lations and potential systematic defects was discussed in References [13, 14, 34]. In Reference [13],
DFM guidelines related to vias on interconnects, and contacts on p-diffusion, are considered. A
more comprehensive set of DFM guidelines is considered in Reference [14]. DFM guidelines re-
lated to internal nets of standard cells are considered in Reference [34]. In all these works, the
layout sites where DFM guidelines are violated are found, and the affected transistors are iden-
tified at the schematic level. The anticipated defect behaviors are then translated into gate-level
logic faults using switch-level simulation. Test generation is carried out for the resulting faults to
avoid potential test holes.

Among the potential faults resulting from DFM guideline violations, there are undetectable
faults. When a large number of undetectable faults related to DFM guideline violations are present
in an area of the circuit, the area suffers from a low coverage by tests that target the area. The miss-
ing tests may allow detectable defects in the area to escape detection. This can impact the yield
and reliability significantly, since the defects are likely to be systematic. This article demonstrates
these issues and addresses them in the context of a cell-based design, and targeting faults that
are external to cells. For this discussion, we distinguish between faults that are internal and ones
that are external to cells. We assume that undetectable faults, which are related to DFM guideline
violations, and are internal to cells, can be addressed by proper logic synthesis [8, 22, 39]. In Refer-
ence [8, 22], manufacturability information is integrated into the cost function of logic synthesis,
and a DFM extension library that contains yield-optimized cells is used for improving the manufac-
turability of the circuit. In Reference [39], a logic resynthesis procedure is proposed that replaces
cells with large numbers of undetectable internal faults related to DFM guideline violations by
smaller cells that contain fewer faults. Overall, the procedure eliminates undetectable faults that
are internal to cells, and also reduces the number of undetectable external faults. However, it leaves
large numbers of undetectable external faults that cannot be addressed by replacing cells.

For faults that are external to cells, this article describes a layout resynthesis procedure that
makes fine changes to the layout while maintaining the design constraints to improve the coverage
of areas with low coverage because of the presence of undetectable external faults. The layout
resynthesis procedure in itself (the procedure that makes local changes to the layout) is not the
main contribution of the article. The contribution is related to the use of DFM guidelines to identify
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areas of the circuit with low coverage, and improving their coverage by layout resynthesis. From a
test point of view, we show which DFM guideline violations need to be considered first to improve
the layout areas with low coverage. This is the first layout resynthesis procedure to address this
issue directly. As part of this solution, we suggest a layout-based coverage metric that can be used
for identifying areas with low coverage.

As technologies evolve, many DFM guidelines remain the same and are transferred to the new
technology. For example, the interconnect bridge defects shown in Reference [20] to exist in 160nm
technology are also believed to be an issue in the latest FinFET technologies [10], and require sim-
ilar DFM guidelines. The proposed layout resynthesis procedure is independent of the cell library
and the DFM guidelines. Therefore, it can work with different DFM guidelines related to differ-
ent technology nodes even if new DFM guidelines are introduced. For different DFM guidelines,
it may require different changes to the layout for fixing DFM guideline violations, but the basic
methodology is the same.

The proposed layout resynthesis procedure eliminates undetectable external faults by fixing
the DFM guideline violations that lead to them. The procedure prefers to eliminate faults whose
effect on the coverage of the circuit is more significant. The DFM guideline violations are fixed
by automatically changing the layout with the help of a place and route tool. The procedure does
not allow any increase in critical path delay, power consumption or die area when changing the
layout.

Other approaches for addressing the testability of a circuit are described in References [1, 4, 6,
9, 15, 16, 19, 21, 24-28, 31, 40-44]. In References [6, 25, 26, 28, 40], design-for-testability (DFT)
methods for improving the transition fault coverage are discussed. The coverage is improved by
inserting DFT logic that can provide better control over the state vectors. In References [4, 16,
24, 27, 31, 43], logic resynthesis techniques are used for improving the testability of the circuit by
reducing the difficulty of test generation. In References [9, 41, 42], scan chain ordering is considered
for improving the coverage for transition and path delay faults. With layout information taken
into account, the routing penalty and the impact on circuit performance are limited. In Refer-
ences [1, 15, 19, 21, 44], test point insertion is considered for improving the testability of a circuit,
while limiting the deterministic pattern counts. We experimented with circuits into which test
points are inserted to improve testability. The results indicate that, even with test points, there are
areas with low coverage for faults that result from DFM guideline violations. Such areas require
the layout resynthesis procedure described in this article. The reason is that test point insertion
does not target DFM guideline violations directly, and therefore, does not target the resulting
undetectable faults.

The procedure described in this article can be embedded into a standard cell-based design flow.
In a cell-based design flow, after the initial design of the layout, several iterations of an incremental
physical design process are typically required for satisfying the design constraints of delay, power
and area. The proposed procedure is also iterative, and can thus fit within the overall iterative
design process. In particular, an iteration of the design process can include one or more iterations
of the proposed procedure to eliminate undetectable faults in poorly covered circuit areas, and
improve the coverage of potential systematic defects. For a large chip, to maintain an acceptable
computational effort, the proposed procedure can be applied to each logic block separately. We ap-
plied the proposed procedure to logic blocks of the OpenSPARC T1 microprocessor to demonstrate
its applicability to such designs.

This article is organized as follows. Section 2 demonstrates the existence of undetectable ex-
ternal faults related to DFM guideline violations, and the presence of areas with poor coverage.
Section 3 describes the proposed layout resynthesis procedure. Experimental results and analysis
are presented in Section 4.
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Table 1. DFM Guideline Violations

Circuit | DFM_total | DFM_undet
bi5 218,619 10,786
b20 249,383 3,352

sparc_fpu | 1,666,799 9,012
sparc_exu 899,740 20,328

2 UNDETECTABLE FAULTS RELATED TO DFM GUIDELINE VIOLATIONS

This section discusses the existence of undetectable external faults related to DFM guideline viola-
tions, and the presence of areas with poor coverage. A coverage metric is defined based on layout
neighborhoods of undetectable faults.

Three categories of DFM guidelines are considered in this article. They are Via, Metal and Den-
sity. We use 19 guidelines in the Via category, 29 guidelines in the Metal category, and 11 guidelines
in the Density category. These guidelines provide recommended layout constraints for dimensions
of vias, spacings between exterior-facing edges on polygons, and densities of routing layers.

We translate DFM guideline violations into potential short and open defects that are external to
cells, and then translate the potential defects into corresponding logic faults using the approach
described in References [13, 14, 34]. We denote the set of faults by F. A test generation procedure
is applied to generate a test set T that detects all the detectable faults in F. We denote by U =
{fi, f2,- .., fu} the set of undetectable faults in F.

2.1 Analysis of DFM Guideline Violations

In this section, we discuss the challenges related to DFM guidelines.

In Table 1, we show the numbers of DFM guideline violations for several circuits. In column
DFM_total, we show the total number of DFM guideline violations in the circuit. In column
DFM_undet, we show the number of DFM guideline violations translated to undetectable faults.
It can be observed that the number of DFM guideline violations is typically very large, and it is
not possible to fix all of them within the design constraints. The number of DFM guideline vio-
lations translated to undetectable faults is small compared to the total number of DFM guideline
violations. This makes it possible for the layout resynthesis procedure described in this article to
address them.

2.2 Detectable Defects Modeled by Undetectable Faults

In this section, we consider an example where faults that are translated from DFM guideline vi-
olations are undetectable, while potential systematic defects in the same area are detectable. The
presence of such situations motivates the need for layout resynthesis to eliminate undetectable
faults and improve the coverage of the area.

We conducted the following experiment to determine the existence of detectable, potentially
systematic defects that may go undetected. The DFM guideline we considered specifies the
recommended minimum separation between exterior facing edges of metal4 polygons. Figure 1
shows an example where this DFM guideline is violated for NET1 and NET2, as well as NET2
and NET3. These violations can potentially cause shorts between NET1 and NET2, and between
NET2 and NET3. The shorts are modeled by bridging faults. Suppose that both bridging faults are
undetectable.

A possible defect that is not covered by the DFM guideline is a short between NET1 and NET3
(i.e., NET1, NET2, and NET3 are shorted). This defect is not modeled by F, and a test for it is not
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Fig. 1. Potential short defects.

Table 2. Uncovered
Short Defects

Circuit | Uncov.
bi5 42
b20 65

sparc_fpu 75
sparc_exu 76

generated directly. Nevertheless, the defect may occur because the site is prone to be defective.
Without tests that detect the shorts between NET1 and NET2, and between NET2 and NETS3, this
defect may remain undetected by T. In this case, the low coverage around NET1, NET2, and NET3,
and the missing tests for the two bridging faults, causes the bridge between NET1 and NET3 to go
undetected.

We searched for occurrences of this situation in benchmark circuits and logic blocks of the
OpenSPARC T1 microprocessor. The test set we used detects all the detectable transition and stuck-
at faults, as well as the bridging faults in F. The results for several circuits are shown in Table 2. For
every circuit, column Uncov shows the number of occurrences of undetected defects as illustrated
by Figure 1.

Although the numbers in Table 2 are small, they represent only one example where the presence
of undetectable faults may allow detectable defects to go undetected. This motivates the layout
resynthesis procedure described in Section 3 that eliminates undetectable faults in areas with low
coverage.

In general, since sites of DFM guideline violations are more likely to be defective than other
sites, and circuits manufactured prior to volume production tend to suffer from multiple defects,
it can be expected that multiple DFM violation sites would be defective. In addition to the double
fault illustrated above, there can be other types of undetectable faults related to DFM guideline
violations that are undetectable alone, but become detectable when two or more faults are present
together. One can try to add tests to detect multiple faults [7, 12, 29, 30], but the number of faults
can be very large, and the number of tests may increase dramatically. For example, in the circuits
we considered, we found hundreds and even thousands of undetectable faults related to DFM
guideline violations, leading to millions and more multiple faults. The resynthesis procedure we
propose in this article eliminates or drastically reduces the number of undetectable faults related
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Fig. 2. Undetectable external faults related to DFM guideline violations in sparc_fpu.

to DFM guideline violations. If desired, one can add tests for detectable multiple faults that consist
of undetectable faults remaining after resynthesis [29].

2.3 Circuit Areas with Poor Coverage

In this section, we define a coverage metric, and demonstrate the presence of areas with poor
coverage that suffer from the presence of undetectable external faults related to DFM guideline
violations.

In Figure 2, we show the topological distribution of the undetectable external faults related to
DFM guideline violations in the layout of sparc_fpu. It can be observed that the undetectable faults
tend to cluster in the darker areas, resulting in areas with large numbers of undetectable faults.

We define the coverage of an area as the percentage of detectable faults among all the faults
related to DFM guideline violations in this area. The details of this definition are discussed next.

We say that two layout sites are adjacent to each other if the distance between them is less than
20X the minimum feature size. Within such distance, the two layout sites can be affected by similar
optical interactions, which are the major causes for systematic defects [11].

For a defect d that is obtained from a DFM guideline violation, we define the neighborhood of
d to include all the layout sites that are adjacent to the site of d.

A fault fin Fmay model several different defects. The defects are always at a close proximity to
each other. We define the neighborhood of fas the union of the neighborhoods of all the defects
that fmodels.

We say that a fault f is in the neighborhood of a fault fif the site of a defect d’ modeled by f” is
in the neighborhood of f. With these definitions, we define the coverage c(f) of the neighborhood
of a fault fas follows:

(f) = Number of detectable faults in the neighborhood of f
N = T Total number of faults in the neighborhood of f

(1)

For illustration, we computed coverages for the neighborhoods of all the undetectable external
faults in sparc_fpu, and we partitioned the faults according to their coverage range. The results are
shown in Figure 3.

It can be seen that the coverages for more than half of the undetectable external faults are below
90%. About a quarter of the faults have coverages below 60%. These observations motivate the need
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Fig. 3. Coverages for the undetectable external faults in sparc_fpu.

to eliminate undetectable external faults with poorly covered neighborhoods and thus improve the
coverage for potential systematic defects.

2.4 Coverage for Faults with Weighted DFM Guidelines

The coverage metric c(f) defined above assumes that all the DFM guidelines are equally important.
In this section, we define the coverage of the neighborhood of a fault fwhen DFM guidelines have
different levels of importance.

The evaluation of DFM guidelines was discussed in References [2, 36, 37]. In Reference [36],
test structures are used for evaluating the importance of DFM guidelines. In References [2, 37],
information extracted from actual failed ICs during volume diagnosis is used for measuring the
effectiveness of a DFM guideline.

In this article, we define the weight of a DFM guideline as the probability of a defect given a
violation of this guideline. A violation of a DFM guideline with a higher weight indicates a higher
risk of failure. We also define the weight of a fault related to DFM guideline violations based on
the corresponding DFM guideline weights, as follows.

Suppose that a fault f is translated from violations of n different DFM guidelines, g1, g2, . - . , gn,
and the weights of g1, 9z,...,9, are p1,pa, ..., pn. The numbers of times that gy, g, ..., gn are
violated are denoted by my, my, ..., m,. We assume that all the DFM guideline violations are in-
dependent. We define the weight w(f) of f as the probability that f is present in the circuit given
all the DFM guideline violations that are translated to f. We have that

w(f)=1-(1-p)™" (1 =p2)™...(1=pn)™. (2)

Next, considering all the faults in the neighborhood of f, we define the coverage c(f) of the
neighborhood of f as shown in Equation (3). In Equation (3), >, w(det) and }, w(undet) give the
total weights of the detectable and undetectable faults in the neighborhood of f, respectively. In
addition, they can be considered as the expected numbers of detectable and undetectable faults in
the neighborhood of f. Thus, the subtrahend of the equation can be considered as the probability
that f is present in the circuit, while its neighborhood is not covered by the test set that detects
all the detectable faults. When this probability is high, the detectable systematic defects in the
neighborhood of f may go undetected, causing circuit failure:

> w(det)
Y w(det) + 3, w(undet)) '

c(f)=1-w(f)-|1 ®3)
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Fig. 4. Fixing a DFM guideline violation.

3 LAYOUT RESYNTHESIS

This section describes a methodology for eliminating undetectable faults by fixing the DFM guide-
line violations leading to them, and the layout resynthesis procedure that is built upon it.

3.1 Fixing DFM Guideline Violations

In this section, we use an example to illustrate a methodology for eliminating the undetectable
faults related to DFM guideline violations. This methodology is based on the use of a place and
route tool to make local changes to the layout for fixing the related DFM guideline violations. For
different DFM guideline violations, the concrete modifications to the layout may be different. The
connectivity of the circuit is maintained when modifying the layout as described later. The DFM
guideline used as an example specifies that the separation between exterior facing edges of metall
polygons should be no less than 330nm. In Figure 4, this DFM guideline is violated for polygons A
and B, resulting in an undetectable bridging fault that involves the two polygons.

One way to fix this violation is to move polygon A horizontally, such that the separation between
the polygons would be enlarged. We achieve this by first extracting the design exchange format
(def) file of the layout. The def file of a layout records the coordinates of all the polygons in the
layout. We then change the x-coordinate of polygon A by subtracting 30 units. We also change
the x-coordinates of the polygons that are connected to polygon A in the same manner to ensure
the connectivity of the circuit. After modifying the def file, we provide the modified def file back
to the place and route tool. The tool changes the locations of polygon A and polygons that are
connected to polygon A in the layout accordingly. After moving polygon A to the new layout site,
the separation between exterior facing edges of polygons A and B is 330nm, which adheres to the
DFM guideline considered. As a result, the DFM guideline violation that results in the undetectable
bridging fault is eliminated.

When an undetectable fault is translated from several different DFM guideline violations, we at-
tempt to eliminate the undetectable fault completely to improve the coverage of its neighborhood.
This is achieved by fixing all the DFM guideline violations leading to the fault, and changing all
the polygons involved.

The resynthesis procedure sometimes decides to undo a layout modification. To implement this
operation, the procedure stores the original coordinates of the polygons that it moves. By changing
the coordinates of a polygon in the def file to its original coordinates, the polygon is moved back
to its original position.

3.2 Layout Resynthesis Procedure

In this section, we describe an iterative layout resynthesis procedure that makes fine changes
to the layout to eliminate undetectable faults whose neighborhoods have low coverage. This is
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achieved by fixing the DFM guideline violations that lead to them. The procedure considers every
undetectable fault, and attempts to eliminate the ones whose neighborhoods have the lowest cov-
erages. When an undetectable fault is eliminated from a neighborhood with a low coverage, the
coverage of the neighborhood increases.

The proposed procedure starts with the original physical design Ly o of the circuit. We assume
that Layous Was already optimized by one or more iterations of a physical design flow, and satisfies
the design constraints of delay, power and area. The proposed procedure improves Lgyou: With
respect to the coverage of the circuit without violating the original design constraints.

We use a set Ugope to store every undetectable fault, for which the procedure has completed the
attempt to eliminate it successfully. Initially, Uyone is empty. The target coverage of the original
neighborhood of an undetectable fault is denoted by p. The proposed procedure attempts to ensure
that the coverage of the original neighborhood of every undetectable fault initially in the circuit
is no less than p. A higher value of p indicates a higher coverage for potential systematic defects
after applying the procedure, and more changes to the layout that require a higher runtime. The
proposed layout resynthesis procedure can accommodate different values of p. With p = 100%, the
procedure considers all the undetectable faults.

In every iteration, the procedure computes the set U, of undetectable faults resulting from
DFM guideline violations that are not in Uy,,. based on the current layout of the circuit. For every
fault it also computes its coverage. A fault with a coverage of p and above is excluded from Uy,,;.
The procedure attempts to eliminate the undetectable faults in U,,, one by one, considering the
faults from low to high coverage of their neighborhoods. This ensures that the faults with the
lowest coverages are considered earlier. Such faults are also more important to consider.

When an undetectable fault f from U,,,, is considered, it is possible that another fault, f’, in its
neighborhood has already been considered and added to Ugyep. in this iteration. In this case, the
procedure does not consider f. The reason is that the elimination of f’ made a change to its neigh-
borhood that may affect the coverage for f. In the next iteration, the procedure will recompute
the coverage for f, and decide whether it still needs to be considered.

After every attempt to eliminate an undetectable fault, the procedure checks whether the de-
sign constraints of delay, power and area are satisfied. It also checks whether the modified design
has Design-Rule-Check (DRC) or Layout-Versus-Schematic (LVS) violations. If all the design con-
straints are satisfied and there is no DRC or LVS violation, then the undetectable fault is added to
Ugone- Otherwise, the modification to the layout is discarded, and the next eligible undetectable
fault in U, is considered by the procedure.

After considering all the eligible undetectable faults in U,,,, and modifying the layout accord-
ingly, the proposed procedure recomputes the faults related to DFM guideline violations based on
the modified layout. A test generation procedure for fault detection is carried out only when new
faults are obtained. The procedure then computes the coverages of the original neighborhoods of
the undetectable faults targeted in this iteration. For every target undetectable fault f, the pro-
cedure checks whether the coverage of the original neighborhood of f increased, and the layout
modification for eliminating f does not result in more DFM guideline violations leading to un-
detectable faults. If these conditions are not satisfied, then the layout modification for fixing the
DFM guideline violations leading to f is discarded.

The procedure described above is shown in Algorithm 1. We denote the process for fixing the
DFM guideline violations leading to a fault f by ApplyDFM(f), and the reverse process for remov-
ing the corresponding layout modification by UnapplyDFM(f). The procedure terminates when
(1) the coverages of all the original neighborhoods of the undetectable faults initially in the cir-
cuit are at least p, or (2) these coverages cannot be improved further without violating the design
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ALGORITHM 1: Layout Resynthesis Procedure
Udone = 9
Layout is the original layout of the circuit;

repeat
Compute Ugyr based on Layout, p and Uggpes
if U.yr == O then
stop
end
Sort the faults in Uz, in the order of increasing neighborhood coverages;
for every fault f in Ugy, if it is eligible do
layout = ApplyDFM(f);
if the design constraints are satisfied and there is no DRC or LVS violation then
Layour = layout;
Add f into Ugypes
end
end

if Layou; is not modified then
stop
end
for every fault f added into Uy, in this iteration, if the coverage of its original neighborhood does
not increase or more DFM guideline violations causing undetectable faults are obtained do
Layout = UnapplyDFM(f);
end

constraints of delay, power and area, or introducing more DFM guideline violations leading to
undetectable faults.

4 EXPERIMENTAL RESULTS

In this section, we describe five experiments to demonstrate the effectiveness and applicability of
the proposed layout resynthesis procedure in different scenarios.

In all the experiments, we apply the proposed procedure to benchmark circuits, and to logic
blocks of the OpenSPARC T1 [23] microprocessor. OpenSPARC T1 is a 64-bit open-source micro-
processor. It has eight cores. Each core can support up to four threads for a total of 32 threads. The
proposed procedure is applied to the logic blocks in a single SPARC core, and the floating-point
unit (sparc_fpu).We run the procedure on a Linux machine with 2.6GHz processors.

We use the tool kit with a standard cell library developed by OSU [35] to synthesize the RTL
descriptions of the circuits into gate-level netlists and layouts. The tool kit was developed based on
TSMC 180nm technology. For the circuits considered in all the experiments, the netlists obtained
after logic synthesis are flattened and treated as one block with respect to floorplanning. In the first
four experiments, we set the cell utilization to be 70% for all the circuits. The allocation area, total
number of nets and total wire length of the original layout for each circuit are shown in Table 3.
In the fifth experiment, we set the cell utilization to be 80% and 90% to show the applicability of
the proposed procedure to more congested designs.

We use a commercial tool for logic synthesis. We also use a commercial place and route tool for
layout synthesis and for applying DFM guidelines. A commercial IC verification and sign-off pack-
age is used for finding locations of DFM guideline violations in the layout. We use a commercial
automatic test pattern generation (ATPG) tool to generate test patterns for fault detection.
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Table 3. Layouts with 70% Cell Utilization

Circuit alloc_area (mm?) | nets | wire_length (um)
b14 0.15 17,480 139,766
bi5 0.28 33,640 276,498
b20 0.32 38,049 291,774

aes_core 0.7 119,197 1,143,766

DMA 0.75 78,925 915,701
tv80 0.25 32,988 290,335
systemcaes 0.37 46,692 517,923
$35932 0.67 47,543 401,998
wb_conmax 1.1 225,595 3,092,420
sparc_spu 0.6 49,786 554,713
sparc_ffu 0.51 56,240 617,818
sparc_exu 1.09 140,785 1,992,839
sparc_lsu 1.99 213,751 3,403,376
sparc_tlu 1.94 196,218 2,743,798
sparc_ifu 1.59 187,349 2,653,452
sparc-fpu 2.33 254,847 2,759,603

4.1 Layout Resynthesis Procedure

In this experiment, the layout resynthesis procedure as described in Section 3 is applied. The results
are shown in Tables 4 and 5 as follows. In each case, three rows correspond to a circuit. The first
row describes the original design of the circuit. Row half describes the resynthesized circuit when
p, the target coverage of the original neighborhood of an undetectable fault, is set to be the median
of the coverages of the neighborhoods of all the undetectable faults in the original design. This
indicates that only half of the original undetectable faults are considered for elimination. Row all
describes the resynthesized circuit when p is set to be 100%, which indicates that the procedure
attempts to eliminate all the undetectable faults related to DFM guideline violations.

In every row, column F provides the total number of faults related to DFM guideline violations.
Column U provides the number of undetectable faults in F. Column Cov provides the coverage of
the circuit, which is defined as Cov = (1 — U/F)%. Column Ave_c provides the average coverage
of the original neighborhoods of undetectable faults initially in the circuit. Column Nchanges
provides the number of changes to polygons during layout resynthesis. In column Rtime, we
show the run time for the proposed layout resynthesis procedure relative to the run time for one
iteration of logic synthesis and physical design with test generation for the logic faults related to
DFM guideline violations. We include test generation time, since a test set is also obtained by the
proposed layout resynthesis procedure.

From Tables 4 and 5 it can be observed that the procedure described in this article achieves a
significant reduction in the numbers of undetectable faults for all the circuits considered. This can
be seen from column U. As the proposed procedure always attempts to eliminate the undetectable
faults with the lowest coverages, and no additional DFM guideline violations causing undetectable
faults are allowed to be introduced to the circuit, the coverage of the original neighborhoods of
undetectable faults increases significantly. This can be seen from column Ave_c.

It can also be observed that when p is set to be the median of the coverages of the neighborhoods
of undetectable faults in the original design, it typically requires less than half of the number
of polygon changes and runtime relative to the case where p is set to be 100%. This is because
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Table 4. Layout Resynthesis (Benchmarks)

Circuit F U Cov Ave_c | Nchanges | Rtime

orig | 11,582 | 182 | 98.43% 89.14% / 1
b14 half | 11,518 | 117 | 98.98% 94.02% 189 2.02
all 11,404 2 99.98% 99.87% 556 5.7

orig | 21,103 | 713 | 96.62% 85.64% / 1
bi5 half | 20,807 | 417 | 98.00% 93.07% 631 3.28
all 20,408 10 99.95% 99.80% 2398 7.02

orig | 25,815 | 339 | 98.69% 91.00% / 1
b20 half | 25,704 | 213 | 99.17% 95.14% 329 2.12
all 25,492 2 99.99% 99.93% 1037 6.36

orig | 75,092 | 874 | 98.84% 93.93% / 1
aes_core half | 74,688 | 455 | 99.39% 97.49% 575 4.18
all 74,240 11 99.99% 99.90% 1211 9.5

orig | 44,589 | 409 | 99.08% 91.55% / 1
DMA half | 44,425 | 231 | 99.48% 96.23% 286 2.66
all 44,191 2 99.99% 99.95% 821 6.63

orig | 20,292 | 757 | 96.27% 80.43% / 1
tv80 half | 20,048 | 508 | 97.47% 87.89% 506 1.74
all 19,542 3 99.99% 99.95% 2618 6.77

orig | 26,214 | 267 | 98.98% 89.43% / 1
systemcaes | half | 26,102 | 146 | 99.44% | 95.64% 238 1.95
all 25,958 2 99.99% 99.87% 1240 3.52

orig | 32,895 | 227 | 99.31% 89.46% / 1
$35932 half | 32,804 | 122 | 99.63% 95.83% 69 2.59
all 32,676 0 100.00% | 100.00% 194 5.37

orig | 112,351 | 627 | 99.44% 93.98% / 1
wb_conmax | half | 112,047 | 319 | 99.72% 97.82% 340 2.22
all | 111,756 | 19 99.98% 99.82% 785 3.38

eliminating an undetectable fault typically increases the coverages for the undetectable faults in
its neighborhood. Thus, fewer than half of the undetectable faults need to be considered.

From column Rtime, we can see that the relative runtime does not increase as the complexity
of the circuit increases. This is because the layout modification for applying DFM guidelines is
based on the original layout of the circuit. The proposed procedure does not require the layout to
be implemented from the gate-level netlist repeatedly.

For further illustration, in Figure 5, we show the numbers of the original neighborhoods of
undetectable faults initially in the circuit in different coverage ranges for sparc_fpu. The three
groups of bars correspond to the three rows for sparc_fpu in Table 5. It can be observed that the
coverages of the original neighborhoods of undetectable faults increase significantly.

4.2 Circuits with Test Points

In this section, we show the experimental results of applying the layout resynthesis procedure to
circuits with test points.

The commercial tool we use inserts test points for three purposes, (1) to improve coverage for
random pattern resistant faults, (2) to improve coverage for undetected faults during ATPG, and
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Table 5. Layout Resynthesis (OpenSPARC T1)

Circuit F U Cov | Ave_c | Nchanges | Rtime
orig | 30,046 295 | 99.02% | 71.34% / 1
sparc_spu half | 29,926 174 99.42% | 88.38% 109 2
all 29,790 24 99.92% | 94.64% 562 4.95
orig | 32,605 413 | 98.73% | 74.05% / 1
sparcju half | 32,433 238 99.27% | 87.12% 127 1.39
all 32,234 37 99.89% | 95.43% 563 3.38
orig 76,709 1,006 | 98.69% | 84.19% / 1
sparc_exu half | 76,226 514 | 99.33% | 91.76% 417 1.52
all 75,745 39 99.95% | 98.51% 1,745 2.68
orig | 114,076 | 1,440 | 98.74% | 83.20% / 1
sparc_lsu half | 113,427 | 787 | 99.31% | 91.61% 649 1.18
all | 112,715 76 99.93% | 98.18% 2,114 2.86
orig | 104,694 | 1,553 | 98.52% | 77.67% / 1
sparc_tlu half | 103,982 | 828 | 99.20% | 87.53% 729 2.02
all | 103,224 70 99.93% | 95.40% 2,165 3
orig | 101,074 | 1,858 | 98.16% | 66.93% / 1
sparc_ifu half | 100,351 | 1,123 | 98.88% | 82.51% 820 1.28
all 99,271 48 99.95% | 91.29% 3,581 2.29
orig | 157,728 | 1,159 | 99.27% | 73.72% / 1
sparc_fpu half | 157,295 | 723 | 99.54% | 88.53% 586 2.51
all | 156,639 63 99.96% | 95.04% 2,376 4.04
1200 1097
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400
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Fig. 5. Coverages of the original neighborhoods of undetectable faults in sparc_fpu after resynthesis.

(3) to reduce deterministic test pattern counts. We experimented with all the seven possible com-
binations of the three groups of test points. Of the seven designs of a circuit, we select the one
with the highest coverage for the faults related to DFM guideline violations. We then apply the
proposed layout resynthesis procedure to the selected design with p set to be 100%.

The results for several circuits are shown in Table 6. Under the name of the circuit, we show
the number of nets in the circuit, followed by the number of inserted test points. For comparison,
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Table 6. Circuits with Test Points

Circuit F U Cov | Ave_c | Ntests | Nchanges | Rtime | Delay | Power | Area
orig ntp | 21,103 | 713 | 96.62% | 85.64% | 378 / 1 100.00% | 100.00% | 100.00%
bi5 resyn_ntp | 20,408 | 10 | 99.95% | 99.80% | 378 2,398 7.02 98.27% | 97.40% | 100.00%
(4722, 155) orig_tp 21,960 | 184 | 99.16% | 90.18% | 256 / 1 108.34% | 106.68% | 104.16%
resyn_tp | 21,789 5 |99.98% | 99.25% | 257 619 3.11 | 107.78% | 104.93% | 104.16%
orig ntp | 44,589 | 409 | 99.08% | 91.55% | 996 / 1 100.00% | 100.00% | 100.00%
DMA resyn_ntp | 44,191 2 199.99% | 99.95% | 997 821 6.63 99.63% | 98.48% | 100.00%
(10696, 331) | orig_tp 46,303 | 286 | 99.38% | 91.75% | 650 / 1 100.70% | 100.76% | 102.98%
resyn_tp | 46,034 4 199.99% | 99.89% | 651 591 5.38 | 100.41% | 99.32% | 102.98%
orig_ntp | 101,074 | 1858 | 98.16% | 66.93% | 384 / 1 100.00% | 100.00% | 100.00%
sparc_ifu | resyn_ntp [ 99,271 48 199.95% | 91.29% | 384 3,581 2.29 98.77% | 99.13% | 100.00%
(22257, 413) | orig_tp | 116,836 | 1539 | 98.68% | 70.11% | 201 / 1 105.48% | 108.14% | 102.82%
resyn_tp | 115,331 | 31 |[99.97% | 93.45% | 201 3,417 2.23 | 104.68% | 107.46% | 102.82%
orig ntp | 157,728 | 1159 | 99.27% | 73.72% | 599 / 1 100.00% | 100.00% | 100.00%
sparc_fpu | resyn_ntp | 156,639 | 63 |99.96% | 95.04% | 600 2,376 4.04 | 99.62% | 98.83% | 100.00%
(34418, 545) | orig_tp | 161,059 | 1073 | 99.33% | 74.13% | 232 / 1 103.78% | 107.80% | 101.79%
resyn_tp | 160,131 | 39 | 99.98% | 95.78% | 232 2,203 3.99 |103.49% | 107.13% | 101.79%

in every case, we repeat the results for the circuit without test points in the first two rows. The
last two rows describe the results for the circuit with test points. In both scenarios, we present
the results of the original design in the first row and the results of the resynthesized design in the
second row.

In addition to the columns defined for Tables 4 and 5, column Ntests in Table 6 provides the
number of test patterns that detect all the detectable faults related to DFM guideline violations.
In columns Delay, Power, and Area, we show the critical path delay, power consumption and die
area of the circuit relative to the ones of the original design without test points. The increases
in delay, power and area are due to the insertion of test points. The proposed layout resynthesis
procedure does not allow any increases in delay, power, or area compared to the original design
that it is applied to. It is possible to maintain the original design constraints by limiting the test
points inserted to the circuit. However, in this article, we prefer not to interfere with the analysis
and insertion of test points provided by the commercial tool.

It can be observed from Table 6 that the insertion of test points can improve the coverage of the
circuit, while reducing the test pattern count. It also improves the coverage of the neighborhoods
of undetectable faults. However, this coverage is still low in many cases. After applying the pro-
posed layout resynthesis procedure, the coverage of the original neighborhoods of undetectable
faults initially in the circuit increases significantly. Therefore, the application of the proposed pro-
cedure can also benefit the coverage for potential systematic defects when the circuit contains test
points.

In some cases, column Ave_c of Table 6 shows that after applying the proposed procedure, the
circuit with test points has an average coverage that is lower than the one of the circuit without test
points. This is because the original layout of the circuit with test points is different from the original
layout of the circuit without test points. The undetectable faults related to DFM guidelines in the
two circuits can be different. Therefore, the unresolved undetectable faults in the two circuits due
to design constraints can be different. In some cases, the coverage of the neighborhoods of certain
unresolved faults in the circuit with test points may be low. As a result, the average coverage after
applying the proposed procedure to the circuit with test points can be lower.
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Table 7. Circuits after Logic Resynthesis
Circuit F U Cov | Ave_c | Ntest | Nchanges | Rtime
b15 orig_inter | 27,265 743 97.27% | 83.19% 382 / 1
resyn 26,533 11 99.96% | 99.77% 382 2,461 7.23
DMA orig_inter | 53,567 413 99.23% | 91.87% 1001 / 1
resyn 53,156 1 99.99% | 99.99% 1001 842 6.32
sparc_ifu orig_inter | 115,154 | 1,199 | 98.96% | 73.15% 391 / 1
- resyn 113,988 32 99.97% | 93.19% 391 2,910 2.01
spare_fpu orig_inter | 185,598 | 1,517 | 99.18% | 72.87% 609 / 1
resyn 184,153 67 99.96% | 95.18% 610 2,895 4.17
Table 8. Weighted DFM Guidelines
Circuit F U Cov - Ave ¢ Ntests | Nchanges | Rtime
orig resyn
bis spacing 21,092 702 96.67% | 93.07% | 93.54% 378 99 0.25
via 20,973 582 97.23% | 88.03% | 93.51% 378 390 0.89
DMA spacing 44,589 409 99.08% | 93.12% | 95.67% 996 31 0.19
via 44,579 399 99.10% | 92.27% | 95.03% 996 104 0.77
. spacing 100,998 1782 | 98.24% | 78.63% | 90.54% 384 601 0.48
spare_ifu via | 100,930 | 1713 | 98.30% | 75.91% | 90.18% | 384 826 0.59
spacing 157,620 1051 99.33% | 89.34% | 96.23% 599 422 0.31
spare fpu T T 157,563 | 994 | 9937% | 87.42% | 95.82% | 599 524 0.47

4.3 Circuits after Logic Resynthesis

In this section, we show the experimental results of applying the layout resynthesis procedure after
applying the logic resynthesis procedure described in Reference [39]. This procedure addresses
undetectable faults related to DFM guideline violations that are internal to cells by replacing cells
with large numbers of undetectable internal faults by different cells. In this experiment, we focus
on the undetectable external faults related to DFM guideline violations that remain in the circuit.

The results for several circuits are shown in Table 7. For every circuit, row orig_inter describes
the original circuit after applying the logic resynthesis procedure in Reference [39]. Row resyn
describes the circuit that is resynthesized using the layout resynthesis procedure described in this
article. The columns of Table 7 are the same as in Tables 4, 5, and 6.

From Table 7, it can be observed that the circuits after logic resynthesis still contain large num-
bers of undetectable external faults related to DFM guideline violations, resulting in low-coverage
areas in the design. This can be seen from columns U and Ave_c. The proposed layout resynthesis
procedure addresses this issue by eliminating undetectable faults in the neighborhoods with low
coverages. As a result, the coverage of the original neighborhoods of undetectable faults initially
in the circuit increases significantly.

4.4 Weighted DFM Guidelines

In this section, we show the experimental results of applying the layout resynthesis procedure
when different DFM guidelines have different weights.

We experimented with two cases for comparison. In the first case, the weights assigned to spac-
ing related DFM guidelines are 50%. In the second case, the weights assigned to via dimension
related DFM guidelines are 50%. We select the two types of DFM guidelines, since they are related
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Table 9. Circuits with Higher Cell Utilization

Circuit F U Cov | Ave_c | Nchanges | Rtime
orig_70% 21,103 713 | 96.62% | 85.64% / 1
resyn_70% | 20,408 10 99.95% | 99.80% 2,398 7.02
b15 orig_80% 21,489 811 | 96.23% | 81.32% / 1
resyn_80% | 20,702 14 99.93% | 99.19% 2,491 8.19
orig_90% 22,950 903 | 96.07% | 82.06% / 1
resyn_90% | 22,075 20 99.91% | 99.31% 2,610 7.79
orig_70% 44,589 409 | 99.08% | 91.55% / 1
resyn_70% | 44,191 2 99.99% | 99.95% 821 6.63
DMA orig_80% 45,033 524 | 98.84% | 89.58% / 1
resyn_80% | 44,530 7 99.98% | 99.91% 1,037 7.18
orig_90% 46,194 629 | 98.64% | 88.37% / 1
resyn_90% | 45,607 25 99.95% | 99.36% 1,153 7.68
orig_70% | 101,074 | 1858 | 98.16% | 66.93% / 1
resyn_70% | 99,271 48 99.95% | 91.29% 3,581 2.29
. orig_80% 102,019 | 2105 | 97.94% | 63.19% / 1
sparc_ifu
resyn_80% | 100,029 97 99.90% | 89.93% 3,710 2.96
orig_90% | 104,986 | 2973 | 97.17% | 62.64% / 1
resyn_90% | 102,173 | 156 | 99.85% | 87.56% 4,002 3.59
orig_70% | 157,728 | 1159 | 99.27% | 73.72% / 1
resyn_70% | 156,639 63 99.96% | 95.04% 2,376 4.04
sparc_fou orig_80% 163,579 | 1490 | 99.09% | 74.56% / 1
resyn_80% | 162,196 | 102 | 99.94% | 91.63% 2,865 4.68
orig_90% | 170,479 | 1817 | 98.93% | 72.10% / 1
resyn_90% | 168,854 | 177 | 99.90% | 90.29% 3,309 4.81

to most of the DFM guideline violations. In both cases, the weights assigned to the rest of the DFM
guidelines are 5%, and p is set to be 80%.

The results for several circuits are shown in Table 8. For every circuit, row spacing describes
the case when spacing related DFM guidelines are assigned higher weights, and row via describes
the case when via dimension related DFM guidelines are assigned higher weights. The columns
of Table 8 are the same as in Tables 4, 5, 6, and 7. In column Ave ¢, we show the results for the
original and the resynthesized circuits. In other columns, we show the result for the resynthesized
circuit.

From Table 8, it can be seen that the number of changes to polygons in the first case is less than
the one in the second case. This is because more DFM guideline violations that are translated to
undetectable faults are related to via dimensions. This can also be validated from column Ave_c.
When via dimension related DFM guidelines are assigned higher weights, the average coverage
of the original neighborhoods of undetectable faults is typically lower than the one when spacing
related DFM guidelines are assigned higher weights.

4.5 Circuits with High Cell Utilization

The cell utilization used thus far is 70% as discussed earlier. In this section, we show the results of
applying the layout resynthesis procedure to circuits with higher cell utilization. We experimented
with two cases for comparison. In the two cases, the cell utilization is set to be 80% and 90%,
respectively.
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The results for several circuits are shown in Table 9. The original layouts of all the circuits
considered are obtained without design rule violations in all the cases. For every circuit, we repeat
the results with 70% cell utilization, and then show the results with 80% and 90% cell utilization.
In all the scenarios, we present the results of the original design in the first row and the results of
the resynthesized design in the second row. The columns of Table 9 are the same as in Tables 4, 5,
and 6.

It can be observed from Table 9 that the numbers of unresolved undetectable faults increase
compared to the ones in the circuits with 70% cell utilization. This is due to the congestion in
the circuit with high cell utilization. However, the proposed layout resynthesis procedure still
reduces the number of undetectable faults significantly. Therefore, the coverage of the original
neighborhoods of undetectable faults initially in the circuit increases significantly. This can be
seen from column Ave c.

5 CONCLUSIONS

We demonstrated that, among all the faults translated from DFM guideline violations, the unde-
tectable external faults can result in areas of the circuit with poor coverage for potential system-
atic defects. Since the defects are likely to be systematic, the yield and DPPM can be impacted
significantly. To address this issue, we defined a layout-based coverage metric and proposed a
layout resynthesis procedure that makes fine changes to the layout while maintaining the de-
sign constraints. The proposed procedure is iterative. In every iteration, it prefers to eliminate the
undetectable faults whose neighborhoods have the lowest coverages. The undetectable faults are
eliminated by fixing the DFM guideline violations that lead to them. The experimental results for
benchmark circuits and logic blocks of the OpenSparc T1 microprocessor showed that the cov-
erages of the original neighborhoods of undetectable faults increase significantly. Therefore, the
coverage for potential systematic defects can be improved significantly. We applied the procedure
to circuits with test points. Experimental results showed that the coverage of the neighborhoods of
undetectable faults is low even when circuits contain test points. After applying the proposed pro-
cedure, the coverage of the neighborhoods of undetectable faults increased significantly. A similar
situation exists after logic resynthesis to eliminate undetectable faults that are internal to cells.
We also experimented with weighted DFM guidelines and showed that the procedure is applicable
when DFM guidelines have different levels of importance.
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